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Modelling the Influence of Microstructural Morphology and Triple Junctions on
Hydrogen Transport in Nanopolycrystalline Nickel
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College of Engineering, Swansea University, Singleton Park, Swansea SA2 8PP, UK
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Hydrogen transport in nanopolycrystalline (NPC) face centred cubic (FCC) nickel
has received considerable attention as a result of the material’s unique structural
embrittlement behaviour. Triple junctions, where three grain boundaries meet, play an
important role in hydrogen diffusion. Experiments have indicated that hydrogen transport at
a triple junction (TJ) is orders of magnitude greater. In this contribution, a multiphase NPC
model is proposed and used to investigate the influence on hydrogen transport of TJs within
the surface of the NPC nickel using finite nanostructural element analyses. This 2D
multiphase NPC model increases the density of triple junctions as the grain size reduces. The
multiphase NPC model consists of two phases comprising nano grain interiors (GI) and
intergranular phases. The intergranular (Ig) phase is divided into grain boundary affected
zones (GBAZ) regions and TJ regions. The results of this finite nanostructural analysis show
that hydrogen transport is enhanced at TJs and the bulk diffusion of hydrogen in NPC
material is faster as the volume fraction of TJ increases and nano grain size decreases. The
accumulation of hydrogen in three phase (GI, GBAZ, and TJ) microstructures is higher than
the two phase (GI and 1g) microstructure case. The accumulation of hydrogen in TJ and Ig
are heterogeneous in NPC nickel. The importance of the microstructural morphology in
terms of the presence of pores, fine grains in TJ, changes in the shape of TJ with changes in
the density of TJ and a TJ effect related to hydrogen transport in NPC nickel is all evidenced.
This means that the TJ and microstructural morphology cannot be neglected when predicting

hydrogen transport in a NPC nickel.
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Triple Junction.

1. Introduction:

Many researchers, scientists and industrialists are working towards a greater
understanding of microstructural TJs in NPC material because of the change in properties of
this material with changing microstructural nano grain sizes [1-12, 14-31, 33-37, and 40-44].
The expected significant change in the properties of the NPC materials, when decreasing the



grain size of NPC material, is partially explained by the increase in the density of TJs [1-3,
17]. The microstructural morphology such as grain size, interfacial grain boundary (GB),
pores in TJs, fine grains in TJs and Triple Junction (TJ) shapes, width and size may also
affect the physical properties, atomic transport and properties in NPC materials [7-12, 14-16,
31-34, 42]. The microstructural TJ diffusivity in NPC materials is higher than the diffusivity
at microstructural interfacial GBs due to the structurally weaker bonding nature of TJs [17-
21, 35-36]. Rapid TJ diffusion has important consequences for a range of properties of NPC
materials such as the hydrogen transport, super elasticity and diffusional creep [1-3, 22-25,
32]. Electrodeposited NPC nickel has several engineering and aerospace industrial
applications; one such application in aerospace industries is in the thrust chambers of rocket
engines. Typical applications have been in the Ariane satellite launcher and the main engine
of the NASA Space Shuttle as shown in Figure 1 (a) [1,38]. Production of NPC material
using electrodeposition pulse plating processing techniques have been subjected to extensive
research in recent years due to the economic viability of the process [37,39]. During the
manufacturing process of NPC nickel hydrogen impurities are introduced into the material.
The presence of hydrogen atoms in steel and nickel increases the potential for embrittlement
related failures [45-47]. Consequently electrodeposited NPC nickels have gained the attention
of the scientific community.

The diffusivity properties of hydrogen atom transport in electrodeposited NPC nickel
are different in the grain interior (GI), the grain boundary (GB), the grain boundary affected
zone (GBAZ) and the triple junction (TJ) [2]. The intergranular (Ig) region is composed of
GBAZ and TJ. A high density of TJs is found in such materials due to their small grain size.
To control the hydrogen embrittlement of electrodeposited NPC nickel it is important to
consider the properties and microstructural characteristic of the TJ. The hydrogen diffusivity
in the TJ is approximately three times the diffusivity in GBs which in turn is approximately
seventy times the diffusivity in the GI [2]. Locations where the concentration of hydrogen
atoms is higher in this material will have an increased tendency for the initiation of
embrittlement related failure. The TJ, where three grain boundaries meet, plays an important
and dominant role in NPC electrodeposited nickel with respect to hydrogen transport due to
the higher relative volume fraction, weaker bonding structures and higher diffusivity
compared to the GB and the GI [3]. The presence of residual pores, cluster vacancies and
very fine grains in NPC nickel are reported previously [3, 4, and 5]. It shows that the NPC
nickels are different from conventional coarse grain nickel materials. Thus it is important to

treat the TJ as an independent defect and consider its microstructural morphology to



investigate the hydrogen transport in electrodeposited NPC nickel both in computational and
experimental studies. Figure 2 (a), (b) and (c) shows the 2D EBSD (Electron backscattered
diffraction) experimental microstructural image of NPC Nickel with decrease in average
grain sizes respectively. The decrease in average grain size corresponds to an increase in
number of triple junctions. Figure 2 (d), (e) and (f) shows a schematic view of the multiphase
NPC model and the increase in the number of triple junctions as the grain size reduces. The
structure of TJs depends on the random arrangement and orientation of neighbouring adjacent
crystal grains [6]. Grain size effects play a vital role in determining the diffusivity of
hydrogen in these materials. Decreasing the grain size will increase the volume fraction of
TJs [2, 3].

In the first part of this paper, a mechanism is proposed for the effects of triple
junctions on the diffusion of hydrogen with respect to grain size. The proposed finite element
(FE) model accounts for the effect of triple junctions by increasing the average density of TJs
as the average grain size of the NPC material decreases in the range 50nm - 5nm. The result
of the analysis shows that the effective diffusion in NPC material increases with the increase
in the relative volume fraction of the TJs. The influence of the shape of TJs (i.e. sharp corner
shaped TJs and round corner shaped TJs) is also investigated with respect to hydrogen
transport.

In the second part of this paper, four different mesoscale NPC models with different
synthetic microstructures are investigated. The first mesoscale microstructure model contains
a single crystal. The second mesoscale NPC microstructure model contains normal nano
grains (NNG), GBAZ and TJ. These two models are adopted in this study to i) investigate the
delay mechanism of hydrogen transport in a single crystal microstructure when compared to
NPC microstructures with NNG, GBAZ and TJs and ii) to investigate the faster mechanism
of hydrogen transport in NPC mesoscale microstructures in the presence of NNG, GBAZ and
TJs. The faster mechanism of hydrogen is due to the presence of a higher density of TJs in
NPC material. The third mesoscale microstructure model contains NNG, GBAZ and pores in
the TJs. The fourth mesoscale microstructure model contains NNG, GBAZ and fine nano
grains (FNGs) in TJs. The third and fourth mesoscale models are used to investigate the
hydrogen transport mechanisms in NPC nickel microstructural TJs containing pores or FNGs.
The effects of the TJs, pores and FNGs on the hydrogen transport behaviours of NPC

materials are numerically analysed.

2. Computational Experimental Procedure:



2.1.  Mesoscale microstructure model for NPC material:

In this section a mesoscale model is developed to enable simulation of NPC materials
with various synthetic microstructures. The basic synthetic microstructure model is based on
the model proposed by Meyers and Ashworth (MA) [7] which contains two phases i.e. grain
and grain boundaries in the NPC material, a more detailed description about this model can
be found elsewhere [7-12]. The MA model is the base model which is here extended to study
the effect of TJs on hydrogen transport in NPC material by including TJs as a third phase in
the model. So, in this work the MA concept is extended to a three phase synthetic
microstructural model as shown in Figure 3 to study the effect of TJs on hydrogen transport
in NPC nickel. Various synthetic microstructures are generated computationally for NPC
materials for combinations of three different average grain sizes, three different TJ densities,
two different TJ shapes, nano pores in the TJ, fine nano grains in TJ and a single crystal case.
These 2 dimensional synthetic microstructural geometries are generated in heterogeneous
form with polycrystalline aggregates composed of two phases, Gl phase and Ig phase. The Ig
phase is further divided into two regions to form three phase regions GI, GBAZ and TJ using
modified VVoronoi tessellation theory. The geometric specification algorithm is developed and
coded using MATLAB [49] and the Python programming language and then these codes are
embedded into an ABAQUS FE code [13] to develop the heterogeneous mesoscale
microstructural models of NPC material. Detailed information about the computationally
developed synthetic mesoscale microstructure using modified VVoronoi tessellation technique
can be found elsewhere [8, 10, and 48].

2.2  FE Model development:

The computational experimental technique used to simulate hydrogen transportation
was developed using the FE method and analysed using commercial FE analysis software
ABAQUS. The test cases for the prediction of hydrogen transport in NPC material consists of
a rectangular specimen through which the concentration of hydrogen diffuses in one
direction, from the left side of the domain to right side of the domain in the x direction. Zero
initial hydrogen is present in the specimen. For boundary conditions a higher concentration of
hydrogen (0.0001ppm) is present on the left hand side of the specimen with zero flux on the
right hand side of the specimen and a constant temperature of 25 °C applied. These
conditions are assumed in the absence of trapping and other phenomena. There is no transport
of hydrogen across the top and bottom faces in all the different models of the hydrogen

transport analysis described here. The finite element analysis is performed for each sample of



NPC material with synthetic microstructures containing different grain sizes, different
volume fraction of TJs, different shape of TJs, nano fine grains in TJs, pores in TJs and also
for a single crystal material. The hydrogen diffusion coefficients of electrodeposited nickel
used for the three different phases of the microstructures are diffusivity of GI (D)) =2.9*107
cm?/s, diffusivity of GBAZ (Dggaz) =6.3*10° cm?%s and diffusivity of TJ (D)) =2.1*10™%°
cm?/s [1]. The synthetic microstructure model containing nano fine grains in TJs is modelled
by dividing the TJs of the three-phase synthetic microstructural model into fine grains with an
average grain size of 1 nm. The effective diffusivity of the fine nano grains is assumed to be
1x10® cm%s [8, 47]. Mesh sensitivity studies were performed for all samples and then
sufficient elements were used in the GI, GBAZ and TJ to capture the time evolution of
hydrogen concentration in the NPC nickel. Figure 4 shows the statistical distribution of
elements per grain interior for the GBAZ in the synthetic mesoscale microstructural model of
NPC material. This shows that the average number of elements in each grain was 6000 and
average number of elements in each GBAZ was 400. Figure5 shows the statistical
distribution of the number of elements per TJ in synthetic microstructural models for sharp
corner TJs and round corner TJs. This shows an average number of 50 elements per TJ in the
sharp corner TJ synthetic microstructural model and an average number of 400 elements per
TJ in the round corner TJ synthetic microstructural model. The difference in the average
number of elements per TJ between the sharp corner TJ and round corner TJ microstructure is
due to the increase in the area fraction between them. Figures 4 and 5 show the number of
elements that are placed in the three different phases of the three phase synthetic
microstructural model to capture the hydrogen transport concentration in NPC material.
Figure 6 shows the discretization nodes of the sharp corner TJ three phase synthetic
microstructural models and finite element (FE) mesh of the model in a region with TJs,
GBAZs and three adjacent neighbouring grains of NPC material. Hydrogen transport
algorithms used in these computational experiments are based upon Fick’s diffusion laws
applied using finite element method. The transport of hydrogen is described by Fick’s law
from the high concentration region to low concentration region based on the standard

equations shown below.

ac(xt) | ac(y,t
J.(X,t) ==D-VC-=—-D - ( gi)"' ;:; ). "

acx.D)

Je&, ) = -D - =2

)



The hydrogen flux vector J.consists of the hydrogen concentration gradient VC at a specific
time t based on Fick’s first diffusion law by using the thermodynamic formulation based on
the Gibbs free enthalpy. The diffusivity D (Dg or Dggaz or Dt;) depends on the phase in the
NPC material. The NPC synthetic microstructural model consists of three phase
heterogeneous Gl, GBAZ and TJs similar to the modelling procedure of two phase
microstructure explained in detail elsewhere [8] with the inclusion of third phase as TJs as
shown in Figure 3. The material properties of the microstructural model are considered as
following, Concentration of hydrogen C, gradient operatorV, Laplace operator
(V.V) or V2 or A, X represents two dimension (2D) x,y directions for simplification. The
commercial software ABAQUS implements the above diffusion equation as shown in
equation (3) [13].

— _gp 92D,
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Where solubility s, ¢ = C/s is the normalized hydrogen concentration.

Detailed information about the numerical method to solve the governing diffusion equation
can be found in elsewhere [10, 13].

3. Results of computation and discussions:
3.1 Results of computationally developed mesoscale microstructural models of NPC

material with different grain sizes and volume fraction of TJs:

For computational calculation of hydrogen transport realistic mesoscale
microstructures are modelled for three different average grain sizes 50 nm, 10 nm and 5 nm
of NPC materials as shown Figure 7 (a), (b) and (c). Figure 7 (d) is a radar triangle graph
showing the effects of average grain size of NPC material on the calculated volume fraction
of GI, lg, GBAZ and TJ from the computed microstructures of average grain sizes 5 nm,
10 nm and 50 nm. The volume fraction of the intergranular region increases by one order of
magnitude as the average nano grain size decreases from 50 nm to 5 nm. At the same time
when decreasing the average nano grain size from 50 nm to 5 nm the volume fraction of Gl
decreases from 92.12 % to 35.65 %, with the major decrease in volume fraction of 45 %
from 80.87 % occurring when decreasing the grain size from 10 nm to 5 nm as shown in
tablel. The result of the computationally developed synthetic NPC material shows that the
decrease in average size from 50 nm to 10 nm increases the volume fraction of TJ by one

order of magnitude with less than 1 % increase in the density of TJ of NPC material from



0.16 %. A decrease in the average grain size from 10 nm to 5 nm increases the volume
fraction of TJ by 15.12 % from 1.03 %. The decrease in average grain size of NPC material
from 50 nm to 5 nm increases the volume fraction of TJ by 2 orders of magnitude, increases
the volume fraction of GBAZ by one order of magnitude and decreases the volume fraction
of Gl by less than one order of magnitude. Palumbo [2] found a similar trend relating the

volume fraction and density for TJ with changes in nano grain size in 3D NPC materials.

Grain Size innm | Volume fraction of Gl Volume fraction of TJ
5 35.65 % 16.18

10 80.87 % 1.03 %

50 92.12 % 0.16 %.

Table 1: Calculated volume fractions of GI and TJ from computationally developed synthetic mesoscale
nanopolycrystalline models for three different grain sizes.

3.2 Results of the effects of TJ with respect to grain size and volume fraction of TJs in
hydrogen transport of NPC material:

The effect of TJs on the hydrogen transport of electrodeposited NPC nickel are
investigated using computationally developed NPC materials with synthetic microstructures
(of average grain size 5nm, 10nm, 50nm and single crystal) by implementing the diffusivity
values of TJ, GBAZ and GI from Palumbo et al [1]. The results of these analyses for the three
different average grain sizes and a single crystal of NPC material, all with the same domain
area of 2.5 nm? and at temperature 298 K, are shown in Figure 8 after three different time
periods 1.3, 83 and 167 ms. The results show that hydrogen transport after 1.3 ms in 50 nm
grain size NPC material is slower than that for the 10 nm average grain size at the same time
in the same domain. The hydrogen transport in the bulk microstructure of 5 nm grain size
NPC material is more than twice as fast as the NPC material with a grain size of 10 nm and
much faster than the 50 nm grain size NPC materials. The much faster bulk hydrogen
transport in NPC material of 5 nm grain sizes when compared to 50 nm is due to the 16 %
higher volume fraction of TJ between the 50 nm and 5 nm grain size microstructures. The
hydrogen transport in 5 nm grain size NPC material attains steady state earlier than 83 ms and
the 10 nm grain size NPC material attains steady state at 163 ms, but the 50 nm grain size
NPC material does not attain steady state even after 167 ms. Since the diffusivity of the TJs is
higher and the area density of the TJ is also higher in the 5 nm grain size structure the

hydrogen diffuses much faster in 5nm grain size structure than the 10nm grain size structure



and the hydrogen diffusion in 5nm grain size structure attains steady state much earlier than
the 50nm grain size structure. The results clearly show that a major increase in the density of
TJs is found when the average grain size is less than or equal to 10nm in NPC materials. This
transports the hydrogen in bulk NPC material much further and faster attaining steady state
much earlier than the microstructure of NPC material with an average grain size greater than
10 nm. Since the TJ plays a vital role in NPC material of 10 nm and less than 10 nm, it is
important to consider the effects of TJs on NPC material with hydrogen embrittlement
problems experimentally as well as via modelling. Figure 9 shows the results of the computed
dimensionless hydrogen concentration for various different volume fractions of TJs for three
different times and two different positions in NPC materials. Figure 9 show that an increase
in the volume fraction of TJs increases the accumulation of hydrogen concentration in the
NPC material.

Figure 10 shows how the normalized hydrogen concentration varies with time for various
grain sizes and the single crystal material. The hydrogen transport in the single crystal
material is slower than the hydrogen transport in NPC material. The normalized hydrogen
concentration is smaller in microstructures with average grain sizes of 50 nm and higher
compared to the 5 nm NPC material. This effect is due to the lower volume fraction of TJ in
higher grain size NPC material. Figure 11 shows how the normalized concentrations depend
on the normalized distance for various average grain sizes and single crystal material. The
area under the normalized hydrogen concentration curves increases from single crystal
material to smaller grain sizes. These increases are due to the increase in the volume fraction
of the TJs as the grain size decreases in the NPC material. The difference in the area under
the normalized concentration curve (i.e. the total normalised accumulated hydrogen within
the samples) is greatest between the 5nm vs 10nm case compared to the difference in the area
under the normalized concentration curve between the 10nm vs 50nm and the single crystal
vs 50nm cases. This is because the increase in the volume fraction of TJs is higher when the

grain size is less than 10nm.

3.3 Results of computationally developed mesoscale microstructural models for sharp and
round shape corner TJ:
Two different types of TJs are absorbed in real microstructure of polycrystalline nickel
material with same average grain size as shown in figure 12 (a) and (d) (i.e figure 12 (a)
sharp corner TJ and figure 12 (d) round corner TJ). So, we developed two different types of

synthetic mesoscale microstructures with the same average grain size. One with sharp corner



TJs and another with round corner TJs. Figure 12 (b) show the close view of mesoscale
synthetic microstructure with sharp corner TJ and figure 12 (c) shows the close view of
developed mesoscale microstructure with round corner TJ.  From the geometry of the
mesoscale microstructural model for the two different TJ shapes, the statistical distribution of
the grain area and the GBAZ area are computed and shown in Figure 13 (a) and (b)
respectively. The mean values of the average grain area distribution are 34.8 nm? and the
average GBAZ area distribution is 2.7 nm? as computed from Figure13 (a) and Figurel3 (b)
respectively. Figurel4 (a) and (b) shows the computed statistical area distributions for the
sharp corner TJs and round corner TJs. The total area of TJ in the ‘round corner TJ’ (187.14
nmz) mesoscale model is approximately seven times higher than the ‘sharp corner TJ* (25.92
nm?).

The average grain size between the round corner TJ mesoscale model and sharp corner TJ
mesoscale model are the same but the area fractions of TJ in these two models is different.
This difference in the area fraction of TJ is due to the change in the shape of the TJ. The
mean values of both of these TJ area distributions are computed as 0.2477 nm? and 2.552 nm?
respectively. The mean area value of the sharp corner TJ is one order of magnitude higher
than the round corner TJ microstructure of NPC material. Figurel4 (a) shows the computed
statistical distribution of the GBAZ thickness and its computed mean value is 0.6957 nm.
Figure 15 (b) shows the cumulative frequency of the TJ area distribution between sharp
corner TJs and round corner TJs. Only 25% of the TJs are greater than 3.5nm? in the round
corner TJ microstructural model and less than 1% of TJs are greater than 0.5nm? in the sharp
corner TJ microstructural model. The change in the shape of the TJ is due to the presence of
higher number of disordered atom in and around the triple junctions. The cross section of
round corner TJ considered in this analysis is similar to the cross section of TJ used by Wang

in his work as shown in figure 1(a) [20].

3.4 Results of the effects of TJ shape in hydrogen transport of NPC material:

Figure 16 shows the results of the computational analysis of hydrogen transport in
mesoscale microstructures with sharp corner TJs and round corner TJs after two different
time periods of 2.6 ms and 20.97 ms in the same domain with the same grain size and with
the same material diffusivity properties. The hydrogen transport is accelerated in the round
corner shape TJ microstructure NPC material as compared to the sharp corner shape TJ
microstructure. This acceleration of hydrogen transport in round corner TJ NPC material is
associated with the higher relative volume fraction of TJs. Figure 17 shows the normalized



hydrogen concentration calculated at TJs as a function of time for three different distances X1
(15.21) , X2 (32.92) and X3 (51.80) for the sharp corner TJ and round corner TJ models. In
all of the three different distance cases the size and shape of the TJs affects the hydrogen
transport. The decline in the area under the curve of the normalized hydrogen concentration
in the sharp corner shape TJ microstructure when compared to the round corner TJ
microstructure is due to the reduction in the density of TJs in the sharp corner TJ
microstructure. Figure 18 shows how the computed normalized hydrogen concentration
depends on normalised distance with the same average grain size having two different
volume fractions of TJ. The graph was plotted after 10 ms of hydrogen diffusion in the
sample material. The 0.064 increase in volume fraction of TJ microstructure increases the
area under the curve of normalized hydrogen concentration (the total normalised accumulated
hydrogen with in the sample). This demonstrates how an increase in the volume fraction of

TJ (associated with much higher diffusion coefficients) enhances bulk diffusion of hydrogen.

3.5 Results of the effects of pores and fine grains in TJs of hydrogen transport of NPC
material:

Results for the synthetic microstructures with nano fine grains in TJ and voids in TJ are
shown in the Figurel9 (a) and (c) respectively. Figurel9 (b) shows the material with pores in
the TJs taken from Bokstein et al [5] and Figure 19 (c) shows the microstructure of NPC
material developed based on the Bokstein schematic model of NPC material with pores in the
TJs [5]. The volume fraction of void considered in the model is 0.186. In the three phase (lg,
GBAZ and TJ) synthetic microstructure model, the TJs are further divided into fine grains
with an average grain size of 1 nm. The microstructures with fine grains in TJs and voids in
TJs were investigated with respect to hydrogen transport. The results of hydrogen transport
analyses of material with nano fine grain microstructure in TJs and voids in TJs for various
time periods are shown in Figure 20. The 2 dimensional hydrogen transports in a
microstructure with fine grains in TJs is faster than the NPC microstructure with voids in TJs.
Therefore it is important to take into account microstructural features such as voids, fine
grains etc... in TJs to correctly capture the hydrogen transport in NPC material. Figure 21
shows how the computed normalized hydrogen concentration depends on time for 10nm
grain size material with three different microstructures (material with microstructure
containing TJs, fine grains in TJs and pores in TJs). The area under the curve is greater for
microstructures with normal TJs than those containing fine grains in TJs and pores in TJs.

The area under the curve is smaller for microstructures containing pores in TJs than the



microstructure with fine grans in TJs and microstructure with normal TJs. These results show
that the bulk diffusion of hydrogen in NPC material with microstructures containing fine
grains in TJs is slower than the microstructure with normal TJs and faster than the

microstructure with pores in TJs.

3.6 The effects of presence/absence of TJs in hydrogen diffusion in NPC material:

Figure 22 shows how the computed normalised hydrogen concentration depends on the
normalized distance (Y/Yt) at a distance (X/Xt)=0.65 in the x-direction for 10nm grain size
NPC material with a two phase microstructure (Gl and Ig phases) without TJs and a three
phase microstructure (Gl, GBAZ and TJ phases) with TJs. The diffusivity value used for Ig
was 6.3x10° cm?/s. In the three phase microstructure the TJ is considered as a separate phase.
The hydrogen transport in these two phase and three phase microstructures is heterogeneous
due to the difference in the hydrogen transport properties of microstructural GI, GBAZ, Ig,
and TJ. It is interesting to note that the two curves for normalised concentration with and
without TJs in Figure 22 would almost overlie one another if the lower curve was moved
upwards. This highlights that the main effect is increased flow rates within TJs compared to
the Ig phase.  Figure 22 also shows the computed homogenous normalised hydrogen
concentration at the same place in a single crystal. The hydrogen transport in single crystal
nickel is both slower than the NPC nickel and homogenous. For better understanding of the
accumulation of hydrogen in TJs in NPC nickel the graph is plotted for accumulated
normalized hydrogen concentration depending on the number of TJs in the three phase
microstructure and on Ig in the two phase microstructure along the path at a normalised
distance of (X/Xt) 0.045 at time 0.164ms in figure 23. The accumulation of hydrogen is
higher in TJs of the two phase NPC nickel when compared to the accumulation of hydrogen
in Ig for the three phase microstructure. This also demonstrates that the accumulated
hydrogen in TJs and Ig are heterogeneously distributed even along the same path. These
results show that the hydrogen concentration in the three phase microstructure is higher than
the two phase microstructure due to the faster transport of hydrogen in the three phase
microstructure containing the TJs. Figure 23 also shows that even at a very small distance
from the left-hand side there is a difference between a model with TJs and a model without
TJs. Thus the TJ significantly affects hydrogen transport with the accumulation of hydrogen
being heterogeneous. This reinforces the importance of considering TJs in modelling as well

as experimental observations when investigating hydrogen transport in NPC nickel.



4. Conclusion:

Hydrogen transport in NPC nickel is complicated and depends on specimen
microstructural morphology such as the presence of a high density of TJ, residual pores in
TJs and fine grains in TJs. This work demonstrates the effects of microstructural morphology
and especially TJs on the hydrogen transport response in NPC nickel.

1. The present work has shown that the hydrogen diffusion in NPC nickel is enhanced when
e grain size get smaller
e the volume fraction of TJs increases,

e the TJs change shape from ‘sharp corner’ to ‘round corner’
e fine nano grains are present in TJs

2. The present investigation shows that the presence of pores in TJs slows down the bulk
diffusion of hydrogen in NPC material and the pores may also act as trap sites for
hydrogen.

3. In the model hydrogen diffusion in single crystal nickel is homogenous and slower than
NPC nickel.

4. Finally, specimens with two phase (GlI, Ig) microstructure and three phase (Gl, GBAZ,
TJ) microstructure NPC were investigated. The hydrogen diffusion in TJ microstructures
is faster than the hydrogen diffusion in Ig microstructures.

Even though the NPC nickel microstructure is complicated in nature, it is very important
to consider the specimen’s microstructural morphology in and around TJs and the effect of

TJs in order to understand hydrogen transport in NPC nickel via modelling as well as via

experiment, especially with grain sizes of 10 nm and below.
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Modelling the Influence of Microstructural History and Triple Junctions on Hydrogen
Transport in Nanopolycrystalline Nickel
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Fig. 2 (a), (b) and (c) are the 2D EBSD (Electron backeoad diffraction) experimental microstructuralaige

of NPC Nickel with decrease in average grain siespectively. The decrease in average grain siag/skhe

increase in number of triple junctions. Fig. 2 ((B) and (f) are the schematic views of two dimemsi

multiphase NPC model showing the increased numbdtipde junctions in NPC material as the grainesiz
decreases. The blue circles, red lines and whitggpos show the triple junction phases, grain baupghases
and grain phases respectively.




(a) (b)
Fig. 3 (a) Synthetically developed microstructural mddeINPC material based on the modified double line
Voronoi (i.e. this double line area is considersdracrostructural Ig phase in the model) (b) Sytithe
microstructural model based on modified three plmaiseostructural model (i.e. the double line Ig phés
divided into two region as GBAZ and TJ with shagprers).
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Fig. 4 Statistical distribution of (a) the number of ekts per grain and (b) the number of elements B&AG
in a synthetic microstructure with the round coeaeTJ model of NPC material.
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Fig. 5 Statistical distribution of (a) the number of ekts per TJ distribution of the sharp corneredyhfhetic
microstructural model and (b) the number of elem@etr TJ distribution of the round cornered TJ lsgtit
microstructural model of NPC material.
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Fig. 6 (a) Discretization nodes of the TJ with sharp ecsnGBAZ and three neighbouring grains and (b) FE
mesh of the same region as shown in the figuref(ge NPC microstructural model.
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Fig. 7 Mesoscale microstructure of NPC material with agergrain size of (a) 5nm, (b) 10nm and (c) 50nm.
(d) A radar triangle graph showing the effect oéi@ge grain sizes of NPC materials on the calaliladéume

fraction of Gl, Ilg, GBAZ and TJ.
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Fig. 8 Results of the hydrogen transport in mesoscaleosticictures with average grain size of 5nm, 10nth a

50nm in NPC material after 1.3milisecond, 83mils#s and 167miliseconds.
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5 nm, 10 nm and 50 nm of NPC material and the singlstal case (the results have been calculated at
X=30,0).
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Fig. 11 Computed normalized hydrogen concentration deperyden normalized distance for various average
grain size 5 nm, 10 nm and 50 nm NPC material hadingle crystal material. The results have badcutated
at time =10 ms.

(d)
Fig. 12 Actual microstructures and models with two type3 &s. (a) real microstructure of nickel with ‘spar
corner’ TJ and (b) close up view of modelled ‘shaopner’ TJ (c) close up view of modelled ‘roundreer’ TJ
and (d) real microstructure of nickel with ‘roundroer’ TJ.
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(a) (b)
Fig. 13 (a) Grain Area distribution and (b) GBAZ Area distition of the Model
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Fig. 16 The effect of TJ shape on hydrogen transportemtiesoscale microstructure of NPC material.
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Fig. 18 Computed normalized hydrogen concentration depeyden normalized distance of NPC material
with the same average grain size microstructurésimudifferent volume fractions of TJ after 10 ms.

(@) (b) (c)
Fig. 19 (a) Fine grains in TJ (red) (b) a schematicafatrystalline material showing cluster boundaries
involving pores in TJs(Bokstein et al. [5] and refeces therein) and (c) computationally generated
nanocrystalline material similar to the schematioven in (b).
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Fig. 20 (a) Hydrogen transport results from the computeti@nalysis of two different synthetic microsturets
with average grain size 10nm (a) with fine graiTits and (b) pores in TJs after three differenetintervals.
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Fig. 21 Computed normalized hydrogen concentration depeyden time for 10nm grain size NPC materials
with three different microstructures i.e. materigth a microstructure containing TJs (blue linéefnano
grains in TJs (red line) and pores in TJs (grem)li
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Fig. 22 Computed normalized hydrogen concentration degrendon normalized (Y/Yt) distance at a distance



(XIXt) =0.65 for 10nm grain size NPC with a two gbkamicrostructure (i.e. Gl and Ig) without TJshee¢
phase microstructure with TJs and single cryst{eaii The results were obtained at time = 10 ms.
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Fig. 23 Computed accumulated normalized hydrogen cond@emrdependency on i) number of TJs in three
phase microstructural NPC nickel and ii) numbelgoih two phase microstructural NPC nickel alongadh at
a normalised distance (X/Xt)=0.045 at time 0.164ms.



