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ABSTRACT

Premature failure in polycrystalline materials due to hydrogen absorption affects a wide
range of applications, including clean energy systems, hydrogen storage systems and
rocket engines. A good understanding of the diffusion and trapping processes within such
materials can inform material choices and component design to reduce the likelihood of
such failures. Grain boundary segregation of hydrogen can often lead to intergranular
hydrogen embrittlement (IHE). In order to understand the effects of hydrogen on inter-
granular and transgranular fracture in polycrystalline material it is important to first un-
derstand hydrogen diffusion and trapping in the general context of grain boundary
segregation engineering (GBSE). Hydrogen diffusion is affected by local microstructural
features including intergranular second phase precipitates, grain boundary (GB) thick-
nesses and geometrically necessary dislocation (GND) density. A multi-scale multi-phase
model is presented here that has been developed to study GBSE with respect to hydrogen
diffusion and IHE. The results of various multi-scale GBSE models with and without traps
(including the effects of microstructure, intergranular precipitate phases and GB thickness)
are compared and discussed, and the effects of microstructural parameters such as
hydrogen segregation factor and GND trapping density on hydrogen diffusion are
investigated.
Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

rocket engine components [1-19]. Hydrogen induced inter-
granular and transgranular embrittlement in polycrystalline
materials are well established as causes of catastrophic brittle

Hydrogen is a common fuel in rocket engines and these rocket
engines are made of polycrystalline materials. It is well known
that hydrogen causes embrittlement in many polycrystalline
materials, including high nickel content polycrystalline ma-
terials, and catastrophic failure can occur in hydrogen fuel
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failure and have been studied extensively for more than five
decades [1-13]. Apart from rocket systems, hydrogen diffu-
sion, segregation and trapping in metallic polycrystalline
materials are also significant as causes of hydrogen embrit-
tlement in clean energy fuel storage systems used as power
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Nomenclatures

EBSD  electron backscattering diffraction

FE finite element

GB grain boundary

GBAZ  grain boundary affected zone

GBSE grain boundary segregation engineering

GI grain interior

GND geometrically necessary dislocation

HIC hydrogen induced cracking

IHE intergranular hydrogen embrittlement

MC metal carbide

MC Monte Carlo

MPDII  micro precipitate double layer intergranular
interfaces

NPDII  nano precipitate double layer intergranular
interfaces

SEM scanning electron microscopy

SIMS secondary ion mass spectrometry

TEM transmission electron microscopy

TJ triple junction

UEL user element

sources in the aerospace and automotive sectors. Physical
microstructural factors such as grain size, grain boundaries,
dislocations, grain boundary segregation of impurities, car-
bides and non-metallic particles have been identified as
playing important roles in this phenomenon [11,13,20—49].

For example, segregation of phosphorous and sulphur as-
sists hydrogen embrittlement in nickel based super alloys
[45,46]. Some of these microstructural features such as grain
boundaries (GBs) may also promote faster diffusion of
hydrogen due to the locally disordered atomic structure
[13,22,23,32—40,43,44]. GBs may also act as hydrogen trap (or
segregation) sites when the probability of atomic hydrogen
jumping into GB sites (capture) is greater than that of atomic
hydrogen jumping out of GB sites (escape) [50—53]. Grain
boundary segregation engineering (GBSE) is fundamental to
understanding intergranular hydrogen embrittlement
[22,41,44,50,53]. Dislocation sites may also act as traps for
hydrogen atoms (providing a deeper potential energy well)
and hydrogen atoms jumping into these sites may reside for
longer times than in lattice sites [S0—-53]. These trapping ef-
fects can lead to an overall decrease in the rate of hydrogen
transport over time [11,12,54—58]. The processes of hydrogen
transport through/near such microstructural features are
important for understanding the different modes of hydrogen
induced cracking (HIC) in polycrystalline nickel [21,22] for
example.

Intergranular and transgranular failures are two different
modes of HIC. HIC commonly occurs along grain boundaries
where high concentrations of hydrogen can exist [21]. These
concentrations highlight the importance of including the
random grain boundaries in any numerical model designed to
predict embrittlement. Detailed description of the importance
of grain boundary diffusion of hydrogen in nickel can be found
in Harris [22,50]. In nickel components combinations of micro

polycrystalline and nano polycrystalline nickel microstruc-
tures are often encountered. These are complex composites
comprising irregular polygonal grains, random grain bound-
aries and triple junctions. The detailed nature of random
irregular micro and nano polygonal grains and random
irregular grain boundaries is significant when considering the
processes of hydrogen diffusion and segregation mechanisms
that lead to embrittlement failure in nickel [22—24].

Manufacturing processes such as casting, electro deposi-
tion and welding of polycrystalline materials and post-
manufacturing processes such as hot rolling, cold rolling,
heat treatment and hardening using thermo-mechanical
processing produces residual plastic strain and GB misorien-
tation which is directly associated with (geometrically
necessary dislocation) GNDs. In order to understand GBSE for
hydrogen transport based on elastic and plastic strains
developed by manufacturing processes, a trap model and
multi-scale multi-phase microstructural model has been
developed to study the effect of GB misorientation, GND
density and trap density on hydrogen segregation mecha-
nisms in polycrystalline material. GB misorientations
accommodate GNDs [32,44,50,59]. Hydrogen diffusion and
segregation may increase or decrease depending on GB
misorientation, GND density and GB energy, and GNDs can act
as trapping sites for hydrogen in polycrystalline materials. It is
also reported that hydrogen diffusion and segregation is
influenced by GNDs, dislocation density, triple junctions (TJs),
GB misorientation and GB connectivity [32,59,60]. The GND
density may also vary depending on the GB misorientation
types, angle and the GB energy. Previously hydrogen diffusion
in FCC polycrystalline material has been studied using a Sec-
ondary ion Mass Spectrometry (SIMS) technique and it was
reported that high energy GBs accelerate the diffusivity of
hydrogen [25,44,53,59,61].

Raabe et al. observed double nano layers in grain boundary
interfaces with thicknesses of 10—15 nm in polycrystalline
steel material. Impurity segregation and nanoprecipitation in
this intergranular double layer was also reported [41,42].
Microprecipitation in intergranular double layers in nickel-
based polycrystalline alloys have been observed in this work
as shown in Fig. 1. This indicates that it is important to take
into account this intergranular double layer interface when
studying the GBSE of impurity segregation and trapping in
polycrystalline materials.

In the present study, several multi-scale multi-phase
simulations with heterogeneous random irregular polygonal
grains possessing random intergranular double layers as a
second phase have been performed. Various microstructures
containing intergranular double layer precipitate interfaces
and Grain boundary affected zones (GBAZs) have been
generated. A trap model based on the McNabb trap model has
been implemented in a FORTRAN user element (UEL) sub-
routine within an ABAQUS-based multi-scale multi-phase
microstructural model. Monte Carlo (MC) simulation has
been performed for microstructural grain geometry develop-
ment and trap density calculations based on GB misorienta-
tion. A coupled MC Finite Element (FE) multi-scale multi-
phase continuum trap model is used to investigate hydrogen
trapping and GB segregation mechanisms in polycrystalline
material. A MC model has also been developed to investigate
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