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a b s t r a c t

We investigated the hydrogen distribution and desorption behavior in an electrochemically hydrogen-

charged binary NieNb model alloy to study the role of d phase in hydrogen embrittlement of alloy

718. We focus on two aspects, namely, (1) mapping the hydrogen distribution with spatial resolution

enabling the observation of the relations between desorption profiles and desorption sites; and (2)

correlating these observations with mechanical testing results to reveal the degradation mechanisms.

The trapping states of hydrogen in the alloy were globally analyzed by Thermal Desorption Spectroscopy

(TDS). Additionally, spatially resolved hydrogen mapping was conducted using silver decoration, Scan-

ning Kelvin Probe Force Microscopy (SKPFM) and Secondary Ion Mass Spectrometry (SIMS): The Ag

decoration method revealed rapid effusion of hydrogen at room temperature from the g-matrix. The

corresponding kinetics was resolved in both, space and time by the SKPFM measurements. At room

temperature the hydrogen release from the g-matrix steadily decreased until about 100 h and then was

taken over by the d phase from which the hydrogen was released much slower. For avoiding misinter-

pretation of hydrogen signals stemming from environmental effects we also charged specimens with

deuterium. The deuterium distribution in the microstructure was studied by SIMS. The combined results

reveal that hydrogen dissolves more preferably inside the g-matrix and is diffusible at room temperature

while the d phase acts as a deeper trapping site for hydrogen. With this joint and spatially resolving

approach we observed the microstructure- and time-dependent distribution and release rate of

hydrogen with high spatial and temporal resolution. Correlating the obtained results with mechanical

testing of the hydrogen-charged samples shows that hydrogen enhanced decohesion (HEDE) occurring at

the d/matrix interfaces promotes the embrittlement.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Alloy 718 is a nickel based superalloy with niobium (Nb) as the

major alloying element for precipitation hardening. g00-Ni3Nb, a

body centered tetragonal (BCT) ordered compound with D022
crystal structure, is the primary strengthening phase in this alloy,

interacting with lattice dislocations through coherency strains. The

alloy is also susceptible to the formation of orthorhombic d-Ni3Nb

(D0a crystal structure), which is invariably incoherent with the g-

matrix and does not contribute much to strengthening even when

present in significant fractions. The characteristics of d phase for-

mation depend strongly on temperature and it nucleates primarily

at g-grain boundaries [1]. Wide application of alloy 718 in hydrogen

containing atmospheres such as sour gas environments when

tapping oilfields motivate investigations on the susceptibility of

this alloy to hydrogen embrittlement (HE). Recent studies [2e5]

attempting to investigate the role of precipitates in HE of alloy

718 have revealed that both, the d and the g00 phases play significant

roles in altering HE sensitivity. Specifically the d phase has been

suggested to promote HE by initializing micro-cracks, hence a d-* Corresponding author.
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free aged alloy was proposed for applications with high hydrogen

exposure [3]. However, the real mechanism of the d phase in pro-

moting HE is not yet understood.

A difficulty in explaining the mechanisms of HE concerns the

spatially and temporally resolved detection of hydrogen or deute-

rium. Visualization of hydrogen is essential for revealing its local

distributionwith respect to its possible preference to trap at certain

phases or lattice defects. However, the very low detection sensi-

tivity, high mobility and very low concentration of hydrogen and

the limited availability of tools for spatially resolving detection

render this field challenging [6]. Several methods have been pro-

posed for direct visualization of hydrogen and/or its isotopes in

metallic microstructures, such as silver decoration [7], Hydrogen

Microprint Technique (HMT) [8e10], tritium autoradiography

[10,11], Secondary Ion Mass Spectrometry (SIMS) [12e15], Atom

Probe Tomography (APT) [15e19], and Scanning Kelvin Probe Force

Microscopy (SKPFM) either without a palladium (Pd) detection

layer [20,21] or in conjunction with a Pd detection layer [22].

SKPFMwithout a Pd detection layer allows detection of hydrogen in

a material by means of the change of the work function caused by

hydrogen entering the oxide at the surface (see discussion in

Ref. [22]). However, as it is discussed in [20], oxides are improper as

detection layers for direct quantification and reliable differentiation

between release rates from different phases, due to the complex

dependence of the work function pertaining to the type of the

oxides and their corresponding defects.

In this study we used a binary NieNb model alloy to elucidate

the role of the d-Ni3Nb intermetallic precipitates in the hydrogen

absorption/desorption processes with respect to the g-matrix and

further correlated the results with concurrent failure mechanism.

Using a model alloy instead of the more complex engineering Ni-

based superalloy compound allows us to narrow down the pa-

rameters involved in HE to the two phases and the corresponding

interfaces involved. The approach of conducting correlative mea-

surements using Thermal Desorption Spectroscopy (TDS), silver

decoration, SKPFM in conjunction with a Pd detection layer, and

SIMS, enables the identification of hydrogen trapping sites and

states in the microstructure. Each individual technique has its ad-

vantageous characteristics as well as a specific range of spatial and/

or temporal resolution. Combining these allows performing multi-

scale mapping of hydrogen in the microstructure, ranging from the

macroscale down to few-nanometers. The information obtained by

clarifying the behavior of hydrogen desorption, binding energy

between the hydrogen and specific trapping sites, and the local

hydrogen distribution, are used to discuss the hydrogen assisted

failure mechanism in this material.

2. Experimental procedures

2.1. Material and microstructure characterization

The Ni-22wt-% (15 at.-%) Nb alloy was produced using an elec-

tric arc furnace under Ar atmosphere, and cast in a copper mold.

Table 1 shows the chemical composition of the as-cast alloy. The as-

cast billets were homogenized at 1200 !C for 24 h under Ar

atmosphere.

Fig. 1 shows the NieNb binary phase diagram and the compo-

sition chosen here. For this composition, the microstructure

consists of a g-matrix (face centered cubic (fcc) structure) con-

sisting of a NieNb solid solution and a d-Ni3Nb intermetallic phase

(Fig. 1a). Ni3Nb-D0a (d) has an orthorhombic structure with eight

atoms in the primitive cell (Pmmn, space group 59) (Fig. 1b) [23,24].

Secondary electron (SE) and backscattered electron (BSE) im-

aging were used for microstructure characterization. Energy-

dispersive x-ray spectroscopy (EDX) measurements were carried

out to analyze the elemental partitioning. Scanning electron

microscopic (SEM) analyses were done in Zeiss-Crossbeam XB 1540

FIB-SEM at 15 kV acceleration voltage. The samples for the SEM

observations were prepared by grinding, polishing in diamond

suspension and final polishing in colloidal silica suspension.

Fig. 2 shows the microstructure of the alloy. The bright con-

trasted phase in the light optical micrograph (Fig. 2a) and SE image

(Fig. 2b), which reveals the Nb enriched areas in the elemental map

(Fig. 2c), corresponds to d-Ni3Nb. X-ray diffraction (XRD) analysis1

also confirmed the presence of the g and d phases.

Hydrogen was introduced into the specimens with dimensions

of 15 mm " 15 mm " 1 mm thickness via electrochemical charging

for 2 h. A platinum foil with dimensions of

25 mm " 25 mm " 0.1 mm thickness was used as the counter

electrode. Prior to hydrogen charging, samples were prepared by

mechanical polishing with colloidal silica to ensure a deformation-

free surface. The sample surface was checked before and after

hydrogen charging; no surface defects were caused due to the

chosen hydrogen charging conditions.

2.2. Thermal Desorption Spectroscopy (TDS)

Thermal desorption (TD) experiments were carried out using a

custom-designed UHV-based Thermal Desorption Analysis instru-

ment in conjunction with a Mass Spectrometer detector set up

(TDA-MS), described in detail elsewhere [25]. Specimens were

charged electrochemically for 2 h in 0.1 mol L#1 NaOH aqueous

solution, at constant potential of #1 V SHE.2 The specimens were

then cleaned with polar and non-polar solvents (C2H3OH and CCl4)

prior to themeasurement to remove the rests of the electrolyte. The

base pressure inside the measurement chamber before analysis

was lower than 4 " 10#9mbar; all TD-experiments were performed
Table 1

Chemical composition of the as cast alloy (wt.-%).

Nb Ni O H N C

22.5 Bal. 0.029 0.00043 0.0006 0.0148

Fig. 1. (a) NieNb binary phase diagram. The composition of the alloy studied here is

indicated by the red line. (b) Crystal structure of Ni3Nb-D0a, with: a ¼ 0.5114 nm,

b ¼ 0.4244 nm, and c ¼ 0.4538 nm (at 25 !C) [23,24]. (For interpretation of the refer-

ences to color in this figure legend, the reader is referred to the web version of this

article.)

1 XRD conditions: Diffractometer: Philips PW1830, Co Ka radiation (l ¼ 0.179 nm)

at 40 kV/30 mA, continuous mode, step size: D2q ¼ 0.02! , count time: 10 s/step.
2 SHE: standard hydrogen electrode.
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within 15 min after hydrogen charging. The TD analyses were

conducted from 25 !C to 800 !C to obtain the hydrogen desorption

profiles. Constant heating ramps of 26, 20, 13, 10, and 6.5 !C min#1

were used to assess activation energies of the hydrogen traps.

2.3. Silver decoration technique

Specimens were charged with hydrogen in 0.1 mol L#1 H2SO4

aqueous solution containing 20mg L#1 CH4N2S, at a current density

of 10 mA cm#2 for 2 h and immersed in the silver decoration so-

lution for 1 h at room temperature. In the present study, a

4.3 mmol L#1 Ag[K(CN)2] aqueous solution was used for silver

decoration. Samples were rinsed with distilled water and ethanol

and dried. The silver-deposited surface was observed by SE imaging

and EDX. For comparison between the hydrogen charged and un-

charged states, a sample without hydrogen was immersed for the

same time (1 h) in the solution.

2.4. Scanning Kelvin Probe Force Microscopy (SKPFM)

The SKPFM measurements were carried out on Agilent 5500

SPM. For the SKPFM measurements, the mechanically polished

specimen was slightly etched3 for producing a small topography

difference (<0.2 mm) between the two phases, making it easy to

distinguish them. Hydrogen was introduced into the freshly etched

sample by electrochemical charging in 0.1 mol L#1 H2SO4 aqueous

solution containing 20 mg L#1 CH4N2S, at 10 mA cm#2 current

density for 2 h. After hydrogen charging a 100 nm layer of Pd was

evaporated at the surface by physical vapor deposition (PVD). The

Pd layer acts as a detection layer for the hydrogen (see Ref. [22] and

section 3.3). Finally, the sample was transferred through ambient

lab environment to the SKPFM, where all the measurements were

carried out in a dry nitrogen saturated environment to avoid

further loss of hydrogen by reaction with oxygen. It took about 4 h

from the hydrogen charging until reaching the final dry nitrogen

atmosphere. All the hydrogen that desorbed during the first 4 h

before the assembly in the SKPFM chamber had reacted with the

environmental air, therefore, the accumulation of hydrogen in the

Pd layer started roughly after 4 h. The SKPFM data were analyzed

using the Gwyddion software package. In order to correct

increasing plane tilt in the topographical images, plane tilt cor-

rections were carried out by a mean plane subtraction procedure

setting the minimum topographical value to zero, ensuring the

same contrast for all images.

2.5. Secondary Ion Mass Spectrometry (SIMS)

The specimen for the SIMS analysis was electrochemically

charged with deuterium in 0.1 mol L#1 D2SO4 solution in D2O, at a

cathodic current density of 10 mA cm#2 for 2 h. The samples were

transferred into a Cameca NanoSIMS 50 for SIMS analyses. The

measurement started about 2 h after deuterium charging had

finished, thus the deuterium desorbed from the surface during this

time was lost. The instrument was operated with a Csþ primary ion

source, having both the advantage of a small spot size (lateral

resolution down to 50 nm) and the enhancement of negative sec-

ondary ion yield. The high spatial resolution is achieved by coaxial

primary and secondary ion optics, which also implies that primary

and secondary species need to have opposite polarity. Therefore,

negative secondary ions are extracted into the double focusing

mass spectrometer, consisting of an electrostatic sector combined

with a magnetic sector, this combination lead to an achromatic

filtering according to mass-to-charge ratio [26,27]. The hydrogen

(1H ¼ 1.0078 amu), deuterium (2D m/z ¼ 2.0141 amu) and sec-

ondary electron maps were acquired in parallel as 256 " 256 pixel

Fig. 2. Microstructure of the Ni-22wt.-%Nb model alloy: (a) Light optical micrograph, (b) SE image, (c) and (d) corresponding Nb and Ni EDX maps, respectively. Each EDX map is

color coded by the count frequency of the X-ray signal received by the EDX detector.

3 Etching solution: 30 ml distilled water, 5 ml nitric acid, 20 ml hydrochloric acid,

10 ml hydrogen peroxide.
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images with a dwell time of 5 ms per pixel and a probe current of

1 pA. The minimum mass resolving power required to separate D

from H2 is 1300 which is easily reached in the NanoSIMS 50 [26].

The measurements were made such that there was no mass-

interference between D and H2 in the results.

2.6. Tensile testing

Tensile specimens with gauge dimensions of 2.0 mm

width " 1.0 mm thickness " 4.0 mm length were used. Hydrogen

was pre-charged into the specimens for 2 h in a 0.1 mol L#1 H2SO4

aqueous solution containing 3 g L#1 of CH4SCN, at a cathodic cur-

rent density of 10 mA cm#2. Tensile tests were carried out at an

initial strain rate of 10#4 s#1 at room temperature with and without

hydrogen pre-charging. The tensile tests were started 30 min after

the hydrogen charging had finished. Deformation experiments

were conducted by using a Kammrath & Weiss stage. Post-mortem

microstructure characterization was performed on the fractured

specimens by SE and BSE imaging to observe the deformation-

induced cracks.

3. Results

3.1. Thermal Desorption Spectroscopy (TDS)

The TD analyses were performed to identify the existing trap

states of hydrogen in the alloy. Fig. 3 shows the hydrogen desorp-

tion profiles at different heating rates. The curves were background

correctedwith respect to a non-hydrogen charged sample. The total

hydrogen content in the specimens measured by TDS was ~1 wt.-

ppm.

In the TD-spectra two hydrogen desorption peaks can be

observed (Fig. 3). These peaks can be seen in more detail after the

Gaussian peak deconvolution for each individual spectrum

(Fig. 4aee). The low temperature peak 1 indicates a weaker binding

state than that of the high temperature peak 2. The temperatures of

the maxima for characteristic desorption peaks (Tp) appearing in

the spectra were fitted and the shift of the peak maximum position

with increasing heating rate (F) was analyzed by applying a Kis-

singer analysis [28] in combination with a mathematical model of

the desorption process with an assumption of the first order

desorption rate. Activation energies of the hydrogen desorption (Ea)

were obtained from the slope of a ln(F,Tp
#2) vs Tp

#1 plot [29] as a

graphical solution of equation (1):

#
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¼

vln

 

F

T2
P

!

v

"

1
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The hydrogen desorption activation energy for peak 1 (low

temperature peak) was found to be approx. 21 kJ mol#1 and for

peak 2 (high temperature peak) approx. 53 kJ mol#1 (Fig. 4f and g).

TDS measurements at a constant heating rate of 26 !C min#1

were performed with additional waiting time at room temperature

after the end of hydrogen charging process to track the changes in

the TD spectrum. Fig. 5 compares the corresponding TD curves

immediately after hydrogen charging and also after 2 h and 48 h of

time intervals. It was observed that after the exposure to air the

intensity of peak 1 decreased, but peak 2 remained unchanged after

48 h and even its corresponding cumulative hydrogen content

increased. Since the intensity of peak 1 decreased after the expo-

sure to air, the hydrogen trapped in these sites is considered to be

diffusible at room temperature. The increase in the intensity of

peak 2 with time is proposed to be caused by further inward

diffusion of hydrogen, leading to ongoing filling of the deeper trap

sites correlated to peak 2. Note that the 2 h charging time resulted

only in hydrogen loading into a thin surface layer of about 100 mm,

as will be discussed in more detail further below. Also it is pointed

out that peak 2 does not depend on the hydrogen activity during

charging, while peak 1 does. This is why a low activity charging was

chosen for the trap analysis, otherwise peak 2 would be difficult to

detect.

3.2. Silver decoration

Ag-crystal decoration is a promising method to visualize diffu-

sive hydrogen as a distribution of reduced silver particles and is

proving to be fairly simple, fast and accurate [30e32]. Also,

compared to the hydrogen microprint technique, the need for dark

room procedures in the handling of the radioactive AgBr emulsions

is eliminated [7].

This simple chemical method was developed by Schober and

Dieker [7] and uses the special activity of atomic hydrogen on a

metal surface to reduce Ag ions (Agþ) into elemental Ag (Ag0),

through the reaction:

Agþ
þ Had/ Ag0 þ Hþ (2)

Here Had is adsorbed atomic hydrogen on the surface.

The reduction of dissolved Ag compounds by atomic hydrogen

leads to the subsequent formation of visible elemental metal

crystals at surface locations of high hydrogen activity (Fig. 6) and

the microstructural distribution of hydrogen fluxes can be revealed

by observing the deposited crystals under SEM [7,33].

Fig. 7 shows the surface of the sample, which was immersed in

the solution for 1 h without hydrogen charging. It can be seen that

white silver particles (as confirmed by EDX analysis) were

randomly deposited on the surface. Since nickel is chemically more

active than silver, the following direct displacement reaction might

take place:

Ni þ 2Agþ
/ Ni2þ

þ 2Ag (3)

This reaction may play a role in the early growth stages of the

particles, which results in the deposition of silver particles of
Fig. 3. Hydrogen thermal desorption spectra of Ni-22wt.-%Nb alloy at different heating

rates.
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Fig. 4. Individual thermal desorption spectra after fitting with a Gaussian function at heating rates of: (a) 26 !C min#1, (b) 20 !C min#1, (c) 13 !C min#1, (d) 10 !C min#1, and (e)

6.5 !C min#1 (f) and (g) Kissinger plots for the first and second TD-peak, respectively.



various shapes, not related to the microstructural distribution of

the evading hydrogen flux [33].

Fig. 8 shows the surface of the sample which was charged with

hydrogen, after immersion in the Ag decoration solution. White-

colored reduced Ag particles were deposited on the g-matrix,

indicating a high evading hydrogen flux. EDX maps also confirmed

the higher density of Ag particles on the matrix surface.

As mentioned before, the Ag reduction by Ni (reaction 3), other

than the decoration reaction (Ag reduction by H, reaction 2), may

occur during the reduction and deposition process. Therefore, the

number of deposited silver precipitates would be larger than ex-

pected due to adsorbed hydrogen alone. On the other hand,

recombination of absorbed hydrogen atoms can also take place to

formH2molecules, and this hydrogenwill not be available for silver

deposition. Hence, it is concluded that the silver decoration tech-

nique cannot be used quantitatively [33], but yet it provides

essential qualitative and spatially resolved information about

hydrogen release from the alloy directly after charging. Fig. 8 re-

veals that the silver crystals appear larger at the phase boundaries.

However, this is not assumed to be due to a higher level of hydrogen

release there, but rather to the fact that nucleation is facilitated at

interfaces and that on the d phase no silver cations are consumed.

This will be further discussed in the next section.

3.3. Scanning Kelvin Probe Force Microscopy (SKPFM)

Fig. 9 shows the summary of the SKPFM data taken after pro-

longed measuring times. The topographic images are shown in

Fig. 9aef and the corresponding potential images are presented in

Fig. 9a'-f'. No changes were observed in the topographical features

even after a number of successive scans over the same area for

several days. The topography clearly revealed the presence of two

distinct features: The dark area (with lower topography) was

ascribed to the g-matrix, whereas, the bright patches were inter-

metallic d-Ni3Nb phase. The height difference between the two

phases was about 200 nm. The potential images presented in

Fig. 9a'ef' clearly indicate the change in the contrast with time.

Since the chemical potential of hydrogen in Pd is very low,

hydrogen has a strong driving force to enter the Pd layer. Hence,

this layer serves as a perfect accumulation and detection layer. The

observed decrease in potential is due to the formation of a

hydrogen electrode on the surface of the Pd layer. This was shown

and discussed in detail in [22] and [34]. Even in the dry nitrogen

atmosphere, the surface of Pd is covered with an ultra-thin layer of

water. When hydrogen enters the Pd, the absorbed hydrogen in Pd

(Hab) is in equilibrium with hydrogen adsorbed on the surface of

the Pd (Had), at the interface between Pd and the water layer, which

in turn is also in equilibriumwith Hþ in the ultra-thinwater film. As

shown in [34], the potential measured by the Kelvin probe depends

on the hydrogen concentration in the Pd, following a Nernstian like

behavior. Hence, we refer to the Pd surface of H containing Pd as

hydrogen electrode, in the classical sense, meaning that the po-

tential is determined by the equilibrium of Hab/Had/H
þ.

Since in SKPFM the tip is tapping on the surface, the work

function of the tip is not stable and often conducts jumps due to

contaminations. Hence, different from SKP (see Refs. [22] and [34]),

the potentials measured by SKPFM are not calibrated and cannot be

directly used for quantification. However, the contrast in the po-

tential and its evolution over time provides important information

about different desorption rates of hydrogen from different phases

[35].

The potential profiles in Fig. 9g defined by the black line, show

the evolution of potential contrast for this case. This potential

contrast was the highest at about after 100 h and after that

decreased with time. The difference between the average potential

of the g-matrix and d-Ni3Nb is plotted in Fig. 9h. The change in the

difference of the potential clearly demonstrates the enhancement

and the reduction of contrast with time more clearly.

The desorption of diffusible hydrogen is a relatively fast process

and difficult to detect, since there is always a lapse of about 4 h

between the charging of the sample with hydrogen and reaching

the optimized SKPFMmeasuring condition. The appearance of dark

contrast in the potential images demonstrated an initially domi-

nating release of hydrogen from the g-matrix. The Had release from

the d-Ni3Nb phase was obviously much lower. The measurement

started at high potential of the H-depleted Pd layer (due to the

contact with air before the assembly in the SKPFM chamber), which

was the same for the entire surface, independent of the underlying

phases. Thereafter the potential measured over the matrix initially

dropped faster than the one measured over the d phase. The

hydrogen release from the matrix steadily decreased, as the overall

amount of hydrogen was also decreasing quickly due to the fast

release rate. After about 100 h the hydrogen in the g-matrix was

depleted to such an extent that then the much slower release from

the d phase became dominant. Hence, the further decrease of the

potential measured on thematrix was slower than the one detected

over the d phase, which led to a continuous reduction of the

contrast (see Fig. 9h). Note that no enhanced hydrogen release at

the phase boundary can be seen, as pointed out in the preceding

section.

3.4. Secondary Ion Mass Spectrometry (SIMS)

Secondary ion mass spectrometry is a powerful analytical

technique for elemental and isotopic composition analysis with

very high sensitivity. SIMS is well-suited for the study of hydrogen

Fig. 5. Hydrogen desorption profiles of the samples measured immediately after

hydrogen charging and after different air exposure times. Heating rate: 26 !C min#1

Fig. 6. Schematic principle of the Ag decoration technique.
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embrittlement, as the distribution of very light elements such as

hydrogen and deuterium cannot be analyzed with conventional

electron based techniques such as EDX. In addition, SIMS can

distinguish isotopes, which is not possible with EDX. During SIMS

analysis, a primary ion beam is raster scanned over the sample

surface creating collision cascades inside the material, which then

trigger the emission of secondary ions, electrons, and neutral par-

ticles. The secondary ions are then collected and analyzed accord-

ing to their mass-to-charge ratio, thus giving important insights

about the elemental and isotopic composition of the samples.

In the SIMS analysis of the current work, deuterium (D) was

used as a substitute for hydrogen (H). In this way, the artefacts that

could arise due to contribution from background H level are elim-

inated. D is an isotope of H with almost the same chemical prop-

erties as H. Furthermore, the natural abundance of D is only about

0.015%. Thus any enrichment in D above the levels of natural

abundance can be unambiguously labelled and attributed to the D

charging carried out in the experiment.

The intensity of secondary ion signals depends strongly on the

ionization and sputtering yields, which depend on the composition

(i.e. matrix effect) and crystallographic orientation of the sample,

respectively. As the material was polycrystalline and hadmore than

one phase, it is important to normalize the signal variation that

arises due to these effects so that the results can be properly

interpreted. As both D and H experience the same variation as they

have practically the same partial sputter yield and the same ioni-

zation probability, the D/H ratio images form a good basis for

evaluating D enrichment specifically and to draw broader conclu-

sions about the mechanisms linked to HE.

Fig. 10aec shows an SE image and chemical maps of the

hydrogen and deuterium distributions, respectively. The contrast in

H distribution (Fig. 10b) indicates a weaker grain-to-grain variation

(shorter range of 0e100 counts compared to the D distribution

ranged 0e200 counts (Fig 10c)). As mentioned above, in order to

make SIMS imaging of H and D more directly interpretable, the

variation in sputter yield has to be taken into account. A systematic

correction is possible by taking the ratio of D-to-H signals (D/H)

into account, enabling quantitative assessment of the local

enrichment. The D/H ratio images are shown in Fig. 10d and d'.

Noting that the natural abundance of D is only 0.015%, a D/H ratio of

up to 3 in these images represents up to three orders of magnitude

enrichment in D, thus confirming the success of electrochemical D

charging. By comparing Fig. 10d with the EDX maps of Nb and Ni,

Fig. 10e and f respectively, it can be seen that the areas showing less

D correlates very well with the d-Ni3Nb phase. This suggests that

the D uptake by the matrix is much more significant than by the d-

Fig. 7. (a) SE image of the specimen immersed in Ag decoration solution without H-charging, (b) magnified image of (a); white silver particles are distributed randomly on the

surface of the H-free specimen.

Fig. 8. Specimen charged with hydrogen: (a) and (a0) SE images of the silver decorated surface, showing reduced Ag particles on the g-matrix. (b) SE image, (c) and (d) the

corresponding EDX maps of the Ag decorated surface, confirming the precipitation of the Ag particles on the g-matrix, indicating the locations of the evading hydrogen flux. Each

EDX map is color coded by the count frequency of the X-ray signal received by the EDX detector.
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Ni3Nb phase.

Note that according to Fig. 10 the deuterium intensity in the

matrix is only about a factor of 3 higher than in the d phase, much

lower than expected. However, this is a surface sensitive mea-

surement and the deuterium depletion proceeds very fast at the

surface. Hence, the measured intensities are a result of the original

concentration and loss of deuterium from charging of the sample

until the start of the measurement.

3.5. Deformation behavior in the presence of hydrogen

Since degradation of mechanical properties is a phenomenon

that takes place under imposed mechanical loading, we conducted

corresponding mechanical tests for correlating the hydrogen dis-

tribution in the microstructure with the resulting embrittlement

behavior. Tensile testing was conducted on samples both, with and

without hydrogen pre-charging to compare the deformation

behavior of the material between the two states.

The fracture surface of the non-charged specimen showed

dimples as well as brittle fracture at second phases present in the

microstructure (Fig. 11). Post mortem microstructural observations

of the specimen deformed until fracture without hydrogen

charging revealed cracking inside the d phase. No debonding was

observed along the d/matrix interfaces. Fracture initiation was

caused by cleavage and cracking of the intermetallic phase, which is

an indication that the interfaces are not inherently brittle.

The fracture surface of the hydrogen pre-charged specimen

exhibited a near surface brittle area, about 100 mm wide (Fig. 12a),

which is attributed to the hydrogen affected area. As was stated

above and supported by the TDS measurements after exposure to

air, only a thin surface layer was charged with hydrogen. Based on

the SE images taken after fracture, this layer is assumed to be about

100 mm. The magnified image of this brittle area showed almost

featureless facets, without any dimples (Fig. 12b). This indicates

that hydrogen-assisted crack propagation was caused by

decohesion.

Microstructural observations of the post mortem samples

showed cracks propagating along the d/matrix interfaces, besides

Fig. 9. Summary of SKPFM data obtained for Ni-22wt.-%Nb: (a)e(f) Topography maps, dark region with lower topography represents the g-matrix. (a')-(f') Evolution of potential

contrast on the surface over time. (g) Line profiles of surface potential along the black line shown in (a')-(f'). The potential range of each y-axis is 200 mV. (h) The change of potential

difference between g-matrix and d-Ni3Nb over time.
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d phase cracking. d/matrix interface cracking associated with

decohesion is considered to be the cause of the brittle fracture

surfaces, observed in Fig. 12b, which is an indication that hydrogen

promotes d/matrix decohesion.

4. Discussion

Different hydrogen charging modes were used in this study.

Table 2 summarizes the charging conditions and the resulting

hydrogen/deuterium contents. The hydrogen contents were

determined by measuring the cumulative desorbed hydrogen from

room temperature up to 300 !C, corresponding to peak 1. In gen-

eral, for all experiments charging in acidic environment was used,

with the exception of TDS, where charging was carried out at much

lower hydrogen activity from alkaline solution. Fig.13 compares the

hydrogen TD curves after charging with the conditions mentioned

in Table 2, at a constant heating rate of 26 !C min#1. Since the

concentration of the diffusible hydrogen is proportional to the

hydrogen activity during charging, charging in the acidic environ-

ment led to a high intensity of peak 1 (higher diffusible hydrogen

content). A sharp peak 1 with high intensity from acidic charging

makes the analysis of the other arising peaks intractable. This is the

reason for choosing low activity charging for trap characterization.

Comparison of the results showed that although alkaline charging

resulted in a lower hydrogen concentration, the position of the

peak (temperature of desorption) remained unchanged. Also it was

observed that deuterium charging used for SIMS analysis led to two

TD spectra, one corresponding to deuterium (mass 4) and one to

hydrogen (mass 2), although the solution contained no hydrogen.

This effect occurs due to the absorption of water vapor from the air,

since the charging atmosphere was not completely protected. This

explains the relatively high hydrogen signal detected by SIMS

(Fig. 10b and b'). It is concluded that the mode of charging in these

cases caused no difference in the hydrogen trapping states, but only

changed the diffusible hydrogen content.

Several techniques were employed to study the distribution and

desorption behavior of hydrogen in the microstructure. As

explained before each individual technique used in this study has

its advantageous characteristics as well as a specific range of spatial

and/or temporal resolution. Table 3 summarizes the used tech-

niques and the corresponding information achieved from them.

As shown in Fig. 3 and Fig. 4aee, two hydrogen desorption peaks

were observed in the TD spectra at different applied heating rates,

with 21 kJ mol#1 and 53 kJ mol#1 desorption activation energies

(Fig. 4f and g). It was observed that after the exposure to air (Fig. 5)

the intensity of peak 1 decreased and almost disappeared after

48 h, but peak 2 remained and even its intensity increased.

According to the Ag decoration results, desorption of diffusible

Fig. 10. (a) SE image and secondary ion maps of (b) H, (c) D, and (d) (2D#/1H#). The field of view (FOV) in the secondary ion maps (b)e(d) is 40 mm. (e) and (f) EDX map of Nb and Ni

of the scanned area, respectively. Each EDX map is color coded by the count frequency of the X-ray signal received by the EDX detector. (a')-(d') Magnified region marked in (a). FOV

in the secondary ion maps (b')-(d') is 15 mm. The intensity scale bars shown in (b), (c), (b') and (c') indicate secondary ion counts.
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hydrogen at room temperature occurred from the g-matrix (Fig. 8).

One of the challenges in hydrogen detection experiments is the

time interval between the hydrogen charging and the start of the

measurements, since a certain amount of time is generally required

to reach the optimal experimental conditions and the fast diffusing

hydrogen (which is irrelevant for the trap analysis) is lost during

this time. The advantage of Ag reduction and decoration technique

is that it is relatively fast: The sample is immersed in the solution

immediately after charging, revealing mainly the diffusible

hydrogen flux. Irrespective of the time gap (about 4 h) between the

end of hydrogen charging and the start of SKPFM measurements,

the results clearly revealed preferred release of hydrogen from the

g-matrix until around 100 h. Hydrogen in the g-matrix was

desorbed after about 100 h and then the hydrogen release was

taken over by the d phase, which led to a continuous reduction of

the contrast (Fig. 9f'). Fig. 14 shows the TD spectra after acidic

charging (same condition as Ag decoration and SKPFM) with

additional exposure to air after H-charging. Indeed, after 96 h

exposure to air the hydrogen corresponding to peak 1 was almost

fully desorbed. The cumulative hydrogen content in peak 2

increased due to the hydrogen transfer from diffusible sites to

deeper energy traps owing to diffusion of the hydrogen further into

the bulk. After this time (96 h) the hydrogen release from the

d phase was dominating, which is in agreement with the SKPFM

results. Ag decoration after 96 h waiting time (not shown here) also

revealed no silver deposition at the g-matrix surface, indicating

Fig. 11. Deformation microstructures without hydrogen charging: (a) Fracture surface, and (b) its magnified image. (c) BSE image showing the cracking of the d phase. (TA: Tensile

Axis).

Fig. 12. Deformation microstructures with hydrogen pre-charging: (a) Fracture surface. The dotted yellow line indicates the boundary of the brittle surface without dimples, (b)

magnified image of the marked area marked in (a). (c) and (d) BSE images showing the crack propagation along the d/matrix interface. (TA: Tensile Axis). (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2

Summary of the charging conditions used in this study and comparison of the cumulative hydrogen contents corresponding to peak 1.

Mode of charging Charging conditions (at room temperature) Hydrogen/Deuterium content [wt.-ppm]

Acidic charging 2 h, 0.1 mol L#1 H2SO4 þ 3 g L#1 CH4N2S 10 mA cm#2 CH2 ¼ 12.94

D-charging 2 h, 0.1 mol L#1 D2SO4 10 mA cm#2 CD2 ¼ 10.24 CH2 ¼ 0.91

Alkaline charging 2 h, 0.1 mol L#1 NaOH #1 V (SHE) CH2 ¼ 1.06
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that the matrix was practically hydrogen depleted. The very low

release rates from the d phase did not lead to silver deposition

though, because this technique is not sensitive enough to produce a

sufficient amount of reduced silver at such low hydrogen release

rates.

The joint analysis of the TD results, both with and without

additional exposure to air after H-charging and also the SKPFM and

Ag decoration results, suggest that the first TD peak with

21 kJ mol#1 desorption activation energy corresponds to the

interstitial hydrogen in g-matrix and that peak 2 with the higher

desorption energy of 53 kJ mol#1 corresponds to the d-Ni3Nb phase.

As explained earlier, Ni3Nb-D0a (d) has an orthorhombic struc-

ture with eight atoms in the primitive cell (Pmmn, space group 59)

and Ni3Nb-D022 (g
0 0) has tetragonal structure (I4/mmm, space group

139). The D0a structure is the most stable Ni3Nb phase [36]. Con-

n�etable et al. [37] studied the hydrogen solubility in both Ni3Nb-

D0a (d) and Ni3Nb-D022 (g
0 0) systems via Density Functional Theory

(DFT) simulations. The calculations were done to reveal the bulk

solubility of hydrogen in these two phases but segregation to in-

terfaces was neglected. The 4e positions (0,0.49,0.36) in Ni3Nb-D0a

(space group 59) were found as the preferred interstitial positions

for H atoms. The hydrogen solubility energy was found to be

equivalent in both structures (0.19 eV) and substantially larger than

in nickel (0.09 eV) [37]. Robertson [38] showed that the precipita-

tion of the g00 and d phases induces a decrease in hydrogen solu-

bility in alloy 718, which is consistent with the simulations that

show the low solubility of hydrogen in g0 0 and d precipitates.

Computational studies regarding the influence of Nb atoms on

the hydrogen solubility in nickel showed that when the solute Nb

content increases (up to 3 at-%), the hydrogen solubility energy

decreases, i.e. hydrogen solubility increases compared to pure Ni

[37]. These observations underline that the solubility of hydrogen

atoms in NieNb systems depends on the position and bonding state

of the niobium, i.e., being either in solid solution on random sub-

stitutional positions or built into an intermetallic phase. In view of

this the solubility of Ni in the d phase is expected to be substantially

lower than in the matrix. Hence, we assume that the hydrogen

released in peak 2 and which stems from the d phase is not the

hydrogen dissolved in the d phase, but hydrogen bound to trapping

sites, such as e.g. vacancies. This, however, requires further

research.

SIMS analysis enabled the detection of the deuterium distribu-

tion in the microstructure. The results confirmed a higher deute-

rium content in the g-matrix (NieNb solid solution) and a lower

content in the d-Ni3Nb intermetallic phase. This experimental

observation agrees with the DFT results, considering the difference

in hydrogen solubility energy. The corresponding desorption acti-

vation energies were identified by TDS and found to be lower in the

g-matrix than in the d-Ni3Nb, revealing that the d phase acts as a

deeper trapping site for hydrogen. Regarding kinetics, the correla-

tive SKPFM investigations clearly showed a faster hydrogen release

rate from the g-matrix compared to the d-Ni3Nb phase.

Deformation tests conducted on the samples containing

hydrogen showed that microcracks initiate and propagate at the

hetero-interfaces of d/matrix (Fig. 12b and c), which was not the

case in the uncharged samples. The depth of the area showing

brittle fracture was about 100 mm (Fig. 12a and b), which corre-

sponds to the estimated depth of the hydrogen-affected zone. Due

to the low diffusion coefficient of hydrogen in the austenitic matrix

phase (of the order of 10#14 m2 s#1 in pure nickel), 2 h of charging

was not sufficient to saturate the whole thickness of the sample

Fig. 13. Comparison of the TD curves after different charging modes (Heating rate:

26 !C min#1). More detailed information on the charging conditions is given in Table 2.

Table 3

Summary of the H-mapping techniques used in this study.

Method Information Spatial resolution

TDS H trapping states/energies, respective H content macro

Ag decoration Diffusible H flux mm-mm

SKPFM Kinetics of H release from microstructure constituents sub mm

SIMS H distribution in the microstructure 50 nm

Fig. 14. Hydrogen desorption profiles of the samples measured immediately after

hydrogen charging (acidic charging) and after different air exposure times (Heating

rate: 26 !C min#1).
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(1 mm) with hydrogen. According to the fracture surfaces of the

hydrogen containing samples, on the near surface area no void-like

structures were found on facet surfaces, indicating interface

decohesion instead of void formation as the major cause of material

damage [39].

Hence, we interpret the observed hydrogen effects on cracking

in the context of the hydrogen enhanced decohesion (HEDE)

mechanism, which is based on the reduction in cohesive energy.

Based on this model hydrogen accumulation within the lattice

weakens the interatomic bonds between the metal atoms [40,41].

The decohesion hypothesis is based on charge transfer and reduc-

tion of cohesive interatomic strength so that tensile separation of

atoms (decohesion) occur in preference to enhanced slip as sug-

gested by Oriani [42,43] and others [44,45]. High concentrations of

hydrogen and the associated decohesion events could occur at a

variety of locations, such as at particleematrix interfaces ahead of

cracks. Decohesion could occur at or ahead of crack tips due to

hydrogen trapped at these sites, and may occur as a result of bond

weakening by hydrogen segregation [46e48].

The effect of the d phase on HE is explained as follows: As the g-

matrix dissolves more hydrogen than the intermetallic phase the

hydrogen that evades from the d gets trapped at the incoherent

interface between the d particles and the g-matrix. The hydrogen

desorption activation energy corresponding to this phase and/or

the d/matrix interfaces was measured to be ~50 kJ mol#1, indicating

a rather high energy trapping site, which was demonstrated to not

(or rather extremely slowly) desorb at low temperatures. The

accumulated hydrogen can also seriously affect the ductility of the

matrix abutting the interface. High hydrogen concentrations at

particle matrix interfaces cause weakening of interatomic bonds

leading to HEDE, particularly if slip planes around crack tips are not

favorably oriented for slip so that elastic normal stress components

can build up locally [49,50]. Microcracks can thus originate from

such sites when exposed to loads (Fig. 15). When these microcracks

emerge into the primary HE-induced cracks, fracture will be

accelerated [51]. Due to the coarse structure of the d particles, the

crack length at the interface is already quite large, which results in a

high stress intensity in front of the crack tip. It is probable that due

to the high hydrogen content dissolved in the matrix the ability of

the matrix to stop the cracks formed at the interfaces by plasticity

in the crack front region is reduced.

5. Conclusions

(1) Multi-scale hydrogen mapping was performed with both,

spatial and temporal resolution on a simple binary NieNb

model alloy consisting of a solid solution fcc NieNb g-matrix

and a d-Ni3Nb intermetallic phase for elucidating the role of

the d phase in hydrogen embrittlement.

(2) Each of the experimental techniques used provide specific

information of hydrogen interaction with the microstructure

and a combination of these are required in order to achieve a

detailed characterization of hydrogen inside complex

materials.

(3) Thermal desorption spectroscopy (TDS) reveals two

hydrogen desorption peaks with desorption activation en-

ergies of 21 and 53 kJ mol#1, corresponding to H in the g-

matrix and d-Ni3Nb phase, respectively.

(4) A silver reduction and decoration technique was used for

detection of the diffusible hydrogen. Use of this method

revealed the rapid and preferred desorption of diffusible

hydrogen from the g-matrix.

(5) SKPFM measurements with high spatial resolution resolved

the hydrogen desorption behavior from the microstructural

constituents both, kinetically and with microstructural

sensitivity. It was found that even after several days the

matrix still shows a much higher hydrogen release rate than

the d phase.

(6) SIMS probing enabled the measurement of the deuterium

distribution inside the microstructure, revealing higher

content in the matrix, correlated with higher hydrogen

solubility.

(7) Embrittlement tests clearly revealed that the d/matrix

interface decohesion takes place as the preferential

damaging mechanism in the presence of hydrogen. Fracture

facets of the hydrogen affected area showed smooth areas

without dimples confirming the occurrence of decohesion.

(8) The role of the d-phase in hydrogen embrittlement is

explained through the accumulation of hydrogen on the d/

matrix interfaces under applied loads, leading to the reduc-

tion of bonding strength and concurrent decohesion upon

straining.
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