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When does hydrogen embrittlement happen in pipelines?

HE

Material

HYDROGEN LOADING
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Tensile loading

Cyclic loading (Fatigue)

- Stress level
- Starin rate
- Internal/external H2

- Strain range
- Stress ratio (R)
- Frequency
- Internal/External H2

- Mean stress

Base Metal Weld Metal

Hydrogen trapping

Hydrogen diffusion
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Welding type

-Microstructural Trapping

Mitigate or Exacerbate?

-HE Mechanism

Different metal 

structures react 

uniquely to H.

-Strain localization

-Thermomechanical 
processing

-Welding

-H induced stress 
localization

-Welding type

-Defects

-microstructural gradient

-Welding parameters

-FCGR
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Environment: Comparing laboratory charging methods for pipeline steel research

Two Approaches to Hydrogen Charging
ELECTROCHEMICAL CHARGING

• Atomic H generated at surface:

2H⁺ + 2e⁻ → 2H

• Higher surface H concentration

• May cause corrosion, pitting 

&surface damage

VS

• Pressurized H₂ gas environment

• H₂ → 2H surface dissociation before 

diffusion into steel

• Follows Sieverts' law: CH ∝ √PH₂

• Reproduces real pipeline conditions

Diffusion, trapping 

• hydrogen-assisted cracking

GASEOUS CHARGING

Unrealistic 

Concentration

Realistic

Environment

1
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Materials Contribution to Hydrogen Embrittlement of Pipeline Steels

Among all factors, materials can be engineered & optimized → Most powerful lever against HE

Absorption & Diffusion

Controls H uptake rate and transport through the microstructure

Trapping Behavior
Reversible & irreversible trap sites govern local H concentration

Crack Initiation & Growth
Crack nucleation sites and crack-growth resistance

HE-Toughness Balance
Optimal alloy design balances HE and fracture toughness

Role of materials in HE:

1

2

3

4
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Microstructure

/Hydrogen/

Performance

Relationship
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•Slow Strain Rate Testing (SSRT)

•Fatigue Fracture Toughness Testing

•Step-Loading or Constant Load Tests

•Fatigue Crack Growth Rate Testing

Mechanical Tests for investigation of HE Susceptibility



21/05/2026 |  7

Is SSRT a suitable method for evaluating the hydrogen behavior of welded pipelines?

Cut layout of welded 

specimen for tensile 

test

Tested in Air Tested in Hydrogen

In Both repeated 

tests, fracture occurs 

in the base metal.

In one specimen, the 

fracture occurs in the 

base metal, while in 

the other, it occurs in 

the weld.

Comparison of 

hydrogen embrittlement 

in weld and base metal 

is impossible.

- No pass/fail criteria, 

only comparative 

assessment

- Highly dependent on 

strain rate and 

hydrogen charging 

conditions.

SSRT is not standard & 

applicable technique for 

Industrial applications
Focusing on other methods in TAU

However, one major problem is that fracture location is not 

consistent in hydrogen environemnt.

In some specimens, fracture happens in the base metal.

In other specimens, fracture happens in the weld region.

Because of this, comparing hydrogen sensitivity between 

weld and base metal becomes difficult.

Also, SSRT does not provide a clear engineering 

acceptance criterion.



21/05/2026 |  8

•Slow Strain Rate Testing (SSRT)

•Fatigue Fracture Toughness Testing

•Step-Loading or Constant Load Tests

•Fatigue Crack Growth Rate Testing

Mechanical Tests for investigation of HE Susceptibility
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Gaseous hydrogen embrittlement in welded X70 pipeline steels

Weld Base

Micro-scale investigation:
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Faster cooling in HAZ refines ferrite–bainite laths and 

generates off-stoichiometric cementite

(carbon-deficient). 

Atomic-scale investigation:
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Fracture properties of API X70 pipeline steel under the effect of an environment containing hydrogen: 

FGHAZ and Base metal

Force vs CMOD curves of base metal in air and in hydrogen and of HAZ in 100 bar hydrogen

ASME 

Criteria 

~100

~60

https://link.springer.com/article/10.1007/s12206-021-0310-0
https://link.springer.com/article/10.1007/s12206-021-0310-0
https://link.springer.com/article/10.1007/s12206-021-0310-0
https://link.springer.com/article/10.1007/s12206-021-0310-0
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Investigation of Hydrogen Distribution in Materials Using Thermal Desorption Spectroscopy (TDS)

lath-like ferritic bainitic packets.

Mid-thickness

Higher amount of diffusible H
Excellent Hydrogen Resistance

Irreversible strong trap
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DFT provides atomic-scale insight into H-induced damage mechanisms
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•Slow Strain Rate Testing (SSRT)

•Fatigue Fracture Toughness Testing

•Step-Loading or Constant Load Tests

•Fatigue Crack Growth Rate Testing

Mechanical Tests for investigation of HE Susceptibility



Fracture Toughness of SENT Specimens in Air and Hydrogen: 

Welding Design & HE Assessment

C Mn Si P S Al Nb Cu Cr Ni Ti

X65 0.08 1.38 0.24 0.01 0.002 0.03 0.03 0.09 0.02 0.47 0.001

Filler metal 0.07 1.40 0.51 0.01 0.003 - - - - - 0.2

Materials used in this study

Methods used in this study

- Hybrid Laser Arc Welding (HLAW)

- Metal Active Gas Welding (MAG) 



HLAW HLAWMAG MAG

Microstructural Evolution in Conventional and Hybrid Welding Processes:

Particles

Layered crystalline oxide 

structures

Amorphous oxide 

inclusions Amorphous oxide 

inclusions 



HLAWMAG

Uniform elemental distribution at 

the particle/Matrix interfaces
Non-uniform distribution of

elements at particle interfaces

- Mn-depletion zone at the interface

- Layered crystalline oxide structures

Nano-structural Evolution in Conventional and Hybrid Welding Processes:

Mn → austenite stabilizer

Local Mn depletion near the interfaces → reduced austenite stability → promoted ferrite 

formation → finer microstructure → HAGBs



Thermal Desorption Spectroscopy (TDS)

Grain boundaries

~50 kJ/mol → Strong Trap

HLAW

MAG



Fracture Toughness of SENT Specimens in Air and Hydrogen: 

Fracture toughness test method includes: 

Lmax,1



Step (i) Maximum Load (kN) Maximum CTOD (mm)

HLAW specimen MAG specimen HLAW specimen MAG specimen

Air 24.5 22.2 0.23 0.17

Hydrogen 23.2 17.8 0.17 0.06

Step (i)
MAGHLAW
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ir
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Fracture Toughness of SENT Specimens in Air and Hydrogen: 



Step (ii) and (iii)

Step (iii) Step (ii) 

Maximum Load (kN) Maximum CTOD (mm)

HLAW 

specimen

MAG 

specimen

HLAW 

specimen

MAG 

specimen

Step (ii) 24.1 23.1 0.65 0.18

Step (iii) 25.3 24.2 0.28 0.09

Enhanced fracture 

toughness of HLAW in 

both hydrogen and air 

environments 

Fracture Toughness of SENT Specimens in Air and Hydrogen: 



An overview of the influence of different welding methods on microstructure and 

fracture toughness in hydrogen environment

More Information!



Conclusions
For structural integrity and life assessment of H-pipelines:

o It is very important to understand the combined effect of hydrogen,

stress, and different microstructures.

o Different service loading conditions should be considered.

o Gaseous charging provides much more realistic material behavior.

o Fracture toughness should be evaluated using multiple methods to

capture different features like threshold stress levels and crack initiation

behavior over time, predicting component lifetime and energy required for

crack propagation.
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