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Abstract 

This chapter reviews the current state of understanding of hydrogen-assisted deformation and 

fracture of austenitic stainless steels for use in gaseous hydrogen. The basic characteristics of 

austenitic stainless steels are presented, focusing on the alloys most commonly used in gaseous 

hydrogen service. Hydrogen transport in austenitic alloys is briefly discussed, followed by a 

summary of the important characteristics of internal and external hydrogen environments. A few 

brief comments are given on models of hydrogen-assisted deformation and fracture with 

emphasis on hydrogen-enhanced localized plasticity. Observations of fracture are summarized 

for austenitic stainless in the presence of hydrogen and related to the tendency for localized 

deformation in this material class. In the following section, the basic trends of hydrogen-assisted 

deformation and fracture are outlined with examples from the literature for tensile, fracture and 

fatigue testing, respectively. In concluding, necessary research and development activities are 

mentioned throughout the text are summarized in the context of unambiguously elucidating the 

micromechanisms of hydrogen-assisted fracture in austenitic stainless steels.  
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3.7.1 Introduction 

This chapter aims to provide a brief overview of hydrogen-assisted deformation and fracture in 

austenitic stainless steels in the context of exposure to gaseous hydrogen. Ferritic and martensitic 

stainless steels are not considered in this chapter since their behavior in gaseous hydrogen is 

similar to other high-strength steels as covered in the chapters by Garrison and Moody, and 

McMahon of this volume, as well as elsewhere [1]; moreover, ferritic and martensitic stainless 

steels are generally not appropriate for use in high-pressure gaseous hydrogen.  

Austenitic stainless steels are commonly employed for their corrosion resistance, high ductility 

and toughness, and low ductile-to-brittle transition temperature. This class of material is 

particularly important for the petrochemical industry and for gas-handling equipment, including 

installations for delivering gaseous hydrogen as a fuel. Consequently, austenitic stainless steels 

in a variety of product forms (tubing, valve bodies, pressure vessels, etc) have extensive service 

history in gaseous hydrogen [2]. Hydrogen-assisted fracture of austenitic stainless steels has also 

been extensively studied; see, for example, the several prominent reviews [3-8]. This overview 

does not try to review all of the literature on the effects of gaseous hydrogen on austenitic 

stainless steels; rather, the goal is to provide a critical assessment of the current understanding of 

hydrogen-assisted deformation and fracture in common austenitic stainless steels. In particular, 

this overview emphasizes understanding the fundamental modes of deformation and fracture in 

the presence of gaseous hydrogen with acknowledgement of the role of hydrogen transport 

within the metal.  

 



3.7.2 Fundamentals of austenitic stainless steels 

While austenitic stainless steels can be classified in numerous ways; for the purposes of this 

review, the focus is common structural alloys that are distinguished by the stability of the alloy 

with respect to phase transformations during deformation. The distinction between the stable 

alloys and the metastable alloys is not always clear, since stability depends on the exposure 

conditions (e.g., temperature and strain). For this review, stable alloys are considered to be those 

that generally do not form α’-martensite when fractured in uniaxial tension at room temperature 

(i.e., strain-induced α’-martensite). Stable austenitic stainless steels that have been studied in 

gaseous hydrogen environments include primarily three alloys: 21Cr-6Ni-9Mn (also referred to 

by its tradename Nitronic 40 or XM-11), 22Cr-13Ni-5Mn (Nitronic 50 or XM-19), and AISI type 

310. AISI type 304 and type 316 (and their many variants) represent the metastable austenitic 

stainless steels that have been most heavily studied in gaseous hydrogen environments. 

Precipitation-strengthened austenitic stainless steels represent a third important class of alloys; 

the most common alloy being A-286 (AISI type 600) [9]. In the context of this overview, 

modified A-286 [10] (also called JBK-75) is considered to be the same as A-286.   

Austenite is distinguished from other common steel phases by its face-centered cubic (FCC) 

crystal structure. Austenite is non-magnetic and differs from the ferritic phases typical of other 

steels by its comparatively high solubility for hydrogen and low diffusivity for hydrogen [8]. The 

primary alloying elements are chromium and nickel, which stabilize the austenitic phase. 

Nitrogen is also a strong austenite stabilizer that (ideally) remains in solid solution, while 

manganese is used to increase the solubility of nitrogen and substitute for nickel [9]. Alloying in 

austenitic stainless steels is particularly important because the allowed compositional range is 

quite large (e.g., AISI type 304 can have nickel content between 8 and 12 wt%). Since many of 



the alloying elements are expensive (particularly nickel, which generally drives the cost of 

austenitic stainless steels), it is not uncommon for steel mills to produce stainless steels with 

composition near the lower bound of the allowed compositional ranges, particularly with regard 

to the expensive elements, such as nickel and molybdenum. There are numerous alloy 

formulations that significantly reduce (or eliminate) nickel (AISI type 200 series), but this 

requires additional alloying elements to stabilize the austenitic phase, such as nitrogen and 

manganese.  

There are many variations of the general types of austenitic stainless steels. A low-carbon grade 

exists for many stainless steels, for example, often designated with an “L” as in type 304L and 

type 316L. Moreover, multiple compositional parameters may vary from one materials 

specification to another. The significance of these variations has often been overlooked both in 

the engineering community and in the scientific literature. The example of type 316 alloys is 

particularly instructive: although the primary difference between type 316 and type 316L alloys 

is carbon content, some specifications for type 316L (e.g., SUS 316L, Japanese Industrial 

Standard) require a minimum of 12 wt% nickel, while materials specifications for type 316 (and 

316L) stainless steels from the American Society of Testing and Materials (ASTM) allow as low 

as 10 wt% nickel. As will be discussed in a subsequent section, this difference in nickel content 

critically impacts hydrogen-assisted deformation and fraction (Figures 1 and 2). While SUS316L 

is reported to be more resistant to gaseous hydrogen than type 316, for the same nickel content, 

SUS316L and type 316 alloys behave similarly (Figure 1). In short, materials designations (such 

as type 316) are generally insufficient to assess the hydrogen-assisted fracture in austenitic 

stainless steels. 



There are many second phases that can be found in austenitic stainless steels [11] and for the 

most part, they are undesirable. Austenitic stainless steels, for example, are sensitive to carbide 

precipitation on grain boundaries between approximately 773 K and 1073 K; this phenomenon is 

called sensitization. Carbide precipitation in stainless steels depletes the adjacent regions of 

chromium and carbon, making these areas more prone to general corrosion [9] and vulnerable to 

deformation-induced phase transformations [12]. Additional second phases can form during 

primary processing and thermal exposure [11], although sensitization and strain-induced 

martensite are the most broadly relevant issues in relation to second phases in austenitic stainless 

steels.  

Deformation in metastable austenitic stainless steels can result in the transformation of austenite 

(γ) to martensite. Two distinct phases of martensite can be formed: ε-martensite has a hexagonal 

close packed (HCP) crystal structure and is non-magnetic, while 
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" '-martensite is magnetic and 

has body-centered tetragonal (BCT) crystal structure, but often approximated as body-centered 

cubic (BCC). ε-martensite can be a precursor to α’-martensite (
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" #$#% ') or 
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" '-martensite can 

form directly from austenite (

! 

" #$ ') [11]. Lower alloy content and lower temperature promote 

the formation of deformation-induced martensite; carbon and nitrogen are particularly potent 

austenite stabilizers, while nickel is the most important transition metal for stabilizing austenite 

[13]. 

Austenitic stainless steels are used primarily for their corrosion resistance, thus strengthening is 

often a secondary concern. Nitrogen is one of the few solid-solution elements that impacts 

strength. Some stable alloys, such as 21Cr-6Ni-9Mn and 22Cr-13Ni-5Mn, display annealed yield 

strength that is more than 50% greater than the metastable alloys due to their higher nitrogen 



content. Austenitic stainless steels can also be strengthened by deformation as these alloys 

display significant strain hardening. The precipitation-strengthened alloys derive significant 

strengthening from the controlled precipitation of the 

! 

" ' phase (coherent Ni3Ti precipitates) [9]. 

Martensite is also a potent strengthener in austenitic stainless steel and it has been suggested that 

this feature can be used for strengthening [14].  

Deformation in austenitic stainless steels is influenced by alloy content and temperature. For the 

purposes of this discussion, the localized plasticity in the form of planar deformation and into 

deformation (shear) bands is distinguished from uniform deformation, where cross-slip 

characterizes plasticity. Localized deformation and so-called planar slip are often used 

interchangeably in the literature, although both homogeneous-planar deformation along discrete 

slip planes as well as heterogeneous formation of deformation bands are specific manifestations 

of localized deformation. Nickel content, in particular, strongly affects deformation: for type 316 

austenitic stainless steels, deformation is increasingly localized in bands for alloys with lower 

nickel content [15]. In addition, lower temperature promotes the formation of deformation bands 

[15]. At high stress, plasticity is dominated by deformation twinning [16-18]. More generally, 

the propensity to form deformation bands (and deformation twins) scales with lower stacking 

fault energy (SFE), which is related to composition and temperature [19, 20]. A number of 

simple linear relationships for SFE with the primary alloying elements are given in the literature 

[21-23], although the interactions of alloying elements are certainly more complex than these 

relationships imply. In particular, nickel shows a relatively strong positive effect on SFE. The 

available evidence suggests that SFE is weakly affected by carbon and nitrogen [23, 24], for 

relevant carbon contents in austenitic stainless steels and for nitrogen contents typical of 

metastable alloys. In the stable 21Cr-6Ni-9Mn alloy, higher nitrogen content (>0.2 wt%) lowers 



SFE [25]. While SFE is a convenient first-order metric to distinguish the relative character of 

deformation (localized versus uniform) in austenitic stainless steels, other microstructural 

characteristics also affect the character of deformation. Ordering and coherent precipitation, for 

example, promote localization of deformation. As will be described in the following sections, 

resistance to hydrogen-assisted fracture is related to the character of deformation in austenitic 

stainless steels, thus it is important to recognize the microstructural variables that influence 

deformation modes.  

 

3.7.3 Hydrogen transport 

The transport of hydrogen in austenitic stainless steels was recently reviewed in Ref. [26] and is 

described more generally in a separate chapter in this volume. By definition, diffusivity (D) and 

solubility (K) of hydrogen are thermodynamic parameters that assume hydrogen interacts 

uniformly with the metal lattice (i.e., not affected by trapping). The permeability of hydrogen 

(

! 

") is simply the product of these two parameters. Both D and K display the classic 

thermodynamic dependence on temperature as given in Table 1.  

Hydrogen can also be trapped by microstructural features, such as grain boundaries, phase 

boundaries, and dislocations [27-29]. While hydrogen trapping can, in principle, increase the 

amount of hydrogen in a metal, the concentration of trapped hydrogen is very small compared to 

the total hydrogen concentration in austenitic stainless steels at equilibrium [30]. Hydrogen 

trapping near ambient temperature, however, can reduce the apparent diffusivity [26]. The trap 

binding energy is relatively low in austenitic stainless steels (about 20 kJ/mol) and associated 

with dislocations [31]. 



Hydrogen also interacts elastic stress fields in metals: hydrostatic tension increases the volume of 

the lattice and the concentration of hydrogen, while hydrostatic compression decreases the 

hydrogen concentration. The relationship that describes this effect [32, 33] is written as 
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where cL is the hydrogen concentration in the unstressed lattice, cS is the concentration of 

hydrogen in the lattice subjected to a hydrostatic stress 
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3, and VH is the partial molar 

volume of hydrogen in the lattice, which for steel is on the order of 2 cm3/mol [28]. The effect of 

stress on hydrogen dissolved in the lattice is greatest at low temperature (due to the positive 

exponential term and its inverse proportionality to temperature).  

Permeability is nearly independent of the composition and microstructure for austenitic stainless 

steels that have been tested, including stable [34-36] and metastable alloys [34-38] as well as the 

precipitation-strengthened A-286 alloy [39]. The solubility, on the other hand, varies with 

composition [26]. The compositional dependencies are not fully elucidated in the literature, 

although it has been pointed out that the stable Fe-Cr-Ni-Mn alloys have greater solubility than 

the metastable Fe-Cr-Ni alloys [26]. Diffusivity varies somewhat with composition of austenitic 

stainless steels, although this variation is small compared to the diffusivity in other alloy 

systems, such as the ferritic steels. The diffusivity of lattice hydrogen in austenite at room 

temperature is on the order of 10-16 m2/s, while for the ferritic steels diffusivity tends to be closer 

to 10-8 m2/s. This is an important consideration, since strain-induced martensite is essentially a 

ferritic phase, acting as a rapid path for hydrogen transport [35, 38]. An order of magnitude 

estimate of diffusion distance x can be determined from 
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x ~ Dt( )
1/ 2  (2) 

where t is time. For one hour of exposure and data from Table 1, equation (2) gives a diffusion 

distance of about one micrometer for austenitic stainless steels. 

The concept of hydrogen transport by glissile dislocations was proposed [40] to explain 

hydrogen-assisted fracture on relatively short-time scales in austenitic stainless steels. However, 

experimental evidence to support so-called dislocation transport of hydrogen is relatively limited 

[41-44]. Review of the very limited experimental data demonstrates that the effective transport 

distances of hydrogen remain relatively unchanged in stainless steels exposed to gaseous 

hydrogen during deformation [41]. The magnitude of the hydrogen concentration and hydrogen 

flux during deformation of austenitic stainless steels also remains comparable to those in the 

absence of deformation [41, 44]. Although dislocation transport is often assumed in the 

literature, critical assessments of this interpretation have concluded that hydrogen transport by 

dislocations is not a requirement for hydrogen-assisted fracture in austenitic stainless steels [41] 

and does not make a significant contribution to diffusive transport [45]. In contrast, deformation-

induced martensite clearly enhances hydrogen transport [35, 38, 45], which may account for the 

interpretations in some studies that presume transport by dislocations. 

The solubility of hydrogen is expected to be approximately the same for hydrogen isotopes, 

while diffusivity depends on the mass of the isotope. Solubility is dictated by thermodynamic 

equilibrium and the thermodynamic properties of the individual isotopes, which are nearly 

identical at ambient and elevated temperature [46-48]. Classical rate theory predicts diffusivity to 

be inversely proportional to the square root of the mass of the isotope, such that: 
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where D and m are the diffusivity and mass of the respective isotope, and the subscripts H and D 

refer to hydrogen and deuterium respectively. Similar expressions can be written for tritium and 

can be simplified as 
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, where the subscript T refers to tritium. Since solubility 

is presumed independent of isotope, the permeability will have the same dependence on isotope 

as the diffusivity, as confirmed at elevated temperatures for nickel [49] and stainless steels [50-

53].  

 

3.7.4 Environmental test methods  

3.7.4.1 External hydrogen 

Testing in gaseous hydrogen is desirable because the environmental conditions of interest can be 

closely replicated. The effects of hydrogen, however, are manifest when external hydrogen 

diffuses into the metal [5, 54, 55]. Distinguishing intrinsic resistance to hydrogen-assisted 

fracture, apart from kinetic limits to hydrogen uptake, is challenging. Surface kinetics often 

control hydrogen uptake and are difficult to quantify, making prediction of hydrogen ingress on 

short-time scales a particularly challenging task. The challenge associated with surface kinetics 

is exemplified by diffusion studies, where special attention to surface condition is necessary to 

quantitatively evaluate transients in hydrogen transport [26].  

Hydrogen transport by diffusion is also an important consideration for interpreting testing 

results. The dependence of hydrogen effects on strain rate [56, 57], for example, demonstrates 



the importance of hydrogen transport in tensile testing. Deformation occurs more or less 

uniformly in the gauge section in the initial stages of a tensile test (assuming no surface 

cracking), while diffusion distances are comparatively short (equation 2). Therefore, the fraction 

of deforming material that is affected by hydrogen is relatively small for typical tensile tests and 

will depend on the strain rate.  

In precracked specimens, on the other hand, damage is localized ahead of the crack tip where 

stresses and strains are highest. Indeed, Gangloff showed that the critical distance for diffusion 

ahead of a crack tip is less than ten nanometers for FCC steels [58]; i.e., several orders of 

magnitude less then the micrometer predicted for diffusion on time scales associated with testing. 

Therefore, hydrogen diffusion is sufficient to interact with the fracture process ahead of a crack 

tip and it can be hypothesized that precracked specimens will be relatively insensitive to 

conventional testing rates, unlike smooth-bar tensile testing.  

Testing results for the alloy A-286 (precipitation-strengthening austenitic stainless steel) amplify 

the differences between testing smooth and precracked specimens. Slow strain-rate tensile tests 

on A-286 in gaseous hydrogen show no effect of hydrogen [59] (although, more generally, 

effects of hydrogen are observed in tensile tests of austenitic stainless steels in gaseous hydrogen 

[60-66]). Indeed, ASTM G142 lists A-286 as the control material for high resistance to hydrogen 

embrittlement. In contrast, tests with precracked specimens (constant-displacement subcritical 

crack growth tests [67, 68] and fatigue tests [69]) show a significant effect of gaseous hydrogen 

on resistance to crack growth for A-286. These results for A-286 substantiate reports of internal 

hydrogen reducing fracture resistance [70] and show that lack of an observed effect in tensile 

testing is insufficient to demonstrate that hydrogen does not reduce resistance to cracking.  



3.7.4.2 Internal hydrogen 

Internal hydrogen can be introduced in metals prior to mechanical testing by several methods, 

often referred to as hydrogen precharging. The aim of hydrogen precharging is to simulate long-

term exposure to hydrogen environments in relatively short-term tests without the complexity of 

testing in gaseous hydrogen environments (especially at high pressure). At room temperature 

(and lower), the diffusivity of hydrogen in austenitic stainless steels is sufficiently slow that 

internal hydrogen is not lost from bulk specimens on time scales of many hours. Although the 

general consensus is that the hydrogen-deformation interactions are essentially the same for 

testing in external hydrogen and with internal hydrogen [5, 54, 55], the manifestation of the 

effects of hydrogen may differ [66] due to differences in boundary conditions (e.g., hydrogen 

content and distribution) [5, 54, 55]. 

Electrochemical precharging can produce extremely high hydrogen fugacity (i.e., effective 

pressure) near the surface, which result in surface cracking and phase transformations [71, 72]. 

In principle, electrochemical methods can be designed to control hydrogen fugacity to levels 

consistent with gaseous hydrogen exposure, however, appropriate procedures for austenitic 

stainless steels have not been demonstrated in the literature. The electrochemistry within cracks, 

moreover, is generally difficult to evaluate, which is an additional challenge for quantifying 

hydrogen fugacity in precracked specimens. For these reasons, results from electrochemically 

precharged materials should be considered with caution in the context of hydrogen-assisted 

fracture in gaseous hydrogen.  

Thermal precharging from gaseous hydrogen is a process of exposing materials to high-pressure 

gaseous hydrogen at temperatures typically in the range of 200 to 350˚C. The elevated 

temperature increases the rate of diffusion and the solubility of hydrogen in austenitic stainless 



steels without significantly affecting the microstructure. Due to the high diffusivity at elevated 

temperature, thermal precharging can produce uniform distribution of hydrogen throughout a 

specimen on time scales of days (unlike electrochemical methods), which has the advantage that 

hydrogen contents can be quantified. Moreover, hydrogen concentrations that are indicative of 

gaseous hydrogen service can be produced by thermal precharging [66]. Significant gradients in 

hydrogen concentration, however, can be difficult to predict due to the influence of surface 

kinetics. 

The distribution of hydrogen within the metal due to hydrogen precharging is generally different 

compared to testing in gaseous hydrogen [5, 54, 55]. Recent comparisons of tensile tests in 

gaseous hydrogen and with internal hydrogen, however, show that tensile testing in gaseous 

hydrogen produces similar reduction of tensile ductility than testing materials with internal 

hydrogen (Figure 2) [61, 65, 66]. Observed differences between external and internal hydrogen 

can be related to differences in the evolution of damage as a consequence of hydrogen 

distribution [66]. Surface cracking, for example, is induced during tensile testing in external 

hydrogen, while damage is more uniformly distributed with internal hydrogen [66]. Similarity 

between testing in gaseous hydrogen [73] and with internal hydrogen [74] is also observed for 

precracked specimens of the stable 21Cr-6Ni-9Mn alloy. Additional testing, as well as 

simulations that couple the mechanics and hydrogen transport, is needed to better define the test 

geometries and test conditions for which internal hydrogen is representative of external 

hydrogen. 



 

3.7.5 Models and mechanisms 

3.7.5.1 Models of hydrogen-assisted deformation and fracture 

There are numerous models for hydrogen-assisted fracture, which are comprehensively 

summarized by Lynch [75]. In austenitic stainless steels, decohesion is generally not observed 

and little evidence exists for the hydrogen-enhanced decohesion (HEDE) model in this class of 

material. Models based on the embrittlement of hydride phases also are unlikely for austenitic 

stainless steels, since hydride phases are observed primarily in exceptional cases [76, 77]. The 

embrittlement of strain-induced martensite is also commonly evoked for the metastable 

austenitic stainless steels [12, 60-62, 69, 78-81], although direct evidence for this is generally 

lacking in the literature. Two models have received the most attention, both theoretically and 

experimentally: adsorption-induced dislocation emission (AIDE) [75, 82, 83] and hydrogen-

enhanced localized plasticity (HELP) [84-92]. Both of these models evoke enhanced localized 

deformation [75], the primary difference being the source of this deformation. The AIDE model 

is based on hydrogen-surface interactions, while the HELP model is based on hydrogen-

dislocation interactions in the bulk. 

It is generally conceded that a single mechanism of hydrogen-assisted fracture is unlikely as 

there are competing processes that predominate for different conditions [75, 86]. Nevertheless, 

there is strong experimental evidence to support hydrogen-dislocation interactions in austenitic 

stainless steels [84, 85, 88, 93, 94], including recent studies of deformation in hydrogen-

precharged metastable [95] and stable [96] alloys. There is also a strong theoretical framework 

for understanding hydrogen-dislocation interactions [87, 89-92, 97]; a comprehensive overview 



of hydrogen-dislocation interactions is provided in the chapter by Delafosse in this volume. 

Since hydrogen-dislocation interactions can be used to broadly rationalize observed fracture 

morphologies, a few of their characteristics are briefly outlined below.  

Finite element modeling and ab initio calculations show similar features of hydrogen-dislocation 

interactions [87, 89-92, 97]. The primary effects of hydrogen are to (1) stabilize edge 

dislocations and (2) elastically shield stress centers associated with dislocations. Experimental 

observations using in situ transmission electron microscopy (TEM) [88, 98] confirm the 

theoretical finding that hydrogen stabilizes edge dislocations and promotes planar deformation. 

Only screw dislocations are capable of cross slip, an important mechanism for relaxing stress at 

dislocation pile-ups and homogenizing deformation. Additionally, hydrogen atmospheres 

associated with dislocations elastically shield the dislocations from stress centers such as other 

dislocations [87, 91, 99] as well as reducing the Peierls stress [89]. These characteristics of 

hydrogen enhance dislocation mobility in the metal and contribute to deformation instabilities 

[100]. Additionally, the influence of hydrogen in screening stress increases the density of 

dislocations in pile-ups, which increases stress concentrations at the microstructural obstacles 

that create these pile-ups [92].  

3.7.5.2 Strain-induced martensite 

The role of martensite in hydrogen-assisted fracture of austenitic stainless steels deserves special 

comment. Degradation of ductility in austenitic stainless steels in hydrogen environments is 

often attributed or correlated to the formation of α’-martensite [12, 60-62, 69, 78-81], 

particularly when the fracture surfaces are difficult to interpret. Evidence for hydrogen-assisted 

fracture being induced by α’-martensite is circumstantial and has never been clearly 



demonstrated for tests with hydrogen. Remarkably, much of the assertion about the role of 

martensite is based on comparison between metastable AISI type 304 (or 316) and the lack of 

effects of gaseous hydrogen on stable AISI type 310 austenitic stainless steel. Stable alloys that 

show significant effects of gaseous hydrogen (such as 21Cr-6Ni-9Mn [73, 101]) have generally 

not been considered in studies that focus on martensite as the primary mechanism of hydrogen-

assisted fracture. It should not be overlooked that hydrogen has a similar effect on deformation 

and fracture in both metastable and stable alloys [95, 96, 102], suggesting a common mechanism 

that cannot be related to α’-martensite. 

A variety of studies have attempted to address the role of strain-induced martensite in hydrogen-

assisted fracture of austenitic stainless steels. X-ray diffraction and in situ TEM studies 

addressed this issue based on definitive measurements of the interactions between fracture and 

martensite; these studies have shown that martensite participates in fracture (as it must being 

present in the microstructure) but they have failed to show that martensite dominates or controls 

fracture [103, 104]. Several studies have also shown that pre-existing martensite does not reduce 

tensile ductility of AISI type 304 alloys when exposed to hydrogen [105, 106]; it was 

hypothesized that the effects of hydrogen are related to the dislocation structure [105], or more 

precisely to hydrogen-deformation interactions. In short, α’-martensite is neither necessary nor 

sufficient to explain hydrogen-assisted fracture of austenitic stainless steels [78, 107-109]. 

Recent work suggests that ε-martensite can be promoted in austenitic stainless steels when 

deformed in the presence of hydrogen. In thermally-precharged AISI type 304 [95] and stable 

21Cr-6Ni-9Mn [96], ε-martensite is promoted at the expense of deformation twinning, while less 

ε-martensite was observed in an alloy with higher nickel content. While the implications of these 



observations are not yet clear, they highlight the importance of SFE on deformation in the 

presence of hydrogen [96] and show that the role of martensite in hydrogen-assisted fracture is 

incompletely understood.  

 

3.7.6 Observations of hydrogen-assisted fracture  

The characteristics of fracture in hydrogen environments are quite diverse, reflecting the large 

variation in resistance of austenitic stainless steels to hydrogen-assisted fracture. The observed 

fracture modes in austenitic stainless steels can be idealized in three broad categories: (1) 

microvoid coalescence (MVC); (2) interface fracture (including intergranular fracture); and (3) 

cleavage (although hydrogen-induced cleavage is not typically observed in austenite). In many 

cases more than one fracture mode is apparent on a given fracture surface [74, 102], suggesting 

either a common origin of the damage or competing mechanisms. Other fracture modes can be 

represented by these categories or combination thereof; in the case of slip band fracture, for 

example, voids nucleate at slip band intersections (MVC), followed by growth along the slip 

band (interface fracture) [110-112].  

Microvoid coalescence (MVC) is the classic fracture mode observed for ductile metals, including 

austenitic stainless steels, which feature equiaxed dimples. In hydrogen environments, size and 

uniformity of the dimples is often changed, exhibiting a spectrum of dimple morphologies from 

equiaxed (Figure 3) to elongated (Figure 4). Hydrogen can activate additional void nucleation 

sites, reducing dimple size [113, 114]. Modeling suggestions that hydrogen can also affect void 

growth by localizing deformation between voids or other damage sites [115]. In other cases, 

elongated dimples are observed in the presence of hydrogen (Figure 4) in materials that normally 



feature equiaxed dimples. This morphology is attributed to voids nucleating at the intersection of 

deformation bands [8, 74, 102]. Elongated dimples are also observed in alloy systems that 

deform non-uniformly due to limited number of available slip systems (such as titanium in the 

absence of hydrogen) [116, 117]. When slip systems are limited, (planar) deformation bands are 

promoted and the intersection of these bands are local sites of strain accumulation. In this 

instance, deformation tends to be planar, have regular spacing and intersect along lines, thus 

voids that nucleate at these intersections appear as parallel, elongated dimples (Figure 4). 

Promotion of planar deformation in austenitic stainless steels is consistent with hydrogen 

stabilizing edge dislocations and limiting cross slip. In general, greater variation from equiaxed 

dimples reflects greater susceptibility to hydrogen-assisted fracture. 

Fracture mode changes due to hydrogen can be much more substantial than modifications of 

dimple morphology. Hydrogen can induce fracture along a variety of interfaces, typically 

reflecting greater susceptibility to hydrogen-assisted fracture than when MVC is predominant. 

Intergranular fracture is seldom observed for austenitic stainless steels [118], except in instances 

where the grain boundaries are decorated with second phases due to sensitization in metastable 

and stable alloys [12, 61], due to overaging of precipitation strengthened alloys [70, 119], or 

under particularly extreme environments [112]. Fracture may occur along deformation bands, as 

in slip band fracture [110-112], or along phase boundaries [105, 120-122]. The presence of 

second phases, however, does not imply hydrogen-assisted fracture along those boundaries; for 

example, hydrogen-assisted fracture does not necessarily occur along martensite-austenite 

boundaries [105] or ferrite-austenite boundaries [123, 124].  

Large, flat, facet-like features apparent on the fracture surface of austenitic stainless steels 

(Figure 5) are attributed to fracture along thermal twin boundaries [95, 102, 125]; this fracture 



mode is arguably similar to slip band fracture [110-112]. In type 304 and type 316 alloys, 

fracture of thermal twin boundaries is generally not observed at room temperature in the 

presence of hydrogen; however, at subambient temperature, fracture of these boundaries can 

dominate the appearance of the fracture surface (Figure 5), although only for alloys with low 

nickel content [102], including stable alloys. Low nickel and low temperature are known to 

produce more localized deformation in type 304 and type 316 alloys [15], suggesting a link 

between the intrinsic character of deformation for a given composition and the effects of 

hydrogen on deformation. Twin boundary fracture is not unique to hydrogen: high-nitrogen and 

low-nickel austenitic alloys show remarkably similar fracture surfaces in the absence of 

hydrogen at low temperature. Twin boundary fracture in these alloys is attributed to localized 

deformation induced by low temperature and short-range ordering [126-128]. In addition, 

modeling by Chateau et al. have shown that stress on complementary slip planes at the head of 

dislocation pile-ups is amplified by hydrogen [92]. The complimentary slip plane is precisely the 

twin boundary. Therefore, twin boundary fracture can be rationalized by the effects of hydrogen 

on enforcing planar deformation and increasing stress on the twin boundary.  

Cleavage fracture is generally not associated with austenite in the context of gaseous hydrogen. 

However, cleavage fracture (Figure 6) may be an important mode in two-phase microstructures 

and at inclusions. Although fracture along cleavage planes has not been confirmed in these cases, 

relatively flat fracture facets are observed across entire ferrite grains in duplex alloys [102, 124] 

and in welds [122]. In a duplex alloy, it was determined that ferrite fractures, followed by MVC 

along highly inclined planes in the austenite [124]. Consequently, cracking in the ferrite was 

attributed to local stress concentrations as a result of enhanced planar deformation in the 

austenite, which may be a requirement for this form of cleavage fracture in ferrite-austenite 



microstructures [122]. Similar observations and conclusions have been drawn for residual ferrite 

in nominally single-phase austenitic [74, 102]. 

 

3.7.7 Trends in hydrogen-assisted fracture 

 3.7.7.1 Tensile testing 

Tensile testing is a simple, effective testing method for establishing many basic trends. Not all 

characteristics of structural integrity, however, are sensitive to tensile testing as noted in section 

3.7.4.1. The effect of strength on fracture resistance is another characteristic that tensile testing 

does not capture: as shown in Figure 1, the reduction of area of annealed (open symbols) and 

strain-hardened (closed-symbols) type 316 alloys is similar when hydrogen-precharged [129, 

130]. In fracture mechanics tests, on the other hand, strength is expected to significantly affect 

the fracture resistance (with or without hydrogen). The effects of pressure are also not always 

clearly evident in tensile tests: only modest differences in reduction of area were noted in tests 

performed in gaseous hydrogen at pressure of 1 MPa and 40 MPa [66] and for tests between 15 

and 70 MPa [6]. On the other hand, tensile testing is particularly effective at providing insight on 

parameters that affect deformation in austenitic stainless steels, such as composition and 

temperature.  

Composition 

In general, compositional effects on hydrogen-assisted fracture in austenitic stainless steels is 

dominated by nickel content [6, 7, 62] and, to some extent, nitrogen [131, 132]. Other alloying 

constituents have not been studied comprehensively, although there is little evidence to suggest a 

direct primary role. Differences in chromium and molybdenum, for example, might explain some 



of the scatter in Figure 2, although a single trend with nickel describes the data for both type 304 

and type 316 alloys. Impurity elements (including processing elements such as Mn and Si) also 

do not seem to have a significant effect on hydrogen-assisted fracture of austenitic stainless 

steels [6, 7, 133].  

Nickel content is clearly a dominant characteristic for resistance to hydrogen-assisted fracture in 

austenitic stainless steels [7, 41, 62, 66, 118, 129, 131, 133]. Caskey [6, 7] presents a striking 

plot of relative tensile ductility as a function of nickel content for Fe-Cr-Ni alloys in the presence 

of hydrogen, showing a precipitous drop in tensile ductility for alloys with 10 wt% nickel or less. 

More recent tensile data show a gradual increase in reduction of area as a function of increasing 

nickel content (above 10 wt%) for a variety of metastable and stable austenitic stainless steels 

(Figure 1). Stable alloys, such as 21Cr-6Ni-9Mn, are susceptible to hydrogen-assisted fracture 

and show similar fracture morphologies to the metastable alloys, suggesting that the role of 

nickel is more complicated than its role on austenite stability, as attributed in the literature [62, 

131, 132]. Rather the importance of nickel is better correlated with its effect on deformation: low 

nickel content tends to promote the localization of plasticity into planar deformation structures 

[15], a feature that exacerbates hydrogen-assisted fracture [74, 85, 102]. 

A broad range of commercial alloys based on type 304 and type 316 was tested in Refs. [63, 64, 

66, 129, 134], and these studies show no influence of carbon on susceptibility to hydrogen-

assisted fracture. In contrast, some reports in the literature imply that low carbon content is 

important for resistance to hydrogen-assisted fracture [60, 81]. These latter results can be 

explained by differences in nickel content (Figure 1). Sensitization, on the other hand, may 

promote susceptibility to hydrogen. Carbides are believed to have little, if any, direct effect on 

hydrogen-assisted fracture of austenitic stainless steels [12, 108, 135]; however, carbide 



precipitation is essentially a form of macrosegregation, which enhances hydrogen-assisted 

fracture [12].  

Nitrogen affects deformation in austenitic stainless steels [16], thus nitrogen can be expected to 

play a role in tensile properties in the presence of hydrogen [118, 131]. The trends with nitrogen, 

however, are not yet clear and require further study. The tensile ductility of stable 21Cr-6Ni-9Mn 

alloys is lower for heats with higher nitrogen content (for the approximate range of 0.2 to 0.5 

wt% nitrogen); in addition, the fracture mode changes from MVC at low nitrogen content to 

intergranular fracture at high nitrogen content [118]. These observations are attributed to the 

effect of nitrogen on lowering SFE and enhancing planar deformation [25]. In laboratory heats of 

Fe-Cr-Ni alloys based on AISI type 316, on the other hand, the tensile ductility in gaseous 

hydrogen is greater with higher nitrogen [131, 132]. In this case, the improved ductility with 

higher nitrogen is attributed to the enhanced stability of the austenite [131, 132]. Nitrogen at low 

concentrations is reported to have little effect on SFE in austenitic stainless steels [24], while 

others suggest nitrogen enhances planar slip [16], therefore the results above cannot be easily 

explained by an effect of nitrogen on deformation. On the other hand, it has also been 

hypothesized that nitrogen may promote short-range ordering (SRO), which would enhance 

localized deformation [25, 85]. In summary, although the trends with nitrogen appear 

contradictory, nitrogen can enhance planar slip (under some conditions at least) and this 

characteristic generally correlates with greater susceptibility to hydrogen.  

The impact of composition can be very localized, as exemplified by comparison of different 

product forms of nearly identical type 316L. Testing of compositionally similar bar and plate 

resulted in measurable differences in macrosegregation and reduction of area in gaseous 

hydrogen [136]. Similarly, characterization of fracture surfaces from a type 316 alloy revealed 



lower nickel content locally at features that reflect greater susceptibility to hydrogen [102]. The 

effects of macrosegregation are difficult to generalize because these effects will depend on the 

magnitude of the segregation as well as the distribution of the segregation (e.g., segregation in 

planes versus stringers [136]). Nevertheless, these results suggest that appropriately 

homogenized wrought alloys will likely have superior resistance to hydrogen-assisted fracture 

compared to similar alloys that display macrosegregation. Although experimental data is lacking, 

these observations can be extended to other microstructures that can be characterized by 

significant macrosegregation, such as welds and cast alloys. In general, macrosegregation is 

likely to produce greater susceptibility to the effects of hydrogen than bulk composition might 

suggest.  

Temperature 

As temperature is lowered the effect of hydrogen on tensile ductility is greater. Most reports find 

that tensile ductility displays a minimum at temperature near 200 K for both tests in gaseous 

hydrogen [62, 137] and hydrogen-precharged materials [6, 7, 133]. Tensile ductility increases 

with further reduction of temperature to values comparable to those found in tests without 

hydrogen. Increased ductility at temperatures lower than 200 K is commonly attributed to limited 

hydrogen diffusion at very low temperature [62]. This interpretation suggests that this minimum 

is governed by strain rate; given additional time for hydrogen diffusion during the test (i.e, 

slower testing rates), tensile ductility could continue to decrease. Other interpretations relate this 

minimum to the transport of hydrogen atmospheres with moving dislocations, which becomes 

increasing difficult at low temperature [87, 138]. Slow strain rate tensile tests in liquid hydrogen 

and cold helium (both nominally at 20 K), on the other hand, show significantly greater loss of 

reduction of area in gaseous hydrogen [139]. The implication of this last result needs further 



clarification, but it seems to suggest that the temperature minimum near 200 K may represent a 

local minimum.  

3.7.7.2 Fracture resistance testing 

In the context of gaseous hydrogen environments, there is a paucity of studies in the literature 

that assess fracture resistance of austenitic stainless steels using fracture mechanics 

methodologies. The influence of temperature and composition on fracture resistance in gaseous 

hydrogen, for example, has not been studied. The data in Figure 7 show that strength differences 

are more important for fracture resistance than for tensile properties. There is an overall trend of 

lower fracture resistance as strength is increased, as generally expected for metals with similar 

microstructures in the absence of hydrogen.  

Fracture testing also amplifies other microstructural considerations. In the 22Cr-13Ni-5Mn alloy, 

fracture resistance was found to be governed by the orientation of platelets of second phase 

inclusions with a secondary influence of hydrogen [140]. While the reduction of fracture 

resistance due to hydrogen for the two orientations was similar, the absolute fracture resistance 

with internal hydrogen is a reflection of the effect of inclusion orientation on fracture and not a 

dominant effect of hydrogen (as denoted by the difference between closed squares at nominally 

the same strength in Figure 7; the same effect is observed at two strength levels).  

The data in Figure 7 also show that the fracture resistance of precipitation-strengthened A-286 is 

not significantly greater (and arguably less) than the fracture resistance of strain-hardened stable 

and metastable alloys with comparable strength. Tensile testing of A-286 led to the common 

interpretation that A-286 is “negligibly embrittled” by gaseous hydrogen [57, 59, 141], however, 



for resistance to crack propagation in hydrogen, A-286 is similar to other austenitic stainless 

steels (Figure 7), as well as quench and tempered steels with similar strength [142, 143].  

3.7.7.3 Fatigue testing 

Evaluating fatigue properties of austenitic stainless steels is an area of active research [69, 130, 

144-150]. Of the more conventional test methodologies that are used to study effects of hydrogen 

on fatigue, fatigue-life tests show essentially no effect of gaseous hydrogen on annealed and 

strain-hardened type 316L [130, 144]. An apparent increase in fatigue-life was reported for 

rotating beam fatigue testing of two hydrogen-precharged type 316 alloys (strain-hardened) 

[148]; however, when the stress amplitude is normalized by strength (internal hydrogen can 

increase strength by 15% or more [66, 129, 151]), the fatigue life is unchanged by hydrogen. 

Fatigue crack growth rates of type 316 alloys are also unaffected in external hydrogen [130, 144] 

and with internal hydrogen [150]. These tests were performed primarily at frequency of 1 Hz (or 

greater) and with alloys of nominally 11 to 12 wt% nickel content. Additionally, the specimen 

geometries are conventional smooth cylindrical specimens (fatigue life) and compact tension 

specimens (fatigue crack growth).  

Innovative test methods reveal greater effects of hydrogen on fatigue of austenitic stainless steels 

than those described above. One method uses axially notched tubes that are internally 

pressurized with gaseous hydrogen and load cycled by pressurizing externally with water [69]. 

These fatigue tests show no effect of frequency in the range of 0.01 to 0.05 Hz for high-nickel 

type 316L, commensurate with the results from conventional cylindrical specimens. For type 304 

(with comparatively less nickel), however, the cycles to failure is reduced for tests with hydrogen 

exposure at frequency of 0.002 Hz compared to tests at higher frequency [69]. These authors of 

this work interpret the higher sensitivity of type 304 compared to type 316L to greater propensity 



to form strain-induced martensite [69]. The authors also report a greater reduction in fatigue life 

for A-286 [69], which does not form martensite . 

The hole-drilled axial fatigue specimen is another geometry that has been extensively exploited 

in recent fatigue studies using internal hydrogen [145-147, 149]. This geometry is employed to 

simulate short crack behavior; however, the conventional framework for applying fracture 

mechanics to fatigue crack growth is not applicable and an alternative framework to generalize 

short crack behavior is less well developed [152]. In general, the results from these studies are 

consistent with those described above: lower nickel alloys (from the type 304 and type 316 

families) are more affected by hydrogen and lower frequency enhances the effects of hydrogen. 

More study, however, is necessary to place this work into the context of other fatigue studies; in 

particular, the role of hydrogen-strengthening on crack initiation and propagation in materials 

with internal hydrogen. 

The available fatigue data for austenitic stainless steels is relatively scarce. Superficially, nickel 

appears to be an important materials characteristic for hydrogen-assisted fatigue. It has been 

suggested that this is related to strain-induced martensite acting as a pathway for hydrogen 

distribution in metastable alloys [145-147], the implication being that lower frequency is needed 

to induce hydrogen-assisted fatigue in comparatively stable alloys. Hydrogen-enhanced localized 

deformation is also used to explain the observed behaviors in fatigue [149], suggesting 

alternative interpretations for the role of nickel. Fundamental experimental and modeling studies 

are still needed to more generally illuminate the relationship between hydrogen transport and 

hydrogen-deformation interactions during fatigue in these alloys and to elucidate the materials 

and environmental conditions (strength, composition, temperature, etc.) that significantly affect 

fatigue resistance. 



 

3.7.8 Summary and future directions  

Nickel and temperature are two critically important parameters for assessing tensile ductility in 

the presence of hydrogen. The established trends can be understood in the framework of 

localized deformation: parameters that enhance localized deformation (such as low temperature 

and low nickel content) promote the effects of hydrogen. Other microstructural characteristics 

that promote localized deformation appear to have similar effects, such as ordering and coherent 

precipitation.  

Mechanistically, it is generally accepted that hydrogen also promotes localized deformation. 

Although there is some disagreement on the general importance of hydrogen-enhanced localized 

plasticity, the theoretical framework of hydrogen-dislocation interactions provides a robust 

platform for interpreting observed fracture modes in austenitic stainless steels. While this 

framework is well developed (Delafosse, this volume), comprehensive experimental validation 

for austenitic stainless steels remains. Additional study is also required to formalize the link 

between the effects of hydrogen on deformation and the hypothesized fracture processes. In 

contrast, there is little direct experimental or theoretical evidence supporting a mechanistic role 

for martensite in hydrogen-assisted fracture. The similarity between hydrogen-assisted fracture 

in stable and metastable alloys suggests a secondary role for strain-induced martensite, although 

this role of martensite is incompletely understood and cannot be discounted. 

In general, accepted trends for hydrogen-assisted fracture in austenitic stainless steels are based 

on the large number of tensile studies. In contrast, the available data from fracture testing and 

fatigue testing is relatively scarce. Additional testing is necessary to assess the tensile trends 



under conditions of crack growth. Models that combine crack-tip mechanics and hydrogen 

transport are also needed to guide fundamental tests designed to illuminate the details of the 

fracture process. Crack initiation in gaseous hydrogen has not been discussed in this chapter, 

primarily because it is an area that as not been received critical attention for the austenitic 

stainless steels; however, crack initiation and the behavior of short cracks are areas of interest 

both to hydrogen-assisted fracture and more broadly in the fracture community. 
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Table 1. Average hydrogen diffusivity and hydrogen solubility relationships for AISI type 300-
series austenitic stainless steels. 
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373-623 2.0 x 10-7 49.3 266 6.9 [35] 
 
 
 



 
Figure 1. Reduction of area as a function of nickel content for a variety of thermally hydrogen-
precharged metastable and stable austenitic stainless steels. Data from tensile testing at 
temperature of 223 K [66, 73]. Open symbols represent annealed materials; closed symbols 
represent strain-hardened material. 



 

 
Figure 2. Reduction of area as a function of nickel content for a variety of AISI type 304 and 
AISI type 316 austenitic stainless steels. Data from tensile testing at temperature of 223 K [66]. 
 



 (a) (b)  

 (c) (d)  

(e) (f)  
Figure 3. Fracture surfaces of thermally hydrogen-precharged austenitic stainless steels that 
display microvoid coalescence at room temperature. (a) 21Cr-6Ni-9Mn, annealed; (b) AISI type 
316, annealed; (c) AISI type 316L, strain-hardended; (d) AISI type 316L, annealed; (e) 22Cr-
13Ni-5Mn, forged; and (f) 22Cr-13Ni-5Mn, strain-hardened. 



 

(a) (b)  

Figure 4. Fracture surfaces of thermally hydrogen-precharged austenitic stainless steels that 
display elongated microvoid coalescence at room temperature. (a) 21Cr-6Ni-9Mn, forging; (b) 
AISI type 316, strain-hardened. 



 

(a) (b)  
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Figure 5. Fracture surfaces of thermally hydrogen-precharged austenitic stainless steels that 
display interface fracture at temperature of 223 K. The different size scale of the facets 
represents the relative size scale of the microstructure. (a) small, flat facets are separated by areas 
of MVC: 21Cr-6Ni-9Mn, annealed; (b) AISI type 304, annealed; and (c) AISI type 316L, strain-
hardened. 



 

  
Figure 6. Fracture  surface of duplex austenitic stainless steel (2507) that displays cleavage-like 
fracture in the ferritic phase and MVC in the austenitic phase between ferrite grains.  
 



 

 
Figure 7. Stress intensity factor as a function of yield strength for a variety of austenitic stainless 
steels. Closed symbols represent elastic-plastic fracture toughness from thermally hydrogen-
precharged materials [70, 73, 74, 140]; open symbols represent crack arrest threshold fracture 
toughness in gaseous hydrogen at pressure of 100 MPa [67]. 


