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1. Introduction

Hydrogen embrittlement (HE) is the loss of ductility and strength in
metals such as iron (Fe) and steel alloys due to the absorption of
hydrogen atoms (H). Grain boundaries (GBs) act as sinks for hydro-
gen, making these materials more susceptible to void initiation and
propagation, which can ultimately lead to failure.
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Fig. 1: Schematic illustrations of sites and traps for hydrogen in materials on
the (a) atomic, and (b) microscopic scale (left). An example of brittle fracture
due to HE [1] (right).

HE poses a significant risk in engineering applications, as exposure
to hydrogen can compromise the integrity of certain metals. This can
lead to hydrogen leaks, structural failures, and even fires. Proper ma-
terial selection, alloy design, and protective measures are essential
to mitigate these risks. Although experimental studies have improved
our understanding of HE, the relationship between solutes in GBs
and HE remains unclear, and a unified theory bridging atomic-scale
mechanisms and mesoscale microstructure is still lacking [2].

Here, we investigate the atomistic mechanisms of HE by simulating
the segregation of H in Fe GBs using a Phase-field crystal (PFC)

\approach [3]. y

2. Objectives

» Simulate hydrogen segregation in iron grain boundaries using an
extended two-component PFC model and analyze its impact on
void formation over diffusive time scales;

C Examine the influence of hydrogen on grain boundary energy. y

3. Methodology

1) Binary Phase Field Crystal Model

We employ the PFC approach developed in Ref. [4] for modeling
phase transformations in solid-liquid-vapor systems through the use
of higher-order direct correlations. This was extended to a binary
(A-B) system with the free energy functional formulated as follows,
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where AF = AF[na, ngl/ksTopoal, and ni(r) = (pi(r) — ph)/ph mea-
sures the local microscopic density relative to a reference density (p;)
for each species (A =Fe and B =H). The density fields are governed
by conserved dynamics,

o = MiV2p;, (2)

where p; = §AF/5n; is chemical potential and M; is the mobility of
species /, for i = A, B.
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3. Methodology [cont.]

2) Two-particle Interactions
The interactions between Fe and H atoms are modeled using two-
point direct correlation functions, formulated in Fourier space as,

C'"(k) = AMe 272 4+ BY e e 2 (3)

where ky = 2n/ag is the dominant reciprocal lattice wave-vector of
the crystal structure, and exp(—7) controls temperature dependence
of the correlation peaks, where 7 = T/ Tj.
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Fig. 2: Void formation in polycrystalline PFC iron at T = 300 K. Concentration
shownis ¢ = (ng+1)/(na+ ng +2), where the total density is n = (na + ng) /2.

3) Equilibrium Properties of the Fe-H system

In the present study, we model iron (A species) in two dimensions
using the two-point correlation of a triangular-forming lattice. Hydro-
gen (B species) is assumed to be an ideal gas and interacts on long-
wavelengths with iron. We coarse-grain the miscroscopic free energy
functional onto a smooth free energy function as follows

Aﬁ[n/\, ngl — Aﬁ[ﬁA, ng] or Aﬁ[ﬁ, C] (4)

Microscopic
free energy

Smooth free energy in (na, Ng)
or (n, ¢) representations

where n4 and ng are the average densities of species A and B, re-
spectively. We define the concentrationto be ¢ = (ng+1)/(na+ng+2),
where the total density is n = (n; + ng)/2.

Experimental (40 MPa) PFC Phase Diagram
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Fig. 3: Experimental Fe-H phase diagram adapted from Ref. [5] (left), and

\the PFC phase diagram (right).
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4. Grain boundary energy

We examined the scenario of an equal tilt bicrystal in coexistence
with the vapor phase, for a single misorientation angle and different
H concentrations.
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Fig. 4: (a) Dimensionless interfacial energy of a PFC bicrystal as a function
of H concentration at a fixed temperature of T = 300 K. (b) Example of a PFC

bicrystal with a tilt angle of § = 20.6°.
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5. Nanovoid Formation and Growth

We also simulated H-charging of a PFC bicrystal coexisting with the
vapor phase by introducing a spatially dependent flux in the chemical
potential of B species, ug — ug + Sg. This flux is applied only on the
surrounding vapor phase.

t = 11000 t/At

t = 15000 t/At t = 35000 t/At

Fig. 5: Nucleation and growth of a nanovoid in a PFC bicrystal (9 = 20.6°)
with a surrounding vapor phase with a concentration of ¢ = 0.3, at T = 300 K.
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6. Discussion and Future Work

We examined the microstructure evolution guided by the phase dia-
gram of the proposed model. Our numerical results demonstrate that
hydrogen destabilizes the microstructure by increasing grain bound-
ary (GB) energy. The higher interfacial energy cost makes GBs more
susceptible to instability, ultimately promoting void formation along
GBs.

Future work:

» Incorporate higher k peaks in the direct correlation functions to
simulate a wider range of crystal structures in the solid part of the
phase diagram;

> Verity Sievert's law for solid-gas adsorption effects (Cgissolved =

K/ PH,);

» Perfom stress analysis during tensile tests of polycrystals to ex-
< amine the impact of hydrogen concentration on yield strength. y
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