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Abstract

Proton exchange membrane fuel cells are zero-pollution and high-efficiency new energy
devices, in which metallic bipolar plates (BPPs) perform multiple critical functions with the
formed micro-channels and require surface coating to ensure the conductivity and corrosion
resistance. Pre-coating technology can significantly improve the manufacturing efficiency
of metallic BPPs and reduce the costs, where stainless steel sheets are efficiently coated and
then directly formed. However, the pre-coatings develop micro-cracks during forming that
expose the stainless steel substrate, degrading the corrosion performance. In coated metallic
sheets, nanocrystalline/amorphous coatings with thickness <1 um exhibit notable geometric
and mechanical mismatches with metallic sheets, and the coating fractures are influenced by
plastic deformation of the substrate. Therefore, the coating fractures on metallic sheets differ
fundamentally from those of homogeneous bulk, yet the underlying mechanism remains to
be elucidated. During forming, coating cracks are correlated with microscopic deformation
of the metallic sheet. Therefore, it is challenging to establish prediction models for coating
cracks associated with substrate microstructure, and design guidance for the forming process
of pre-coated BPPs remains lacking, limiting their performance and application.

In this study, the coating fracture behaviors of coated metallic sheets were characterized
and modeled. Metallic coatings of different materials, thicknesses, and microstructures were
deposited on stainless steel sheets, and their fracture mechanisms were thoroughly clarified.
Coating cracks were correlated with substrate deformation, and governing factors in coating
fracture were revealed, including substrate microstructures, interfacial deformation, and
coating grains. A multiscale model was developed, accurately predicting the coating cracks
induced by substrate deformation. Based on the calculated crack evolution, a full-field
simulation approach was established to analyze coating cracking in the micro-channel
forming of coated metallic sheets, and design guidance was provided for the forming process
of high-performance pre-coated BPPs. The key research contents are summarized as follows:

1) Mechanism analysis of coating fracture on metallic sheet substrate

Coating fractures on metallic sheet substrates are influenced by both the substrate
microstructure and the mechanical properties of the coating. To clarify the induced complex

transitions of coating fracture mechanisms, niobium, copper, and high-entropy alloy coatings

1



Doctoral Dissertation Abstract

with thicknesses of 100-1000 nm were deposited on 316L stainless steel (SS316L) sheets,
and their crack morphologies and evolutions during uniaxial tension were investigated. An
integrated characterization method was designed to correlate coating cracks with substrate
microstructures, revealing coating fracture induced by microscopic substrate deformation.
When the coating thickness is 100 nm, all the cracks are caused by inhomogeneous plastic
deformation of different substrate microstructures. Coating cracks initiate on intragranular
slip traces, grain boundaries, and twin boundaries of the substrate, with over 90% of cracks
attributed to substrate slip traces. With increasing coating thickness to >500 nm, the fracture
mechanisms of amorphous coatings transition from substrate-deformation-induced to brittle
channeling. In contrast, the nanocrystalline coating fractures remain induced by substrate
deformation, with an increased fracture strain due to the grain coarsening, and the dominant
fracture mechanism changes from shear fracture to necking fracture.

2) Criteria for coating fracture induced by substrate deformation

The microscopic deformation of the metallic substrate induces coating fracture, which is
difficult to determine using macroscopic criteria. Consequently, the substrate microstructure
inducing coating fracture was analyzed statistically with crystallographic calculations, and
molecular dynamics (MD) simulations were used to explore the deformation at the interface
between coating and substrate and the crack propagation in nanocrystalline coatings. The
coating fracture criteria based on substrate microstructures were proposed. When the coating
thickness is 100 nm, substrate grains >5 um with slip directions >30° to the surface lead to
coating shear fracture, while coating cracks on substrate grain boundaries can be determined
by deformation compatibility of the grain boundary, with those exhibiting a compatibility
factor <0.5 being prone to strain localization and inducing coating fracture. As the coating
thickness increases, the larger nano-grains promote the dislocation emission at the crack tip,
thereby improving the fracture toughness. However, the severe stress concentration near the
interface enhances deformation twinning in {111} and {110} orientated grains in the SS316L
substrate, and the resultant higher slip steps along the twin boundary induce coating cracking.

3) Multiscale modeling for coating cracking prediction in coated metallic sheet

Due to the lack of description for microscopic inhomogeneous deformation in metallic
substrates, conventional models fail to predict the formation and evolution of coating cracks

induced by substrate deformation, and a multiscale mechanical model was thus established.
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Derived from nanoscale MD simulations, the coating fracture energy of the cohesive zone
model was migrated to a microscale representative volume element (RVE), where a substrate
slip band model at the sub-grain scale was developed and combined with the extended finite
element method to calculate the coating shear fracture. The obtained microscopic crack
evolutions were migrated as a macroscopic failure parameter in the coating, while necking
strain is derived using the bifurcation theory. Finally, combined with the crystal plasticity
(CP) model of metallic substrates to describe the grain-scale deformation, we can accurately
predict all coating cracks in practical samples, significantly improving over conventional
models. The calculation results reveal that coating shear fractures are attributed to substrate
slips oriented 30-50° relative to the surface, consistent with experimental analysis.

4) Optimization of the micro-forming process of pre-coated metallic BPPs

The existing micro-forming theory cannot simultaneously predict macroscopic forming
quality and microscopic coating fracture, and lacks the forming guidance for coated metallic
sheets. Therefore, the full-field forming simulation model with accurate prediction of coating
cracks was established, utilizing local CP RVE in the substrate and the failure parameters of
the coating. The applicability was validated with experimental results, and the influences of
forming parameters on microscopic coating fracture and macroscopic forming profiles were
analyzed based on the numerical simulations. The corresponding process windows were
obtained to guide the micro-channel forming process of high-performance pre-coated BPPs.
After optimization of the forming parameters, the coating crack density was decreased by
50%, and the deterioration of corrosion resistance was successfully minimized.

To accurately predict and avoid coating cracking during the forming of pre-coated BPPs,
this work systematically investigated the coating fracture behaviors on metallic substrates.
The transitions of coating fracture mechanisms were clarified, and a multiscale modeling
framework was proposed, bridging microscopic mechanical responses of coating, substrate,
and interface with macroscopic coating fractures. These findings provide experimental and
theoretical insights into the complicated mechanical behaviors in coated metallic sheets and

their engineered manufacturing for high-performance micro-components.
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