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ABSTRACT 
 
Hydrogen-assisted fracture is observed in austenitic stainless steel alloys. There has been 
significant debate in the literature about the role of strain-induced martensite on hydrogen-
assisted fracture of metastable austenitic stainless steels. It is clear that α’-martensite is not 
necessary for hydrogen-assisted fracture since hydrogen affects the tensile ductility and 
fracture properties of stable austenitic stainless steels. Martensite, however, is believed to 
facilitate hydrogen transport in austenitic stainless steel and numerous studies propose that 
martensite contributes to fracture. Yet conclusive evidence that strain-induced α’-martensite 
plays an important mechanistic role on fracture processes in the presence of hydrogen has 
not been clearly articulated in the literature. In this study, we report microstructural evidence 
suggesting that α’-martensite does not play a primary role in hydrogen-assisted fracture 
during tensile testing of metastable austenitic stainless steel. This microstructural evidence 
also suggests that thermal twin boundaries are susceptible sites for hydrogen-assisted 
fracture.  
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INTRODUCTION 
 
The effects of gaseous hydrogen on the mechanical properties of austenitic stainless steels 
have been extensively studied [1-6], because austenitic stainless steels are commonly used 
in high-pressure gaseous hydrogen systems. These studies have focused on nickel content 
as an important parameter for resistance to hydrogen-assisted fracture; alloys with greater 
nickel content are generally more resistant to hydrogen-assisted fracture. Nickel strongly 
influences deformation in austenitic stainless steels, an influence that also appears to be 
important to the material’s resistance to hydrogen-assisted fracture [4]. There is also 
speculation that strain-induced martensite plays an important role in fracture in the presence 
of hydrogen [6, 7]; although the role of nickel and martensite are difficult to decouple since 
greater nickel content generally improves the stability of austenitic stainless steels with 
respect to formation of strain-induced martensite. There are two primary roles attributed to 
martensite [6, 7]: (i) enhancement of hydrogen transport into the austenitic matrix; and (ii) 
nucleation of microstructural damage in the martensite or at the interface between the matrix 
and the martensite. The goal of this work is to better understand the microstructural features 
that contribute to hydrogen-assisted fracture in austenitic stainless steels and the effects of 
hydrogen on deformation and fracture.  
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alloy Fe Cr Ni Mo Mn Si C N S P 

II Bal 16.5 10.0 2.0 1.7 0.6 0.022 0.027 0.028 0.029 

IV Bal 18.3 8.6 0.4 1.5 0.4 0.014 0.086 0.029 0.020 
Table 1: Composition (wt%) of the alloys examined in this study. 

 
 

Tensile testing at 293 K Tensile testing at 223 K 

Reduction of area (%) Reduction of area (%) alloy 
ASTM  
grain 
size 

Yield 
strength 
(MPa) 

Non-
charged 

Hydrogen-
precharged 

Yield 
strength 
(MPa) 

Non-
charged 

Hydrogen-
precharged 

II 6 214 82 57 288 78 21 

IV 4 221 73 40 312 75 20 
Table 2: Microstructural and mechanical properties of the tested materials.  

 
 
EXPERIMENTAL PROCEDURES  
 
Two austenitic stainless steels were selected from previous studies for extensive 
microstructural characterization: a 316L alloy (designated as alloy II) and a 304/304L alloy 
(alloy IV). These alloys were chosen for their relatively low nickel content, being near the 
minimum generally allowable for 304 and 316 austenitic stainless steels, which are 8 and 
10 wt% respectively. The alloys were received in the annealed condition and the 
composition of these alloys is given in Table 1. The microstructure of these two materials 
was evaluated before and after deformation using the non-deformed and deformed regions 
of tensile specimens that were broken at temperature of 223 K; details of the tensile testing 
are given in Ref. [5] and are consistent with companion studies [3]. In addition, the effect of 
high concentrations of hydrogen on deformation and fracture were investigated by 
examining the microstructure and fracture surfaces of tensile specimens that had been 
tested after thermal precharging with hydrogen. Hydrogen-precharging is intended to 
simulate the hydrogen content in the material when subjected to stress in a gaseous 
hydrogen environment. Hydrogen-precharging was conducted by immersion in gaseous 
hydrogen at pressure of 34.5 MPa and temperature of 300˚C for several weeks. These 
thermal precharging conditions result in relatively uniform hydrogen content of about 60 wt 
ppm. 
 
The microstructures were evaluated by optical metallography of polished and etched 
sections of the materials, as well as scanning electron microscopy (SEM). Broken tensile 
specimens were also sectioned along the cylindrical axis and prepared for optical 
metallography; these sections are referred to as longitudinal sections. Electron 
backscattered diffraction (EBSD) was used to evaluate deformation and damage below the 
fracture surface on the longitudinal sections. Transmission electron microscopy (TEM) was 
used to illuminate deformation processes and identify the strain-induced phase 
transformations by selected-area electron diffraction (SAED). TEM foils were removed from 
broken tensile specimens just below the fracture surface, in addition to foils of the non-
deformed and hydrogen-precharged materials taken from the grip section of the tensile 
specimens. Fracture surfaces of the broken tensile specimens were also examined by SEM. 
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Figure 1: Optical micrographs showing microstructure, including thermal twins.  
 

  
 

  
 
Figure 2: fracture surfaces from tensile specimens tested at 223 K: (a) & (b) non-charged; 
(c) & (d) hydrogen-precharged. 

a b 

c d 
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Figure 3: Optical images show the sharp cracks in the gage section (alloy IV shows the 
profile of fracture surface at the top of the image). 
 
RESULTS AND DISCUSSION 
 
Figure 1 shows typical grain and thermal twin structure of the polished and etched alloys. In 
general, the grains are equaixed; alloy II has smaller average grain size than alloy IV. In 
addition, the density of large thermal twins, which often span entire grains, is relatively high 
for both materials. The yield strength of both alloys is approximately 220 MPa at room 
temperature and 35 to 40% higher at 223 K (Table 2). The effect of thermally precharging 
with hydrogen is most apparent in the changes of the material’s tensile ductility, as 
quantified by the reduction of area (RA: percentage decrease in original cross sectional 
area). The RA is between 70% and 80% in the as-received condition, but drops to as low as 
20% when hydrogen-precharged and tested at 223 K (Table 2). Additional tensile data can 
be found in Refs. [3, 5]. 
 
The measured reduction of ductility is also apparent in changes on the fracture surfaces. 
Fracture surfaces for the alloys in the non-charged and hydrogen-precharged conditions are 
shown in Figure 2. The non-charged specimens show classic ductile dimples on the fracture 
surfaces (Figures 2a and 2b), as typical of fracture by microvoid coalescence. With the 
addition of high concentration of hydrogen, the fracture features are significantly different 
showing relative flat “facets” surrounded by elongated furrows (Figures 2c and 2d). Polished 
longitudinal sections of hydrogen-precharged tensile specimens (Figure 3) reveal sharp, 
relatively straight cracks below the fracture surface, which are nominally perpendicular to the 
loading axis. These subsurface cracks are nominally the same size as the facets on the 
fracture surface, suggesting that this damage is consistent with the “facets” on the fracture 
surface. Moreover, these cracks are distributed throughout the gauge length (but absent 
from the non-deformed regions), implying that they begin to develop relatively early in the 
strain history.  
 
Flat “facets” have been previously observed in fracture surfaces of austenitic stainless steels 
and these were interpreted to be fracture of twin boundaries [8, 9]. On the other hand, strain-
induced martensite is often invoked as an explanation for fracture mode changes in 
austenitic stainless steel exposed to hydrogen, although the microstructural evidence for this 
latter interpretation is absent and considered neither a necessary nor sufficient condition for 
hydrogen-assisted fracture [10]. In an effort to identify microstructural features that may be 
associated the large facets, areas around the subsurface cracks in longitudinal sections of 
alloy IV were investigated using EBSD (Figure 4). In a few cases, cracks could not be 
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associated with microstructure by EBSD, these cracks tended to be less straight than most 
of the subsurface cracks. The majority of analyzed cracks, however, showed that fracture 
occurred along twin boundaries. Inverse pole figures show that the grains on either side of 
the crack are rotated by 60 degrees with respect to one another (Figure 4d), indicative of a 
twin relationship. In addition, the crack stops at precisely the location where the twin 
relationship is lost. Strain-induced α’-martensite was clearly resolved as well, but the 
martensite boundaries were not coincident with the fracture facet.  
 

 

 

 
 
 
 

Figure 4: EBSD of subsurface crack in alloy IV: (a) backscattered electron image; (b) phase 
map shows γ-austenite in blue (FCC) and α’-martensite in red (BCC); (c) inverse pole figure 
map shows crack terminates when orientation relationship across boundary changes 
(arrows); and (d) inverse pole figure shows 60˚ rotation between upper (circled) and lower 
grains, indicative of a twin boundary.  
 
TEM shows that both ε-maternsite and α’-martensite are present in the specimens deformed 
at 223 K (Figures 5 and 6). There is no evidence of martensite (or other microstructural 
changes) in hydrogen-precharged material that had not been deformed (Figures 5a and 6a). 
The martensitic transformations in 304 stainless steel have been identified as γ→ε→α’ [11], 
although it is reported that ε-martensite is not a requisite for the nucleation of α’-martensite 
[12]. In this study, α’-martensite with the Nishiyama-Wassermann orientation relationship 
was found to nucleate at the intersection of ε-martensite platelets (the latter having the Shoji-
Nishiyama orientation relationship with the austenite matrix). Larger platelets of α’-
martensite tend to have the Kurdgumov-Sachs orientation with the austenite (also reported 
elsewhere [11]) and are interleaved with parallel ε-martensite platelets. The results in a fixed 
relationship between contiguous ε-martensite and α’-martensite in these layered regions. 
 
In alloy II (the higher nickel containing alloy), mechanical twinning was apparent in SAED 
patterns, but no evidence of mechanical twinning was apparent in alloy IV. Although difficult 
to quantify, it was additionally noted that less ε-martensite is present in alloy II compared to 
alloy IV. Mechanical twins and ε-martensite are related by the structure of overlapping 
stacking faults [13]: if stacking faults overlap on adjacent {111} planes, a mechanical twin 

a 

b 

c 

d 
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(sometimes called a deformation twin) is formed, while ε-martensite is formed by overlap on 
every other {111} plane. These results, combined with the observation that austenitic 
stainless steels tend to deformation by twinning at high stress [14], then suggest that 
hydrogen may have a tendency to promote the formation of ε-martensite at the expense of 
mechanical twinning. More work is necessary to clarify the effects of hydrogen on 
deformation and transformation, in part because mechanical twinning and formation of ε-
martensite also depend on nickel content and temperature [12].  
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Figure 5: TEM-bright field (BF) images and SAED of alloy II: (a) non-deformed grip section; 
(b) strain-induced α’-martensite and ε-martensite; (c) dense thin platelets of ε-martensite;  
(d) dense α’-martensite platelets; (e) SAED identifying α’-martensite; (f) SAED identifying ε-
martensite and mechanical twinning (T). 
 
 
SUMMARY AND CONCLUSIONS 
 
Hydrogen-assisted fracture can significantly reduce the tensile ductility of austenitic stainless 
steels. Relatively flat “facets” are observed on the fracture surface of alloys with relatively 
low nickel content that have been thermally precharged with hydrogen and tested at 
temperature of 223 K. Microstructural characterization using EBSD shows that these facets 
are consistent with thermal twin boundaries. Strain-induced martensite does not appear to 
play a direct role in the formation of these facets; however, TEM images confirm that both ε-
martensite and α’-martensite are formed during deformation. Given the close relationship 
between strain-induced ε-martensite and mechanical twinning, these results also suggest 
that hydrogen may promote the formation of ε-martensite. 
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Figure 6: TEM-bright field (BF) images and SAED of alloy IV: (a) non-deformed grip section; 
(b) α’-martensite with thin ε-martensite platelets; (c) large bands of α’-martensite; (d) SAED 
identifying α’-martensite and ε-martensite. Deformation twinning was not observed in alloy II. 
 


