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Abstract

The need to achieve materials with higher strength and better corrosion resistance results in
producing new alloys. Nickel base alloys are among the materials which have been subjected
to several studies related to producing new alloys. Nickel based superalloys, in particular,
drew a lot of attention. Nickel superalloys are durable materials in mechanical loadings while
having good performance against corrosive media, simultaneously.

In this work the effect of heat treatment and chemical alloying with boron and copper on
hydrogen embrittlement (HE) and corrosion resistance have been investigated. The role of
sulfur segregation at grain boundaries (GB) on HE of nickel is also studied. HE studies have
been done in micro-scale by in-situ electrochemical micro-cantilever bending test. The
cantilevers made either inside the grains to investigate the role of alloying elements and
precipitates on HE, or on two grains to study the effect of GBs on the HE.

By heat treatment of Alloy 725 in three conditions, the different effects of GB on HE is
studied. One sample is solution annealed (SA) in order to remove the effect of any
precipitates, another sample is aged (AG) based on the heat-treatment standard guideline
normally used in industries and the last sample is over-aged (OA) to reach coarser
precipitates. All the single-crystal cantilevers were made on three samples which were
cracked under the H-charging condition, however, crack propagation was more severe in the
OA sample. Bi-crystal micro-cantilevers bent under H-free and H-charged conditions
revealed the significant role of the GB in the HE of the beams. The results indicated that the
GB in the SA sample facilitated dislocation dissipation, whereas for the OA sample, it caused
the retardation of crack propagation. For the AG sample, testing in an H-containing
environment led to the formation of a sharp, severe crack along the GB path.

The effect of boron and copper alloying on HE is also investigated in this thesis. Three
samples were used. The standard Alloy 725 (Mod A) was used as a control group, comparing
with the one alloyed with 250-350 wt%.ppm B (Mod B) and <100 wt%.ppm B + 2.3 wt% Cu
(Mod C). Cross-sectional view of the bent beams taken by scanning electron microscopy
(SEM) showed the superior resistance of Mod B against HE by facilitating the GB dislocation
transfer/generation. While bending Mod A sample in hydrogen environment leads to form a

sharp intergranular cracking, Mod B showed some nano-voids/cracks mostly in dislocation
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slip bands and rarely in GB path. However, a reduction of strength was observed in load-
displacement (L-D) curves of Mod B. The addition of Cu, although not participated in GB
segregation, compromised the lost strength of Mod B. In Mod C, after bending in H-charged
condition, the nano-voids were formed in GB, but no load drop in L-D curves nor crack
propagation in post-deformation observations was detected. The micro-alloying proposed in
this study could be an important contribution to the future developing of H resistant alloys via
GB segregation engineering.

Sulfur is among the elements that have a detrimental effect on the mechanical properties of
the metals if segregated at the GBs. The effect of co-segregation of S and H is investigated in
this thesis on pure Ni. A pure Ni GB shows completely plastic behavior with no fracture
observed in the experiments. Electrochemical H-charging of the sample with no S present in
the GB leads to a crack formed at the notch tip, which propagates by means of the mixed
plastic-brittle fracture mode. Cantilever testing of the H-charged GB with S results in a
clear brittle fracture of the GB. The co-segregation of S and H shifts the sudden drop in the
load—displacement curves to smaller values of displacement.

Finally, intergranular corrosion passive layer properties of Mod A, B and C is investigated in
this thesis. Intergranular corrosion test showed continuous corrosion at the GB in Mod A
while Mod C remains completely intact without any corrosion attack. Mod B corroded in the
areas around the Mo-rich boride phases formed due to abundant of B element in this alloy.
Mod C showed the least defect density in the passive layer while the passive layer of Mod B
thicker. The incorporation of Mo in Mod C was proposed to be the responsible for less defect
density of Mod C compared to Mod B. Mod A on the other hand had the most defect density
and shows higher passive current density in potentiodynamic polarization test.
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1 Introduction and Methods
1.1 Motivation for this study

Failures due to corrosion and hydrogen embrittlement (HE) are among the biggest issues in
industries which works in harsh environments. For example, some of the failures in oil and
gas industries are not only costly but also they can be associated with severe consequence to
human life and environment. Nickel superalloys which were firstly developed for high-
temperature aerospace applications, and soon introduced into the oil and gas industry in early
1980s [1]. In these environments the material experiences high pressure and high temperature
alongside highly acidic environment containing H»S, CO2 and chloride ions. For example,
deep well environments contain more that 10% H.S and the temperature exceeding 200 °C.
Nickel superalloys are typically used as rods, production tubing, valves, landing nipples and
tool joints in oil and gas industries. These alloys are expected to work for about 20 years in
such environments [2]. Therefore, they should have a high resistance against corrosion and
HE to be appropriate for oil and gas industries application.

However, there are reports which shows that microstructural features cause unexpected
failures in nickel superalloy components. For instance, failure of an Alloy 725 seal used in
subsea equipment has been observed and attributed to the formation of a brittle phase in grain
boundaries [3]. A failure of a subsurface safety valve made of Alloy 716 is reported which is
caused by intergranular HE as can be seen in Fig. 1.1 [4]. Other failures of tubular crossover
on Alloy 725, casing and tubing hanger on Alloy 718 are also reported in the literature [5]. In
most of the cases the root of the failure was detected to be some phases which is precipitated

in grain boundaries (GBs).



Since the introduction of nickel superalloys in oil and gas industries, several modifications
have been made to improve their mechanical and corrosion properties. In this thesis the effect
of some alloying elements such as B and Cu on the HE and corrosion properties of the
produced material will be investigated. Most part of this study focuses on GBs and
intergranular properties of the materials. GBs are responsible for most of the failures and
exploring their properties would help to understand the failure mechanism which can be

useful to produce more resistant materials.

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

1.2 Research objectives

This work mainly deals with the role of the GBs in HE and corrosion properties of Ni-
superalloys. Therefore, micro cantilevers which contain GBs were produced and tested to be
compared with ones that do not have GBs. In addition, the beneficial or detrimental effect of
some GB precipitates was also investigated. The main objectives of the theses are as follows:
Chapter 2: Investigating the role of GBs in HE of Ni-superalloy. How can a GB affect
the HE of the Alloy 725. Is the presence of GBs beneficial or deleterious? By using
three different heat treatments, the effect of three different GBs on bi-crystal micro-
cantilevers were investigated and compared with similar microcantilevers but without
GB.
Chapter 3: Study of GB HE of Ni-superalloy modified with B and Cu. How does
addition of minor alloying elements influence the HE properties? This part focused on
the GBs to show how GB segregation changes the HE response of the material. B as a

2



GB modifier and Cu as a solid solution strengthening element were investigated in
this chapter.

Chapter 4: Investigating the role of sulfur segregation on the HE of pure Ni. In this
work, pure Ni was used. Single- and bi-crystal cantilevers were compared and the

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

Chapter 5: Examinating how the GB precipitates influence the corrosion properties.
Unlike previous parts which was related to the HE, this part pertained to the corrosion
response of the superalloys which were modified with B and Cu. The total corrosion
response and the passive layer properties as well as their intergranular corrosion
resistance were the subjects of study in this chapter.

1.3 Nickel Superalloys

Nickel superalloys, in general, contain more than 50% alloying elements mostly from VIIIA
elements in the periodic table [6]. The face centered cubic (FCC) structure of the alloy allows
the material to have excellent ductility, malleability, and formability. Nickel super alloys are
normally alloyed with high amount of Cr which tends to have a high corrosion resistance
ability. The combination of good corrosion resistance and high mechanical properties make
these materials favorable in different industries. They can be used in high and low
temperature applications with harsh corrosive environment like oil and gas environment.

1.4 Influence of minor alloying addition

Different alloying elements have been used to modify the superalloys properties. Alloying
elements in nickel superalloys can have several effects which can be categorized as follows
[71:

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

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

- Grain boundary refiner: B, C and Hf.

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

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

Nb and Ti are the main alloying elements. The microstructure of this alloy consists of the
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solid-solutioned Ni matrix which is strengthened by the coherent intermetallic precipitations
of y-Niz (Ti,Al) and y”-Ni3(Nb).

In addition to the y' and y", there are different phases that can be formed in superalloys.
Among these phases are carbides that need especial attention. Carbon tends to form metallic
carbides in form of M23Cs at the grain boundaries which M denotes Cr or Mo elements.
Precipitation of such carbides might be beneficial in high temperature creep processes which
need GB stabilization. However, formation of Cr or Mo rich phases at the GBs can result in
impoverishment of these alloying elements in adjacent areas around the GB. Therefore,
especially for the case of Cr shortage at the adjacent area of GBs it can lead to poor passive
layer formation and hence raising intergranular corrosion risk.

For ambient temperature applications, on the other hand, the presence of carbide in GBs can
be an initiation sites for cracking under loading conditions.

B is reported to be able to prevent the formation of large and continuous GB carbides [8]. It
can also increase the GB cohesive energy [9]. Therefore, this element has been used in Ni-
superalloys [10], steels [11], and other materials [12] to improve the ductility.

Cu is a corrosion resistant material in nonoxidizing solutions of mineral acids such as
sulfuric, hydrochloric phosphoric, or hydrofluoric acid [13]. Cu has been used for different
nickel superalloys such as Alloys 200, 825 and 925 to improve their corrosion resistance. Due
to copper alloying with the content of around 2 wt%, Alloy 825 and 925 make them
appropriate to for components to be used in sulfuric acid pickling of steel and copper,
components in petroleum refineries and petrochemicals (tanks, agitators, valves, pumps),
equipment used in production of ammonium sulfate, pollution control equipment, oil and gas
recovery, acid production and phosphoric acid production (evaporators, cylinders, heat

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

1.5 Hydrogen uptake in metals

Hydrogen is the smallest atom in the periodic table. It has strong chemical activity and high
lattice mobility which can be absorbed into the metal in H> gas environment or as a product
of electrochemical reactions. H can be provided from different sources such as acid cleaning
solutions, electroplating, corrosion processes and cathodic protection. It can also come from
the high-pressure gaseous hydrogen containers or pipelines. In this work the H uptake from
electrolytes will be investigated. In electrolytes, H can be produced via cathodic reaction of

hydrogen reduction as follows:



H;0% + e~ > Hyys + Hy0 (1)  Volmer reaction in acidic environments and

H,0 +e” - Hyys + OH™ (2)  Volmer reaction in neutral environments.

The produced Hags on the metal surface can be either reacted with another adsorbed H to form
a Hz bubble and finally desorbed with following reactions:

Hugs + Hygqs = H, (3) (Tafel reaction)

Hgqs + H;0Y + e~ > H, + H,0  (4)  (Heyrovsky reaction)

or it can be absorbed into the metal:

Haqs = Haps ®)

Fig. 1.2 shows the possible reactions incorporated in hydrogen generation and entry into the
metallic substrate from an aqueous environment.

Anodic Cathodic
Dissolution Heyrovsky  Volmer Tafel
. HaO He HsO* HsO0' H,0  Hy
Thin solution I‘ l
layer "XT"ad 4——VHau—> Had — Had

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

The absorbed H, due to its small atomic radii will diffuse in the metal substrate and placed in
octahedral and tetrahedral vacant parts of the metal. It can also enter the defects of the metal
such as vacancies, dislocations, grain boundaries and interfaces. A schematic diagram in Fig.

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

The rate of H diffusion in pure metals depends on the crystal structure. The H diffusion
coefficient, D is about 4 to 5 orders of magnitude higher for body centered cubic (BCC)
materials in comparison with FCC and hexagonal closed packed (HCP) metals in ambient
temperature. The diffusion coefficient for some metals is depicted in Fig. 1.4.

\

1000600400 200 100 25 (°C)
10'3 T T T T

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

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

can be seen clearly in Fig. 1.4. Closed pack structure has stronger dependency on



temperature. It also depends on the stress field, the presence of dislocations, vacancies,
discontinuities, precipitates, and any microstructural features which can play role in trapping
the H and changing the diffusion coefficient. For example, it is reported that the random high
angle GBs accelerate the hydrogen diffusion while low misorientation or special GBs
mitigate it [17].

1.7 Hydrogen Embrittlement mechanisms

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

been proposed to account for HE.
1.7.1 Hydride formation

In certain materials such as V, Zr, Nb, Ta and Ti there is a strong thermodynamic driving
force for hydride formation. Since hydrides phases are brittle, the presence of these phases at
the head of the crack enhances the possibility of brittle fracture. In hydride mechanism, first
H diffuses to regions of high hydrostatic stress ahead of the crack which resulted in
nucleation and growth of hydride phase. At the final stage, as depicted in Fig. 1.5, a cleavage
crack will form when hydride reaches to a critical size. The crack will further arrest and
experience blunting at the hydride-matrix interface.

The formation of hydride is also reported in alloys which are thermodynamically
unfavorable. For example, on the conditions of high activity of H, hydride formation would
be possible [18]. These NiH phases are unstable phase, but they might have irreversible
impact on mechanical properties. Hydride can act as a barrier to dislocation motion.
Therefore a dislocation pile up can be formed behind it and even if the hydride phase reverts
to Ni, the remaining high dislocation density caucuses hardening which contribute in more
brittle fracture [19].

Crack arrest

H / H and blunting
\* <z
/ \ Brittle Cleavage of

H ke hydride hydride

Figure 1.5. Schematic diagram of fracture mechanism in presence of hydride [16].




1.7.2 Hydrogen-enhanced decohesion

One of the famous mechanisms of HE is H-enhanced decohesion (HEDE) mechanism.
According to this model the bounding strength between metal atoms will be reduced by
dilatation of the atomic lattice when hydrogen accumulates in the lattice. Therefore,
debonding of the atoms at the head of a crack or a position with maximum stress
concentration takes place easier [20]. This mechanism is more pronounced in high strength
materials and under high H concentration. This role of this mechanism is more evident in
GBs and particle-matrix interfaces. Direct experimental evidence of HEDE mechanism is
difficult to obtain but density functional theory (DFT) calculation, recently, well explained
the contribution of this mechanism in HE. DFT calculations showed that the segregation of H

in GBs and interfaces, greatly decrease the work required for interface separation [21].
1.7.3 Hydrogen-enhanced localized plasticity

H-enhanced localized plasticity (HELP) is also one of the popular mechanisms discussed in
literature [22]. In this model, the accommodation of H at dislocations reduces the stress limit
for which dislocations can move. Therefore, dislocations can reach the crack head easier
make the crack propagate with localized shear and ductile rupture processes ahead of the
crack. The mobilization of dislocations by H is directly observed by transmission electron
microscopy studies [23]. The activation of dislocations by H, based on this theory leads to
material softening [24]. However, the opposite conclusion has also been published in
literature. It is reported that the accumulation of H induce dislocation pining effect which is
lead to hardening [25, 26].

There are other mechanisms which can be found in literature. For example, Kirchheim [27]
based on thermodynamics calculations proposed that H reduces the formations energy of
defects. According to this theory H, as a defactant, segregates to defects, such as vacancies,
dislocations and kinks in dislocation lines and void or crack surfaces and lower the defect
formation energy according to the generalized Gibbs adsorption isotherm.

However, it should be noted that the HE of the materials, depending on the microstructure,
loading condition and environment can be explained by different mechanism which

sometimes act all together [20].
1.8 Hydrogen Embrittlement of Nickel superalloys

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

reported in a proceeding of the Royal Society of London [28]. Apart from corrosion effects,



he observed the mechanical degradation of the material by exposing to an acidic
environment. The research on the hydrogen embrittlement (HE) were continued extensively
afterwards to elucidate its mechanism of action and to evaluate possible mitigation methods.
The application of superalloys in hydrogen-bearing environments, motivate researchers to
invest in HE studies. However, the complicated structure of these alloys makes the research
in this field challenging. Various parameters should be taken into consideration regarding HE

of nickel superalloys:

- Nickel based alloys are FCC alloys and the diffusion coefficient of H in FCC alloys
are several orders of magnitude lower than that in the body centered cubic (BCC)
materials.

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

- Presence of significant amount of solid solution in nickel superalloys is another
important issue which can affect both diffusion and solubility of H. For example, the
H diffusivity of Alloy 600 (74Ni15Cr9Fe) in the solution annealed form is reported to
be 5 times lower than that for pure nickel [29].

- The presence of different type of precipitates in the age-hardened nickel superalloys
affect the HE significantly.

- In addition, GBs make the situation more complicated. The interaction of GBs with H
has long been evaluated in the literature [30]. However, depending on the specific

system under study, the effect can be different.

Therefore, the mechanism-based study on the integration of H with such a complicated
structure is hard to achieve. Large scale mechanical testing, in particular, suffers from the
lack of separating multiple parameters that affect the mechanical response of the material
simultaneously. As a result, confining the testing volume to micro-size specimens can really
help to reduce the affecting parameters, in order to elucidate the role of microstructural

parameters on the total mechanical performance.
1.9 Small scale HE studies

Since 1980s onward, the development of sophisticated instrumented indentation methods
alongside with enhancing the electronic industry to produce highly accurate sensors lead to
improvement in the micro mechanical testing area [31]. Especially, the measurement of the
indentation load, P, combined with the penetration depth, h, was made possible. This
advancement enables researchers to investigate the surface effects of H on the metals. Further

development of microscopy methods and also the introduction of focused ion beam (FIB) for
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micro milling, was the commencement of significant progress in this field. Using FIB
provides the possibility of milling favorable geometrical micro scale shapes in order to do
mechanical testing with the help of nanoindenter [32]. Micro-cantilever bending test is one of
the most interesting methods used in this field. The first use of micro cantilever mechanical
testing was reported in 2005 [33, 34]. Afterwards, it has been used in several applications to
investigate the mechanism of mechanical behavior of materials in micro scale. In this regard,
understanding the role GBs, dislocations, and different kind of precipitates play in
mechanical responses of the materials became possible [32, 35, 36]. In addition, combining
an electrochemical cell with the nanoindenter enables in situ testing over the milled micro
cantilevers [25, 37]. The conventional three electrode set up helps to control the potential and

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

1.10 Corrosion of Nickel superalloys

Depending on the alloying elements of the nickel superalloy, the corrosion properties could
be different. Ni-Cr-Mo alloys are normally considered as the most corrosion resistant. Alloy
725, in particular, has a high durability against general corrosion and excellent resistance to
pitting and crevice corrosion in chloride environments and acid media. The application of
Alloy 725 has been qualified for sour service in oil and gas by NACE and ISO standards and
the limiting temperature suggested is 220 °C and 2000 kPa of partial pressure of H>S [38].
However, on the condition that Cr- or Mo-rich phases forms at the GBs there is a risk of

intergranular corrosion.

1.11 Intergranular corrosion

Despite the superior corrosion resistance of nickel superalloys, some cases of intergranular
corrosion have been reported [39-41]. Although there are chemical methods to compare the
intergranular corrosion susceptibility of nickel based alloys [42], they are not designed to
quantitatively evaluate intergranular corrosion and in some cases are hard to carry out and
time consuming. Since the introduction of double loop electrochemical potentiokinetic
reactivation (DL-EPR) test [43], the test has been increasingly used as a quantitative method
for evaluating intergranular corrosion. However, the problem with this test is that it needs
specific electrolyte for each material. The standard solution [44] is only applicable for

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

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

Table 1.1. Material used in this study.

Material 1D Specification
Ni Pure nickel (99.99%). Vacuum annealing at 1250 °C for 72 h.
NiS Pure nickel with additional 5.4 wt% ppm S.

Cr:19.7, Fe: 10.1, Mo: 7.3, Nb: 3.6, Ti:1.4,
Mn<0.02, C<0.01, S<0.001
AG (Mod A) solution annealing: 1038 °C for 2h, water quenching,

Chemical composition wt.%

Heat Treatment aging at 732 °C for 8 hours, cooling in furnace down
to 621 °C keeping for 8 h.

SA Chemical composition similar to AG sample. Solution annealed at 1038 °C for 2h
oA Chemical composition similar to AG sample. 1038 °C for 2h, water quenching, aging at
780 °C for 8 hours, cooling in furnace down to 621 °C keeping for 8 h.
Mod B Chemical composition and heat treatment similar to Mod A plus adding 250 to 350
wt.ppm B.
Mod C Chemical composition and heat treatment similar to Mod A plus adding 2.3 wt.% Cu plus

100 wt.ppm B.

1.13 Micro-cantilever fabrication

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

microcantilever testing used in this study will be introduced.

I Sample surface preparation

The samples were prepared in discs with 10 mm diameter and 8 mm thickness. The samples,
for the purpose of Electron Backscatter Scanning Diffraction (EBSD) analysis and micro
cantilever milling, were grounded with emery paper up to grit number 2000 and then
electropolished using 1 molar methanolic H2SOs. Thereafter, the EBSD is carried out. Fig.

1.6 shows the EBSD micrograph of a region from the AG sample.
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Figure 1.6. EBSD micrograph of the AG sample. The
arrow shows a selected GB for bi-crystal milling.

Il. Choosing the area of interest

For bi-crystal cantilevers, the selected GB was a high angle grain boundary with the
misorientation angle between 45 to 55°. The reason for this selection is discussed in papers I,

Il and I1l. The arrow in Fig. 1.6 shows an example of a selected GB.

1. Milling the cantilever

The milling procedure is started by finding the selected area. It should be noted that the GB is
completely visible under the SEM and also Ga-beam channel of the focused ion beam (FIB)
and therefore the intended cantilever can be milled out with the dimensions depicted in Fig.
1.7. A series of cantilevers are milled on a GB in order to repeat the tests and also doing the
experiment in different conditions (H-free and H-charged). Fig. 1.7 also shows an example of

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

An identical shallow notch is milled on all cantilevers above the GB line to increase the

probability of cracking. Fig. 1.8 shows a GB on a cantilever before and after notch milling.
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Figure 1.8. A clear GB on a milled bi-crystal cantilever (left). A notch milled on the GB in a bi-crystal
cantilever (right).
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IV.  Setting-up the cell

A miniaturized conventional three electrode cell is used for this study. The cell is installed in
the nanoindenter machine chamber which enables in-situ testing (Fig. 19). A schematic
diagram of the in-situ cell is depicted in Fig. 1.10. Hg/HgSOs reference electrode (RE) is
used in this study for in-situ testing. This electrode lacks the CI- ion which can be found in
Calomel or Ag/AgCI electrodes. Cl-is an anion which associate in corrosion reactions, and
this is the reason why it is avoided in this set up. The reference electrode is connected with a
tube containing similar solution to the charging electrolyte. The electrolyte was a mixture of
Phosphoric acid-Glycerol (1:2 v/v). The counter electrode (CE) was a platinum sheet
immersed in the cell solution which is connected with a platinum wire to the electrical
connector of the potentiostat. The charging and testing were conducted in room temperature.
The working electrode (WE) as depicted in Fig. 1.10, is located at the bottom of the cell.
The complementary data on charging potentials and loading regime for cantilever bending
can be found in the text of the papers I-1V.

Figure 1.9. In situ test set up in the nanoindenter chamber.
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Indenter

Micro cantilever

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

V. Post-deformation analysis

After bending, the sample is taken out, washed with deionized water and ethanol. Afterwards,
post-deformation imaging is carried out by SEM. Fig. 1.11 shows an example of one

cantilever which is cracked under the H-charging condition.

Y tit mag = WD det 5 um
| 15.00kv | 52° 8000x 4.1 mm | ICE NTNU NanolLab

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

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

images from internal parts of the cantilever. To do so, firstly the cantilever is covered with
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the platinum coating (Fig.1.12). The coating protects the surface of the cantilever from
damages of Ga-ion required for milling. Afterwards, the adjacent area of the cantilever root
will be milled out to make it easy to cut the cantilever while keeping the notch area intact.
The cantilever then lifts out and will be placed on a TEM copper finger holder. The cantilever
then sliced with the intervals of 100 nm followed by taking an image. The slicing was done
from both sides to keep the central part of the cantilever for Transmission EBSD (T-EBSD)
analysis. To do T-EBSD one needs to reach a thickness of lesser than 80 nm, since T-EBSD
needs electrons to transmit through the material and detected on the other side of the material.
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Figure 1.12. Platinum coating of a bent cantilever to protect against further using of Ga-beam of FIB. The
material presented here is a high carbon steel.

1.14 X-ray photo-electron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a technique which can analyse very thin oxide
layers such as passive layer in stanless steels and nickel superalloys. XPS spectra are
obtained by irradiating a material with X-ray beam while simultaneously measuring the
kinetic energy and number of electrons escape from the the top surface of the material. The
method ables to give information from he elemental composition, empirical formula,
chemical state and electronic state of the elements exists in the surface. The tecknique itself is
not able to measure the depth distrubution information of the layers but its combination with
the ion sputtering can be used to obtain such data. lon sputtering can remove certain amount

of the surface which can be followed by XPS analysis. Therefore, a depth profile if the
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elemental data will be provided. Moreover, by this method the thickness of the passive layer
can be estimated.

In this study the XPS was used to obtain the passive layer composition formed on the
materials and also in order to estimate the thickness of the layer. The passive layer we formed
potentiostaticaly in 3.5% NaCl solution. The potentiostatic film formation was carried out at
200 and 600 mV vs. Ag/AgCl reference electrode for one hour. Afterwards, the samples were
taken out from the solution, washed with deionized water and ethanol to remove the remained
electrolyte on the surface. The samples were then transferred immediately to the XPS
analysis chamber inside a desicator. The analysis was carried out with Kratos Axis Ultra
DLD. A monochromatic Al Ko source was used as a source. First, a survey of elemental map
was done with the pass energy of 160 eV with five sweeps. High resolution regional
acquisitions were performed with pass energy of 20 eV with ten sweeps and 0.1 eV step size
for each element. Argon sputtering with the energy of 4 V was used for depth profiling. The
analysis was started with the elemental map, then the high resolution regional spectroscopy
was carried out followed by 30 s argon sputtering. After sputtering another regional
spectroscopy was done and this loop is repeated for three times enabling 4 regional
spectroscopy at different depths of the surface. The analysis area was 300 x 700 pm?. The

obtained data were analysed using Casa XPS software.

1.15 Intergranular corrosion testing

Double loop electrochemical potentiokinetic reactivation (DL-EPR) test was used to
investigate the intergranular corrosion susceptibility of the materials. The samples were
mounted in an epoxy resin polymer letting a circular surface of 10 mm diameter to be
exposed to the electrolyte. The electrical connection was made from the side of the samples
which was embedded in epoxy with a copper wire. The DL-EPR test was carried out in a
deareated aqueous solution of 2 M HCL + 1 M H>SO4 + 10-4 M KSCN at 30 °C which is
developed by Hazarabedian et al. for Alloy 725 [46]. The anodic scan is started from the
Open Circuit Potential (OCP) going forward with the scan rate of 1.667 mV/s reversing at
700 mV higher than the OCP. After the test, the samples were rinsed with deionized water

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

1.16 Thermal desorption spectroscopy

Thermal desorption spectroscopy (TDS) is a technique to study the hydrogen trapping
characteristics of the metals. In this method the sample is charged with H and then placed in
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the TDS chamber. There are two methods of doing TDS. Fistly, the sample can be heated up
immediately to a high temperature to allow all of the absorbrd H to be released. In this way
the total amount of the H can be measured. In another way, after putting the sample in the
TDS chamber, the temperature is gradually increased. This is called a ramping test. By doing
ramping test it would be possible to analyze the trapping sites of the material. By doing the
ramping test, first the diffusible H and the H which is trapped in tetrahedral and octahedral
sites of the material will diffuse out. By raising the temparature, hydrogen in deeper traps will
activate and the H which are trapped in high angle grain boundarys (HAGBS) or deep trap
interfaces will be released. The extracted H from the material carries with a carrier gas such
as Argon or Nitrogen to the mass analyzer to measure the amount of H extracted within the
time domain. The obtained results can be shown as the H content versus temperature.

In our study, since Ni is the FCC material with very low diffusivity, thin samples (0.5 mm)
were prepared for H charging in order to increase the ration of surface to volum. Therefore,
samples with dimensions of 10 x5 x 0.5 mm were used for H charging. The charging
electrolyte was a mixture of phosphoric acid and glycerol (1:2 v/v). The samples were
potentiostatically charged at —1050 mV vs. Ag/AgCl reference electrode at a temperature of
75°C for 24 h. This high temperature is used in order to increase the diffusibility of
hydrogen. A G4 Phoenix DH system (Bruker Co.) coupled with a mass spectrometer was
used for TDS. The total H content was analyzed by instantaneously exposing the sample to
800 °C for 600 s. In addition, the ramping test was conducted by gradually increasing the
temperature from 30 to 800 °C at a heating rate of 0.5 K/s.
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In situ electrochemical microcantilever bending lests were conducted in this study to
investigate the role of grain boundaries (GBs) in hydrogen embrittlernent (HE) of Alloy 725.
Specimens were prepared under three different heat treatment conditions and denoted as
solution-annealed (SA), aged (AG) and over-aged (OA) samples. For single-crystal beams in
an H-containing environment, all three heat-treated samples exhibited crack formation
and propagation; however, crack propagation was more severe in the OA sample. The
anodic extraction of H presented similar results as those under the H-free condition,
indicating the reversibility of the H effect under the tested conditions. Bi-crystal micro-
cantilevers bent under H-free and H-charged revealed the si role of the
GB in the HE of the beams. The results indicated that the GB in the SA sample facilitated
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propagation. For the AG sample, testing in an H-containing environment led to the for-
mation of a sharp, severe crack along the GB path.
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Keywords: To overcome the Hydrogen embrittlement (HE) susceptibility of the standard Alloy 725 (Mod A), two alloys with
Hydrogen embrittlement minor alloying modifications with B (Mod B) and B+Cu (Mod C) were produced. Then, the intergranular
Nickel-based superalloy cracking susceptibility was investigated on bi-crystal beams by electrochemical in situ micro-cantilever bending
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- . test. The atom probe tomography and first principles calculations were employed to capture and calculate the
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grain boundary (GB) segregation and its effect on the GB cohesion. Cross-sectional view of the bent beams

showed the superior resistance of Mod B against HE by facilitating the GB dislocation transfer/generation. While
bending Mod A sample in hydrogen environment leads to form a sharp intergranular cracking, Mod B showed
some nano-voids/cracks mostly in dislocation slip bands and rarely in GB path. However, a reduction of strength
was observed in load-displacement (L-D) curves of Mod B. The addition of Cu, although not participated in GB
segregation, compromised the lost strength of Mod B. In Mod G, after bending in H-charged condition, the nano-
voids were formed in GB, but no load drop in L-D curves nor crack propagation in post-deformation observations
was detected. The micro-alloying proposed in this study could be an important contribution to the future
developing of H resistant alloys via GB segregation engineering.
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Cantilever testing of the H-charged GB with S results in a clear brittle fracture of the GB. The co-segregation
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explained by the combined effect of these elements on the work of separation of the selected GB leading to
severely decreased GB cohesion.

Contribution:

Tarlan Hajilou: Planning and execution of experimental parts, data analysis and paper
writing.

Iman Taji: Planning and execution of experimental parts, data analysis and paper writing.
Frederic Christien: Performing WDS.

Shuang He: DFT calculations and writing the related part.

Daniel Scheiber: DFT calculations and writing the related part.

Werner Ecker: Supervision of DFT part.

Reinhard Pippan: Supervision of DFT part.

Vsevolod |. Razumovskiy: Supervision of DFT part.

Afrooz Barnoush: Research design, discussion and advice, supervision.

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

Copper Micro-alloying

Author: Iman Taji, Tarlan Hajilou, Shabnam Karimi, Afrooz Barnoush, Roy Johnsen.
To be submitted.

22



Intergranular Corrosion and Passive Layer Properties of Alloy 725 Modified with
Boron and Copper Micro-alloying

Iman Taji®*, Tarlan Hajilou®, Shabnam Karimi®, Afrooz Barnoush™”, Roy Johnsen®

“Department of Mechanical and Industrial Engineering, Norwegian University of Science and Technology, No. 7491 Trondheim, Norway
PQatar Environment and Energy Research Institute, P.O. Box 34110, Doha, Qatar

Abstract

In this study the effect of B and Cu alloying on corrosion properties of Alloy 725 is investigated. Mod A sample
was prepared as a control sample with conventional standard heat treatment. Then two other samples were prepared
by adding 250 to 350 wt.ppm B, named Mod B and Mod C with B content lower than 100 ppm plus 2.3 wt.% Cu.
The samples were subjected to intergranular corrosion testing, Mott-Shottky and X-ray photoelectron (XPS) analysis.
Intergranular corrosion test showed continious corrosion at the grain boundaries (GB) in Mod A while Mod C remains
completely intact without any corroison attack. Mod B corroded in the areas around the Mo-rich boride phases formed
due to abundant of B element in this alloy. Mod C showed the least defect density in the passive layer while the passive
layer of Mod B thicker. The incorporation of Mo in Mod C was proposed to be the the responsible for less defect
density of Mod C compared to Mod B. Mod A on the other hand had the most defect density and shows higher passive
current density in potentiodynamic polarization test.
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1.18 Summary of the papers

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

Microcantilever Bending Study

In this study, Alloy 725 with three different heat treatment were used. One sample is solution
annealed at 1038 °C for 2 h (SA). The aged (AG) sample was prepared by annealing the prior
solution at 1038 °C for 2 h, followed by water quenching and heating up to 732 °C for 8 h,
cooling in a furnace down to 621 °C, and maintenance at this temperature for 8 h. In order to
have coarser precipitates, the over-aged sample (OA) was prepared by increasing the aging
temperature from 732 °C to 780 °C. TEM study shoewd that the SA sample had almost no
precipitation while in AG sample ellipsoid y” precipitates could be observed. For the AG
sample, the size of the precipitates increased significantly which is led to presence of less
precipitates in this condition.

The microcanliteleves, first milled in the grains to compare the strength of the grain interior
of the samples. For HE studies, the samples were electrochemically charged with H in the
electrolyte of phosphoric acid and glycerol (1:2 v/v) for two hours at —1500 wvs.
Hg/HgSO04 (1050 vs. Ag/AgCl). After this process of charging, the bending test using the
nanoindeter was started while keeping the cathodic potential during the test.

The results of H-free experiments showed that the SA sample had the lowest maximum load
(around 800 uN) which is related to lack of precipitates. The AG sample had the highest load
(around 1400 puN) while the maximum load for OA sample was 200 puN lower. The reason of
deacreasing the load in OA sample can be related to the less frequent and coarser precipitates
compared to AG one. However, under the H-charged condition, the OA sample experienced
more severe cracking. The load in load-displacement (L-D) curve of OA sample fell down
after about 1500 nm displacement, while it dropped at about 3200 nm for AG sample.

In order to examine the role of GBs on the HE, HAGBs were selected from the samples
helping EBSD analysis and the cantilevers were milled in a way to have this selected GBs on
the cantilever. In this manner, with comparing the single crystal bending data, the role of the
GB can be revealed. The results showed that the GBs can have different impacts on the
results. The comparison of the single and bi-crystal bent cantilevers of the SA sample under
the H-free condition revealed a softening effect in the bi-crystal cantilevers. In H condition

because of this softeing effwet, no crack was revealed in SA bi-crystal cantilever.
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Contrary to the single crystal results, in bi-crystal cantilevers the maximum load was higher
for OA sample. Post-deformation SEM images showed that this behaviour is related to the
serrated GB formed in the OA sample due to the presence of coarse GB precipitates. The
serreated GB in OA sample prevents the H-induced crack to propagate while a sharp

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

Paper Il

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

In this study, the standard Alloy 725 (Mod A) is modified with 250 to 350 ppm B (Mod B)
and 2.3 wt.% Cu + <100 ppm B (Mod C). Bi-crystal microcantilevers were prepared on the
HAGBs of these samples to investigate the role of alloying elements on HE. The
microcantilevers were bent in-situ under the H charging condition. The electrolyte was a
mixture of phosphoric acid and glycerol (1:2 v/v) and the charging time before starting the
test was two hours at —1500 vs. Hg/HgSOa4 (—1050 vs. Ag/AgCl).

The density functional theory (DFT) caclulations showed that the B tends to precipitate in
GBs while Cu is more likely to be in solid-solution form. Atom prob tomography (APT) also
confirmed the precipitation of B at the GBs.

In H-free condition work-hardening was taken place for Mod A. A high amount of
dislocation pile up is found behind the GB. The high accumulated stress leads to distortion
and deviation of the GB from its original path. In this sample during H-charging, a sharp
intergranular crack was observed.

Addition of B improved the HE-resistance of Mod B, however, at the cost of reducing the
strength of the alloy. B contributed to the ductility enhancement of the alloy by releasing the
accumulated stress behind the GB via enhancing the GB dislocation transmission/generation.
B also increased the boundary cohesive energy based on DFT results. Therefore in air
condition no void/crack is formed. In H environment, nano-voids were observed in either
dislocation slip banbs (DSBs) or GBs. However, the formed nano-voids did not show any
effect on the strength and the integrity of the bent beams.

In Mod C, the loss of strength happened in L-D curve of Mod B is compensated by solid
solution hardening by Cu. DFT and APT results showed that Cu tends to deplete at the GBs.

Therefore the amount of Cu at the GBs are less than the bulk content. However its presence at
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the GB reduces the strengthening energy of the GB. As a result, larger nano-voids compared
to Mod B were formed at the GB after in situ bending. Albeit, even with the addition of H, no

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

Paper IlI:

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

electrochemical micro-cantilever bending vs. DFT

Two type of samples in were used in this study, a pure Ni and a Ni sample which is
dopedwith GB segregated S. The purpose of this study was to investigate the effedt of co-
segregations of S and H on intergranular cracking. The S-doped sample contains
5.4 wt ppm of S in solid solution condition measured by a glow discharge mass spectroscopy
technique. Following casting, hot rolling and cold rolling processes were carried out to
decrease the thickness of the ingot to 3 mm. Afterwards, the material was annealed 72 h at
1300 oC and 24 h at 1000 oC followed by water cooling in order to GB segregation. The GB
segregation was confirmed by Wavelength dispersive X-ray spectroscopy.

The micro-beams in this study were charged with a cathodic current density in the range
of =60 to —100 pA cm 2 at—1450 to —1600 mV potential versus the Hg/HgSOs reference
electrode. A glycerol-based solution with the composition of 1.3 M borax in glycerol mixed
with 20% distilled water was used as the H-charging electrolyte.

Cantilever bending tests with pure Ni samples without S segregation resulted in a ductile
behavior accompanied by slip traces on the surface, while testing pure Ni in H-charged
condition, the crack is initiated from the notch area and fewer activated slip traces are
observed. The observed difference is associated with the impeding effect of H on the
dislocation motion leading to the and localized plasticity at the crack tip. Post-deformation
SEM images showed that the crack formed in the H-charged pure Ni beam is neither
intergranular (IG) nor purely brittle. In this case, H concentration at the GB does not reach
the critical amount to cause the IG fracture atomic associated with the HEDE mechanism.
Segregation of S to GB, on the pther hand, leads to the IG cracking during the bending test.
The crack reveals brittle type of fracture and propagates through the GB. Hydrogen-charging
makes the IG fracture even more prominent and causes a sooner sudden drop in L-D curves
compared with H-free conditions. Based on the DFT results, it is shown that the GB cohesion

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

Paper IV

Intergranular Corrosion and Passive Layer Properties of Alloy 725 Modified with Boron and
Copper Micro-alloying

In this study, intergranular corrosion and passive layer properties of Mod A (standard Alloy
725), B (modified with 250 to 350 ppm B) and C (modified with 2.3 wt.% Cu + <100 ppm B)
alloys were investigated. DL-EPR test was carried out in the deareated aqueous solution of 2
M HCL + 1 M H,SO04 + 10* M KSCN at 30 °C which is developed by Hazarabedian et al.
[46] for Alloy 725. The anodic scan started at the OCP goingforward with the scan rate of
1.667 mV/s reversing at 700 mV higher than the OCP.

Based on the DL-EPR results, no intergranular corrosion occured for Mod C which is
conformed by SEM images taken after the test. However, in both Mod A and B a reactivation
peak was appeared in the curves. The flollwing SEM images from the surface, showed that
the type of corrosion on Mod A and B is different.

In Mod A, the corrosion is completely intergranular. A continious trench can be found in GBs
in SEM images. The intergranular corrosion occurred in Mod A could be a results of the
Cr/Mo-rich phases presence at the GBs. These phases absorb a lot of Cr/Mo and there would
be in impoverishment of these alloys around the GB. Therefore, the weak passive layer
formed around the GB will dissolve during the reverse scan of the DL-EPR resulting in the
reactivation peald to be appeared.

In Mod B, on the other hand, the corrosion occurred around the Mo-rich phases which can be
found in both GBs and grain interior. These phases are Mo and Ti-rich borides which formed
in this sample due to the presense of high amount of B. The phases absorbs lots of Mo and
the passive laer around these particles will not be strong enough to withstand in the reverse
scan. Therfore the reactivation peak observed in this sample is related to the corroison
happening around these phases.

Mott-Schottky analysis was carryied out to compare the differences between vacancy
densities and the nature of the passive film. The results revealed that Mod C has the least
vacancy while Mod A possessed the highest amount of vacancies in its structure. The graph

of all materials consisted of two parts. The first part from -100 mV to around 400 mV vs.
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Ag/AgCI shows a n-type passive layer whereas from 400 to 800 mV vs. Ag/AgCI the passive
layers showed p-typer behaviour.

Finally, the passive layers were analyzed with XPS. It is revealed that the thickness of Mod B
is a bit higher than Mod A and C. In addition the passive layer for,ed at 600 mV vs. Ag/AgCI
is thicked that the layer formed at 200 mV vs. Ag/AgCI. In 600 mV vs. Ag/AgCl the oxygen
content is highter and this could be the reason for more oxide formation and henece the
thicker passive layer. In addition the availability of more oxygen in high voltages might be

the reason for shiftong from n-type to p-typ passive layer.

28



2 Recommendations and Future works

Throughout this thesis, the interactions of H with pure nickel and nickel superalloys with
different heat treatments and GB segregation have been studied. The following suggestions

can be put forth for future studies.
2.1 The effect of GB type

In papers I, 1l and 111, all the micro-cantilevers were made on the high angle grain boundaries
(HAGBS). It is well-known that these GBs are the most probable sites for cracking. They are
also favorable site for impurities to precipitate. However, there are reports which shows that
low angle (LA)GBs or special GBs such as £3 GBs can be probable areas for crack
nucleation. For example, Seita et al. [47] by doing tensile tests on Alloy 725 have shown that
>3 coherent twin boundaries are susceptible to crack initiation but they are resistant against
crack propagation. This dual role of the £3 GBs leads them to offer a new design for Nickel
superalloys. Since the H-induced cracks often initiate at surfaces and propagate inward, the
proposed to make a microstructurally graded material with few X3 GBs at the surface and a
large number in the interior parts. However, this observation needs more proof. In-situ micro-
cantilever testing on £3 GBs, can shed more light in this regard. The problem is getting more
complicated knowing that the HAGBs are more prone to corrosion. Our preliminary EBSD
analysis which is not reported in this thesis showed that the intergranular corrosion is
happening mostly at the HAGBs. Therefore, designing a material with high amount of
HAGBs at surface can be risky from corrosion point of view. As another suggestion,

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

2.2 Formation of Ni-hydride

In paper 111, we showed that the presence of abundant H resulted in the hardness increase on
the surface which is persistent for long time. We attributed this phenomenon to the formation
of Ni-H, although it is reported that the Ni-H is not a stable phase. Direct observation of this
Ni-H can be advantageous. This can be happened on the Ni-superalloys as well and
significantly change the mechanical properties. The presence of this alloy in highly sour
environments might provide harsh conditions suitable for Ni-H formation. From experimental
point of view in-situ XRD or in-situ Raman spectroscopy can help to detect the hydride

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

As observed in paper V, intergranular corrosion led to form grooves on the materials surface.
These grooves, in the presence of external load can act as an initiation site for cracks.
Therefore, by having the corrosive media and applying the load which is feasible by in-situ
cantilever bending one can evaluate the stress corrosion cracking (SCC) resistance of specific
GB:s. In this system, the notch is not required and the groove which will be formed by the
corrosion processes will act as the accelerator for cracking. The test can be carried out in
anodic voltages in order to avoid the role of H in SCC.
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In situ electrochemical microcantilever bending tests were conducted in this study to
investigate the role of grain boundaries (GBs) in hydrogen embrittlement (HE) of Alloy 725.
Specimens were prepared under three different heat treatment conditions and denoted as
solution-annealed (SA), aged (AG) and over-aged (OA) samples. For single-crystal beams in
an H-containing environment, all three heat-treated samples exhibited crack formation
and propagation; however, crack propagation was more severe in the OA sample. The
anodic extraction of H presented similar results as those under the H-free condition,
indicating the reversibility of the H effect under the tested conditions. Bi-crystal micro-
cantilevers bent under H-free and H-charged conditions revealed the significant role of the
GB in the HE of the beams. The results indicated that the GB in the SA sample facilitated
dislocation dissipation, whereas for the OA sample, it caused the retardation of crack
propagation. For the AG sample, testing in an H-containing environment led to the for-
mation of a sharp, severe crack along the GB path.
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Introduction

Currently, there is an increasing demand for nickel superal-
loys as structural materials for miscellaneous applications.
Nickel superalloys belong to a category of precipitation-
hardened materials, which gain their strength by the forma-
tion of stable ¥ and/or metastable y” precipitations in a face-
centered cubic (FCC) nickel-based matrix. The formation of
such precipitates is achieved through aging-based heat
treatment under appropriate conditions. In addition to supe-
rior mechanical properties, nickel superalloys with high
chromium content exhibit a higher corrosion resistance than
other Ni alloys. Hydrogen (H), in contrast, is one of the ele-
ments responsible for nickel superalloy degradation in cor-
rosive media due to H production, for example, when the
electrolyte contains H,S. Therefore, H embrittlement (HE) in
nickel superalloys has always been an interesting scientific
and engineering research topic.

The strength of polycrystalline alloys can be improved by
methods influencing grain interior strength, such as solid so-
lution and precipitation hardening or can be enhanced by
altering the grain boundary (GB) type and GB segregation. Most
studies on HE of nickel superalloys are based on polycrystalline
alloys [1—-3]. However, if a polycrystalline alloy is used, it is
difficult to understand the effects of grain interior and GBs on
the resistance of the material toward HE. This problem can be
overcome by conducting a microcantilever bending test. An
experiment could be performed in a single grain or GB strength
can be evaluated by performing bi-crystal microcantilever
bending tests, allowing the differentiation between the roles of
the grain or GB in mechanical property enhancement. In
addition, by in situ microcantilever bending tests, the effect of
H on the mechanical properties can be assessed. This method
has been successfully applied to S-doped GBs for demon-
strating how S embrittled GBs in pure nickel [4].

In nickel superalloys, the high content of alloying elements
in a solid solution, low stacking fault energy, and the presence
of precipitates favor the planarity of the dislocation slip
instead of the formation of dislocation cells and block struc-
tures [1,5]. The limiting dislocation cross-slip forces disloca-
tions to remain in narrow, parallel slip bands called
dislocation slip bands (DSBs) [6,7]. The formation of DSBs was
further enhanced by the elevated content of H [6]. Because of
the high dislocation density in DSBs, the intersections of DSBs
with themselves and with GBs serve as favorable sites for
crack formation. Zhang et al. [1] showed an example of fully
transgranular fracture via DSBs in alloy 718. Voids were found
to form primarily at the intersections of DSBs with different
crystallographic orientations and propagated within the DSB
route, crossing the GBs. In contrast, Ogawa et al. [8] presented
an example of intergranular crack propagation in alloy 718.
This discrepancy could be explained by the uneven distribu-
tion of H in the material, because H is distributed slowly in FCC
solids, and it is likely that most of the grain interior is not
strongly affected by H, as confirmed by Ref. [1]. In addition,
different orientations of the GBs with respect to the applied
stress direction could influence the analysis of the results in
terms of crack initiation and propagation. GBs that are parallel

to the direction of the applied stress are less susceptible to
cracking, regardless of their type.

Another factor influencing fracture is the GB type and
orientation angle. It is well known that special GBs are more
resistant to fracture. Bechtle et al. [9] showed that GB engi-
neering, by increasing the special GB fraction, markedly
increased resistance toward HE. The resistance of special GBs
toward stress corrosion cracking was also confirmed through
3D diffraction contrast tomography [10]. Lu and Wang showed
that high-angle GBs, unlike low-angle GBs, contribute to
dislocation pileup and the suppression of dislocation trans-
mission, which can later lead to crack formation. A study on
Alloy 725 showed that twin boundaries serve as crack initia-
tion sites, but they also suppress crack propagation [11].
Therefore, it can be inferred that random high-angle GBs are
more critical in inducing HE in nickel superalloys. In addition,
random high-angle GBs are reported to be more prone to im-
purity segregation, which makes them more vulnerable to HE
[4,12,13]. As a result, in this study, random high-angle GBs
were selected to investigate intergranular HE by bi-crystal
microcantilever bending tests. This method is also useful for
understanding the interactions between DSBs and GBs
although the results may not necessarily reflect the behavior
of the bulk material.

In this study, single-crystal cantilevers were bent in situ
to study the grain interior HE resistance of three samples of
Alloy 725, which were subjected to three different heat
treatment conditions according to API specifications. Then,
three high-angle GBs were selected, and bi-crystal micro-
cantilever bending was carried out to determine the influ-
ence of the GBs on the mechanical response and their
interaction with H. Single and bi-crystal microcantilever
bending results were analyzed and compared for samples
subjected to the three different heat treatment conditions.
The results help in understanding the interactions among
DSB, GB, and H, and could be used to develop more H-
resistant materials.

Materials and methods
Materials and sample preparation

Conventional Alloy 725 samples subjected to three different
heat treatment conditions were used in this study. The
solution-annealed (SA) sample was prepared by solution
annealing at 1038 °C for 2 h. The aged (AG) sample was pre-
pared by annealing the prior solution at 1038 °C for 2 h, fol-
lowed by water quenching and heating up to 732 °C for 8 h,
cooling in a furnace down to 621 “C, and maintenance at this
temperature for 8 h [14]. For the over-aged (OA) sample, in
order to coarsen the precipitates, the above heat treatment
was repeated in which the aging temperature was increased
from 732 °C to 780 °C. The heat-treated bars were cut into
cylindrical parts with a diameter of 10 mm and a thickness of
8 mm. The samples to be used for electron backscatter
scanning diffraction (EBSD) analysis and microcantilever
milling were ground with emery paper up to grit number 2000
and then electropolished using 1 M methanolic H,SO,.
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Thermal desorption spectroscopy

The H content of the samples was measured through thermal
desorption spectroscopy (TDS). Thin samples with di-
mensions of 10 x 5 x 0.5 mm were used for H charging. The
electrolyte was a mixture of phosphoric acid and glycerol (1:2
v/v). The samples were potentiostatically charged at
~1050 mV vs. Ag/AgCl reference electrode at a temperature of
75 °C for 24 h. A G4 Phoenix DH system (Bruker Co.) coupled
with a mass spectrometer was used for TDS. The total H
content was analyzed by instantaneously exposing the sam-
ple to 800 °C for 600 s. In addition, the ramping test was con-
ducted by gradually increasing the temperature from 30 to
800 °C at a heating rate of 0.5 K/s.

Microcantilever milling and bending

To investigate the inter- and intra-grain strength of the alloy
samples, two series of cantilevers, single-crystal and bi-
crystal ones, were milled. The criteria for bi-crystal selection
are described elsewhere [4]. High-angle GBs with misorienta-
tion angles between 45 and 55°were selected to mill the bi-
crystal beams. The selected GBs are shown in Fig. 1 and the
corresponding GB information is summarized in Table 1. The
micro-cantilevers were milled using an FEI Helios DualBeam™
focused ion beam (FIB) system. The cantilevers were bent
using a Hysitron TI 950 Tribo-Indenter. The bending test was
carried out under air (H-free), H-charged, and anodic condi-
tions. The H charging of the samples was performed using a
customized three-electrode cell prepared for the in situ elec-
trochemical microcantilever bending test. The Hg/HgSO,
electrode served as the reference electrode, and a platinum
wire was used as the counter electrode. The samples were pre-
charged for at least 2 h before the bending test started and

were continued to be charged during bending. For H charging,
the electrodes were cathodically polarized at —1500 vs. Hg/
HgSO4 (—1050 vs. Ag/AgCl). After bending the cantilevers
under the H-charged condition, the sample was polarized
anodically at 500 vs. Hg/HgSO, to extract all the charged H
absorbed at the cathodic potential. After 2 h, while main-
taining the anodic potential, a cantilever bending test was
performed. The anodic potential was applied in the range of
the passivity region of the alloy sample, and no corrosion was
observed upon post-experiment microscopic investigation. To
study the crack propagation path and plastic deformation, the
cross-sections of the bent cantilevers were milled using the
slice and view method. The slicing thickness was set to
100 nm. After each slicing, a high-resolution scanning elec-
tron microscopy (SEM) image was obtained.

Results
Transmission electron microscopy

No precipitation was observed for the SA sample. The trans-
mission electron microscopy (TEM) images of the AG and OA
samples are shown in Fig. 2. Fig. 2a shows the distribution of
the ellipsoid y” in the sample. By prolonging the aging time or
increasing the aging temperature, the sizes of the precipitates
increase, which is known as coarsening. Studies have shown
that the influence of increasing the temperature, which is
implemented in this study to produce OA samples, is more
significant than the effect of time [15-18]. In the OA sample, as
shown in Fig. 2b, fewer precipitates were present compared to
those in the same area of the AG samples, Fig. 2b, indicating
coarsening and enhancement of spacing between the
precipitates.

111

Fig. 1 — EBSD images of the (a) SA, (b) AG and (c) OA samples. The arrows show the selected GB for cantilever milling.

Measured GB

sorientation angle and corresponding information in SA, API and OA samples.

GBID Misorientation Axis Sigma Plane 1 (fixed grain) Plane 2 (free-standing grain)
angle (°) h k 1 u v w u v w
SA 52.7 0 19 -15 = -10 25 -9 -3 7 -1
AG 44.7 al -6 -10 = 5 -14 20 2 14 -15
OA 49.7 23 18 -5 = 3 -6 -2 it -13 27
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Fig. 2 — TEM images of the (a) AG and (b) OA samples alongside (c) a high-resolution image of a precipitate are shown, with a
red circle on the over-aged sample image. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 3 — L-D curves of the single-crystal micro-cantilevers
bent under the air, H-charged, and anodic conditions.

Single-crystal microcantilever bending

Load-displacement curves

The microcantilever bending test for single-crystal beams was
carried out under air, H-charged, and anodic conditions. An
anodic test was performed to determine whether H is the only
influencing factor or whether there is another parameter in
the electrolyte that affects the mechanical properties of the
alloy samples. In addition, testing under the anodic condition
helps to examine the reversibility of the effect of H on the
mechanical response. The comparison of the load-
displacement (L-D) curves under the anodic and air condi-
tions (Fig. 3) reveals that almost no noticeable difference can
be distinguished. Therefore, it is rational to conclude that the
electrolyte has no effect on the mechanical response of the
bending test. Under the cathodic condition, in contrast, the
charged H affects the mechanical properties. Therefore,
because the air and anodic conditions afford similar results,
testing under the anodic condition will not be conducted for
bi-crystal microcantilever bending.

The load in the L-D curves of the SA sample reached nearly
800 uN under the air condition and continued almost consis-
tently until the end of the test, that is, 5 pm displacement. For
the SA sample under the H-charged condition, however, the
load exhibited a continuous decreasing trend during plastic
deformation. Load reduction of approximately 200 uN was
observed from 1 to 5 ym displacement under the H-charged
condition. The maximum load in the L-D curves of the AG
sample reached up to 1400 pN, which is 600 uN higher than that
observed for the SA samples. The increase in strength is a result
of the precipitation-hardening effect of the y” particles after the
aging heat treatment. Under the H-charged condition, after
3.3 ym displacement, a sharp load drop can be observed in the
L-D curve. The formation of a crack during the bending test
causes the reduction in the volume of the material, which is
responsible for the tolerated load. Therefore, to compenickel
superalloyte the constant displacement constrain defined for
the test, the maximum tolerated load would be decreased,
causing a drop in the L-D curve. The sudden load drop in the L-
D curve of the OA sample under the H-charged condition occurs
at lower displacements (approximately 1.6 ym) compared to
that observed for the AG sample, which indicates a higher
susceptibility to HE. The maximum load in the L-D curve of the
OA sample under the air condition is approximately 1200 uN,
which is 200 uN lower than that of the AG sample.

Post-bending SEM images

The post-bending SEM images of the single-crystal micro-
cantilevers are shown in Fig. 4. As illustrated by the L-D
curves, the bending results under the anodic condition indi-
cate a behavior similar to that under the air condition. The
appearance of plasticity ahead of the notch in the three heat-
treated alloy samples at anodic potential is similar to that
under the air condition. It is rational to conclude that by
applying an anodic potential, all H atoms present in the ma-
terial because of H charging would diffuse. This phenomenon
shows the reversibility of the effect of H on the experimental
parameters focused in this study. Under the H-free condition,
DSBs are the main features that appear on the surface. They
are more frequently observed in SA cantilevers with lower
DSB spacing than in the other heat-treated cantilevers. In
contrast, the least frequent DSBs were revealed on the OA
sample surface after the bending test. For all three samples
under the H-free condition, the notch head was blunted after
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Fig. 4 — Post-deformation SEM images of the single-crystal micro-cantilevers under the air, H-charged, and anodic

conditions.

the test and did not propagate into the material. Under the H-
charged condition, however, a crack was formed at the notch
root in all three heat-treated samples.

Bi-crystal microcantilever bending

Fig. 5 shows the L-D curves and corresponding post-bending
SEM images of the bi-crystal micro-cantilevers. The axis
scales for the L-D curves were sketched in a similar manner,
to compare the maximum load difference between the
corresponding curves of the three heat-treated samples. The
L-D curve of the OA sample represents the highest load of
approximately 1600 uN, the maximum loads of the AG and
SA samples are 1400 pN and 600 uN, respectively. Under the
H-charged condition, a decrease in the maximum load can
be seen for all the three heat-treated sampled, similar to the
results of single-crystal microcantilever bending test. This

maximum load reduction was most evident for the OA
sample.

No signs of cracks or voids could be observed on the surface
of the SA-heat-treated cantilever bent under the H-free and H-
charged conditions (Fig. 5a, and as). On the other hand, under
the H-charged condition, a clear intergranular crack was
formed on the beams of the AG and OA samples. Intergranular
cracking in both the AG and OA samples was accompanied by
plastic deformation revealed by DSBs on the cantilever sur-
face. Under the air condition, especially for the AG sample, the
formed DSBs at both grains adjacent to the GB interact and
stop at the GB.

Hydrogen content

The TDS results after 24 h of cathodic H charging are shown in
Fig. 6. Due to the lack of precipitates serving as trapping sites,
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Fig. 6 — Hydrogen desorption spectra of the three heat-
treated samples obtained from TDS.

the SA sample absorbed the lowest amount of H compared to
the other samples. The AG sample absorbed more H than the
OA sample. The AG sample had a larger surface area of the
precipitate—matrix interface than the OA sample. The

precipitates in the AG sample are finer and more widely
distributed in the matrix, whereas in the OA sample, the
precipitates are coarser and less scattered.

Discussion
Reversibility of hydrogen traps

The comparison of the L-D curves of the H-charged and air-
bent cantilevers with those under the H-extracted (anodic)
condition in Fig. 6 confirmed the reversibility of H interaction
with the nickel superalloy crystals. The anodic extraction of H
has been conducted in several studies to verify the revers-
ibility/irreversibility of H diffusion [19-21]. A similar conclu-
sion was reached by in situ nanoindentation on Alloy 718 [21],
in which, after 2 h of H charging, the hardness value recovered
to the air condition value upon the application of anodic po-
tential. This effect shows that the trapped H at the y”/matrix
interface is mostly reversible. However, it should be noted
that there are some particles in nickel superalloys, such as
carbides, which could act as irreversible trap sites for H atoms
[22]. Turnbull et al. [23] verified the reversibility of H trapped at
both ¢’ and y” particles in nickel superalloys. They measured
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the binding energy of H with the particles to range from 31 to

37 and from —23 to —27 kJ mol *for v and ", respectively.
These values are considerably higher than that (~58 k] mol ™)
considered as the energy criterion for reversible/irreversible
trap transitions [24]. It should be noted that the dominant
particles in the alloys used in this study are mostly v”, as
depicted by TEM (Fig. 2), which are more reversible than v/,
according to the mentioned binding energy values.

Strength of single-crystal cantilevers

Fig. 3 shows that in situ charging with H contributed to a
decrease in the yield strength and maximum load of the L-D
curves, known as the H-softening effect. The corresponding
yield point and maximum load are listed in Table 2. This
phenomenon is attributed to the decrease in the internal
shear stress of DSB walls [25] in pure Ni. However, the H-
softening effectin nickel superalloys is negligible in relation to
that in pure Ni. Owing to the presence of y' and y” particles
and high contents of alloying elements, Nickel superalloys are
susceptible to planar slip and DSB formation [5,7].

The precipitation of y” phases was responsible for the in-
crease in the strength of the AG and OA samples in relation to
that of the SA sample. However, coarsening of the precipitates
in the OA sample reduced the maximum load in the L-D
curves in Fig. 3. This is consistent with the results of previous
in situ nanoindentation studies [21], wherein Alloy 718, which
was subjected to over-aging, had lower hardness because of
larger but fewer y' particles dispersed in the matrix. The
number of obstacles in the path of the dislocations controls
the stress required for the glide. Therefore, by decreasing the
obstacles in the OA sample, a lower maximum load was ex-
pected. In addition, the precipitate—matrix interface is known
to act as a reversible trap in nickel superalloys [22, 26]. The
reduction in the surface area of the precipitates in the OA
sample due to coarsening resulted in the absorption of lower
amount of H than that in the AG sample, as can be observed in
Fig. 6. The coarsening of the y” precipitates also led to a
reduction in the maximum tolerated strength represented by
the L-D curves. The reduction in the yield strength due to the
coarsening of the precipitates is a common phenomenon that
stems from the large spacing between precipitates [27, 28].
According to the Friedel model [29], the flow stress, g5, obeys
the following relationship:

oy (1

where L is the distance between the obstacles.

Table 2 — Yield points and maximum loads extracted
from the single-crystal L-D curves.

ID Air H-charged
Yield Maximum Yield point Maximum
point load load
SA 865 899 751 855
AG 1322 1432 1207 1347
OA 1126 1237 1086 1186

Due to the lower content of H and lower maximum
strength of the OA sample than those of the AG sample, a
lower HE severity was expected in the former. However,
contrary to this expectation, the AG sample showed more
durability against HE according to the L-D curves. A cross-
sectional view of the bent specimens under the H-charged
condition after slicing with the FIB, Fig. 7(c,), also depicted the
long-distance propagation of the crack in the OA sample,
unlike that observed in the AG sample (Fig. 7(b,)). It has been
reported that coarse precipitates in the matrix can serve as
more favorable sites for void formation compared to small
precipitates [30]. In addition, it is well documented that the
coarser the precipitates, the greater the mismatch between
the matrix and precipitate [31]. These mismatched sites create
an elastic strained area that could be a trap site for H [32].
Therefore, the H content of the material increased, which
further increased the crack initiation probability in the inter-
face areas and contributed to the severe cracking of the OA
sample.

Contribution of GBs

The comparison of the single and bi-crystal cantilever L-D
curves for the SA sample confirms that the latter has an
approximately 200 pN lower strength. Based on the well-
known Hall-Petch relation, the strength can be increased by
incorporating a GB in the system. The dislocations pile behind
the GB; therefore, high stress is required to overcome the
resistance of the GB toward the dislocation transmission,
which results in the increase in the overall strength of the
material. In contrast, in this case, the strength was decreased
by adding a GB to the cantilever. The reason for such a
decrease in the strength of the bi-crystal cantilever can be
attributed to the limited volume of the cantilever, especially in
the SA sample, wherein there is a lack of favorable dislocation
nucleation sites. Instead of being a pileup area, the GB can be
regarded as an additional defect in which dislocation nucle-
ation can occur [33]. In addition, dislocations can also be
annihilated at a single GB provided in the microcantilever [34].
Therefore, by comparing the single and bi-crystal micro-can-
tilevers, it can be deduced that the GB, in this case, did not
increase the strength, but resulted in softening. The SEM im-
ages obtained from the cross-sectional slicing of the cantile-
vers support this explanation. In a single-crystal cantilever,
the accumulation of dislocations and strain concentration can
be distinguished by the color contrast under the notch area, as
shown in Fig. 7(a;). In contrast, in bi-crystal cantilevers
(Fig. 7(as)), no sign of pileup or strain concentration could be
observed. Therefore, it seems that the GB serves as a source
for the annihilation of the dislocations, which relaxes strain
accumulation. This explanation can also elucidate the
mechanism underlying crack formation induced by H
charging in a single-crystal cantilever, while the bi-crystal
cantilever remains almost intact. It should be noted that
there was a sign of the formation of nano-voids at the inter-
section of the GB path and notch route, which is depicted by
the white arrow in Fig. 7(a4). However, because no dislocation
pileup and no strain concentration occurred in the bi-crystal
cantilever, the formed voids did not tend to propagate. This
void formation could be responsible for the strength decay
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Fig. 7 — Cross-sectional SEM images of the single- and bi-crystal cantilevers after slicing with the FIB.

observed in the L-D curves of the corresponding beams in
Fig. 5(aq).

Based on Fig. 5(b,), the bi-crystal microcantilever made on
the AG sample bent in air exhibited mild continuous hard-
ening in the L-D curve. This continuous hardening in the
presence of a GB occurs as a result of strain hardening and
dislocation pileup at the GB. A cross-sectional SEM image of
this cantilever is shown in Fig. 7(bs) wherein the pileup area
can be observed. The hydrogenation of the sample upon
cathodic charging resulted in the formation of a sharp crack
and semi-cleavage failure, as depicted in Fig. 5(bs). The crack
was formed exactly at the GB route. H is well known to
decrease the cohesive energy of the GB, leading to easier
debonding of the atoms, which is categorized as the Hydrogen
enhanced decohesion (HEDE) mechanism [35]. However, it
should be noted that crack advancement was under the con-
trol of the local plastic area formed at the GB-DSB in-
tersections, which are depicted by the edge formation in the
crack route in Fig. 7(bs) as is already discussed in the intro-
duction section.

The L-D curve of the OA bi-crystal cantilever bent in air
(Fig. 5(cq)) represents a load increase in relation to that of the
AG sample (Fig. 5(by)). This increase could be explained by the
cross-sectional images of the bent cantilevers. Fig. 7(c3) shows

the air-bent cantilever of the OA sample. As can be seen, the
GB has a serrated form. It has been proven that the formation
of a serrated GB significantly improves the mechanical prop-
erties of materials [36,37]. The presence of the serrated GB
contributes to the higher lattice strain around the GB [38];
hence, an increase in the tolerated maximum stress was
revealed in the L-D curve. The formation of the serrated GB is
related to the coarser y” precipitates that were formed at the
GBs in the OA sample. These coarse precipitates pin the GB at
the points where they are formed, while the rest can move and
grow during solidification [39]. The arrows in Fig. 7(c3) show
two precipitates which have formed around the GB inducing
the serration. In agreement with the results of this study,
Alabbad et al. [40] showed that the larger v’ formed at the GB
resulted in higher amplitudes and wavelengths of the serra-
tion along the boundary. The presence of the serrated GB can
readily improve the mechanical resistance by retarding crack
growth, impeding void accumulation, and lengthening the
crack propagation path [38,41]. It also shows more resistance
toward GB sliding [42]. In the cross-sectional image shown in
Fig. 7(c4), it can be seen that the serrated form of the GB makes
it difficult for the crack to propagate. Therefore, the corre-
sponding L-D curve shows no sudden drop in load. It should be
noted that Fig. 7(cs) depicts the cantilever from one side and
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almost from the middle of the cantilever to the other side. No
crack was formed at the GB.

Summary of the mechanisms involved in microcantilever
bending tests

The total strength of the material (¢10t,) can be assumed to be
a summation of the solid solution (o), precipitation (opre),
and GB (o4 strengthening:

Ototal = Oss + Oprec + Ogb (2)

In a polycrystalline material, it has been shown that the
contribution of precipitation strengthening is significantly
larger than that of the two others [28]. This result is in good
agreement with the microcantilever test results. If the results of
our previous study on pure nickel [4] were compared with those
of an SA single-crystal sample, the contribution of ¢;; would be
accounted to be approximately 400 uN enhancement in
maximum load strength. Precipitation hardening in the AG
single-crystal sample, however, increases the strength by about
600 uN compared with thatin the SA sample. Upon coarsening of
the precipitates, the strengthening effect of the precipitates in
the OA single-crystal sample was found to weaken.

Furthermore, the role of the GB structure in strengthening
is different. The SA sample served as a dislocation dissipation
site or a defect, facilitating the annihilation of the disloca-
tions; therefore, in Eq. (2) the term o,4, has a negative sign,
resulting in the softening of the cantilever. For the AG bi-
crystal cantilever bent in air and owing to the large contribu-
tion of precipitation hardening, g4, does not have a significant
effect, even though its influence could be distinguished by
work hardening and the continuous increase in the load in the
L-D curve. The SEM images revealed that the dislocation
accumulation behind the GBs led to this behavior. In the OA
sample, however, the GB contribution resulted in approxi-
mately 400 uN hardening under the air condition. This in-
crease in strength, according to the SEM cross-sectional
observation of the cantilevers, was related to the serrated GB
formed due to the coarse GB precipitates in the OA sample.

Conclusion

In this study, single and bi-crystal micro-cantilevers were
milled out of three heat-treated samples. The solution-
annealed (SA), aged (AG), and over-aged (OA) samples were
used to investigate the micro-mechanical properties. The
cantilevers were bent under H-free and in situ H-charged
conditions. The main results were as follows:

- The application of anodic potential after cathodic charging
resulted in the de-charging of H from the beams. Therefore,
similar L-D curves were obtained for cantilevers bent under
anodic and air conditions. This result suggested the
reversibility of H charging under the tested conditions.

Due to the presence of fine, dispersed precipitates in the AG
sample, the maximum load in the L-D curves of single-
crystal cantilevers was higher in the AG sample than in
the OA sample. However, under the H-charged condition,

the OA sample experienced more severe cracking. The load
in L-D curve of OA sample fell down after about 1500 nm
displacement, while it dropped at about 3200 nm for AG
sample.

Under the H-charged condition, for the SA single-crystal
sample, a crack was formed during bending, which prop-
agated smoothly in the DSB route. Under the same condi-
tion for the bi-crystal sample, no cracks were formed in the
H environment. The comparison of the single and bi-
crystal bent cantilevers of the SA sample under the H-
free condition revealed a softening effect in the bi-crystal
cantilevers.

A sharp continuous crack was formed in the AG bi-crystal
cantilever after H charging, whereas in the OA bi-crystal
sample, the formed crack was not able to propagate. It
was found that the serrated GB formed in the AG sample
due to coarse GB precipitates was responsible for this
phenomenon.
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ABSTRACT

To overcome the Hydrogen embrittlement (HE) susceptibility of the standard Alloy 725 (Mod A), two alloys with
minor alloying modifications with B (Mod B) and B+Cu (Mod C) were produced. Then, the intergranular
cracking susceptibility was investigated on bi-crystal beams by electrochemical in situ micro-cantilever bending
test. The atom probe tomography and first principles calculations were employed to capture and calculate the
grain boundary (GB) segregation and its effect on the GB cohesion. Cross-sectional view of the bent beams
showed the superior resistance of Mod B against HE by facilitating the GB dislocation transfer/generation. While
bending Mod A sample in hydrogen environment leads to form a sharp intergranular cracking, Mod B showed
some nano-voids,/cracks mostly in dislocation slip bands and rarely in GB path. However, a reduction of strength
was observed in load-displacement (L-D) curves of Mod B. The addition of Cu, although not participated in GB
segregation, compromised the lost strength of Mod B. In Mod C, after bending in H-charged condition, the nano-
voids were formed in GB, but no load drop in L-D curves nor crack propagation in post-deformation observations
was detected. The micro-alloying proposed in this study could be an important contribution to the future
developing of H resistant alloys via GB segregation engineering.

1. Introduction

decohesion (HEDE) mechanism by reducing the material’s cohesive
strength induced by H atoms [11-13]. A number of other studies have

A wide range of nickel-based superalloy (NBS) applications ranging
from high to low temperatures and from aerospace to submarine envi-
ronments [1,2] leads to rather strict material quality requirements. One
of them is resistance to hydrogen embrittlement (HE) [3]. Being exposed
to hydrogen-containing environments, some NBS have a tendency to-
ward intergranular failure [4]. Grain boundaries (GB) have been found
to play a key role in this fracture mode and considered by many as the
main element of the alloy microstructure responsible for material’s
damage due to HE [5-7]. For instance, a study of Alabort et al. [8] has
shown that GB resistance to fracture can determine to a large extend
both strength and ductility of NBS.

Presence of H at GB in NBS leads to material failure along GB in most
cases [9,10] which is often associated with the hydrogen enhanced
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shown that H can lead to an increase of the dislocation nucleation rate
[14,15]. It is also known that H promotes the slip planarity by reducing
the equilibrium distance between dislocations [16] which results in
extensive dislocation slip activation. Therefore, impingement of the GB
with the extensive dislocations could raise up the stress accumulation at
the GB and lead to intergranular fracture [13]. Furthermore, presence of
H is reported to confine the high stress-bearing plastic area around the
crack tip enhancing the quasi-cleavage fracture [17,18]. A number of
recent publications have demonstrated that GB structure itself may be an
important factor determining material's susceptibility to HE and there-
fore deserves special attention.[19-21].

Recent progress in the field of hydrogen-GB interaction laid the basis
for such material design concepts as GB engineering [22] and GB
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segregation engineering [23]. These approaches attempt to improve
material properties by increasing the ratio of the GBs with a desirable
structure and sometimes enriched with elements improving material
integrity. One of the known examples of GB engineering is microalloying
with GB-active elements like B. The effect of B on mechanical properties
of steels [24,25], Cu [26], Al [27], Ti [28], intermetallics [29,30] and
NBSs [31,32] has been investigated and related to its GB segregation.
The segregation of the B on GBs is reported as the main factor improving
the ductility of the material. First-principal studies showed that the B
contributes to the cohesion enhancement of the GB [24]. It also has
retardation effect on the carbide formation [33,34]. Therefor, its pres-
ence shows a great effect on ductility enhancement. However, the B
alloying may result in reducing the material’s strength. Addition of the
elements with the ability of solid solution strengthening could
compromise this effect. The addition of Cu, for mechanical purposes, is
barely reported for NBSs, but due to its high solubility in Ni, it is likely
that it does not serve as strong precipitate former and efficiently
contribute to the solid solution strengthening [35].

Most of the studies on the influence of B alloying, were conducted on
poly-crystalline alloys and therefore could not provide a detailed
knowledge of the actual impact of alloying at the GB-resolved level [36].
B is reported to alter the grain size [36] and also the ratio of especial GBs
in the material. Therefore, the obtained mechanical properties of the
bulk alloy could not truly represent the exact mechanism of B influence
in micro scale. The effect of grain size and GB structure in bulk material
can be ruled out by confining the test condition to a small scale bi-crystal
sample [37]. By testing in similar environmental condition and GB
structure, it would be possible to investigate the mechanical response of
a bi-crystal with desired segregated element. For instance, in our pre-
vious study the effect of S and H co-segregation in Ni GB was studied by
this method [38]. Another advantage of this kind of test is to readily
visualize the GB interaction with the dislocations. Although its resolu-
tion is not comparable with transmission electron microscopy (TEM), it
can be more representative of the material because of its sufficient larger
size rather than the confined, small sampling of the TEM investigations
[39].

In this work, a possible way to combine theoretical and experimental
methods for prediction, characterization and mechanical testing for
design of HE-resistance of NBS with GB-controlled properties is pro-
posed. For this purpose, a standard 725 NBS is selected as a first step of
the investigation. DFT-based predictive modeling approach, that already
been demonstrated to be an effective computational approach to design
of NBS[40-43,18], is used to analyze possible changes in GB chemistry
and properties in this alloy upon composition variation. Therefore, small
scale bi-crystal samples were prepared, each containing an individual
GB for micro-cantilever bending tests to investigate the efficiency of the
suggested GB engineering approach with respect to alloy resistance to H
assisted intergranular cracking. The results of this investigations
allowed us to take a deeper look into material behavior at and near GB at
multiple scales and to contribute to design of new NBSs. The produced
alloys demonstrated improved HE-resistance compared to the standard
725 alloy that could be predicted and controlled by means of the pre-
sented GB engineering approach. A micro-scale investigation of the
crack initiation at GB allowed us to analyze and identify mechanisms of
intergranular cracking in all considered alloys under H loading
conditions.

2. Method
2.1. Materials and characterization

2.1.1. Material

The API heat treated Alloy 725 was used in this study as a base
material, naming modification A (Mod A). The main alloying elements
of the material were 19.7 wt% Cr, 10.1 wt% Fe, 7.3 wt% Mo, 3.6 wt%
Nb, 1.4 wt% Ti and lower than 0.01 wt% C. The heat treatment consisted

Corrosion Science 203 (2022) 110331

of prior solution annealing at 1038“"°C for two hours followed by water
quenching and then heating up to 732°™C for 8 h, cooling in furnace
down to 62197°C and keeping it in this temperature for 8 h [44]. Two
samples with minor alloying modifications were produced by adding B
(Mod B) and B+Cu (Mod C). The B addition for Mod B was in the range
of 250-350 ppm. For Mod C the level of B content was lower than 100
ppm while about 2.3 wt% Cu was added to the alloy. The grain size of
the produced alloys together with the information about the coverage of
the specific GBs are listed in Table 1.

All samples were cut in cylindrical form with the diameter of 8 mm in
order to be used for electron backscatter diffraction (EBSD) studies and
subsequent focused ion beam (FIB) milling. the samples were ground up
to #2000 grit paper and finally electropolished by a solution of 1 Molar
methanolic H2SO04.

2.1.2. Atom probe tomography

For the investigation of local chemical composition at the GBs, atom
probe tomography (APT) with site-specific sample preparation was
conducted. The preparation was realized with FIB milling on a FEI Versa
3D Dualbeam workstation, equipped with a EDAX Hikari XP EBSD
camera system for transmission Kikuchi diffraction (TKD) analysis. In all
three alloys, GBs with misorientations between 38 and 48" and grain
orientations similar to (1 1 1) and (1 0 1) were chosen from EBSD pattern
for positioning of the lamella in lift-out process. For coarse milling of the
pyramidal shape of the APT tip, acceleration voltage of 30 kV and ion
currents between 100 pA and 3 nA were applied. To reduce ion damage
the annular fine milling steps were performed with 8 kV and 12 pA. For
positioning of the GB in the vicinity of the first 100 nm of the finished
tip, TKD was completed in analytical mode with 20 kV voltage and a
current of 8 nA. Further details of the lift-out procedure can be found in
[45]. The interfacial excess value (IFE), which will be used in Fig. 5, is
calculated according to the following references [46,47].

2.2. H content and diffusion

The H content of the samples was measured by thermal desorption
spectroscopy (TDS) technique. Samples with the dimensions of 10 x 5 x
0.5 mm were used for H cathodic charging. A mixture of Phosphoric
acid-Glycerol (1:2 v/v) served as an electrolyte. The samples were
potentiostatically charged at — 1050 mV vs. Ag/AgCl reference elec-
trode at the temperature of 75°™C. G4 Phoenix DH, Bruker Co. coupled
with mass spectrometer were utilized for the TDS measurements. The
total H content was analyzed by instantaneously exposing the sample at
8009"°C for 600 s. In addition, the ramping test was conducted by
gradually increasing the temperature from 30 to 800°°C with the
heating rate of 0.5k/s. To have an estimation of the H penetration profile
into the material the COMSOL multi-physics software version 5.5 was
used. The second Fick’s law was solved for the 1D line at room tem-
perature with charging from one side, considering the insulating con-
dition for the opposite side.

2.3. Bi-crystal micro-cantilever preparation and testing

Bi-crystal micro-cantilevers were milled by FEI Helios DualBeam™
FIB system. The micro-cantilevers contained a selective random GBs
with the misorientation angle in the range of 30-45° as listed in
Table 2. Although there are results showing that the low orientation GBs
could act as crack nucleation sites, the intergranular crack usually

Table 1

Grain size and GB types of the three Mods used in this study.
D Grain size (gm) %E3 %X5 %ES
Mod A 138.9 + 9.0 42.7 0.6 1.3
Mod B 132.8 + 6.6 45 0.8 0.8
Mod C 163.6 + 4.6 60 0.3 0.7
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Table 2
Measured GB misorientation angle and corresponding adjacent grains information in Mod A, Mod B and Mod C bi-crystal beams.
D Misorientation angle (“") Axis Sigma Plane 1 (fixed grain) Plane 2 (free-standing grain)
h k 1 u v w u v w
Mod A 44.7 1 -6 - 10 7 -9 21 25 10 -12
Mod B 31.3 =5 6 6 6 - 28 =7 -6 11 1
Mod C 43.7 -2 0 3 1 15 -4 -1 1 -1

propagates within the high angle GBs (HAGBs) [20,48]. The HAGBs are
considered as one of the weak parts of the engineering materials espe-
cially when there is a risk of GB segregation [49]. The arrows in Fig. 1
show the subjected GBs in EBSD pattern of the three modes. A repre-
sentative picture of a milled cantilever and its geometry is shown in
Fig. 2. The selected GB angle versus beam surface is also represented in
Fig. 2(a;) - (a3).

The GBs were selected in a way to have an angle close to 90" vs. the
cantilevers surface. Therefore, if the load on the beam top surface
considered as a pure tensile load, the GB would be perpendicular to the
load direction and hence upholds the maximum stress. A shallow U-
shaped notch with the diameter of ~ 300 nm is milled on the GB path to
intensify the stress concentration on the GB.

Micro-cantilevers were bent in two conditions of H-free (air-bent)
and in situ electrochemical H-charging. The bending test was carried out
with the Hysitron TI 950 Tribo-Indenter® system in an integrated,
home-made conventional three electrode cell as described elsewhere
[18,50]. The electrolyte for H-charging was similar to the one used for
TDS sample charging. The potential was set at — 1500 vs. Hg/HgSO4
(—1050 vs. Ag/AgCl) and the specimen was charged at room tempera-
ture. The cantilevers were charged under cathodic potential minimum
for two hours before starting the test and the potential kept constant
during the bending process. At least two cantilevers for each condition
were tested to ensure about the reproducibility of the results. The

Ocirc

bending tests were carried out under the displacement control mode
with the displacement rate of 2 nm/s. The long shaft of conical tip with
the radius of 0.5um were used for cantilever bending.

Post-deformation analysis of the cantilevers were carried out using
high resolution scanning electron microscope (SEM) and TKD. The
cantilevers were gently transferred with the lift-out finger facility of the
FIB and then placed on a three-post copper grid. The cross-section of the
cantilevers were milled from both sides to reach approximately 100 nm
of thickness. This thickness is low enough to enable electrons to pass
through the material. By detecting the passed electrons, the TKD would
be possible. This form of EBSD improves the spatial resolution of the
patterns by narrowing the energy width of the scattered electrons [51].
As a result, indexing of the nano-meter lattice distortions of the plastic
area would be possible [52]. In this study the step size of the electron
scanning for TKD was fixed at 10 nm.

2.4. Computational details

First principles calculations were performed at 0K with the
projector-augmented wave (PAW) [53,54] method as employed in the
Vienna ab initio simulation package (VASP) [55,56]. For the
exchange-correlation potential, the Perdew-Burke-Ernzerhof (PBE) [57]
implementation of generalized gradient approximation (GGA) was used.
The plane-wave basis set cutoff energy was set to 400 eV. The

Fig. 1. Inverse pole figure map of the studied Ni super alloys Mod A (a), Mod B (b) and Mod C (c). The image quality maps of the same area show the distribution of

the especial GBs in three materials (a; to ¢;).
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Fig. 2. A representative scanning electron microscopy image and the geometrical dimensions of the milled cantilevers (a). The angle between the selected grain

boundary and beam surface in Mod A (a;), Mod B (a,) and Mod C (a3).

convergence criteria of self-consistent calculations was set to 107>
eV/cell for the total energy and to 9 x 10™% eV/A for the atomic forces.
The integration over the Brillouin zone was done using the 4 x 4 x 1
Monkhorst-Pack k-mesh [58] for the GB cell and using the
4 x 4 x 4k-mesh in the 3 x 3 x 3 (conventional face-centered cubic
(FCC) cell consisting of 108 atoms) bulk supercell calculations. The
lattice parameter was fixed to 3.515 A [59] and only the ions were
allowed to relax in the calculations. The Ni £5(012) coincidence site
lattice (CSL) symmetric tilt GBs was modeled using a 76-atom GB slab
with 19 layers and 4 atoms/layer [59]. The Ni £5(012) GB structure
used in this work is illustrated in Fig. 3. The calculated GB energy is
1.29 J/m? and the corresponding work of separation is 3.51 J/m?.

Segregation energies are computed as

EY = (Esp — Eatar) — (E{;,,,,,( — Epux) + SEpue /N, 1)

seg sla

where E;{ab and Egg denote the total energy of the GB slab with and

without a solute j at site i, respectively, and similar, E;m,k and Epyx refer
to the bulk cell with and without solute j. The number of atoms in the
pure bulk cell is denoted by N and & changes depending on the site type.
For the case where a solute segregates from the one type of site (inter-
stitial or substitutional) in the bulk to same type of site at the GB, 6 = 0,
for the case that the solute is interstitial in the bulk and substitutional at
the GB, § = 1, and in case the solute is substitutional in the bulk and
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Fig. 3. a) £5[100](012) GB where the studied interstitial (I0-12) and substitutional sites (S0-S2) are labelled and b) segregation energies to the £5[100](012) GB at
interstitial (10-12) and substitutional sites (SO-S2) as well as the corresponding strengthening energies (7).
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interstitial at the GB, 6 = — 1. In this definition, solute enrichment is
preferential for negative values of the segregation energy and solute
depletion for positive values. The strengthening energies are obtained
from the difference in GB and surface segregation according to the Rice-
Wang theory [60]:

17 = Elloon — Becrs: @
with E‘;f&GB the segregation energy of solute j to site i at the GB and Egeg s
the segregation energy to the surface.

The concentration of solutes at the GB can be obtained from the
multi-site McLean isotherm derived by White et al. [61,62]. It connects
the bulk content C},, and the segregation energies Ei, to sites i of the
solutes j with the GB concentration as a function of temperature:

CLHIACXP( = /’Eﬂ‘)
1= 3 Chu (1 - exp( - l}E’\ty) )

ij
CGB o

3)

The temperature comes into play together with the Boltzmann constant

via the thermodynamic Beta, § = (ksT) '. The total content of a solute
at the GB is given by averaging over all GB sites n:

Cy= ZC{;[,,/n. 4)

The IFE value in atoms/nm? that is extracted from APT measurements is
also related to the GB concentration as [63]:

Cip =TFE x A+ Gy, 5)

where A denotes the GB area. The concentration of the solutes at the GB
can be combined with the strengthening energies to obtain the effect of
solute concentrations on GB cohesion [63,64]:

AE,, = Cdu'/A. (6)

3. Results
3.1. APT results

The distribution of the alloyed elements B and Cu and the matrix
species Ni of the selected GBs is visualized in Fig. 4 for Mods A, B and C.
All GBs have misorientation angles as close as possible to the GBs used in
the calculations and in the micro-cantilever bending experiments. The
quantitative information of the GB composition was obtained by
comparing chemical compositions in the parts of the APT tip dedicated
to the GB and bulk region. Therefore, we assigned a cuboidal region of
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interest (ROI) of 5 nm thickness (as displayed in Fig. 4 d), which was
positioned in the GB plane. For the tip concentration all elements outside
this ROI were summed up, and vice versa the inside region was used for
the GB concentration. The obtained results are summarized in Fig. 5.

The first observation one can make, after a visual comparison of the
tips in Fig. 4, is a strong depletion of the Ni, the main matrix element, in
Mod B and C and virtually no pronounced Ni content changes across the
GB plane in Mod A. This observation can be used as an indication of
more pronounced segregation of elements substituting Ni at the GB in
Mods B and C compared to Mod A. Indeed, if we take a closer look at
another element B, we see a significant segregation of it to the GB in Mod
B and C and only a not so well pronounced cloud of B atoms around the
GB in Mod A.

The distribution of B is highly localized at all observed GBs (see F'ig. 4
and Fig. 5). Our results show that ~ 0.11 at% is presented in the bulk of
the tip of Mod B and ~ 2.91 at% B is located at the GB. In Mod C, the
concentration of the B is similar to Mod B. Although the tip content of B
for Mod B and C are almost the same, the amount of measured B for Mod
Cis about ~ 0.5 at% higher than Mod B. Cu in Mod C it virtually equally
distributed in the bulk region and a weak depletion at the GB is visually
observable.

The IFE values in Fig. 5, which provide a statement of segregation
(positive) or depletion (negative) behavior, confirm the information
gained by the comparison of tip and GB concentration. B with a positive
IFE for all modifications shows a higher GB concentration than tip
concentration, and vice versa for Cu.

3.2. TDS results

Due to the different chemical composition and microstructure of
Mods A, B and C, it is necessary to know, relatively, how much H each
Mod could absorb. The H content is a major factor affecting the brit-
tleness of the material. Therefore, the TDS was carried out and the result
are depicted in Fig. 6. The results show that the highest amount of H of
7.49 wppm has been absorbed in Mod C followed by 6.86 wppm in Mod
A and 4.87 wppm in Mod B.

Mod C possesses the highest amount of H among others which can be
rationalized by knowing that the special GBs are the preferential areas
for the H segregation [65,66]. This Mod has 61% special GBs (Table. 1)
which is about 20% higher than the other two Mods. Another factor
which can affect the H solubility of the Mod C is the lattice distortion
caused by substitutional copper alloying. Due to the higher atomic
radius, replacement of the matrix atoms with Cu will result in lattice
distortion. The elastic distortion is reported to be a possible trap for H
atoms [67].

Since the percentage of the special GBs in Mods A and B are almost
similar to each other there should be another factor affecting the sig-

a) b) c) d)
ModA ModB ModC
B Cu Ni B Cu
1 A y ?.
., "B I
2’ ROl for
determination of
100 nm 100 nm tip and GB
> > concentration

Fig. 4. APT reconstruction for one exemplary tip of each modification for a) Mod A, b) Mod B and c¢) Mod C. The main important elements Ni, B and Cu are
illustrated. In d) an exemplary tip of Mod B with Ni(green) and B (dark blue area) atoms is depicted with the light-blue cuboidal region of interest (ROI), which was

used for the calculation of chemical content of the alloyed elements in Fig. 5.
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Fig. 6. Hydrogen desorption spectra of three Mods obtained from TDS
measurement.

nificant low amount of H in Mod B compared to Mod A. As mentioned
before, the addition of B and Cu has no effect on the y’ and y” structure in
the matrix [35,68]. Therefore, assuming the same H absorbent ability of
the matrix, the HAGBs can be considered as an influential factor. It is
reported that the presence of the B accumulated at the HAGBs could
repel the H atoms to accommodate at the GB [69,70].

The penetration depth of H during the electrochemical charging has
been evaluated using the Fick’s second law implementing the H diffu-
sion coefficient primarily measured in Alloy 718 [71]. The result for 2 h
charging at room temperature is shown in Fig. 7. As one can see, the
highest H concentration is reached near the sample surface and drops
exponentially as the distance from the surface increases. However, H
concentration reaches 90% of its surface value within the depth of the
first 3uym from the surface, meaning that the tested cantilevers have been
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Fig. 7. The diffusion profile of the Hydrogen in Nickel superalloy based on the
Fick’s second law.

almost completely saturated with H after 2 h of charging.

3.3. DFT results

The £5[100](012) GB is a symmetric tilt GB with a misorientation
angle of 53.13° around the [100] axis and has been selected as a
representative case for a high-angle GB in Ni [59,72]. The DFT results on
the segregation energy profiles and on the corresponding changes of the
work of separation (strengthening energy ») are plotted in the top and
bottom panels of Fig. 3.b, respectively. The strongest segregation ten-
dency that corresponds to the lowest values of E, is observed for B, P
and O solutes occupying interstitial positions at the GB. Weaker segre-
gation tendencies are observed for other interstitial elements like C and
H and for most of the substitutional solutes, with Nb, Ti and Mo atoms
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having the most pronounced propensity for segregation. Here, we would
like to note that Es, values only indicate a segregation tendency of a
solute at thermal equilibrium conditions and do not always correlate to
the actual elemental GB content, that may strongly depend on a site
competition between elements in a multi-component alloy, chemical
composition of the matrix phase, grain size and multiple kinetic effects
related to the heat treatment history of a material under investigation.

In the bottom of Fig. 3 (b) we show a possible effect of all considered
solutes on the change in the work of the GB separation or the GB
strengthening energy 5. Positive values of 4 indicate an increase of the
GB work of separation and of the GB cohesion respectively; negative
values indicate the opposite effect of GB decohesion. The results indicate
that Mo, Cr, Nb, and B are among the strongest GB cohesion enhancing
elements, whereas H, O, and P exhibit a very distinct negative effect on
the GB cohesion. Other elements like Si and C can have a mixed
strengthening or destrengthening effect on the GB depending on the GB
site occupation. Ti, V, Fe and Co have less pronounced effect than Mo,
Nb and B on GB strengthening and Cu shows some tendency towards GB
decohesion, provided that the elements be present at the interface.

The calculated results are in agreement with available literature
data, although previous works often neglected the multi-site nature of a
GB and only focused on the central GB site (i.e. SO and 10 in Fig.3), see
[40,73]. Although in most cases the strongest segregation energy is
found for the central GB site, there are exceptions to this rule, e.g. P at
site I1 or Cr at site S1.

3.4. Computational analysis of GB composition and cohesive strength

The effect of solutes on the GB cohesion in an alloy is a combination
of the strengthening potency of its components, i.e. the strengthening
energies shown in Fig. 3.b, and the amount of solutes present at the GB
(Fig. 4 and Fig. 6), see e.g. Refs. [63,74]. As mentioned above, the Es,
values shown in Fig. 3.b only indicate a segregation tendency of a solute
at thermal equilibrium conditions and do not always correlate to the
actual elemental GB content. The latter can be rather accurately
described within modified McLean segregation isotherm that takes into
account site competition between segregating elements, grain size and
kinetic effects related to the heat treatment history as described in Sec.
2.4 and in Ref. [43] in detail. Here, we use experimental data on GB
segregation from APT (Fig. 4) and TDS (Fig. 7), as well as modeled data
based on DFT segregation energies. This is combined with the data on
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the GB strengthening (1) ( Fig. 3) to evaluate the effect of each segre-
gating element on the GB cohesive strength using Eqg-s. 5 and 6.

The resulting changes in the GB cohesion for Mod A, B, and C alloy
modifications are shown in Fig. 8 (a) and (b), which use modeled GB
contents and experimentally measured GB contents, respectively. The
results show that B has a pronounced effect on the GB cohesive strength
increase in Mod B and C compared to Mod A. The trend in the increase is
the same for using modeled data (Fig 8 (a)) or experimental data (Fig 8
(b)) on GB content, but the magnitude changes significantly. The reason
for this difference is that the GB content predicted based on segregation
energies is significantly higher than the experimentally measured
values. This could be a result of neglected interaction of solutes at the
GB, which come into play at high solute concentrations. The effect of Cu
is negligible in both cases. Based on the segregation energies, only a
marginal GB enrichment is predicted for Mod C, which results in a minor
decrease in GB cohesion, whereas experimentally, for no modification
an enrichment of Cu is observed.

To evaluate the effect of H on GB cohesion, we consider the measured
H content from TDS of 4.87-7.45 wppm in the bulk. This leads to sig-
nificant H enrichment in the GB and subsequently to a substantial
decrease in GB cohesion in all alloys as shown in Fig. 8, where the results
were calculated according to H charging at 75°C. In Fig. 8(c), the
enrichment and effect on cohesion of H is plotted as function of the bulk
content and the segregation energies according to Egs. 4-6. The top
panel shows the enrichment and the bottom panel displays the resulting
effect on GB cohesion. Of course, with increasing bulk content, the GB
content increases, and with increasing GB content, the GB cohesion
decreases. The measured H contents in the modifications are highlighted
as well. How these H contents affect the cohesion together with B and Cu
is shown in Fig. 8 (a) and (b). As the content of H is rather similar, i.e. in
the same order of magnitude, in all three modifications, the effect on
cohesion is also not very different. As such, The original effect of
chemical composition is still the same as without H except for a constant
shift. This constant shift with H leads to a GB cohesion below that of the
pristine GB in case of the experimentally observed GB content.

3.5. Bi-Crystal cantilever bending

Representative load-displacement (L-D) curves from bi-crystal
cantilever bending tests for Mods A, B and C in H-free and H-charged
conditions are shown in Fig. 9. The position of the notch has been chosen
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Fig. 8. Changes in GB cohesion energy for the studied modifications due to solute enrichment a) calculated from APT bulk values and b) obtained from APT IFE
values which are linked to ab initio strengthening energies. The H enrichment at 75" is computed individually from the segregation energies for both a) and b). ¢) GB
enrichment of H at GB as a function of H bulk content with corresponding GB embrittlement and marked bulk concentrations (see text and Fig. 6).
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Fig. 9. The load-displacement curves of the air and H-bent cantilevers of Mod A, B and C with its corresponding post-deformation secondary electron images from

the side view of the bi-crystal beams.

to be on top of the edge of the GB plane going throughout the cross-
section of the microcantilever beam. The GB misorientation angles
have been selected to be as close as possible to the GBs studied in DFT
and APT in the previous sections. The curves show the load evolution
with displacement of the indenter tip placed on the cantilever.

The L-D curve of Mod A bent in air shows a continuous increasing
load, up to 1500x N. During H-charging, an abrupt drop is observed
already after 1ym displacement at the very initial stage of the plastic
deformation zone of the L-D curve (Fig. 9(a;)). This behavior can be
attributed to the crack formation and propagation as can be seen in
Fig. 9(as). Crack formation reduces the cross-sectional area of the beam
which is compensated by a load drop in L-D curve necessary to maintain
the constant displacement of the indenter. The formed crack in H
charged condition propagated via the GB path.

As shown in Fig. 9(ap), bending Mod A beam in H-free condition
resulted in activation of dislocation slip bands (DSBs) which stop at the
GB. The dislocations reached to the surface revealed by a step mark on
the surface which are parallel to each other and oriented along the
preferential dislocation slip planes in each grain. Two activated slip
planes can be seen in Fig. 9(az) on the surfaces of both grains of the bi-
crystal. The observed activated slip systems in each side of the bi-crystal
(denoted as fixed (rightmost in Fig. 9(az)) and free (leftmost in Fig. 9
(ap))) are listed in Table 3.

The sharp DSBs and the distinct surface steps are results of the slip
planarity. There are two main reasons for the slip planarity in NBSs: (I)
firstly, containing the high amount of solid solution elements reducing
the stacking fault energy (SFE) of these alloys which enhances the slip
planarity by impeding dislocations’s cross slip [75]. (II) secondly, the
presence of the y” and y' precipitates in Alloy 725 which are finely
dispersed in the y matrix, considered as a coherent or semi-coherent

Table 3
The activated slip systems and the Schmid factors in Mod A, B and C bi-crystal
beams.

Grain ID Slip system Schmid Factor
(hkI) [uvw]
Mod A (fixed) (11-1) [101] 0.46
Mod A (free) (1-1-1) [110] 0.44
(111) [10-1] 0.40
Mod B(fixed) (111) [1-10] 0.46
Mod B(free) (1-11) [011] 0.50
Mod C (fixed) (1-11) [110] 0.49
(11-1) [1-10] 0.47
Mod C (free) (1-1-1) 1] 0.34
(1-1-1) [101] 0.34

particles. Shearing of these precipitates during deformation and
limiting the cross-slip movement are assumed as a reason for the slip
planarity [76]. Adding H into the system, on the other hand, can reduce
the work of separation especially in GBs which is well-explained by the
HEDE mechanism [11]. Once the H is added to the system it can accu-
mulate in GBs as trapping sites resulting in reducing the work of sepa-
ration. Therefore, the intersections of DSBs with the GBs can be a
favorable site for nano-voids formation which later can link to each
other leading to crack initiation and propagation.

Regarding Mod B cantilevers (Fig. 9(b;)), the maximum load in the
uncharged condition levels off in a load range of about 1200xn which is
200um, about 14%, lower than the corresponding load in Mod A. In
contrast to Mod A, cantilevers of Mod B bent in both H-free and H-
charged conditions show similar L-D curves except a slight lower load of
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the H-bent compared to the air-bent counterpart (Fig. 9(by) and (bs)).
This lower load level in presence of H can be attributed to the nano-crack
formation at the DSBs in the free-standing grain of the cantilever as
depicted by arrow in Fig. 9(bs). Furthermore, in post deformation micro-
graphs of the air bent cantilever for Mod B (Fig. 9(b)), contrary to the
Mod A and C (Fig. 9(ag), (c2)), the GB path can be barely distinguished
showing that no stress concentration is formed at the GB path. The GB is
denoted with the green dashed line in Fig. 9(bs), (b3). Shortly it can be
said that the dislocations in Mod B could be transferred via the GB to the
adjacent grain or annihilated in the GB. Therefore, no localized stress
could be concentrated at the GB from the SEM graphs. This issue will be
discussed later in this paper.

As can be seen in Fig. 9(bs), nano-cracks during H-charging were
formed not at the GB but at DSBs away from it. The figure shows a crack
that has already formed at one set of DSB and deviates from its original
plane, goes into the neighboring DSB as depicted by arrow in Fig. 9(bs).
There are several studies that have proved that the DSBs can serve as
nucleation sites for nano-voids or -cracks [66,77,78]. H can further
amplify the slip planarity by either decreasing the SFE or increasing the
dragging force on dislocations movement [79]. Therefore, the density of
dislocations that reach to the surface by one DSB will intensify and could
be an appropriate place for crack initiation.

The maximum load of Mod C in both charged and uncharged con-
ditions are similar to that of Mod A, i.e. 1400un (Fig. 9(c1)). In the air-
bent condition, the maximum load remains constant during bending,
while the load shows a primary hardening followed by a continuous
softening with a modest decrease in the load values during H-charging.
The SEM pictures of bent cantilevers of Mod C show nano-void forma-
tion near the GB intersection without H-charging as depicted by arrows
in Fig. 9(cz) and formation of larger voids directly at the GB route during
H-charging (Fig. 9(c3)).

4. Discussion

The acquired results will be discussed in two main sections. The first
one deals with the micro-alloying effect on the mechanical properties of
the alloy in three Mods without H and the second part will discuss the HE
of the alloys.
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4.1. Strength response to micro alloying

4.1.1. Modification A: GB hardening

Micro-cantilever experiment on bi-crystals provides a unique op-
portunity to investigate mechanical properties of a material on the
microstructure-resolved level with a specific focus on isolated GBs. Bi-
crystal micro-cantilever testing, on the other side, can provide deep
insight into the dislocation-GB interaction by confining the test geom-
etry to a selected GB and the adjacent grains. Different mechanisms have
been put forward to describe the dislocation-GB interaction [80,81]. The
GB here in Mod A bent in air, acts as an obstacle to dislocation motion.
The dislocations in both fixed and free-standing grains are stopped at the
GB path. The high stress accumulated in the GB region leads to bulging
of the GB as depicted in Fig. 10(a;). This figure shows a side-view of the
central part of the cantilever after slicing by FIB. The high amount of
dislocation pile-ups at the GB creates backstresses which in turn lead to
activation of other dislocation sources around the GB contributing to
formation of an extended plastic area [82]. It shouold be noted that the
white arrows in Fig. 10 represent the precipitates which were found
frequently in Mod B and scarcely in Mod A, while no precipitates were
formed in Mod C. These precipitates were shown to be rich of Nb, Ti and
Mo, as depicted in EDS analysis in supplementary data. The results
showed no sign of crack initiation or propagation around these
precipitates.

Quantitative representation of the lattice distortion around the GB
due to the plasticity can be obtained by the Kernel average misorien-
tation (KAM) map derived from the TKD results. This map shows the
lattice distortion of each single point relative to the selected neighboring
points in the scanned area. Fig. 11(a) shows the KAM map of the same
area as Fig. 10(a;) considering the lattice misorientation of the points
relative to the fifth neighboring points.The extremely high amount of
distortion at the GB and also in some DSBs prevent the software to index
the kikuchi pattern in that black-colored areas, denoting a high amount
of accumulated strain formed due to the dislocation pile-up.

Dislocation pile-up formed on both sides of the GB, leads to contin-
uous hardening and an increase of the load in the L-D curve shown in
Fig. 9(a1). Another sign of the dislocation pile-up formation is the
reduction of the serrations in the L-D curve [81], which we observed in
the case of Mod A as shown in Fig. 12. This figure is a zoomed view of the
Fig.9 with the displacement resolution in the range of 3400-3700 nm.

H-Free

H-Charged

Mod A

Mod B

Mod C

Fig. 10. Cross-sectional images of the middle part of the bent cantilevers after slicing by FIB in H-free and H-charged conditions of Mod A, B and C. Schematic
illustration of the grain boundary- dislocations interaction and formed slip bands are shown beside each micor-graph.



I Taji et al.

Corrosion Science 203 (2022) 110331

Fig. 11. Kernel average misorientation map of the same area as Figs. 10(a;)(a) and 10(a,)(b), obtained from transmission kikuchi pattern considering the lattice

misorientation relative to the fifth neighboring points.
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Fig. 12. Magnified view of the load-displacement curves of the Fig. 9 for Mod
A, B and C bi-crystal beams bent in air.

As can be seen, the curve for Mods B and C show some load drops which
is known as serrated flow or strain burst, while in Mod A the curve is a
continuous line without any significant serration.

Different physical phenomena have been reported to cause serrated
flow in mechanical testing [83], but mostly, and in particular for the
case of a bi-crystal testing the interaction of GB-dislocation is more
dominant. Ng and Ngan [84] reported such behavior in a micro-pillar
compression test with a GB. By comparing single- and bi-crystal pillars
they observed a significant reduction of large strain bursts in
stress-strain curves of bi-crystal pillars. This serration reduction has
been accompanied by a continuous increase in the magnitude of stress.
They attributed this behavior to the high density of dislocations result-
ing from the presence of the GB in the sample. This result is consistent
with the results of our micro-cantilever experiments done in air on the
Mod A bi-crystals. However, the authors of Ref. [84] could not observe
any dislocation pile-up in a conducted TEM investigation of the com-
pressed nano-pillars. The results of TKD mapping of Mod A suggest the
opposite. This discrepancy can be related to the possible dissolution of
the piled-up dislocations during the TEM sample preparation [81].
However, in our study the piled-up dislocations and the corresponding
large plastic area is captured by slicing of the cantilever and subsequent
TKD mapping.

4.1.2. Modification B: B softening effect
The cross sectional view of Mod B before H-charging is shown in

10

Fig. 10(by). The first difference one can notice, is that the GB shape has
changed from a straight line to a serrated one with respect to a similar
image of Mod A (Fig. 10(a;)). We relate this observation to the
impingement of dislocations toward the GB plane that let dislocations to
glide through it, i.e. the GB plane is not acting as a dislocation barrier
anymore as it is in the case of Mod A. In addition, Fig. 9(by) clearly
shows that the activated DSBs in the free standing grain cut through the
GB plane and passed to the fixed grain. However, the passing from the
GB makes them deviate from their original direction. The corresponding
L-D curves of Mod B (Fig. 9(b;)) show no hardening compared to Mod A.
However, the curve has pronounced serrations as shown in Fig. 12,
which are most likely related to the events of dislocations cutting
through the GB plane.

Reduction of the strength in NBSs due to alloying with B, as observed
in Fig. 9(b;) has been discussed in a number of papers [85-88]. All these
evidences lead us to the conclusion that the B segregation in the GB
would result in softening of the alloy. Zhou et al. [88] demonstrated that
the B addition to the NBS decreases the tensile strength by softening the
GBs. Using TEM observations they claimed that B facilitates the dislo-
cation transmission at the head of the dislocations pile ups which lead to
the GB strain dissipation. Lee et al. [29], testing the Ni3Al Bi-crystal,
attributed the B inducing GB softening to its ability to reduce the GB
cavities which lead to improving the transfer efficiency of the shear
stress concentration. However, the results in literature on the effect of B
on GB dislocation transition/generation are controversial. Birnbaum
and co-workers [85,86], argued that the influence of B on the GB
dislocation transition should not be considered as a separate factor.
Indeed, it is the B enhancing cohesive energy, which affects the dislo-
cation mobility via the GB. This idea was doubted by Mills et al. [87],
expressing that the small enhancement of the cohesive energy could not
have such a large softening effect on their bi-crystal tensile specimens.
Albeit, it should be noted that the former group did not reject the pos-
sibility of the B contribution in improving the GB efficiency as a dislo-
cation source [86]. Our observations on post-deformation SEM images
together with decreased in maximum load and the increased serrated
flow in L-D curves by adding B indicates that the B doped GB in the
tested beam would pass the dislocations which accumulated behind it or
would lead to generation of new dislocations in the neighboring grain.
This phenomena would relax the accumulated strain behind the GB. The
formation of zig-zag pattern or GB edges represented clearly in cartoon
image of Fig. 10(by). This kind of edges are normally formed by trans-
ferring of a shear stress across the GB, during which the GB is displaced
proportionally to the number of transfer events [89].

In addition to the B plasticity enhancement discussed above, most of
the researchers attributed the beneficial effect of B to the GB cohesive
energy increase which is proved in different systems like Ni-superalloy
[32], intermetallics [85,90] and even Ti alloys [91]. Computational
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results of this study also clearly shows that B enhances the cohesive
energy of the GB (Fig. 3(b). This can be considered as the second
beneficial effect of the B presence in the GB. The increase in cohesive
energy of the GB, indeed, strengthens the elemental atomic bondings at
the GB and has retardation effect on the decohesion (atomic de-bonding)
of the GB. To summarize, improved decohesioning strength alongside
with the plasticity transfer enhancement, leads to the intergranular
cracking retardation in the B-doped GBs. However, the exact relation
between the GB cohesive energy and the GB dislocation trans-
mission/generation ability is not yet clearly understood.

4.1.3. Modification C: Solid solution hardening

An increase of the maximum load value in Mod C compared to Mod B
that can be seen in Fig. 9 (c;) is related to alloying with Cu. The APT data
shows no evidence of strong Cu segregation at the GB. Considering no
sign of any Cu containing precipitation in SEM observations, one can
conclude that the micro-alloyed Cu participated in solid solution which
is mainly substitutional for this alloy. Therefore, it is reasonable to
suggest that the observed strengthening of the material is most likely
related to the solid solution strengthening effect of Cu. The primary
effect of Cu as a solid solution is to increase the resistance against the
dislocation movement due to changes in lattice distortion [35]. Further,
decrease in SFE by Cu alloying can be another parameter which results
in more difficult cross slipping. It’s impact on the SFE decrease lead to
have lower number of DSBs revealed on the cantilever surfaces as can be
seen in Fig. 9.

Another apparent effect of Cu is the reduction of B solubility in the
alloy matrix. Based on APT results (Fig. 5) even though Mod C has lower
B content rather than Mod B, more atomic B is segregated at the GBs.
However it should be considered that the ratio of HAGBs in Mod C is
lower than Mod B. HAGS are the favorable sites for the elemental seg-
regations [92]. In addition, the grains are larger in Mod C, leading to
have less GB area and more fraction of B segregation. We could see that
bending cantilevers of Mod C in air condition was accompanied by
formation of nano voids at some intersections between the GB-DSBs
(Fig. 9(c2)). The increase in the strength of the grain interior in Mod
C, compared to Mod A resulted in formation of voids at the GBs rather
than inside the grains as it was observed in Mod B.

4.2. Alloys response to hydrogen charging

4.2.1. Modification A

There is a clear difference between the three alloys crack formation
and propagation in presence of H. The intergranular fracture happened
in Mod A is in line with the previous studies suggesting that the H en-
hances the intergranular cracking potency [93]. The reduction in GB
cohesive energy by H charging, shown in Fig. 8, is the key factor
responsible for such an intergranular fracture. This H at the GBs could be
provided either by its higher diffusion coefficient compared to the ma-
trix [94] or the amount of H carried by dislocations which are accu-
mulated at the GBs [9]. It should be noted that the formed crack showed
a zigzag path. The small deviations of the crack path from the GB and
edges produced by the GB-DSBs intersections (Fig. 10(as)) indicate that
the formed crack is not propagated in fully brittle manner and the
propagation is under the control of the plastic deformation ahead of the
crack; a similar finding was reached by several authors in H environ-
ment [10,95].

4.2.2. Modification B

The addition of B into the GB in Mod B, prevents the intergranular
cracking and instead, nano-cracks are formed in DSBs path (Fig. 9(bs)),
in addition to the rarely formed nano-voids at the GB-DSBs, as can be
seen in Fig. 10(by). As discussed in section 4.1.2, the presence of B en-
hances the ductility of the alloy by facilitating the GB dislocation
transmission/generation. Therefore, the accumulated stress could be
released avoiding the GB rupture. However the presence of H diminishes
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the GB transferability as shown in previous studies on Alloy 718 and 725
[21,96]. H presents in the GBs, calculated by computational methods,
increases the energy barrier for slip transmission [97]. Higher resistance
of the GB against the dislocation transfer can be observed in Fig. 10(b2)
where the GB is less serrated comparing to H-free condition (Fig. 10(by))
which can be an indication that lower amount of dislocations transferred
through the GB.

Repulsive effect of B on H is also reported in the literature. The
calculations of Wang et al. [30], proved a strong repulsive interactions
between B and H when they approach each other. Hence, the segrega-
tion of B inhibits the diffusion of H atoms along the GBs. This phe-
nomena is reported by other researchers as well [98,99]. The repulsive
behavior of B against H can be an influencing parameter leading to the
lower amount of absorbed H obtained by TDS results for Mod B (Fig. ©6).
The cohesive energy enhancement of the B doped GB also plays a crucial
role in preventing the GB decohesion. Therefore the void formation
tendency and the crack propagation potency at the GB decrease. All of
the above factors contribute to the intergranular cracking resistance of
Mod B.

4.2.3. Modification C

The Mod C alloy, was resistant against H while keeping its strength
compared to conventional Mod A alloy. The difference between Mod B
and C is highlighted as no nano-voids/cracks formation in DSBs in the
latter. However, the nano-voids are formed in the GB path with greater
size and continuity in comparison with Mod B. Comparison of the cross-
sectional view of the cantilevers (Fig. 10(bz) and (c2)), shows no clear
evidence of GB crossing by dislocations in Mod C tested in H. The GBs in
Mod C are favorable sites for void formation since the grain interior
possesses more strength compared to Mod B. Therefore, the high stress
produced at the GB by dislocation impingement results in nano voids
formation at the GB path. The presence of Cu, on the other hand, can
increase the GB void formation susceptibility. Based on the DFT results
(Fig. 3b), the presence of Cu at the GB diminishes the GB strengthening
energy. According to this figure, even though its detrimental effect is not
comparable to the elements like P or O, its effect on the GB strength-
ening energy is almost in the same range as H.

4.3. Summary of the deformation mechanisms in Mods A-C

A summary of the discussion and proposed mechanisms responsible
for the observed void/crack formation in three Mods are shown in
Fig. 13. Three qualitative energy values at the bottom of the figure are
used to represent the mechanical response of the bent beams. In Mod A,
by adding H, the GB dislocation transmission/emission energy increases,
while the decohesion energy and the lattice dislocation emission energy
decrease. Decreasing of the lattice dislocation emission energy is related
to the effect of H on reduction of required stress for the onset of plasticity
[14,15]. The outcome is the semi-cleavage fracture from the GB path.
The crack propagation is controlled by the dislocation-GB intersections
in this case lead in to the zigzag pattern of the formed crack. In Mod B,
the addition of B significantly increases the GB cohesion. The GB
dislocation transmission/emission energy is reduced resulting in for-
mation of serrated GB after bending. In the H-charged condition,
nano-voids form at DSBs and rarely within the GB plane without further
coalescence due to the high GB decohesion energy. In Mod C due to the
solid solution effect of Cu, the lattice dislocation emission energy in-
creases leading to higher grain interior strength in comparison with Mod
B. However, the presence of Cu at the GB slightly reduces the cohesive
energy of the GB compared to the Mod B. Therefore, larger nanovoids
are formed at the GB which tend to accumulate and grow. However,
their size and amount are insufficient to cause a full crack formation.

5. Conclusions

We have investigated resistance to hydrogen embitterment of three
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Fig. 13. Schematic representation of the crack propagation and Hydrogen embrittlement mechanism in Mods A, B and C. For simplicity of comparison, the original
state lines of the energies in Mod A are continued as dashed lines in other conditions.

modifications of the 725 Ni-based super alloy: a standard modification
(Mod A), a standard modification alloyed with 250-350 ppm B (Mod B),
and standard modification alloyed with < 100 ppm B and 2.3 wt% Cu
(Mod C). All modifications with B have shown a substantial increase in
resistance to intergranular GB fracture during in situ H-charging. A
detailed GB analysis can be summarized as follows:

- The APT results showed that the added B to the alloy is mainly
segregated in the GB and the Cu participated in solid solution at the
matrix. In Mod B, part of the alloyed B remains in solid solution, while in
Mod C, nearly all added B accumulated in the GB.

- In Mod A, bending in air (H-free condition) resulted in GB work
hardening. A high amount of dislocation pile up is found behind the GB.
The high accumulated stress leads to distortion and deviation of the GB
from its original path. During H-charging, formation of intergranular
crack is observed.

- Addition of B improved the HE-resistance of Mod B, however, at the
cost of reducing the strength of the alloy. B contributed to the ductility of
the alloy by releasing the accumulated stress behind the GB via
enhancing the GB dislocation transmission/generation. B also increased
the boundary cohesive energy based on DFT results. Therefore in air
condition no void/crack is formed. In H environment, nano-voids were
observed in either DSBs or GBs. However, the formed nano-voids did not
show any effect on the strength and the integrity of the bent beams.

-In Mod C, the loss of strength happened in Mod B is compensated by
solid solution hardening by Cu. DFT and APT results showed that Cu
tends to deplete at the GBs. Therefore the amount of Cu at the GBs are
less than the bulk content. However its presence at the GB reduces the
strengthening energy of the GB. As a result, larger nano-voids compared
to Mod B were formed at the GB after in situ bending. Albeit, even with
the addition of H, no propagating crack is formed in the GB nor in the
matrix.
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ARTICLE INFO ABSTRACT

Keywords: Intergranular failure of nickel (Ni) single grain boundaries (GBs) owing to the segregation of sulfur (S),
Hydrogen embrittlement hydrogen (H), and their co-segregation has been investigated by employing micro-cantilever bending tests
Nickel and density functional theory (DFT) calculations. A pure Ni GB shows completely plastic behavior with no
Sulfur segregation

Intergranular cracking
Density functional theory
Micro-cantilever

fracture observed in the experiments. Electrochemical H-charging of the sample with no S present in the GB
leads to a crack formed at the notch tip, which propagates by means of the mixed plastic-brittle fracture mode.
Cantilever testing of the H-charged GB with S results in a clear brittle fracture of the GB. The co-segregation

of S and H shifts the sudden drop in the load-displacement curves to smaller values of displacement. This is
explained by the combined effect of these elements on the work of separation of the selected GB leading to

severely decreased GB cohesion.

1. Introduction

Grain boundaries (GBs) are known as a common defect in metals
and their alloys. As they possess higher energy compared with the
bulk crystal, GBs are preferential sites for impurities to segregate.
This segregation process is thermodynamically favorable if it reduces
the total energy of the system. Depending on the segregation energy
difference between the GB and free surface formed during fracture,
segregated elements in the GB can be evaluated in terms of their
influence on the GB embrittlement within the framework of the Rice-
Wang theory of brittle fracture [1-3]. Fracture mode transition can
occur due to (i) segregated embrittling impurities, hydrogen or alloying
elements, (ii) precipitate formation and (iii) embrittling environmental
species such as hydrogen adsorption to the GB [4]. Intergranular (IG)
fracture is one of the most dangerous technical failures in metals and
alloys which proceeds quickly owing to the interconnected network of
the GBs. This type of failure is usually hard to detect prior to final
rupture. The focus of this study is on nickel (Ni), one of the basic
engineering materials, which has a face-centered cubic (FCC) crystal
structure. Owing to the greater number of slip systems available in this
structure, it is intrinsically ductile [5]. However, IG fracture of this
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metal can occur even at room temperature; this is usually associated
with GB segregation of atoms of impurities [6,7].

Various elements can segregate to Ni GBs. Comparing the embrit-
tling effect of the different solute elements such as Sn, Sb, P, and S
to the Ni GB, it was found that S was one of the most detrimental
GB segregating elements owing to its high segregation potency and
its major effect on the mechanical properties of the interfaces [8-10].
Sulfur (S) segregation to GBs in Ni is reported to convert the fracture
mode of the material to IG failure by changing the local cohesive
strength of the GB [5]. Atomic hydrogen (H) is another detrimental
element that can be introduced into the material throughout the man-
ufacturing process or can be adsorbed under service conditions such as
exposure to cathodic protection, corrosion processes, or environments
containing H gas. The embrittling effect of H in Ni and Ni alloys, and
the correlation between the solute H concentration and the fracture
mode transition have been studied extensively [11-13] and a number
of models to explain the metal-H interaction have been suggested.
Some of these mechanisms such as hydrogen-enhanced decohesion
(HEDE) [14] are put forward based on the H effect on the cohesive
strength weakening by dilatation of interatomic bonding [15]. Since the
HEDE mechanism does not consider the plastic interaction of the H with
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dislocations, other mechanisms such as adsorption-induced dislocation
emission (AIDE) and hydrogen-enhanced localized plasticity (HELP)
have been proposed. Based on the AIDE mechanism weakening of
the interatomic bonds due to adsorbed H results in the dislocation
emission from the crack tip which leads to void nucleation and their
coalescence ahead of the crack [4]. Effect of absorbed H on lattice
dislocations, however, is considered in the HELP mechanism. This
mechanism suggested the increased mobility of the dislocations motion
and their tendency to pack closer together in the presence of H [16].
Almost all mechanisms agree with each other on the role of H in dis-
location nucleation enhancement which is explained by the defectant
theory [17], based upon thermodynamic considerations. This model
suggests that the dislocation formation energy is reduced by H segrega-
tion to the dislocations. Beyond this step, usually a combination of the
embrittling mechanisms are favored to explain the nano-micro scale
phenomena behind the observed degradation effects in the presence of
H. As an example, IG cracking of Ni in the presence of H is explained
by HELP mediated HEDE model [18]. Plasticity enhancement by H
increases the GB stress level. In addition, transport of H by dislocations
to the GBs increases the GB H concentration and H accumulation in
the GB facilitates the reduction of the GB cohesive strength. Other
possible mechanisms are also proposed in the literature [19]. Despite
the discrepancies on the involved embrittlement mechanism, there is
agreement in the literature on fracture mode transition to IG fracture
by increasing the H fugacity in the material [11]. Up to now, most IG
failure studies investigating the effect of segregated impurities such as
H or S or their co-segregation on the mechanical properties of the alloy
have been confined to polycrystalline materials. Diversity in the GB
type and heterogeneity of the segregated element concentration in each
GB results in different critical S or H concentration amounts that can
induce IG cracking [11,20]. Therefore, using polycrystalline materials,
it is difficult to find a direct relationship between a selected GB type and
segregation parameters and the mechanical response of that specific
GB. However, a few studies can be found that have investigated a
single GB. Vehoff et al. examined the effect of S and H on the GB
embrittlement by growing a bi-crystal [21]. However, this approach
to test a specific GB is quite difficult and also suffers from a lack of
reproducibility.

Following the introduction of focused ion beam (FIB) scanning
electron microscopy (SEM) technology, nowadays it is possible to make
a series of identical micrometer-sized specimens in favorable positions
on the material. The micro-cantilever bending test, which has drawn a
lot of attention since its first use in 2005 [22], is an interesting method
to explore the micro-mechanical variation of materials [23]. Putting
a specific GB in the micro-cantilever makes it more convenient to
study the segregation and environmental parameters on the mechanical
behavior of the GB [24,25]. Combining micro-milling with an electron
back-scattered diffraction (EBSD) method enables us to select a favor-
able GB and test a series of identical cantilevers under different testing
conditions. In addition, by confining the testing size to a micrometer
scale and considering a specific GB, it is possible to compare the
results with atomistic calculations, which can provide a fundamental
understanding of the GB segregation and quantify the segregation-
induced changes in GB cohesion. One of the prominent examples is
the simulation of HEDE of GB in Ni [9,26-29], which has shown
that atomic H tended to segregate to the Ni GB and demonstrated
the GB embrittling effect. Moreover, the synergistic effect between
segregated impurities has drawn attention to the investigation of solute
co-segregation at GBs, such as H-carbide co-segregation [30,31], H-Cr
co-segregation in a-Fe GB [32,33], C-O co-segregation in «-Ti GB [34],
C, B, O, Fe, and Hf co-segregation in Mo GB [35], or H-C and H-Mo
co-segregation in Ni GB [29]. Although S is known to segregate to Ni
GBs and decrease GB cohesion [10,36-39], the H-S interaction and its
co-segregation effect as well as the kinetics of H-S segregation in Ni GB
have not been studied sufficiently at the atomic level.

Materials Science & Engineering A 794 (2020) 139967

In this study, micro-mechanical testing is combined with atomistic
calculations to study the co-segregation effect of S and H in selected
GBs. Selected GBs are tested with the micro-cantilever method to inves-
tigate the interaction of segregated impurities in GBs and their effect
on the mechanical properties. From the computational side, this study
applies density functional theory (DFT) to investigate the fundamentals
of segregation and co-segregation of H with S in Ni and its effect
on the GB cohesive strength using the Rice-Thomson-Wang theory of
interface embrittlement [3,40]. With this approach, the focus is on the
HEDE mechanism of H embrittlement (HE), which is expected to be the
dominant mechanism at high H concentrations [15]. Furthermore, the
kinetics of H and S segregation to a Ni GB are investigated using our
calculated segregation energies DFT and the McLean isotherm [1,41-
43]. The results of this study can be used to strengthen Ni and its alloys
via GB engineering against environmental conditions.

2. Method
2.1. Materials and characterization

Two types of Ni samples were used in this study: (i) a pure Ni
sample; and (ii) a S-doped Ni sample. The polycrystalline high-purity
Ni sample (99.99%) was produced by the zone refining process. Disk-
shaped samples with a diameter of 12mm and thickness of 4 mm were
annealed in vacuum at 1250°C for 72h followed by furnace cooling
as the final heat treatment step. The annealing process lead to grain
growth with an average size of ~2mm and GBs perpendicular to the
surface of the sample [44]. The S-doped sample contains 5.4 wtppm
of S in solid solution condition measured by a glow discharge mass
spectroscopy technique. Following casting, hot rolling and cold rolling
processes were carried out to decrease the thickness of the ingot to
3 mm. Afterwards, the material was annealed 72 h at 1300°C and 24 h at
1000°C followed by water cooling. The average grain size of ~350 ym
was obtained at this step. Equilibrating the material for 60days at
600°C resulted in S segregation to the GBs. Wavelength dispersive
X-ray spectroscopy (WDS) measurements were conducted to detect
the segregated S amount at the GBs as described in [45]. Sulfur was
the only segregated element detected at the GBs. The S measurement
profiles alongside the corresponding SEM images of the GBs are shown
in Fig. 1. The measured S content was corrected by obtaining the GB
angle relative to the sample surface using a FIB (Table 1). According
to the measurements, the amount of S at the GB can vary between 27
and 57ngem™2 .

The sample surfaces were prepared by normal grinding and finally
electropolished in a solution of 1Molar methanolic H,SO, to reach
a maximum surface roughness of ~Inm in a surface with an area of
100 um? [46]. The electropolishing process was carried out at 30V for
30s. EBSD characterization was used to select the GBs of interest in
both pure and S-doped Ni samples.

2.2. Micro-cantilever milling and testing

Bi-crystal micro-cantilevers were milled by the FEI Helios
DualBeam™ FIB system on the GBs listed in Table 2 and highlighted by
arrows in Fig. 2(a) and (b) to the dimensions presented in Fig. 2(c). The
GB angle relative to the sample surface was checked to be in the range
of 80-90° prior to milling of the bi-crystal beams as shown in Fig. 2(c,)
and (c;). The tested GB in the pure Ni sample is named PNil. For the S-
doped Ni samples, one with a random GB was named NiS1 and another
sample with a ¥5-type GB was named NiS2. To obtain a clean surface,
the ion current density of 98 pA at 30kV was selected during the final
cleaning step. To intentionally intensify the stress concentration to the
GB, a notch with the very low current density of 9.8 pA was milled
aiming the GB to be positioned directly below the notch.

The micro beam bending tests were performed in two H-free and
in situ electrochemical H-charged conditions using Hysitron TI950
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Table 1
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Sulfur content and structural information of the selected GBs.

GB ID WDS measured GB angle vs. Corrected Sigma Misorientation
GB S content sample S content angle (°)
(ngem™2) surface (°) (ngem™2)

GB1 56.8 82.4 56.3 - 54.2

GB2 41.9 28.8 20.2 - 3.6

GB3 27.3 92 27.3 S 35.6
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Fig. 1. Sulfur concentration profiles of three different GBs across the indicated lines in the SEM images measured by WDS on the Ni sample with 5.4 wt.ppm. bulk S, annealed

60 days at 600°C.

Fig. 2. Inverse pole figure map of the studied (a) pure Ni and (b) S-doped Ni samples.
The selected GBs for cantilever milling are marked by black arrows. (c) Representative
dimensions of the bi-crystal cantilevers. Selected GB angle to the sample surface in (c,)
pure Ni and (c,) S-doped specimen NiS1.

Tribolndenter® system. Displacement control mode was used to bend
the cantilevers with a displacement rate of 2nms~! at room temper-
ature. A long shaft conical tip with a nominal tip radius of 500 nm
was used for bending the cantilevers in liquid. A miniaturized three-
electrode electrochemical setup consisting of a platinum counter, work-
ing (test material), and Hg/HgSO, reference electrodes was used in

this study. The reference electrode was connected to the cell through a
double junction integrated to the TriboIndenter to perform the in situ
bending tests [47,48].

The micro-beams were charged with a cathodic current density in
the range of —60 to —100 pA cm™! at —1450 to —1600mV potential ver-
sus the Hg/HgSO, reference electrode. A glycerol-based solution with
the composition of 1.3M borax in glycerol mixed with 20% distilled
water was used as the H-charging electrolyte [49]. Additional bending
tests were performed on the GB called NiS2, which was H-charged
by the glycerol-based solution with the addition of 0.002M Na,S,0,
to the solution as the H-recombination poison. High-resolution SEM
imaging and cross-sectional slicing by FIB were used to track the crack
propagation path versus the GB position.

2.3. Computational details

Spin polarized DFT calculations have been performed using the
projector-augmented wave (PAW) [50,51] method as implemented in
the Vienna Ab initio simulation package (VASP) [52,53]. The Perdew—
Burke-Ernzerhof (PBE) form of generalized gradient approximation
(GGA) has been used for the exchange-correlation potential [54].
The plane-wave basis set cutoff energy has been set to 400 eV. The
convergence criteria of self-consistent calculations have been set to
1075 eV/cell for the total energy and to 9 x 10~3 eV/A for the atomic
forces. The integration over the Brillouin zone has been done using the
4 x 4 x 1 Monkhorst-Pack k-mesh [55] for all slab geometry calcula-
tions and using the 4 x 4 x 4 k-mesh in the 3 x 3 x 3 (conventional
FCC cell) bulk supercell calculations. The lattice parameter has been
fixed to 3.515 A [29] and only the ions have been allowed to relax in
all slab and bulk calculations. The Ni X5(012) coincidence site lattice
(CSL) symmetric tilt GBs has been modeled using a 76-atom GB slab
with 19 layers and 4 atoms/layer [29]. The Ni ¥5(012) GB structure
used in this work and an illustration of GB cleavage are shown in Fig. 3.

The site preference of H and S impurities in the bulk of FCC
Ni has been studied by means of DFT calculations in a number of
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Fig. 3. Illustration of cracking at Ni ¥ 5 (012) [100] symmetric tilt GB. GB layers “0” and “1” with interstitial H and substitutional S atoms are also shown.

Table 2

Measured GB misorientation angle and corresponding information in pure Ni (PNil) and S-doped (NiS1 and NiS2) specimens.

GB ID Misorientation Axis Sigma Plane 1 (fixed Plane 2
angle (°) grain) (free-standing grain)
h k ! u v w u v w
PNil 47.3 -2 12 19 - 16 19 14 -4 -29 -8
NiS1 46.6 21 5 16 - -9 -4 4 2 -21 -
12
Nis2 35.6 1 -29 1 5 18 -17 10 18 -17 9

publications [28,29,56-58]. The results have shown that H prefers to
occupy the octahedral interstitial site [28,29,57,58] and S substitutes
the lattice sites [56,57] in the bulk. Here, we use these results and
define the GB segregation energy as the total energy difference between
the bulk of the material with an impurity atom occupying the most-
stable site (interstitial octahedral for H and substitutional for S) and the
system with an impurity atom situated at the GB (both substitutional
and interstitial sites are considered). The methodology to obtain GB
segregation energies (Efebg) and the work of separation W,,, from DFT
calculations is described in detail in [10,29].

The GB enrichment of H and S at T > 0 has been modeled by means
of a modified McLean isotherm [1,41-43], which takes as input GB
segregation energy profiles from DFT calculations. In contrast to the
classical equilibrium segregation isotherm, the used model considers
the possible effects of grain size (solute depletion in the bulk) and the
kinetics of segregation. The details of the model are given in [42,43].
The ideal work of separation W, is a fundamental thermodynamic
quantity that controls the mechanical strength of an interface. It has
been chosen to evaluate the resistance of the selected GB to decohesion.
A reduction in W,,, indicates a reduction in the cohesive strength of an
interface. However, it does not automatically mean that the interface
will fracture in a brittle manner [3]. Another condition has to be
satisfied: W,., < Gy;5, Where G,y is the minimal energy per unit area
of crack advance required to emit a single dislocation. This energy can
be estimated to be in the range between 1 and 3 J/m? for Ni depending
on the applied shear stress level, orientation of the GB, temperature,
and the stress rate [59]. An alternative way of estimating the brittle

to ductile fracture mode is R, i.e., the ratio of W, to twice the free

surface energy of the metal [60,61]:
_ u/sep
zy‘l:CP

1)

where yPC" denotes the surface energy of the preferred cleavage plane,
which for FCC metals is mainly the (111) plane [62]. Free surface
energy of Ni (111) surface is obtained by y'“F= (Ex-N = €))/24y,,
where E, is the total energy of the surface slab, N is the total number
of atoms, and A, the area of surface slab. If R is close to unity,
transgranular cleavage is expected, whereas for lower values IG fracture
is expected.

3. Results
3.1. Bending of the bi-crystal micro-cantilevers

3.1.1. Pure nickel GB

Fig. 4(a) shows the representative load-displacement (L-D) curves
of the pure Ni bi-crystal micro-beams obtained in two different exper-
imental conditions of H-free environment and in situ electrochemical
H-charging for 2 and 3 h. Although the elastic stiffness is well matched
for the two sets of the curves and all the tested beams have a relatively
similar yield point, there are obvious differences in the plastic regime.
The cantilever bent in H-free condition shows slight hardening up
to reaching the maximum load at ~2.5pm displacement follows by
gradual reduction in the flow curve to the final 5pum displacement.
From Fig. 4(a) it can also be inferred that the work hardening rate of
the H-charged beams is higher than in the H-free condition. In addition,
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Fig. 4. Load-displacement curves of the (a) pure Ni (GB PNil in Table 2) and (b) and (c) S-doped (GBs NiS1 and NiS2 in Table 2, respectively) bi-crystal beams tested with H-free
and in situ electrochemical H-charging conditions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Post-deformation secondary electron images from the side view of the pure Ni bi-crystal beams (GB PNil in Table 2) tested with H=free (a,)-(a ;) and in situ H-charging
(b,)-(b;) conditions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the maximum load of the H-charged beams reaches higher values in
comparison with H-free beams. The same phenomenon is reported
for Ni-H systems by others and it is believed that the interaction
between H and dislocations can be the reason for such increases in
load and hardening rate [63]. In the case of H-charged beams, the
reduction in the flow curve place at a displacement of ~1 to 1.5pm.
The continuous decrease in the loading force of the H-charged beams
can be an indication for the H-induced cracking and decrease in the
cross-sectional length of the beams, which leads to a reduction in the
required force for the test continuation.

Fig. 5(a;)-(a3) and (b,)-(b;) shows the post-deformation micro-
graphs of the pure Ni bi-crystal beams bent in H-free and H-charged
conditions, respectively. As is evident from Fig. 5(a; and a,) for the H-
free condition, the notch is blunted along abundant slip traces visible in
the top and the cross-sectional surfaces in adjacent crystals of the beam.
According to Schmid’s law, the observed slip traces in the free-standing
and the fixed side of the bi-crystal beam are due to the activation
of the dislocation on the (-1 -1 1) plane in fixed-grain and the (1
-1 -1) plane with Schmid value of 0.35 and 0.48, respectively. This
phenomenon demonstrates that the plasticity during the deformation
is not only present in the notch area, but also spreads out to the fixed
and free-standing grains in the bi-crystal beam as shown by yellow
dashed lines. Fig. 5(a;) and (a,) exhibits the GB positioned beneath
the notch withstanding the plasticity with no evidence of IG cracking.
The schematic diagram shows the deviation of the GB from its original

straight form, which displays a great amount of plasticity beneath
the notch. The observed chain of the micro-voids in the notched area
(Fig. 5(a3)) is also a strong proof for the domination of plasticity in the
H-free beams. In contrast to the beams bent in the H-free condition,
crack propagation from the notch position was observed for the H-
charged beams, which was the reason for the continuous decrease in
the corresponding L-D curve in Fig. 4(a). A closer cross-sectional view
of the cracked beam in Fig. 5(b,) illustrates fewer slip traces compared
with H-free tested beams, which is an indication for the lower plasticity
and its confinement to the notch area in the H-charged beams. From
this figure, it is also obvious that the crack did not follow the GB path as
depicted in the schematic diagram. Alternatively, it has initiated from
the notch itself and propagates in zigzag-shaped form in the fracture
surface. Further slicing through the thickness of the beam by the FIB
(Fig. 5(by)) has also demonstrated that the crack is not IG and it
propagates to the neighboring grain.

3.1.2. Sulfur-doped GB

The L-D curves of the S-doped bi-crystal beams with the GB NiS1
and NiS2 are shown in Fig. 4(b) and (c), respectively. For NiS1 can-
tilevers, the bent beams show a rapid decrease in the load after reaching
a maximum load of ~450and ~400pN in the H-free and H-charged
environmental conditions, respectively. The sharp load reduction with
considerably higher slope compared with the pure Ni results is at-
tributed to the detrimental effect of the S impurity segregation to the
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Fig. 6. Secondary electron images from the side view of the bi-crystal beams on the S-doped sample for (a,)—(a;) NiS1 and (b,)-(b;) NiS2 in Table 2 bent with H-free condition.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

GB. Testing the beams in the H-charged condition decreased the dis-
placement to about 2.5 and 1.5 pm after 2 and 3 h of charging. However,
the GB embrittling degree of the material is strongly dependent on the
content of the segregated elements and also the type of the subjected
GB. To investigate this, another type of GB with different misorientation
angle and segregated S content was examined. Fig. 4(c) shows the L-D
curve of the NiS2 GB with 27.3ngcm™2 S. This GB is a X5 type and has
around 11° misorientation lower than the NiS1. In the H-free condition,
no rapid load drop is observed in NiS2 in contrast to NiS1 beams and
the load is leveled off on the maximum load of ~450 uN up to the final
displacement of 5um. However, introducing H into the S-doped GB
caused a distinct change in the L-D behavior compared with the H-free
condition. A reduction in the final tolerated displacement to 1pum is a
strong indication of the combined effect of H and S atoms in weakening
the GB.

Post-deformation micrographs of the beams containing the GBs of
NiS1 and NiS2 bent in H-free testing condition are shown in Fig. 6(a;)-
(ay) and (b,)-(b,), respectively.

The NiS1 bi-crystal beam shows a straight and sharp GB opening
with a complete brittle-type fracture surface, which cut the notch
area and results in the formation of a jagged-shaped cleavage pattern
in the coincidence place of the GB and the notch. This is depicted
in Fig. 6(a3) and (a,). From the figure it can also be inferred that the
stress concentration in NiS1 is mostly localized at the GB and fewer
slip traces can be observed in the neighboring grains. By contrast,
the greater plasticity of NiS2 compared with NiS1 can be elucidated
from the abundant and spread slip traces especially in the free-standing
side of the beam. Although a crack nucleation can be observed in
the GB (as noted in Fig. 6(b3) and (by)), the notch blunting and high
plasticity prevail in the deformation process. Thus, it can be deduced
that in both S-doped GBs (NiS1 and NiS2), the crack is initiated from
GBs rather than the notch area. However, owing to dissimilarity of
the GBs, the severity of the GB opening was different. In NiS1, the
GB opening reaches the notch area, whereas in NiS2, it was stopped
before reaching the notch surface. The different behavior of these two
GBs are more significant considering that the final displacement of the
beam containing GB NiS2 was 5um whereas for the NiS1 sample the
displacement was about 3 pum at the stage of the sharp load drop as
shown in Fig. 4(b) and (c).

For both types of GBs, the co-existence of H alongside S caused
the complete brittle fracture in the GB plane as shown in Fig. 7. The
angled crack path in the remaining fixed side of the beams shown in
Fig. 7(a,) is an indication that the crack follows the GB. Accordingly,
the sharp crack propagation in the NiS2 GB after 2h H-charging was
represented by a sudden load drop at ~1 pm displacement in the L-D

Fig. 7. Secondary electron images from the fracture surface of the beam for NiS1
(a;) and (a,) and the crack propagation path in NiS2 (b,) and (b,) bent with in situ
electrochemical H-charging condition.

curve as shown in Fig. 4(c). It should be noted that the used solution for
H-charging of the beams with NiS2 GB contained the H recombination
poison. The presence of recombination poison lead to diffusion of more
H into the metal and therefore the crack nucleation and propagation
happened at a very low displacement in comparison with beams tested
in the poison-free solution (Fig. 4(b) and (c)).

3.2. Computational results

3.2.1. H and S segregation to Ni GBs

The calculated GB segregation profiles of 0.25 ML of H and S
impurities located in the first four GB layers as a function of distance
from the GB plane are shown in Fig. 8. The results are found to be
in good agreement with data available in the literature [28,29,64].
In Fig. 8, one can see that H prefers to occupy the interstitial sites
within the GB layer (GB layer “0” in Fig. 3). Specifically, H prefers
the “bridge” interstitial sites (shown by 1i-4i in Fig. 3). S, on the
other hand, has the lowest segregation energy corresponding to its
segregation to the substitutional sites (1s-4s) in the positions next to
GB (“17) layer. Our results also show that there is a small energy
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Fig. 8. H and S segregation profiles at X5 (012) GB in Ni compared with data from the
literature [28,64]. The § segregation energies are shown for 0.25 and 1 ML coverage
by using solid and dashed lines, respectively. The layer numbers corresponding to the
segregation energy profiles are shown in Fig. 3.

difference between the substitutional site and the “hollow” interstitial
site for S (shown in Fig. 3 by hol. in the “0” GB layer). The calculated
segregation energy of —1.59 eV/atom for S is in good agreement with
previous DFT investigations [64] and experimentally measured value
of —1.48 eV/atom [65]. We have also found an additional not reported
earlier segregation site for S atoms located at the interstitial inter-space
between layers 0 and 1 with the energy of —0.75 eV/atom.

In addition to segregation profiles, we have investigated the effect of
the GB excess on the segregation energy of H and S. In Fig. 9, we show
the Ef:g dependence on the GB excess of segregating elements ranging
from 0.25 to 1 ML impurity excess for their preferred segregation
site (only the minimum energy configuration for each GB excess is
shown). H exhibits virtually no GB excess dependence with only a
very shallow local minimum of the segregation energy at 0.5 ML GB
excess, which has been observed in a number of previous DFT investi-
gations [29,66,67]. In contrast, S atoms show an attractive interaction
with approximately 0.20 eV/atom reduction in Efé’g when S GB excess
is increased from 0.25 to 1 ML. This result is in good agreement with
the theoretical results of [10,64] and the results of an experimental
investigation in [68], where the observed S content at the GB was
estimated to be in the range of about 1 ML. Similar interactions are
present for S at other sites, as can be seen in Fig. 8 for increasing the
coverage from 0.25 ML (solid lines) to 1 ML (dashed lines).

3.2.2. Interaction between segregating atoms at GB

The interaction energies between H and S atoms at the GB in Ni
have been investigated by DFT calculations and the results are listed in
Table 3. The interactions have been obtained for four different S and H
GB excesses (0.25, 0.5, 0.75, and 1 ML) and only the minimum energy
configuration for each GB excess are listed in the table. The interaction
energy between the impurity atoms located at the GB E™ has been
defined as

int _  pgb A b L 0- gb 1-
E™ = EL N —mmnl+(n+m—DE [N;0;0] —mE_  [N;1;0]
b .
—nEg [N —1:0,1], (2)

where Eflzh[N ;m; n] is the total energy of the GB slab with m H atom(s)
and n S atom(s) at the GB, Ef;h [N;0;0] is the energy of a slab with no

slab
impurity atoms, E bh[N; 0; n] is the energy of a slab with » S atoms, and
b
E®?

g
slal
[ V3m; 0] is the energy of a slab with m H atoms. Negative values

of E™ correspond to attractive interaction of the atoms at the GB.
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Fig. 9. Coverage effect on H and S GB segregation energies. Segregation energy per
atom for coverages from 0.25 to 1 ML for interstitial H at site “0” is shown on the left
y-axis, whereas the same for substitutional S at site “1” is shown on the right y-axis.

Table 3

Calculated interaction energies between the segregating elements at the GB E™(eV),
work of separation (J/m”), the reduction in the work of separation (%), and the ratio
R calculated from Eq. (1).

GB system GB coverage Em Wep AW, (%0) R
(ML)
S H

Ni - - - 3508 - 0.91

Ni + H - 0.25 - 3.414  -269 0.89
- 0.50 -0.002 3.321 -5.33 0.87
- 0.75 0.000 3.201 -8.75 0.83
- 1.00 0.002 3.084 -12.09 0.80

Ni+S$ 0.25 - - 3.187 -9.19 0.83
0.50 - -0.228 2.927 -16.62 0.76
0.75 - -0.508 2,628 -25.13 0.69
1.00 - -0.793 2.286 -34.88 0.60

Ni + (S & H) 0.25 0.25 0.061 3.106 -11.47 0.81
0.50 0.25 -0.102 2.797 -20.28 0.73
0.75 0.25 -0.296 2.524 -28.06 0.66
1.00 0.25 -0.567 2178 -37.93 0.57
0.25 0.50 0.120 2,967 -15.42 0.77
0.25 0.75 0.154 2.839 -19.08 0.74
0.25 1.00 0.223 2701 -22.99 0.70

The results for the interaction energy of H with itself and S with
itself show the same as Fig. 9 with negligible interaction for H and
significant attractive interaction for S. If we look at the interaction of
H in the presence of 0.25 ML S, the interactions become repulsive. In
addition, in the case of S in the presence of 0.25 ML H, the interactions
are less attractive than in the case of only S interacting with itself.
The results show that there are weak repulsive interactions between
H and S atoms. The absolute value and the repulsive character of H-
S interactions suggest that the GB segregation of S atoms should not
be strongly affected by H co-segregation and vice versa. The main
factor influencing S GB enrichment is the concentration of S at the GB,
whereas the GB segregation of H seems to be quite inert to any GB
compositional changes.

3.2.3. Kinetics of H and S segregation to Ni GB

The enrichment of the GB with S and H atoms has been calculated
using the DFT segregation profiles shown in Fig. 8 (corresponding to
0.25 ML GB excess for H and 1 ML for S) and the segregation models
described in [42,43]. Following the results of the previous sections, the
interactions between H and S atoms have been neglected. The results
on S enrichment have been obtained by concentration averaging over
the interstitial and substitutional positions in the first three GB layers,
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Fig. 10. Enrichment of S and H at Ni GB as a function of temperature and time.
The upper panel shows temperature evolution during sample preparation and H-
charging. The dashed vertical line splits the two stages of sample treatment: (I)
three-step annealing and (II) H-charging. Assumed bulk concentrations of S and H
in the calculations are given next to the corresponding concentration profiles. All
concentrations are given in at.% and at.ppm.

whereas only interstitial positions have been considered in the case of
H enrichment. The average grain size of 350 pm and the initial bulk
amount of S equal to 5.4 wt.ppm. (10 at.ppm.) have been taken from
the results of Section 2.1. The information about H content in the Ni
samples during charging has been estimated to vary from 50 to 300
at.ppm. The GB width has been taken from the segregation energy
profiles shown in Fig. 8 equal to 8 A. The bulk diffusion has been
taken into account via D = Dyexp E,/kpT with Dy = 1.4 x 10~* m/s?;
E, =228 ¢V [69] and D, = 447 x 1077 m/s%; E, = 0.37 eV [70] for S
and H in Ni, respectively. The grains have been discretized into shells
with a thickness of 1 pm. The information about the heat treatment
history of the sample has been taken from Section 2.1 and is divided
into two intervals of interest: (I) annealing; (II) H-charging.

The modeling results are shown in Fig. 10, where the left-hand
side of the figure refers to the three-step annealing process (stage I)
of 1300 °C for 72 h — air cooling (' = 10 °C/s) — 1000 °C for 24 h
— water cooling ( = 100 °C/s) — 600 °C for 60 days and the right-
hand side to H-charging at 300 °C for 10 h. The top panels show the
evolution of temperature as a function of time. The bottom panels show
the amount of S and H segregating to the GB in Ni as a function of the
heat treatment time.

During the simulated three-step annealing process, S enrichment at
the GB reaches 75 at.% at the end of stage I. This value is slightly below
the theoretical equilibrium enrichment of S at 600 °C of 78 at.% and
suggests that S has almost reached its equilibrium concentration at the
GB. Note that the equilibrium S GB excess at the room temperature is
about 100 at.% and the obtained amount of 75 at.% of S at the GB
is a result of the instant quenching from 600 °C to room temperature
at the end of stage I. The content of S remains constant during the H-
charging (stage II) as diffusion is too slow at this temperature to lead
to enrichment. In contrast, the amount of H diffusing into the GB after
charging (stage II) varies from 10 to 18 at.%, which corresponds to the
equilibrium values for the assumed H content from 50 to 300 at.ppm.
in the bulk of Ni, respectively. In summary, we estimate about 75 at.%
of S and 10-20 at.% of H at the GB after stages I and II of the heat
treatment at the selected X5(210) GB.

The calculated S GB content of 75% (after stage I heat treatment in
Fig. 10) can be compared with the estimated S GB concentration from
the experimental WDS measurements of S segregation profiles listed in
Table 1. To do so, we have converted S GB content values reported
in ng/cm® into ML using a conversion factor reported in [68]. The
theoretical prediction of S GB excess after stage I heat treatment should
be close to the experimental GB S content at the GB with the highest
misorientation angle, i.e., GB1 from Table 1. Indeed, our calculated
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Fig. 11. Coverage change effect on the GB work of separation. The work of separation
values for the coverage range of 0.25-1 ML H and S individually as well as the H-S
co-segregated GB are presented.

value of 75% corresponding to 0.75 ML/layer on average for the given
GB is in reasonably good agreement with the experimental value of
0.84 ML from the WDS experimental measurements. Here, it should be
noted that GB excess of impurity atoms is highly dependent on the GB
structure and the current comparison is valid under the assumption that
both theoretical and experimental GB structures are close to each other.

3.2.4. GB decohesion by H and S

The effect of H and S on the Wiy of the ¥5(210) GB in Ni is shown
in Fig. 11. Here, we show W, as a function of GB coverage x by xH, xS,
0.25S+xH, and 0.25H + xS segregating atoms. Both elements decrease
W,,, and reduce GB resistance to decohesion. In absolute values, the
effect of S on the GB decohesion is much more pronounced than that
of H. In addition, variations of S GB excess (coverage) have a more
pronounced effect on W,,, than H. However, it is the simultaneous
segregation of both H and S atoms to the GB, which results in the most-
pronounced GB decohesion among all considered cases. The reduction
is as much as 38% (see Table 3).

As has already been mentioned in Section 2.3, reduction in W,,,
by itself is not sufficient to describe GB embrittlement of a material.
The upper estimate of G,,, of about 3 J/m* and the results presented
in Fig. 11 suggest that a brittle fracture can be expected at 0.5 ML
GB coverage of S atoms, whereas a significantly higher fraction of H
atoms at the GB can be required to promote brittle fracture in Ni. An
alternative estimate based on the calculations of the R ratio by using (1)
as listed in Table 3, also demonstrates that the increase in S GB excess
decreases R (reduces ductility of the GB) in a much more pronounced
manner than increasing H GB excess. However, the combined effect of
both H and S atoms segregating to the GB in Ni results in the most
detrimental effect of all with the largest reduction in R at 1 ML of §
and 0.25 ML of H GB excess. This suggests that S-rich GBs should be
especially prone to HE even at low H GB concentrations. The calculated
amounts of S (0.75 ML) and H (0.1-0.2 ML) at the GB after stages I
and II of the heat treatment described in the previous section result in
R = 0.66, which is the second lowest R value (the lowest belongs to 1
ML of S and 0.25 ML of H) with approximately 28% reduction in the
work of separation (compared with pure Ni) indicating a very strong
propensity towards brittle fracture of the GB.
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4. Discussion
4.1. GB effect on the micro-mechanical behavior of the pure Ni bi-crystal

The presence of a GB in the microcantilever further complicates the
experiment. Different grain orientations lead to activation of different
slip systems to different mechanical behavior of the beam. As shown
in the schematic diagram of Fig. 5(a,), the high number of slip traces
observed in the free-standing grain forced the GB to deviate from its
original straight form to curved or so-called bulged shape [44] in the
upper part of the beam beneath the notch. It seems that the GB acts
as a sink of dislocations and all the activated slip systems end up on
their pass at the GB [71]. On the other hand, the chain of micro-voids
formed at the root of the blunted notch represents the commence of
typical ductile fracture from the notch root. Accordingly, it appears
that in the tested pure Ni bi-crystal system both the GB and notch are
stress-tolerated areas with a full plastic response.

Introducing H into the system causes a distinct change in the me-
chanical response of the tested beams. Two clear differences between
H-free and H-charged tested beams can be observed.

- First, the image contrast reveals fewer surface slip traces for the
H-charged sample. A similar phenomenon has been observed by
Rogne et al. on Fe26A10.5Cr intermetallic cantilevers, where for
H-charged beam the plasticity was confined to the crack area,
while the slip traces spread widely far from the crack for the H-
free tested beams [72]. Likewise, hydrogen assisted fatigue crack
growth in pure Fe showed that the H is the main factor reducing
the crack tip plasticity expansion [73]. Here it can be inferred
that H confines the plasticity to the stress concentrated area at
the crack tip [48,74,75]. In the H-free case, dislocations that
are formed during the plastic deformation can move easily and
reach the free surface of the cantilever, resulting in slip traces.
In contrast, accumulation of the H atoms at the crack tip can
pin the dislocations originated from the crack tip and, hence, the
plastic affected zone will be confined to a small area around the
crack tip. The observed phenomenon cannot be fully interpreted
by the HELP mechanism. According to this mechanism, the H
ingress to the system would facilitate the dislocation emission,
which results in wider spreading of the plastic zone and more slip
traces would reveal on the surface. It can be said that, in this case,
localization of the plastic zone behind the HELP mechanism in the
presence of pre-notch or pre-crack is confined to the crack tip. It is
well agreed that the high hydrogen concentration at the crack tip
results in a reduction of the dislocation nucleation energy. Hence,
the dislocation nucleation rate at the crack tip increases. High
density of dislocations alongside with the high concentration of
the H, impedes the dislocation shielding and leads to their pinning
at the crack tip.

Second, in contrast to the H-free condition, the crack is initiated
when the solute H was present in the material. However, the
formed crack does not show fully brittle characteristics and does
not follow a straight line in the same way as a brittle crack. The
presence of pyramids with triangular base in the fracture surface
of the created crack from the top view (Fig. 5(b;)) is evidence that
the crack propagation is accompanied by the plastic deformation.
In addition, the L-D curves (Fig. 4(a)) also show not a sudden
but gradual load drop during the deformation, which is also
an indication of the accompaniment of the plastic deformation
beside the crack propagation. The plastic growth of the crack
in the H environment, which is actually a mixture of plastic
blunting and cracking, has been reported a long time ago [76].
The concentration of H at the very tip of the crack lets the crack
grow in a stable manner to a certain extent by micro-cleavage and
then the crack growth continues by plastic deformation with the
concomitant of dislocations from the crack tip up to reaching a
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critical H concentration for the next micro-cleavage growth [14].
The rough fracture surface in the H-charged sample can be an
evidence that the H amount in the fracture process zone was
not enough to induce smooth fracture surfaces. Researching on
the Ni single crystal, Vehoff reports that at constant temperature,
the fracture surface roughness of the sample increases as the H
pressure in the testing chamber decreases [14].

Interestingly, the GB present in the bi-crystal system did not act as a
crack nucleation area during the H-charging test and crack propagation
stage. It seems that in this case, the GB does not act as a strong H trap.
In general, unlike many body-centered cubic (BCC) metals, FCC metals
have a relatively high solubility of H. In addition, knowing that the
diffusivity of H is significantly lower than in BCC metals, one would
expect that H enrichment is rather low in FCC metals. The study of
Pu and Ooi [77] on austenitic stainless steel using a silver micro-print
technique reported that the GB in FCC alloys is not an important trap
for H. In the review study of McMahon on steels [78], it is suggested
that H cannot induce IG cracking, unless other embrittling elements
are presented in the alloy. However, some conflicting results have
been published. Lassila and Birnbaum [79] reported a brittle fracture
in the presence of H, but they also mentioned that as long as the H
concentration is not more than the H contained in solid solution, no
brittle fracture was observed. The reason behind this discrepancy in the
literature can be related to the fact that the specific GB misorientation
can be another factor that must be considered. It is reported that
different GB misorientations tend to result in different amounts of H
enrichment as well as diffusivity [80,81]. Oudriss et al. [80] suggested
that the diffusible H along random GBs may be the major cause of
HE. However, in our case of the random GB, the effect of H was not
enough to induce complete brittle fracture. The same results were ob-
tained by Tehranchi and Curtin [19,82]. Investigating pure Ni GB, they
concluded that Ni GBs show no noticeable propensity for H to induce
significant embrittlement and the presence of H creates no ductile-
to-brittle transition. Another parameter that should be considered for
the analysis of the results is the amount of H that is charged into the
sample. The brittle type of fracture is often correlated in the literature
with the amount of H dissolved in the material. Vehoff and Rothe [14]
stated that the room temperature equilibrium concentration of H in the
fracture process is the controlling factor for HE. The H concentration
is controlled by the stress field of the plastic zone and by the type and
number of traps presented in this zone. According to their results, the
IG cracking may be initiated and replaced by transgranular cracking if
the H activity is further enhanced by cathodic charging during the test.
This point is discussed in more detail in the following sections.

4.2. GB S segregation effect on the micro-mechanical behavior of the Ni
bi-crystal

S is known as a harmful impurity that if enriched at the GB, would
have a detrimental effect on the mechanical properties of the GB and,
consequently, the entire material. In comparison with the pure Ni
beam, which shows a ductile behavior and notch blunting, the observed
IG crack initiation and propagation in NiS1 and NiS2 GBs (Fig. 6) is a
clear indication of the detrimental effect of the segregated S.

Several reasons have been proposed to show how the S enrichment
changes the ductile behavior of a GB to a brittle IG fracture. Changes
in the electronic structure that weaken the Ni-Ni bonds in the GB have
been reported by Messmer et al. [83]. Yamaguchi et al. [84] suggested
the large GB expansion owing to the dense S segregation can decrease
the cohesive strength of the Ni GB up to one order of magnitude. It
is stated that the S-S bonding formed in the GB, which is calculated
to have about 24% larger distance compared with the Ni-Ni or Ni-S
pairs leads to expansion in the surrounding Ni-Ni and Ni-S bonding.
Consequently, this expansion in Ni-Ni or Ni-S bonds are responsible
for weakening and decohesion of the GB.
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The DFT results provided in Fig. 11 and Table 3 indicate that S
segregation has a major effect on the decrease in W,,,. This increases
the propensity for IG fracture if one considers the R ratio calculated
in Table 3. Here, we have attempted to correlate the value of R with
experimental observations of the fractured surfaces with and without H
and S and concluded that the brittle fracture may occur in the materials
under investigation at R < 0.8 (see Section 2.3 for details). Thus, the
segregation of 0.5 ML of S or greater can lead to the brittle fracture.

Although both NiS1 and NiS2 show a brittle crack at the GB,
the strength of the GBs against crack propagation and therefore their
response to the mechanical loading presented in L-D curves were
different. Three factors are proposed to explain this difference.

(a) geometry effect. The location of the GB beneath the notch and
also the angle of the GB to the cantilever surface can affect the stress
intensity and, hence, mechanical behavior of the system. From an
experimental point of view, it is important to have a perpendicular
GB plane to the specimen surface and also to the load axis. In this
way, it can be assured that the activation of the slip bands, which are
oriented nearly parallel to the GB plane, will be suppressed. Moreover,
the tensile stress concentration will be the maximum within the GB
plane assuming that the pure tensile stress dominates on the beam
surface at the beginning of the test. Furthermore, the actual GB position
relative to the notch should be taken into account. In order to keep
the consistency of stress distribution around the GB, the notch should
be milled similar in all testing beams. Small deviations in the notch
position relative to the GB plane can lead to redistribution of the
stresses in the plastic deformation zone. In this work (see Section 2.1),
we attempted to reduce the effect of the aforementioned geometrical
factors to a minimum. Comparing the notch and GB system in Fig. 6
it can be inferred that for both NiS1 and NiS2, the GB is positioned
at a distance of several tens of nanometers aside from the notch root.
Therefore, we assume that the geometry has a minor effect on the
presented results in comparison with other parameters.

(b) structural effect. The type as well as the misorientation of the
GB has been reported to have an influence on the crack initiation
and propagation. High-energy random GBs are supposed to have weak
resistance to the fracture whereas low-energy and low-angle GBs are
more resistant [85]. In a work on Mo bi-crystals, values of fracture
stress were observed to vary by a factor of six by changing the mis-
orientation angle [86]. Thus, the different misorientation angle of the
NiS1 GB compared with NiS2 can play a key role to show a nearly
complete rupture of the GB to the surface. The incompatibility factor
of the GB can also play a role in the observed difference. Vehoff
et al. [14] showed in their experimental work on S-doped GBs that
the IG cracking susceptibility increases by adding an elastic—plastic
incompatibility to the bi-crystal system. Having the constant amount of
S in the GBs, they investigated the effect of incompatibility by switching
from a symmetrical tilt GB to an asymmetrical GB between hard and
soft grains. The results confirmed that the high stress concentration
associated with the incompatibility can be one of the controlling factors
of the IG fracture. In our work, the NiS2 GB has a symmetric nature as
an X5-type GB, whereas NiS1 is an asymmetric GB. Thus, again, this
factor can be another parameter to enhance embrittling potency of the
NiS1 GB.

(c) chemical effect. This factor is closely related to the structural effect,
as a different nature of the GB leads to a different amount of S that
can segregate. In general, owing to the less-ordered arrangement of the
atoms at the GB plane usually associated with an excess volume, high-
angle and high-energy GBs and random GBs are deemed to be more
attractive for impurity segregation [1] than low-angle, low-energy, and
symmetric tilt GBs. Based on Table 1, it can be seen that high-angle
GB1 with the misorientation angle of 54.2° has the largest S excess of
56.3 ng/cm? S, whereas the S segregation at GB2 as a low-angle GB
(only 3.6°) is 20.2 ng/cm?. The X5 GB also has a low amount of S
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segregation (27.3 ng/cm?). This result agrees very well with previous
studies wherein it has been shown that P segregation in Fe—C alloy was
three times higher for high-angle GBs rather than low-angle GBs [87].
Thus, it is reasonable to consider that the random NiS1 GB with high-
angle misorientation has a higher amount of segregated S compared
with the NiS2 as a symmetric X5 GB. As a result, the different structure
of NiS1 compared with NiS2 can be the reason for a larger S excess
for NiS1 and consequently for a more-pronounced embrittlement as is
confirmed from the L-D curve and fractographic investigations.

4.3. Decohesion enhancement of the GB hosting S and H

Solute H can downturn the ductility and change the fracture mode
from transgranular to IG. However, H-induced IG cracking needs a
number of other factors such as sufficient H content and the stress
condition. Co-segregation of S alongside H to the GB can consolidate
their embrittling effect [88]. Accordingly, based on the experimental
results on S-doped bi-crystals, in both NiS1 and NiS2 GBs, the crack
nucleates from the GB, which demonstrates that the S segregation
has a weakening effect on the GB strength. Adding H to the system
by cathodic charging enhanced the embrittling effect by shifting the
sudden load drop to approximately 2.5 and | pm displacement for NiS1
and NiS2 GBs, respectively. However, it is not clear whether the co-
segregation of H and S has a synergistic effect on the mechanical
response of the material. For Fe it has been previously shown that
the effect of S and H on the GB strength were independent and ad-
ditive [89]. According to the DFT results in Fig. 11, the slope of the
line related to W,,, for S (blue triangle line) is the same as for the
case with 0.25 ML H present (black pentagon line). A similar trend can
be observed for the effect of H on W,,, with and without 0.25 ML §
(red circle and pink square lines, respectively). This result confirms the
independent embrittling effect of the H and S.

On the other hand, it could be possible that the presence of S
enhances the H ingress into the material owing to the detrimental effect
of this impurity on the H recombination reaction [90,91], a fact that is
not yet considered in DFT calculations. Preventing the recombination
reaction by S can increase the local adsorption and enrichment of H at
the metal GBs. Likewise, this phenomenon is reported for the Sb and
Sn segregated GBs in Ni, which are also recombination poisons [12].
It is suggested that H preferentially ingressed into the Ni specimens in
the proximity of GB intersections with the free surface owing to the
presence of Sb and Sn, which as H recombination poisons stimulate
the absorption of H by the metal. Co-segregation of S and H has also
been investigated by the molecular orbital model [92]. According to
this work, forming a network of S-S bonds within the GB leads to an
increase in the shear stress and simultaneously reduces the cohesive
strength of the GB. However, they suggested that by forming a network
of bonds with incorporation of a third element such as H, the shear
strength will increase while, the cohesive strength of the GB will not be
affected. However, this hypothesis is not fully in line with our results.
As seen in Figs. 6 and 7, the shear bands are activated in all H-free
conditions, even with the presence of a high amount of S in the GBs. In
the case of S-doped NiS1 GB, which cracked in a fully brittle manner,
the slip lines are still observable especially on the free-standing grain,
which is more favorable for dislocation movements. Thus, it is hard to
see any enhancement in shear stress for S-doped specimens. In contrast,
adding H to the system was more effective at hindering the dislocation
movements and fewer slip lines revealed on the surface even in the pure
Ni sample. Hydrogen can pin the dislocations and, hence, increase the
dislocation as depicted in Fig. 12.

According to Table 3, adding 0.25 ML of S decreased the work of
separation by 9.19%, whereas 2.69% reduction has been calculated for
the same amount of H at the GB. The same behavior of greater effect
of S is also observed for co-segregation of the S and H in Fig. 11, by
considering the slopes for increasing H and S, respectively. The steeper
slope for increasing S shows the greater effect of S on GB decohesion.
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Fig. 12. Schematic representation of the crack propagation for pure Ni, H-charged, S-doped, and Ni-S-H conditions with the corresponding work of separation and dislocation

emission energy level.

The GB embrittling effect of H, S, and H + S can be interpreted
by considering the competition between the brittle fracture and the
dislocation emission, which is schematically shown in Fig. 12. In pure
Ni, the energy needed for emitting dislocations is lower than the
work of separation for the GB, therefore we observe activation of slip
planes near the GB (Fig. 12(a)). Adding H to the system enhances the
required energy for dislocation emission along with decreasing W,,,.
The associated energy changes in the system are still not sufficient to
induce IG cracking, although H already confines the plastic zone to the
notch area (Fig. 12(b)). In the case of S segregation to the Ni GB, the
work of separation decreases and becomes virtually equivalent to the
value of the dislocation emission energy, which results in simultaneous
GB decohesion and activation of slip planes near the GB (Fig. 12(c)).
Co-segregation of H and S to the GB decreases the work of separation
leading to IG cracking and possibly leads to an increase in the dislo-
cation emission energy owing to dislocation pinning by H near the GB
(Fig. 12(d)). It can be said that S is more influential on the decohesion
reduction, whereas H is more effective on increasing the shear stress for
plastic deformation. Subsequently, the co-segregation of S + H can have
a double side brittleness effect on both decohesion and shear stress.

4.4. H concentration enhancement

As mentioned previously, the H concentration is one of the main
parameters controlling the mechanical response of the material. There-
fore, to investigate the effect of H concentration enhancement on
the GB embrittlement, 0.002 M Na,S,0, as H recombination poison
was added to the charging glycerol-based solution for testing beams
containing NiS2 GB. Owing to the poison, the adsorbed and absorbed
H concentration in the material increases [93].

Comparing L-D curves in Fig. 4 for NiS1 and NiS2 GBs in H-free
condition, it can be inferred that the NiS2 GB shows more ductility
compared with NiS1. However, for 2h of H charging, the presence of
poison for bending the beam containing NiS2 GB causes more ductility
loss in comparison with NiS1, which is tested without any poison. As
discussed in Section 4.2, the NiS2 GB possesses lower misorientation
angle and probably a lower amount of S compared with NiS1 GB.
Thus, NiS2 is less prone to cracking. However, the higher content
of H obtained by adding poison into the solution, can overcome the
structural and chemical effect in the way that the NiS2 GB fails easier
and shows enhanced embrittlement compared with NiS1 with the same
H-charging time but no poison. By accumulation of a high amounts of
H, the GB decohesion takes place according to the HEDE mechanism
which leads to the observed GB opening. In accordance with our results,
it is reported that by increasing the cathodic potential, which would
enhance the H concentration in the Ni GB, the critical S concentration
to cause 50% IG fracture decreases [8,20]. By applying —0.72 V (SCE)
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cathodic potential, the critical S segregation concentration drops to
about ~2at.%, whereas with a potential of —0.3 V (SCE) the critical
S segregation concentration was 6.5 at.%. In addition, Lassia and
Birnbaum [79] reported a change from ductile fracture to a mixed
brittle ductile and complete IG fracture by increasing the H content
from O at.ppm. to 60 and 600 at.ppm., respectively, for a specimen
with a S concentration of 0.1 S/Ni.

Low diffusivity coupled with high solubility in Ni results in a high
H concentration gradient near to the surface, This gradient may result
in some structural effects close to the sample surface and accordingly
a considerable change in the mechanical properties of the material.
Changes in the flow stress of the H-charged Ni samples is one of these
effects. As shown in Fig. 13, continuing the in situ testing in the poison-
containing solution revealed a hardening effect for the beams tested
after 3 h of charging. Although the sudden load drop for both 3 h
and 2 h charged samples happens in the same displacement, for the
3 h charging condition the beam shows about 20% increase in the
maximum tolerated load. After 3 h of charging in poisoned solution, in
situ charging was stopped, the samples were taken out of the solution,
rinsed with distilled water and later with ethanol, which was followed
by storing them in a desiccator. Then, the beams were bent after 2,
4, and 17 h. For 2 h of being in air (H-charged 3 h + air 2 h), the
same L-D curve as 3 h in situ charging is achieved. Giving further time
to the sample in a H-free environment turns over the ductility of the
tested beam up to 50% after 17 h of being in air, whereas the observed
hardening effect was persistent in all L-D curves obtained after 3 h of
charging.

The observed increase in the maximum tolerated force can be
interpreted as the hardening effect caused by H-dislocation interac-
tion. Several researchers have reported the hardening effect during
H-charging in both BCC [94] and FCC materials [71]. As an example,
Kimura and Birnbaum [63] observed the hardening effect when they
charged the Ni samples in a solution containing H recombination poison
at a current density of 0.8 mA/cm?®. Their reported current density is
in a comparable range to that used in our experiment. However, there
is a significant difference in the obtained results. The hardening effect
reported in their work was reversible and the flow stress turned back
to that recorded in the absence of H, when the cathodic potential was
removed. In contrast, the maximum tolerated load enhancement in the
L-D curves shown in Fig. 13 was persistent and did not show any
decrease even after 17 h of keeping the sample in air. Hence, it seems
that there are other factors playing a role in the irreversible hardening
effect observed when the H-charging was stopped.

The high H concentration gradient and subsequently stress gradient
at the metal sub-surface can lead to formation of the localized hydride
or H clusters at the dislocation cores [95,96]. It is reported that
these phases can lock the Frank-Read and other dislocation sources.
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Fig. 13. Load-displacement curves of the S-doped (GB NiS2 in Table 2) bi-crystal
beams tested with H-free, in situ electrochemical H-charging, and post-charging in
air conditions. The H-charging electrolyte contained 0.002 M Na,S,0, as the H
recombination poison.

Locking of the local dislocations formed at the dislocation core would
lead to large dislocation pile ups resulting in surface hardening [97].
In addition, Kimura and Birnbaum showed that the hardening effect
caused by Ni hydride formation is irreversible even after aging for
several hours [63]. Hydride is a brittle phase and acts as a barrier to
dislocation motion. Despite the thermodynamically unstable nature of
Ni-H at room temperature, it is documented that if high activity of H
atoms is present, hydride formation would be possible [98]. During
the out gassing, although the hydride layer reverts to Ni owing to
its unstable nature at room temperature [63,99], the remaining high
surface dislocation density causes the residual increase in the flow
curve [63].

5. Conclusions

The current work has focused on a combined experimental and
theoretical investigation of the effect of S and H segregation on the
mechanical properties of selected GBs. In situ micro-cantilever bending
tests have been utilized to investigate the mechanical response of the
GBs, whereas DFT calculations have been used to study the interaction
of S and H with the GB at the atomic level. Cantilever bending tests
in pure Ni samples without S segregation result in a ductile behavior
accompanied by slip traces on the surface. While testing pure Ni in H-
charged condition, the crack is initiated from the notch area and fewer
activated slip traces are observed. The observed difference is associated
with the impeding effect of H on the dislocation motion leading to the
and localized plasticity at the crack tip. It is showed that the crack
formed in the H-charged pure Ni beam is neither IG nor purely brittle.
In this case, H concentration at the GB does not reach the critical
amount to cause the IG fracture atomic associated with the HEDE
mechanism. Segregation of S to GB leads to the IG cracking during the
bending test. The crack reveals brittle type of fracture and propagates
through the GB. Hydrogen-charging makes the IG fracture even more
prominent and causes a sooner sudden drop in L-D curves compared
with H-free conditions. Based on the DFT results, it is shown that the
GB cohesion is much more reduced by S enrichment in comparison with
H enrichment. Even though the co-segregation of S and H substantially
reduces the cohesion of the selected GB, no interaction between S and
H effects is obtained by DFT calculations.
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Abstract

In this study the effect of B and Cu alloying on corrosion properties of Alloy 725 is
investigated. Mod A sample was prepared as a control sample with conventional standard
heat treatment. Then two other samples were prepared by adding 250 to 350 ppmw B, named
Mod B and Mod C with B content lower than 100 ppm plus 2.3 wt.% Cu. The samples were
subjected to intergranular corrosion testing, Mott-Schottky and X-ray photoelectron (XPS)
analysis. Intergranular corrosion tests showed continious corrosion at the grain boundaries
(GB) in Mod A while Mod C remains completely intact without any corrosion attack. Mod B
corroded in the areas around the Mo-rich boride phases formed due to abundant of B element
in this alloy. Mod C showed the least defect density in the passive layer while the passive
layer of Mod B was thicker. The incorporation of Mo in Mod C was proposed to be
responsible for less defect density of Mod C compared to Mod B. Mod A on the other hand
had the most defect density and showed higher passive current density in potentiodynamic

polarization test.
Keywords

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