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How different phases/particles and crystallographic defects affect hydrogen embrittlement behavior?

1 µm

 Slip localization, and δ phase 
define the hydrogen embrittlement 
behavior in Ni-Fe-Cr alloy.
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Fatigue of high-strength steels

2020/03/04

LUT Mechanics of Materials in the top 10 of the world
(2021-2025)

Energy infrastructures such as hydrogen, 
CO2, methanol, ammonia, etc.

LUT
University
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2020/03/04

LUT Mechanics of Materials in the top 5 of the world
(2021-2025)
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Industrial collaboration partners and funding agencies



Selected publications
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Overview of  activities of LUT Mechanics of Materials

• CO2 interaction with metals,Hydrogen Embrittlement & Hydrogen-
Assisted Fatigue
• Design and testing materials and structures for hydrogen pipelines, 
underground storage, storage tanks, etc.
• Steel Structures for Hydrogen Energy: Applications and innovations.
• Energy applications: Hydrogen, ammonia, methane, methanol, CO2, etc.
• Fatigue Assessment: Methods for life prediction and analysis.
• Strength of Welded Joints: Static and fatigue performance.
• High-Strength Steels (HSS & UHSS): Applications and advancements.
• Fatigue Behavior: High-cycle and low-cycle effects linked to 
microstructure.
• Microstructure-Property Relationships: Impact on mechanical 
performance.
• Structural Quality: Performance of high-strength steels.
• Enhancing Welded Joints: Techniques for improving fatigue strength.
• Numerical Analysis: Stress and welding simulations for structures.
• Thin-Walled Products: Stability and distortion challenges.
• Steel Performance in Extreme Conditions: Subzero temperature 
applications.
• Additive Manufacturing (AM): Structural performance of AM components.



• Hydrogen Mapping by Hydrogen Microprint 
Technique/ Silver Decoration

• Thermal Desorption Spectroscopy (TDS)
• Hydrogen Hot/Melt Extraction
• Hydrogen Electrochemical Permeation Tests
• Hydrogen Diffusion & Profile in Metals by finite 

element analysis
• Hydrogen Mapping by SKPFM
• X-ray photoelectron spectroscopy
• Electrochemical corrosion tests
• Hydrogen Mapping by NanoSIMS*

Facilities

Analytical Characterisation

Mechanical Testing and Fatigue Life evaluation

• High Cycle and Low Cyclic Fatigue Test with various test capacities
• Stress corrosion cracking testing in CO2 environment
• Fatigue testing at different pressures up to 500 bar
• Mechanical testing in different sizes and shapes
• Mechanical testing of the specimens in different environments 
• Fracture mechanics testing approach, CT specimen
• Micro-Hardness Testing
• Slow Strain Rate Testing
• Finite Element Modelling and Machine Learning

Tools & Methods

Microstructural Observation

Quantum beam evaluation of the stressed specimen

• X-ray diffraction
• X-ray synchrotron diffraction
• Neutron diffraction

• SEM/EDS
• Optical Microscopy
• 3D Surface Measurement Device
• SEM/EBSD/FIB
• TEM
• HRTEM
• Atom Probe Tomography *

Microstructural 
Observation

Mechanical testing

Hydrogen
 characterisation

Quantum 
beams
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Facilities
Mechanical Testing and Fatigue Life evaluation

Mechanical testing

Fatigue crack growth behaviour by
linear elastic fracture mechanics (LEFM)

ten (10)
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Chamber

• High Cycle and Low Cyclic Fatigue Test with various test capacities
• Stress corrosion cracking testing in CO2 environment
• Fatigue testing at different pressures up to 500 bar
• Mechanical testing in different sizes and shapes
• Mechanical testing of the specimens in different environments 
• Fracture mechanics testing approach, CT specimen
• Micro-Hardness Testing
• Slow Strain Rate Testing
• Finite Element Modelling and Machine Learning



FEM and Machine Learning

 
     

   
 

    
  

    
 
    

  
        

   
     

       
      

      

  

Application of Machine Learning 
 Development of predictive models
 Assessment of various models 
 Verification of developed model
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Data Analytics 
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Finite element simulation & Fatigue life prediction
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Facilities
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Facilities

Analytical Characterisation

Hydrogen Mapping by SKPFM at LUT

Hydrogen Electrochemical Permeation Tests

TDS at LUT

Hydrogen Microprint Technique

Fatigue crack growth rate at LUT

Hydrogen
 characterisation

Nano SIMS

Hydrogen Diffusion & Profile in Metals 
by Finite Element Analysis
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• Hydrogen Mapping by Hydrogen Microprint 
Technique/ Silver Decoration

• Thermal Desorption Spectroscopy (TDS)
• Hydrogen Hot/Melt Extraction
• Hydrogen Electrochemical Permeation Tests
• Hydrogen Diffusion & Profile in Metals by finite 

element analysis
• Hydrogen Mapping by SKPFM
• X-ray photoelectron spectroscopy (XPS)
• Electrochemical corrosion tests
• Hydrogen Mapping by NanoSIMS*

XPS



Facilities

Microstructural Observation

• Optical Microscopy
• 3D Surface Measurement Device
• SEM/EDS/EBSD
• TEM
• Atom Probe Tomography * (Montanuniversitaet Leoben)

Microstructural 
Observation

Atom Probe Tomography, MUL

Scanning electron microscopy (SEM) at LUT

Transmission electron microscopy (SEM) at LUT
16



Additive manufacturing in LUT University
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Hydrogen energy applications

Design of welded pipeline steels Compressors and gas turbines
18



Environment
Mixed, pure, 

Materials Stress/
Mechanics/
Loads

CO2 effect on 
metals

Interaction of CO2 with the energy infrastructure



Carbon Capture, utilization, and storage (CCUS)

• Net-zero emission goal is possible by CCUS

• Capturing CO₂ from different sources

• CO₂ transportation

• Utilization of CO₂ for enhanced oil recovery (EOR)

• Storage of CO₂ in onshore or offshore



CO₂
Sources

Carbon Capture, utilization, and storage (CCUS)

Transportation Network

Utilization



CO₂ Transportation

• It is important to safely transport captured CO₂ with a reliable and economic transportation system.

• It can be done by using tankers, pipelines, and ships in various CO₂ phases.

(“CO2 transport infrastructure,” 2025)(Mandra, 2023)

Four different CO₂ transportations

• Gaseous

• Liquid

• Dens-phase

• Supercritical



• Dense phase

• Supercritical

 Suitable for short-distance pipelines

 Suitable for long-distance pipelines and 
economically better

Critical point: 31 °C, 74 bar

(Sonke et al., 2022)

• Gas 

• Liquid



















• Shot-peened specimens exhibited higher H uptake under both conditions

HMoS
LMoS

*NSP= not shot-peened,
SP= shot-peened

NSP SP

Mixture of Gaseous hydrogen  & CO2
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Recently published works:
• Moshtaghi, M., Eškinja, M., Mori, G., Griesser, T., Safyari, M., Cole, I., 2023. The effect of HPAM polymer for enhanced oil recovery on corrosion behaviour of a carbon 

steel and interaction with the inhibitor under simulated brine conditions. Corrosion Science. https://doi.org/10.1016/J.CORSCI.2023.111118
• Eškinja, M., Moshtaghi, M., Hönig, S., Zehethofer, G., Mori, G., 2022. Investigation of the effects of temperature and exposure time on the corrosion behavior of a ferritic 

steel in CO2 environment using the optimized linear polarization resistance method. Results in materials. https://doi.org/10.1016/J.RINMA.2022.100282

https://doi.org/10.1016/J.CORSCI.2023.111118
https://doi.org/10.1016/J.RINMA.2022.100282


Conclusions:

• Dual Functionality of HPAM Enhances ROI: HPAM not only improves oil recovery but also exhibits corrosion 
inhibition capabilities, offering cost savings by reducing the need for additional corrosion inhibitors in CO₂-exposed 
environments.

• Extended Asset Lifespan: The use of HPAM and its synergistic combination with QAC-based inhibitors significantly 
reduces corrosion in carbon steel, potentially extending the operational life of pipelines and downhole equipment.

• Cost-Effective Corrosion Mitigation: Integrating HPAM in EOR operations can decrease the frequency and cost of 
maintenance interventions associated with CO₂-induced corrosion in carbon steel infrastructure.

• Optimized Inhibitor Use Reduces Chemical Costs: The study shows that a lower concentration of QAC inhibitor 
(100 ppm) is effective when combined with HPAM, leading to lower chemical usage and associated operational costs.

• High-Temperature Stability: The HPAM + inhibitor system performs well at 75 °C, suggesting it is suitable for high-
temperature reservoirs, expanding its applicability across a broader range of oilfield conditions.

• Lower Environmental Impact: Reducing corrosion through polymer-inhibitor synergy lessens the environmental risk 
of leakage and spills, supporting ESG and sustainability targets.



Conclusions:

• Improved Operational Predictability: The stability and consistency of corrosion mitigation over 120 hours (long-
duration exposure) enhances operational reliability and reduces unplanned downtimes.

• Decreased Risk in CO₂ Pipelines: For companies involved in CO₂ transport and storage (CCS), applying HPAM or 
HPAM-inhibitor systems can help reduce internal corrosion risks, enhancing pipeline safety.

• Compatibility with Existing Infrastructure: HPAM and QAC-based inhibitors do not require material upgrades or 
changes in standard steel compositions, allowing easy integration into existing systems.

• Reduced Risk of Scale and Biofouling: The study suggests no major microbial corrosion or scaling issues 
associated with HPAM at tested concentrations, supporting cleaner operations.

• Enables Leaner Corrosion Monitoring Programs: Improved corrosion control with HPAM reduces variability, 
potentially allowing operators to streamline monitoring protocols and reduce inspection frequency.

• Supports Polymeric EOR Adoption: Demonstrating corrosion protection removes a key barrier to broader adoption 
of HPAM-based polymer flooding, unlocking higher EOR yields.



Conclusions:
• Scalability for Large Field Operations: The effectiveness of HPAM at standard operational concentrations (500–
1000 ppm) makes it scalable and economical for large-field deployment.

• Improved Risk Management in CO₂-EOR Projects: The findings enhance confidence in managing corrosion 
risks in CO₂-EOR applications, where corrosion has historically been a critical challenge.

• Alignment with Regulatory Compliance: The formation of stable, protective iron oxide layers (Fe₅O₇, Fe₂O₃, 
Fe₃O₄) indicates passive protection mechanisms that align with long-term integrity standards for CO₂ storage sites.

• There is a high dependence of the CO2 damage to the specific condition and application of the CO2: CO2 
storage, CO2 transporting pipeline, CO2 underground storage, etc.



Open questions:

• How is the interaction of the metallic infrastructure with mixed CO2 with other energy carriers such as H2, 
methane, and NaCl, water and others? The complexity of the real environment requires specific test in 
simulated conditions in laboratory.

• How can we predict the life-time of the infrastructure to avoid leakage, collapses, etc?

• Corrosion fatigue prediction methods require to be developed?

• What is the role of welded zones with high residual stress? How can we control the material degradation?



LUT Mechanics of Materials Goal: New Standards Required for 
qualification of materials in CO2 and gasmixtures

 Prof. Masoud Moshtaghi is a member of the Standard Committee at NACE, API and IIW C-XI for 
hydrogen transport and storage testing procedures.
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Thank you for 
your attention! 

https://scholar.google.com/citations?user=UgjW2j8AAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=55387560300

LUT Mechanics of Materials

Selected partners

https://scholar.google.com/citations?user=UgjW2j8AAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=55387560300
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