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ABSTRACT 

 Hydrogen induced cold cracking (HICC) and hydrogen embrittlement (HE) are 

influenced by the microstructural evolution, residual plastic strain (i.e. local 

misorientation), recrystallization of grains and the resultant grain boundary 

characteristic distribution (GBCD) brought about by welding processes. HICC and HE 

are known to cause failures in aerospace components and it is vitally important to 

quantify the microstructural evolution, degree of residual plastic strain and determine 

the GBCD across dissimilar weld joints in order to assess the susceptibility of the weld 

joint to these phenomena. In this investigation a full a microstructural characterization 

study was carried out at various locations within and around a dissimilar weld joint of 

Pulse-plated Nickel (PP-Ni) and Inconel 718 (IN718), taken from an aerospace 

component. Areas examined included the base metals, weld fusion zone and heat 

affected zones on both sides of the weld joint, formed via electron beam welding. 

Scanning electron microscopy (SEM) in combination with electron backscatter 

diffraction (EBSD) was employed to measure the residual plastic strain, grain structure, 

grain size distribution, crystal orientation distribution, grain boundary misorientation 

distribution and GBCD of the dissimilar metal weld joint. Finally a metallurgical 

examination was carried out using SEM on the IN718 HAZ in order to investigate the 

secondary phase precipitation arising from the welding process. The results shows large 

variety of GBCD, crystallographic orientation distribution, local plastic strain 

distribution and grain size, shape and structure  distribution across dissimilar weld joint.  

And these localized microstructural characterized data sets need to be carefully 

transferred using data-driven approach in order to develop predictive multiscale material 

modelling for hydrogen induced cracking and hydrogen embrittlement.  

Keywords: Hydrogen induced cold cracking; residual plastic strain; Grain boundary 

characteristic distribution; dissimilar metal EB weld joint; Pulse plated Nickel, Inconel 

718; SEM/EBSD;  
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1. Introduction  

Hydrogen embrittlement (HE) and Hydrogen induced cold cracking (HICC) or cold 

cracking are costly problems in which structural degradation of the susceptible material 

can lead to catastrophic failure [1-10,12,17,47]. Several catastrophic failures have 

occurred in metallic material components due to hydrogen embrittlement and one such 

recent example is a long bolt in the 222-metre Leadenhall “cheese grater building” - the 

second tallest building in London, further details can be found elsewhere [11]. Another 

notable example is related to the San Fransciso-Oakland bay bridge. In March 2013, the 

shear key anchor safety rods catastrophically failed due to hydrogen 

embrittlement during the latter stages of construction.  These 5m long 3-inch diameter 

threaded safety anchor rods, designed to protect the bridge in the event of seismic 

activity completely snapped into two parts. [1, 37-38].  

HE, HICC and stress corrosion cracking (SCC) in the weld heat affected zone 

(HAZ), adjacent base metal and HAZ/base metal interfaces can be related to residual 

stresses present after electroplating and welding processes. Indeed, the presence of 

residual plastic strain within welded joints has caused concerns within the aerospace 

industry [12-14]. Hydrogen diffuses towards the tensile residual stress and residual 

plastic strain and segregates at these regions [12].  The base metal to HAZ interface 

between Nickel and Nickel based alloys has a complex microstructure. Grain 

recrystallization takes place in the HAZ under the thermal effect of the welding process. 

This can result in residual plastic strains and also changes in the grain structure and 

GBCD, ultimately leading to altered material properties and resistance to hydrogen 

embrittlement. A full understanding of these microstructural changes is of great 

scientific importance in order to determine the susceptibility to hydrogen embrittlement 
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within the HAZ/Base Metal (BM) interface and ultimately the structural integrity of the 

weldment and component. Scanning Electron Microscopy (SEM)/Electron Back scatter 

diffraction (EBSD) are an effective tool for measuring the microstructural features such 

as grain size, shape and distribution, crystal orientation, local misorientations (i.e. 

residual plastic strain) and GBCD [14-18].  

The microstructural morphology such as crystal structure, grain size, grain shape, 

grain boundary characteristic distribution, crystal orientation, grain boundary 

misorientation, pores, atomic defects, triple junctions affects the bulk diffusion of 

hydrogen and distribution, segregation of hydrogen in metallic polycrystalline materials. 

Atomic hydrogen diffusion properties are different in grain interior, grain boundaries, 

triple junctions [5, 6, 8, 13, 24, 26-28, 30, 35, 38, 68]. And also different in different 

types of grain boundaries such as low angle grain boundary, high angle grain boundary, 

random grain boundaries, coincidence site lattice (CSL) and also it various depends on 

the connectivity of grain boundaries in triple junctions [54,56-58].  The microstructure 

features and microstructure inhomogeneity are significantly affects the distribution and 

segregation of atomic hydrogen leads to affects the mechanical properties, strength, 

ductility and structural integrity of the materials as well as hydrogen induced crack 

nucleation and crack propagation in the dissimilar weld joints of columnar and 

polycrystalline metallic materials. So it is important to understand microstructure 

features and characterize the weld joints microstructure.  

In the present study, SEM and EBSD are utilised to investigate the microstructural 

evolution within dissimilar weld joints, the degree of residual plastic strain and Grain 

Boundary Character distribution (GBCD) across a weld joint, the heat affected zone and 

the base metals (BM) in this joint. A metallurgical examination was carried out in order 
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to understand the secondary phase precipitations within the HAZ in IN718 side using 

SEM. The specimen examined was taken from an actual aerospace component and is 

made of pulse -plated nickel (PP-Ni) and Inconel 718. The results are used to access the 

susceptibility of the part to hydrogen embrittlement. 

 

2. Experimental methods: 

2.1 Materials and characterization procedure: 

A dissimilar metal joint, manufactured via electron beam (EB) welding and 

comprising PP-Ni and Inconel 718 was sectioned from an aerospace component and 

used for the material characterization within this study. The chemical composition of 

alloy 718 in weight percentage (wt%) is shown in the table1.  The PP-Ni was 

manufactured using electroplating process were metal ions in the solution are moved to 

coat an electrode by an applied electric field under galvanostatic conditions. The 

normalized current density applied for pulse platting process to synthesis nickel as 

structural material was 150 and detail explanation about the manufacturing of PP-Ni can 

be found elsewhere [12,47].  The average concentration of impurity content in 

manufactured structural PP-Ni in parts per million (PPM) is shown in the table2 and  

hot gas extraction  method was used to measure the average concentration of impurity 

content and its detail information can be found elsewhere [12, 47] .  

Al B C Nb Co Cr Cu Fe Mo Ni P S Si Ti Ta 

0.58 0.004 0.067 4.93 0.55 18.1 0.07 18.5 3.06 53.1 <0.005 <0.002 0.06 1.03 <0.05 

Table1. Shows the chemical composition of alloy718 in weight percentage (wt%).   

Hydrogen  oxygen sulphur carbon Nitrogen 

5 25 50 42 2 

Table2. Shows the average concentration of impurity content in PP-Ni in PPM. 
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Figure 1 (a) shows a schematic diagram of the materials (PP-Ni/IN718) within the 

joint, (b) illustrates the position of the rolling direction (RD), transverse direction (TD), 

and normal direction (ND) of the specimen within the EBSD system and (c) is a macro-

image of the dissimilar metal weld joint. EBSD micrographs were taken from the RD-

TD plane so that the RD is vertical and the ND is horizontal. The section was prepared 

by mechanical grinding using P280 SiC grid paper for 3 minutes and mechanical 

polishing with 9 µm and 3 µm diamond suspensions for 5 minutes and 10 minutes 

respectively. Final polishing utilised 0.02 µm colloidal silica for 30 minutes to ensure a 

good surface finish. Electron backscatter diffraction analysis of the specimen was 

carried out using an Oxford Instruments channel 5 HKL system interfaced to a SEM. 

Analyses were performed at an accelerating voltage of 20 kV with a probe diameter (or) 

beam spot size of 7 nm. Several EBSD runs were carried out at various locations within 

the joint, namely, along the dissimilar weld joint root, above the weld root, within the 

In718 HAZ and base metal and within the PP-Ni HAZ and base metal. A step size of 

0.2 µm and 4 µm was used in the EBSD analyses and more detailed information about 

post processing of the EBSD results and applying these data in multiscale modelling can 

be found elsewhere [19, 20]. 

In order to minimise the chance of any mis-indexing errors, nine Kikuchi bands 

were used for indexing. HKL-Tango software was used for post processing of the 

EBSD measured data in order to gather microstructural information such as grain 

boundary types, grain structure, grain size and crystallographic orientation distributions. 

In order to eliminate orientation noise, a 2° misorientation angle was used as a cut-off 

point. Misorientation angles of 15° or less were used to define low angle grain 
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boundaries (LAB). All the EBSD and SEM micrographs were taken in the RD-TD 

plane.  

3. Results and discussion 

The experimental results are divided into five sections as follows.  

 In the first section, the grain structure and sizes of the dissimilar base metals and 

the microstructural evolution within the dissimilar weld joint have been studied.  

 In the second section, the crystallographic misorientation distributions are 

mapped for the regions within and around the weld joint.  

 The third section focusses on mapping the grain boundary characteristic 

distribution (GBCD) from the base metals and the highly deformed weld fusion 

zone (FZ), coarse grained heat affected zone (CGHAZ) and the less deformed 

fine grained hat affected zone (FGHAZ).  

 In the fourth section, metallurgical examination has been carried out on the HAZ 

in In718.   

 Finally, the local residual plastic strain concentration (i.e. local misorientation 

distribution) as the function of distance from the weld was measured.  

3.1 Microstructure of the dissimilar base metals and microstructural evolution within 

dissimilar weld joints: 

It has been reported by Oudriss and co-authors that change in the microstructural 

grain size affects the hydrogen permeation flux which is associated with the diffusion of 

hydrogen [5].  And the decreases in equiaxed polygonal structured grain size in pure 

nickel, increases the diffusivity of hydrogen at 300K. Jothi and co-authors reported that 

steady state hydrogen flux is smaller in larger grains which lead to decrease in the 
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diffusivity of hydrogen when grain size increases. And increase in the volume fraction 

of grain boundaries and triple junction also increases the effective diffusion of hydrogen 

in the bulk polycrystalline material based on multiscale modelling and experimental 

permeation test [6, 24, 26]. It was also supported by experimental investigation reported 

by Haris et al., Yao et al. and Tsuru et al. [23, 25, 27]. It was also reported that the 

presence of void in the polycrystalline material enhance the hydrogen trapping which 

may leads to hydrogen induced cold cracking due to the formation of methane and 

increase in the void also decreases the diffusivity due to increased trapping of hydrogen 

concentration [20, 30, 41]. Lattice defects [39, 63-64] and secondary phase distribution 

such as carbides in nickel based super alloy and steels act as hydrogen trapping sites 

[31-32, 62]. Hydrogen concentration in lattice defect and trap sites exceeds the critical 

level may initiates the hydrogen induced cracking. All these microstructural 

morphologies play a significant role in the phenomena such as hydrogen diffusion, 

distribution and segregation [33] and therefore affect hydrogen embrittlement and 

hydrogen induced cold cracking. The microstructural morphologies of a PP-Ni/In718 

dissimilar metal weld joint has not, to the authors‟ knowledge, been studied. The 

objective of this section is to investigate the microstructural features of a dissimilar 

metal weld joint that occur using the electron beam welding process. The data and 

understanding gained through this experimental work will subsequently be transferred 

to support multiscale modelling of hydrogen diffusion and HE/HICC susceptibility as 

applicable to aerospace components. Details of the multiscale modelling work can be 

found elsewhere [41-42]. The dissimilar weld joint was characterized via EBSD 

analysis along the weld fusion zone, HAZs and the dissimilar base metals.  
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In recent years, EBSD has been widely used to characterize microstructure including 

grain area, grain size, crystal orientation, misorientations and grain shape [49-51]. Low 

angle grain boundaries (LABs) or sub-grain boundaries are those with a misorientation 

less than 15 degrees [49-52].  Misorientation angles are used to characterize grain 

boundary types e.g. low angle grain boundaries (LABs) and high angle grain boundaries 

(HABs) (i.e. θ>15°). HABs are further divided into coincident site lattice (CSL) and 

general or random grain boundaries (RGB) based on the atomic coincidence of 

neighbouring crystals at the grain boundary (GB) and the atomic density of defects [40, 

50, 53]. The microstructures of the PP-Ni base metal, IN718 (i.e. the Nickel based 

superalloy Inconel 718), FZ and the HAZ were characterized and are shown in figure 2. 

3.1.1 Microstructure of the base metals: 

Figure 2 (a) shows the PP-Ni microstructural features such as grain structure, crystal 

orientation, and the corresponding colour–coded inverse pole figure (IPF). The total 

measured area was 17582μm
2
 and the number of detected grains in this area was 38678 

with distributions of grain diameter between 100nm to 3μm. Small and large columnar 

grains are seen, with an overall average grain size of 400nm (diameter) and average 

grain area of 1.76 μm
2
. Columnar grains have grown in a direction parallel to the RD 

due to the pulsed electroplating process. Further information on the pulse plating 

technique can be found elsewhere [12]. Such a structure demonstrates that the pulse 

plating process has created a grain structure with a specific crystallographic orientation 

in this case orientation is along the <100>. Figure 2 (b) shows the same information for 

IN718 base metal. In this case, the average grain area was evaluated from 67 grains 

within an area of 9208512 µm
2
. Very large columnar grains are found, with an average 

grain area of 54075μm
2
. In this material, growth was predominantly in a direction 
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parallel to the TD with only a few “rolling direction” grain boundaries  as shown in 

figure 2 (b). There is a marked difference in the grain area and grain size distribution 

between the PP-Ni and IN718 base materials both showing non-equiaxed structures.  

3.1.2 Microstructural evolution in the heat affect zone (HAZ) on the PP-Ni side: 

The microstructural evolution within the HAZ on the PP-Ni side was studied and the 

results are shown in figure 2 (c -e). Electron beam welding can significantly change the 

grain distribution, grain morphology and crystal orientations within the HAZ, 

depending on the weld heat source, heating rate and cooling rates. The grains observed 

within the PP-Ni HAZ are equiaxed. Within the HAZ, two different areas are clearly 

distinguishable, based on the grain size. The CGHAZ is formed of coarse grains and is 

defined as the coarse grain heat affected zone. Fine grains are found within FGHAZ 

which is defined as the fine grain heat affected zone FGHAZ.  The CGHAZ is nearest to 

the FZ in figure 2 (c). Figure 2 (c) and (e) show the microstructural morphologies, 

crystal orientations and the crystal orientations of the PP-Ni side CGHAZ and FGHAZ 

in terms of Euler angles and IPF respectively. The colour contours for the Euler angles 

are shown in figure 2 (d). Due to the electron beam welding heat source the columnar 

grains in the PP-Ni base metal have undergone recrystallization and forming polygonal 

grains in CGHAZ and FGHAZ. The differences in grain sizes within CGHAZ and 

FGHAZ are due to the difference in the temperature distribution imparted by the heat 

source along the TD on the PP-Ni side during the welding process.  

Coarse grains are observed up to a distance of approximately 350μm from the FZ 

along the TD and after that fine grains are detected up to a further 300μm from the FZ. 

It is therefore apparent that the welding process has caused recrystallization and grain 

growth to occur up to a distance of 650μm from the fusion zone. Temperatures imparted 
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during the welding process are higher in the CGHAZ than in the FGHAZ, consequently 

the CGHAZ region will take longer to cool than the FGHAZ region. The grain 

boundaries (GBs) within the PP-Ni CGHAZ can migrate more quickly when compared 

to the GBs in FGHAZ, due to the higher temperatures and slower cooling rates within 

this area during the welding thermal cycle. 

3.1.3 Microstructural evolution within the heat affect zone of the IN718 and Fusion 

zone: 

The microstructural evolution within the In718 HAZ and FZ was characterized via 

EBSD and the microstructure and measured grain orientations are shown in figure 2 (f). 

No major changes have occurred in the In718 as a result of the EB welding heat source.  

There is little recrystallization and grain growth on the In718 side and only a very 

few recrystallized grains were observed in this region.  The In718 possesses very large 

columnar coarse grains and the heat source is insufficient to allow any significant 

migration of the columnar grain boundaries. Only a few small grains are detected within 

the In718 HAZ and these smaller grains are secondary phase precipitations described in 

more detail in section 3.4. The FZ displays an inhomogeneous microstructure with both 

non-equiaxed columnar grains parallel to TD and equiaxed grains. The number of grains 

detected in the FZ was 701 with distributions of grain diameter ranging between 2μm to 

100μm. Figure 3 (a) shows the statistical distribution of the grain size by diameter in the 

FZ calculated from 701 grains with a measured area of 480000μm
2
.  

Figure 3 (b) shows the statistical distribution of grain size by diameter within the PP-

Ni. This distribution was calculated from an area of 17582μm
2 

and the number grains 

detected was 38678. Figure 3 (c) shows the statistical distribution of grain size, by 
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diameter, from CGHAZ and FGHAZ within the PP-Ni side. The number of grains 

detected on the measured area of 49500 μm
2
 in CGHAZ and FGHAZ are 1894 and 

4545 respectively. The average grain size on PP-Ni, CGHAZ and FGHAZ are shown in 

table 3.  

 CGHAZ FGHAZ PP-Ni 

Average Grain Size 4.2μm 2.6μm 400nm 

Measured Area 49500 μm
2
 49500 μm

2
 17582 μm

2
 

Number of Grains detected 1894 4545 38678 

Table3. Shows the average grain size distributions measured by SEM/EBSD.  

It has been reported that an increase in grain size will decreases the rate of hydrogen 

diffusion [5, 20, 24, and 41]. It is important to note that it may applicable for equiaxed 

polygonal structured grains and the rate of hydrogen diffusion in columnar grain 

structure are not explored very well. On this basis it would be expected that the effective 

diffusion of hydrogen in HAZ1 will be slower than in HAZ2. The grains detected in the 

PP-Ni are ultra-fine grains with an average grain size of 400nm, much smaller than the 

FG HAZ grains. Even though the measured area of the FZ was 27 times larger than the 

measured area of the PP-Ni region, the number of grains detected in the PP-Ni region 

was 55 times higher than the number grains detected in the FZ.  Consequently the PP-Ni 

will have a much higher surface fraction of grain boundaries. For FCC nickel, an 

increase in the volume fraction of grain boundaries and a decrease in grain size have 

been reported to increase the rate of diffusion of hydrogen [5, 20, 24, and 41]. Again, 

based on the observed grain structures, the effective diffusion of hydrogen in PP-Ni 

would be expected to be much faster than the effective diffusion of hydrogen in 

CGHAZ and FGHAZ.  
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In addition to the difference in diffusivity of hydrogen between the FZ and IN718, 

there will also be a difference in hydrogen diffusivity between the PP-Ni base metal, 

HAZ1 and HAZ2. It has been previously reported that inequality or difference in the 

diffusion of metal ions results in the formation voids due to lattice drift which is related 

to the concept of Kirkendall effect [65-67]. Voids act as trapping sites for hydrogen. 

The segregation of atomic hydrogen in the trap sites forms hydrogen cluster and this 

hydrogen clusters are immobile and enhance the material degradation at the HAZ 

interface which may leads to HAZ interface fracture [8, 10]. This suggests that the 

gradient in hydrogen diffusivity may act as trap for atomic hydrogen at the CGHAZ-

FGHAZ interface and also at the FGHAZ-PP-Ni base metal within the dissimilar metal 

weld joint. It has also been reported that a decrease in grain size in FCC nickel increases 

the geometrically necessary dislocation (GND) density and this GND can act as  a 

“hydrogen trapping site” described by equation 1, [54, 55].   

  
                        (1) 

Where,    
    is the density of hydrogen trapping sites based on GND,       is the 

GND density in m
-2

,   is the effective distance from dislocation and    is the interstitial 

sites density in m
-3

. Geometric necessary dislocation density is directly proportional to 

hydrogen trapping site density. So, an increase in geometric necessary dislocation 

density increases the density of hydrogen trapping sites. This clearly suggests that the 

PP-Ni has a higher amount of hydrogen trapping sites compared to IN718. In addition, 

weld residual stresses will also act as a trap for hydrogen within dissimilar metal weld 

joints. It is well known that the effective diffusion of atomic hydrogen in FCC 

polycrystalline nickel grain boundaries is two orders of magnitude faster when 

compared to the diffusion of atomic hydrogen in lattice sites [25-27]. Since a higher 
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volume fraction of grain boundaries is observed in the PP-Ni base metal compared to 

IN718, the PP-Ni may well act as a hydrogen trapping region within the dissimilar weld 

joint. In addition to this, an increased temperature will enhance the mobility of 

hydrogen atoms by increasing their jumping rates, possibly leading to an increase in 

hydrogen atom segregation at the grain boundaries. Segregated hydrogen along the 

grain boundaries increases the mobility of dislocations along the boundaries and reduces 

the ductility of the HAZ/PP-Ni interface.  

3.2 GB Misorientation distributions within the dissimilar metal weld joint: 

It has been previously reported that GB misorientations influence dislocations, 

micro-stress distributions and the atomic distribution and segregation of impurities such 

as hydrogen, oxygen and sulphur. They also play a prominent role in hydrogen, sulphur 

and oxygen induced cracking and embrittlement [8, 12, 43-47,].   

In an attempt to understand this more fully statistical misorientation data has been 

extracted from the corresponding EBSD maps, figure 4 (a), and evaluated for the PP-Ni 

and IN718 grain boundaries.  The misorientation distribution in PP-Ni shows that there 

is a distinct peak of misorientation angles less than 5°. Within the IN718 there is also a 

peak for misorientation angles less than 5° but here the peak is smaller, approximately 

one third of that shown for PP-Ni.  Grain boundary misorientation has also been 

examined for the FZ, CGHAZ and FGHAZ, by extracting the statistical misorientation 

data from the corresponding EBSD measurements as plotted in figure 4 (a) and (b).  

Even in the FZ the distinct peak in GB misorientation angles less than 5° was observed 

similar to the PP-Ni. In order to assess the effect of the electron beam welding heat 

source on the development of the microstructural crystallographic misorientation 

distribution, the GB misorientation angles within the CGHAZ and FGHAZ were 
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calculated and plotted in figure 4 (b). Both CGHAZ and FGHAZ show two distinct 

peaks. The highest peak is observed at a GB misorientation angle of 60° and the second 

highest peak is observed at GB misorientation angles less than 5°.  This shows that a 

large number of Σ3 grain boundaries were developed during the EB welding processing 

in both the CGHAZ and the FGHAZ.  

From the HAZ1, HAZ2, FZ and PP-NI EBSD maps, the LABs and HABs GB 

misorientation partitions where calculated and plotted as shown in figure 4 (c). This 

shows that a low fraction of LABs are seen in FGHAZ and CGHAZ while a high 

fraction of LABs are detected in the FZ and the highest fraction of LABs are detected in 

the PP-Ni. This also shows that a high fraction of HABs are detected in HAZ1 and 

HAZ2 and fewer HABs are detected in the FZ. The lowest number of HABs is observed 

in the PP-Ni. It has been previously reported that an increase in HABs increases the 

likelihood of impurity atom segregation e.g. hydrogen, sulphur and oxygen, which can 

decrease the ductility and enhance brittleness at these GBs. This may lead to atomic 

impurity induced intergranular cracking and/or environmental induced intergranular 

cracking [4, 7-10, 19, 41, 43-46].  

3.3 Grain boundary characteristic distribution of base metals and dissimilar weld 

joint: 

The grain boundary characteristic distribution (GBCD) plays an essential role in 

several physical phenomena such as hydrogen embrittlement [7-10, 39], hydrogen 

diffusion [4-6], stress corrosion cracking [34-35] and fatigue [36]. Cold cracking in 

dissimilar weld joints is a major problem in manufacturing industries, especially in the 

aerospace sector, which needs to be better understood to reduce dissimilar weld joint 
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failures [12, 47]. The GBCD of PP-Ni/IN718 dissimilar weld joints have not been 

reported previously and thus provide motivation for the present work. 

In this section, the GBCDs are categorised into three different types based on GB 

characteristics as described below.  

 Low angle grain boundaries (LAB)  

 Special coincident-site lattice with Σ ≤ 29 (except Σ1) are defined as 

Special grain boundaries (SCSL)   

 General (or) Random (or) High angle grain boundaries (RGB)  

The GBCDs of the PP-Ni, IN718, CGHAZ, FGHAZ and FZ were calculated 

from EBSD maps and the statistical distributions of GBCDs in terms of LAB, SCSL, 

RGB, Σ3 are plotted in figure 5. The SCSL distributions in In718, PP-Ni, FZ, CGHAZ 

and FGHAZ were obtained from the analysis of several EBSD measurements as shown 

in figures 6 (a)-(e) with statistical distributions shown in figures 6 (f)–(j) respectively. It 

shows that very less number of grains is detected in PP-NI and on the other hand very 

high fractions of GBs are detected in PP-Ni. The fraction of RGBs observed in In718 

and weld FZ are 81.5% and 83.67%. It also shows that FZ have highest fraction of RGB 

and FGHAZ have lowest fraction of RGB. There is no big difference in RGBs 

developed due to the effect of weld heat source between CGHAZ and FGHAZ. The EB 

weld heat source changes the microstructural grain boundary characteristic distribution 

in PP-Ni side HAZs. The microstructures in CGHAZ and FGHAZ in PP-Ni are 

recrystallized and developed a high fraction of SCSLs and a low fraction of RGBs in 

both CGHAZ and FGHAZ compared to base PP-Ni metal. The fraction of RGBs 

detected in PP-Ni base metal is 72.05%. The fraction of RGBs developed due to 

recrystallization in CGHAZ and FGHAZ are 62.65% and 62.52% respectively. The 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

amount of RGBs developed in PP-Ni side HAZs are reduced by approximately 10% 

when compared to the fraction of RGBs observed in PP-Ni base metal.   

The fraction of SCSLs detected in CGHAZ and FGHAZ are 33.92% and 34.55% 

respectively. The fraction of SCSLs detected in PP-Ni base metal, FZ and In718 base 

metals are 8.9%, 4.07% and 9.36% respectively. The amount of SCSLs developed in 

PP-Ni side HAZs are increased by approximately 25% when compared to the fraction of 

SCSLs observed in PP-Ni base metal. This increase in SCSLs grain boundaries in 

CGHAZ and FGHAZ are mainly due to the increase in Σ3 type GBs.  The fraction of Σ3 

type grain boundaries in CGHAZ and FGHAZ are 27.56% and 24.5% respectively. The 

Σ3 type GBs are increased approximately by 22% in FGHAZ and 25% in CGHAZ 

when compared to base PP-Ni metal. Only, less than one percentage of Σ3 type grain 

boundaries detected in In718 base metal and FZ. The increase in the fraction of Σ3 type 

GB in CGHAZ and FGHAZ on the PP-Ni side would decrease the effective diffusion of 

hydrogen in these zones.  

It has been reported that the diffusion of hydrogen in Σ3 type grain boundaries is 

slightly lower than the diffusion of hydrogen in bulk FCC polycrystalline nickel. The 

diffusivity of Σ3 type GBs is two orders of magnitude smaller than diffusivity of RGBs 

in FCC nickel [4, 25, 56-58]. It has been previously reported that enhanced diffusion of 

hydrogen are found in Σ5 and Σ9 type GBs. The diffusivities of Σ5 and Σ9 type grain 

boundaries are two orders of magnitude greater when compared to Σ3 and Σ11 type GBs 

in FCC nickel [4, 56-58]. Based on the difference in the diffusivity between different 

types of SCSL grain boundaries, it is further divided into three different families,  

(i) The Σ3 and Σ11 type SCSL grain boundaries are called as slow diffusion 

SCSLs (i.e. SD-SCSL),  
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(ii) The Σ5, Σ7 and Σ9 type SCSL grain boundaries are called as fast diffusion 

SCSLs (i.e. FD-SCSL) and  

(iii) All other SCSLs are called as random SCSLs (R-SCSL).  

Figure 7 shows the calculated statistical distribution of SCSLs (i.e. Σ5, Σ7, Σ79, Σ11 

and FD-CSL) in FGHAZ, CGHAZ and PP-Ni.  The fraction of Σ5 type GB detected in 

CGHAZ, FGHAZ and PP-Ni base metal are 0.3%, 0.4% and 0.6% respectively.  The 

fraction of Σ7 observed in CGHAZ, FGHAZ and PP-Ni base metal are 0.4%, 0.4% and 

0.2% respectively. The fraction of Σ9 type GBs detected in CGHAZ, FGHAZ and PP-

Ni base metal are 1.8%, 4.8% and 0.8% respectively. The fraction of Σ11 observed in 

CGHAZ, FGHAZ and PP-Ni base metal are 0.7%, 0.5% and 1.4% respectively. It 

shows fraction of Σ5 and Σ11 are higher in PP-Ni base metal when compared to PP-Ni 

side HAZs and on the other hand, the fraction of Σ7 and Σ9 are higher in PP-Ni side 

HAZs when compared to PP-Ni base metal. The fraction of FD-SCSL type family of 

SCSL grain boundaries are higher in FGHAZ, CGHAZ and PP-Ni base metal are 5.6%, 

2.6% and 1.6% respectively. The effective grain boundary diffusion of hydrogen 

between CGHAZ, FGHAZ and PP-Ni base metal vary due to the different in the SCSL 

type grain boundary distribution. Increase in the fraction of FD-SCSL type SCSL grain 

boundaries increase the effective grain boundary diffusion of hydrogen in FGHAZ 

when compared to CGHAZ and PP-Ni base metal. It is well known that EB weld heat 

sources develop high degree of residual tensile stress in CGHAZ and FGHAZ. It was 

previously reported that the accumulation of tensile stress on grain boundaries increase 

the segregation of atomic hydrogen in these grain boundaries [8, 10, 20]. The increases 

in FD-SCSL in addition with tensile stresses developed due to weld heat sources 

increases the amount of hydrogen atom trapped at FGHAZ and CGHAZ. Increases in 
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the gradient of SCSL, RGBs in addition with increases in the gradient of weld residual 

stress, increases the possibility of hydrogen segregation in CGHAZ and FGHAZ. 

Increases in the segregation of hydrogen atom on CGHAZ and FGHAZ, decreases the 

ductility in this region which may lead to increase the possibility of hydrogen induced 

cracking susceptibility of dissimilar weld joints in CGHAZ and FGHAZ. On the other 

hand, the reader also needs to consider the other factors such as dislocations, 

pores/voids. And also the misfit between the coarse and fine grains on the interface 

between the CGHAZ, FGHAZ and PP-NI base metal due to welding cooling cycle.  

There are few facts listed below that may have the possibility to segregates 

hydrogen atoms on the dissimilar weld joints which may enhances the material 

degradation leads to localized micro cold cracking.   

Firstly, the pulse plating manufacturing technique will produce internal residual 

stresses in addition to the thermal residual stresses arising from welding which may also 

influence the distribution and segregation of hydrogen in the dissimilar weld joints and 

HAZs. Second, it should be noted that the base metal nickel material used in our study 

was manufactured using an electroplating process consisting of non-equiaxed columnar 

grains. This may influence the distribution of hydrogen of the dissimilar weld joints due 

to the fact that the diffusion of hydrogen in equiaxed polycrystalline microstructure and 

non-equiaxed columnar microstructure are different. Finally, due to the nature of the 

manufacturing technique (i.e. the applied pulse pattern in the electroplating process) 

hydrogen may be incorporated into the microstructure, with the amount dependent on 

the frequency, electrolyte and current applied during manufacturing. Thus in addition to 

microstructural features and manufacturing residual tensile stresses (arising from 

electroplating and welding), it appears that the introduction of hydrogen directly from 
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the manufacturing processes such as electroplating and welding could play a role in the 

susceptibility to hydrogen induced cracking in HAZs.  

HAZs in PP-Ni, have been reported to be susceptible to weld cold cracking/HE 

[12, 47]. It has been previously reported that SCSL will enhance the resistivity to HE in 

nickel [7]. On the other hand, weld joints will develop thermal residual stress and it has 

been previously reported that residual tensile stress sites attract hydrogen atoms and 

accumulate high amount of hydrogens in these region. There is a possibility to reduces 

the susceptibility to hydrogen induced localized cold cracking by increasing the SCSL 

and reducing the residual stress based on grain boundary engineering (GBE) using 

systematic localized induction heat treatment near the dissimilar weld joints.   

However, the EBSD investigation in this work indicates that relatively high 

fractions of SCSL are found in CGHAZ and FGHAZ on the PP-Ni side which can be 

still increased to high volume fractions using the proposed localized grain boundary 

engineering (GBE) on the dissimilar weld joints in order to decrease the susceptibility 

of cold cracking and increase the resistivity to hydrogen induced cold cracking.  

3.4 Microstructure characterizations of weld metallurgy in the IN718 side of the HAZ 

in dissimilar weld joints: 

 The weld metallurgy in the HAZ on the In718 side near the top of the weldment was 

investigated using SEM and results are shown in figure 8. During weld solidification 

clusters of carbide phases were observed near the weld seam in the HAZ in In718 as 

shown in figure 8 (a). These precipitated secondary carbides are observed on 

intergranular gamma (γ) grain boundaries and in the intragranular γ matrix as shown in 

figure 8 (a), (b) and (c). Double layered secondary precipitates were also observed along 

the grain boundaries. Relatively low fractions of needle shaped secondary delta (δ) 
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phases were observed in γ GBs as shown in figure 8 (d). It has been previously reported 

that δ phase increases the susceptibility to HE in In718 [31] and hydrogen trapped at the 

δ phases may weaken the γ GBs interfaces where the δ phases are segregated [62]. 

Relatively high fractions of carbides are observed at the intragranular γ matrices in the 

HAZ in In718. Carbides can act as trapping sides for hydrogen so there may be an 

increased likelihood of atomic hydrogen segregation in the In718 HAZ in near the top 

of the weld where high fractions of carbides are observed. (This region would need to 

be treated carefully as a different zone when studying hydrogen diffusion and hydrogen 

embrittlement of dissimilar weld joints.  

3.5 Evolution of the residual plastic strain on dissimilar weld joints BM of PP-Ni: 

Kamaya and co-author reported the importance of local residual plastic strain 

arises due to the dislocation accumulation based on crystal orientation calculated using 

EBSD to evaluate the SCC [16, 21, 22].  According to the knowledge of authors there is 

very little study or no study has been carried out to calculated local residual plastic 

strain due to the dislocation accumulation developed by EB welding on the PP-Ni/In718 

dissimilar weld joints. This motivates the authors to investigate the local residual plastic 

strain on dissimilar weldment. The local residual plastic strain distributions in the 

microstructures of PP-Ni, In718, weld FZ, HAZ2 and HAZ1 are shown in figure 9 (a) to 

(e) respectively. The local misorientation maps (defined as the average misorientation of 

a point and its eight nearest neighbours) have been used to describe the residual plastic 

strain concentration at grain lattices and grain boundaries [21-24, 9, 61, 70]. As 

illustrated in figure 9 (a), the PP-Ni displayed a high degree of residual plastic strain 

concentration, due to the presence of a large number of ultra-fine columnar grains. The 

effect of electro-plating parameters plays a role in this local residual plastic strain. As 
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illustrated in figure 9 (b), In718 shows low degree of residual plastic strain 

concentration. This is due to the presence of small misorientation gradient with in the 

grains and less orientation gradient between neighbouring grains. The presence of low 

degree of residual plastic strain concentration in In718 is also as result of small 

misorientation differences between neighbouring points in grains.  Figure 9 (c) 

illustrates the high degree of localized residual plastic strain concentration in the FZ 

even though large columnar grains are observed in these regions. Red colour shows the 

high degree of localized plastic strain and blue colour shows the low degree of localized 

residual plastic strain. The localized plastic residual strain within two different grains 

(i.e. grain1 and grain2) in FZ is plotted which shows high degree of localized plastic 

strains in FZ when compared to HAZs and In718. High degree of residual plastic strain 

concentration generated in FZ are due to large orientation differences between 

neighbouring points with in individual grains that occurs as a result of dislocation 

accumulation introduced by heterogeneous plastic deformation during welding heat 

sources. This indicates that the EB welding process caused a high degree of local 

residual plastic strain concentration within grains and grain boundaries. The residual 

thermal stresses caused by the weld heat source develop a high atomic misfit on grain 

boundaries due to anisotropic crystallographic orientation leading to the observed high 

degree of local misorientations at grain boundaries.  Considering the HAZs figures 9 (d) 

and (e), a relatively high degree of residual plastic strain concentration compared to 

In718 is observed. This is lower, however than that seen for the PP-Ni and FZ.  

This lower residual plastic strain concentration corresponds to the lower welding 

heat input at these areas compared to FZ. The FGHAZ shows a higher residual plastic 
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strain concentration than the CGHAZ and this may be due to the presence of a higher 

fraction of grain boundaries within in FGHAZ.  

Figures 10 (a)-(e) show the calculated local misorientations plotted as a function 

of distance along TD in PP-Ni, In718, CGHAZ, FGHAZ and FZ respectively. Peaks of 

local misorientations are apparent at grain boundaries as expected. A large number of 

peaks are observed in the PP-Ni (i.e. up to a distance of 120μm), on the other hand very 

few numbers of peaks was observed on In718 base metal (i.e. in the 3mm).  Figure 10 

(c), (d) and (e) illustrate that fewer misorientations peaks are seen within the CGHAZ 

when compared to FGHAZ. The fusion zone displays significantly fewer misorientation 

peaks than either the FGHAZ or the CGHAZ. It has been reported previously that local 

misorientations are proportional to geometric necessary dislocation density, equation 2, 

and GND densities may act as atomic hydrogen trapping sites in FCC nickels as 

previously described in equation 1 [5, 54, 69]. 
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 Where     
 the average GND density (m-2), b is is Burgers vector, d is grain 

size,     is number of GBs studied, sj is the distance between two dislocations in a GB 

misorientation of θj where from dislocation theory   
 

 
    

 

 
   [69],     is 

misorientation angle and    is the fraction of misorientation angle. Thus an increase in 

misorientation angle increases the GND density which increases the number of 

hydrogen trapping sites. Thus FGHAZ, FZ and PP-Ni have a greater tendency to 

hydrogen trapping compared to CGHAZ and IN718 corresponding to the increased 

amount of local residual strain concentration.  

Huge amount of data and data sets are collected in this localized microstructural 

characterization of dissimilar weld joints of aerospace component which need to be 
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handled carefully and transferred in order to study and develop predictive multiscale 

material models for hydrogen embrittlement and hydrogen induced cracking. In addition 

to this huge amount of data was collected previously through EU FP7 “MultiHy” 

project in order to understand the hydrogen diffusion, stress assist hydrogen distribution 

and hydrogen induced cracking in aerospace application and also in automotive, 

renewable energy applications using atomic, meso-scale, microstructural, macro-scale 

modelling and experimentation [6, 8, 10, 12, 13, 19, 20 ,24, 26, 30, 41, 42, 47, 56, 57]. 

All these data need to be properly stored and systematically studied in order to 

understand and develop predictive model for hydrogen embrittlement using data-driven 

approach.  

 

4. Conclusions 

Progress has been made in the understanding of the microstructural evolution, grain 

boundary character distribution and residual plastic strain distributions within a 

dissimilar metal weld joint and how they can be related to hydrogen diffusion and 

embrittlement. SEM/EBSD analysis has been used to evaluate the microstructural 

features of the dissimilar base metals (PP-Ni and In718) and also the microstructural 

evolution that occurs within the weld fusion zone, and different HAZ regions within the 

In718 and PP-Ni. The analysis has demonstrated that the Electron beam weld heat 

source affects the grain morphology, grain size distribution, GBCD and residual plastic 

strain concentrations in dissimilar weld joints. The fraction of HABs, LABs, CSL 

boundaries and residual plastic strain concentrations in dissimilar weld joints have been 

quantified?. The following conclusions have been drawn from the investigation.  
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 Non-equiaxed, very coarse, columnar grains are found within the In718 base 

metal compared to non-equiaxed, fine, columnar grains within the PP-Ni base 

metal. 

 A large amount of recrystallization was observed in the PP-Ni side HAZ. 

Much less recrystallization had occurred within the HAZ on the In718 side.   

 Recrystallized grains take the form of equiaxed polygonal grains in both the 

CGHAZ and the FGHAZ on PP-Ni side.  

 Grain size distributions vary greatly across the joint.  The detected grain sizes 

range from >1mm in the In718 to less than 400nm in the PP-Ni.   

 A high fraction of HABs were observed in both the FGHAZ and CGHAZ 

areas on the PP-Ni side.  The proportion of HABs in the HAZ has increased 

by approximately 45% when compared to HABs within the base metal. 

 The proportion of LABs in the PP-Ni side HAZ has decreased by 

approximately 16% when compared to LABs in PP-Ni base metal.  

 An increase in the fraction of HABs and decrease in the fraction of LABs in 

PP-Ni side HAZs can lead to an increase in the effective grain boundary 

diffusion of hydrogen in these regions.  

 An increase in the fraction of FD-SCSL type grain boundaries within the 

FGHAZ and CGHAZ increases the effective diffusion of hydrogen.  

 High volume fractions of residual plastic strains are detected within the PP-Ni 

base metal, less residual plastic strain has been observed within In718 base 

metal. An increase in residual plastic strain will increase the number of 

hydrogen trapping sites.  
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 High fractions of local misorientations are detected in the weld FZ, the HAZs 

and the PP-Ni base metal when compared to In718. Increases in local 

misorientation increases the fraction of GND.  

 Metallographic investigation using SEM in the HAZ in In718 shows 

secondary precipitates on intergranular and intergranular γ matrix.  

Precipitation of carbide secondary phases has been detected in In718 side 

HAZ.  

The present study on microstructural characterization provides much of the data 

needed for the challenging future work of understanding and quantifying hydrogen 

diffusion, hydrogen induced cold cracking and hydrogen embrittlement in aerospace 

component dissimilar weld joints. The present work also highlights the multiscale 

nature of the problems which lead to hydrogen induced failure on aerospace component 

dissimilar weld joint. To properly study the hydrogen diffusion, hydrogen embrittlement 

in PP-Ni/In718 dissimilar weld joints in aerospace components, either via multiscale 

modelling or experimentation using data-driven approach, all of these localized 

microstructural characterizations would need to be carefully considered and taken into 

account based on data-driven approach.  In addition to that the authors also propose the 

concept of grain boundary engineering using localized induction heat treatment on the 

dissimilar weld joints to enhance the SCSL in order to enhance the resistivity to 

hydrogen induced cold cracking.   
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Figure 1 (a) Schematic diagram of dissimilar metal electron beam weld joint, weldment (WM), fusion 

zone (FZ), Base metals (BMs) (i.e. PP-Ni and IN718) and Heat Affected Zones (HAZs) (b) EBSD 

specimen orientation. (c) „Nail pattern‟ dissimilar electron beam (EB) weld joint. Note: Black boxes and 

Roman numerals show the positions at which EBSD investigations were performed, the yellow box 

shows the region analysed using SEM.  
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Figure 2 EBSD results for (a) PP-Ni base metal (b) IN718 base metal, (c) crystal orientations in Euler 

angles for the fusion zone (FZ) and heat affected zone (HAZ) along the PP-Ni side of the dissimilar weld 

joint. (d) Euler angle colour contour. (e) Crystal orientations in fusion zone (FZ) and heat affected zone 

(HAZ) along the IN718 side of the dissimilar weld joint. (f) Misorientation distribution between PP-Ni, 

IN718 and weld FZ. Note: Black scale bars are (a) 50μm and (b) 1000μm (c) 20μm (e) 600μm. (Note: 

Readers are referred to the web version on this article for the interpretation of the reference to colour in 

the figure legend. (Roman numerals indicate the position of EBSD measurements c.f. figure 1(c).) 
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Figure 3 Statistical distribution of grain size distribution of (a) FZ, (b) PP-Ni, and (c) HAZ on the PP-Ni 

side of the weld. (d) Average grain area in the PP-Ni/IN718 dissimilar metal weld joint.  
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Figure 4 Misorientation distributions in (a) PP-Ni, IN718 and FZ and (b) CGHAZ (HAZ1) and FGHAZ 

(HAZ2). (c) HAB and LAB grain boundary misorientation data. 
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Figure 5 Calculated grain boundary characteristic distributions.  
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Figure 6 SCSL maps for (a) IN718, (b) PP-Ni, (c) Weld FZ, (d) CGHAZ and (e) FGHAZ. (f)-(j) show 

the respective statistical distributions. (Note: Readers are referred to the web version on this article for the 

interpretation of the reference to colour in the figure legend.) 
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Figure 7 SCSL distributions in PP-Ni base metal (BM1), HAZ1 and HAZ2. 

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 
Figure8 SEM observations for (a) the HAZ on IN718 side of the dissimilar weld joint near the top of the 

weldment (yellow boxes in figure 1 (c)). (b) Secondary carbide phases (block shaped) and delta phase 

(needles/rods) on gamma (γ) grain boundaries on the IN718 side of the HAZ. (c) Carbide phase and 

microscale double layer grain boundary interface on γ grain boundaries. (d) Magnified view of needle 

shape delta phase on γ grain boundary.  (Note: Readers are referred to the web version on this article for 

the interpretation of the reference to colour in the figure legend.) 
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Figure 9 Map of local residual plastic strain concentrations in (a) PP-Ni, (b) IN718, (c) FZ, (d) HAZ2 and 

(e) HAZ1. Blue represents low local residual plastic strain concentration and red represents high residual 

plastic strain concentration. Note: Readers need to refer the web version of this article for interpretation of 

the references to legend colour in this figure.  
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Figure 10 Calculated local misorientations plotted as a function of distance along TD on (a) PP-Ni, (b) 

IN718, (c) HAZ1, (d) HAZ2 and (e) FZ.  
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Graphical abstract 
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Highlights 

 

 Microstructure evolution in dissimilar weld joint was investigated. 

 Areas examined included the base metals, weld fusion zone and HAZs of weld 

joint.  

 SEM/EBSD was employed to measure the residual plastic strain, crystal 

orientation. 

 Grain boundary characteristic and grain structure distributions are also 

examined.  

 The influence of microstructural features on hydrogen diffusion has been 

discussed. 


