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Abstract
Although martensitic transformation is neither necessary nor sufficient to explain hydrogen effects in austenitic stainless 
steels, the formation of a second phase upon straining results in local strain incompatibilities within the microstructure 
which can result in hydrogen assisted crack initiation. The fraction of α’-martensite on fracture surfaces of ten commercial 
austenitic stainless steels of different austenite stability was measured by quantitative x-ray diffraction (XRD). The main 
results are: (1) for a given steel, martensite contents on fracture surfaces of specimens tested in helium were higher compared 
to those tested in hydrogen and (2) tensile reduction in area of the specimens tested in hydrogen decreases with increasing 
martensite content on the fracture surface.
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Introduction

Hydrogen effects in metastable austenitic stainless steels are 
often explained by the low austenite stability of the investi-
gated steel and thus to the amount of α’-martensite formed 
upon straining, see e.g., [1]. Providing this sole root cause is 
at least misleading since martensitic transformation is nei-
ther necessary nor sufficient to explain hydrogen effects in 
austenitic stainless steels [2]. However, the formation of a 
second phase upon straining results in local strain incompat-
ibilities within the microstructure which can result in hydro-
gen assisted crack initiation [3]. The tensile test results of 10 
commercial austenitic stainless steels investigated here were 
previously published in [4]. The different chemical compo-
sitions of the steels resulted in different austenite stabilities 
and thus, to different α’-martensite fractions on the fracture 
surfaces. The motivation of this study was to quantitatively 
measure the α’-martensite content directly on the fracture 

surface by XRD and to correlate the result with the loss 
of tensile reduction in area when tensile tested in gaseous 
hydrogen to further investigate the role of martensitic trans-
formation directly at the fracture location.

Experimental

The experimental details of the XRD measurements are 
described in [5] and are only briefly repeated here. XRD 
measurements were performed on a renewed Siemens 
D5000 with a DiffracPlus Software from Bruker AXS. The 
measurements were performed with Cr-Kα-radiation with a 
wavelength of λ = 0.22897 nm and with 30 kV voltage and 
30 mA current in the 2 theta range from 10° to 165° with 
steps of 0.01°. The penetration depth of the Cr-Kα-radiation 
into the material was about 3–4 µm, which represents the 
phase distribution at fracture. For each measurement, the 
martensite content was calculated according to the procedure 
outlined in [5]. The advantage of the XRD method is that 
it works not only on carefully prepared surfaces but also on 
curved surfaces as well as on rough fracture surfaces.

The chemical compositions, tensile test parameters and 
tensile test results of the 10 commercial austenitic stainless 
steels investigated here were previously published in [4]. All 
steels were tensile tested in helium and hydrogen gas, both at 
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a pressure of 9 MPa to investigate the loss of tensile ductility 
due to gaseous hydrogen. The designation of the steels in 
this publication is identical to those used in [4] to ensure an 
easy comparison between the two publications.

Results, Discussion and Conclusions

The detailed XRD results and the calculated martensite frac-
tions on the fracture surfaces of the 10 commercial austen-
itic stainless steels are summarized in Table 1 together with 
some tensile data from [4]. Two representative XRD patterns 
are shown in Fig. 1a, b. As described in [6], the volume 
fraction of each phase can be calculated by the x-ray intensi-
ties from the respective XRD peaks. It is shown in Table 1 
and Fig. 1 that α’-martensite and γ -austenite were clearly 
detected but ε-martensite was not detected in either of the 
steels. It can be further seen from Table 1 and Fig. 1 that the 
intensities of the α’-martensite and γ-austenite peaks depend 
on the chemical composition of the steels.

It is well established that nickel is the main austenite 
stabilizing alloying element in austenitic stainless steels. 
Figure 2a shows the calculated α’-martensite fractions as 
a function of the nickel content. The general trend is that 
α’-martensite content decreases with increasing nickel con-
tent for specimens tested in both, He and H2 atmospheres. 

The data in Fig. 2a scatter significantly. However, the scatter 
could not be reduced by plotting the results as a function of 
well-known empirical nickel equivalents [1] [7] including 
Md30 temperatures [8] as well as stacking fault energies [9]. 
In Fig. 2a, the α’-martensite fractions appear to be independ-
ent of the test atmosphere for nickel contents higher than 
about 11 wt%. for lower nickel contents the α’-martensite 
fractions are lower in H2 atmosphere compared to He. For a 
given temperature the amount of transformed α’-martensite 
mainly depends on the local strain [8]. That is, it appears 
from these results that the local strain in front of a grow-
ing crack is lower in specimens tested in H2 compared to 
He, especially for low nickel contents. If this observation 
complies with the Hydrogen Enhanced Localized Plasticity 
(HELP) mechanism which is established for austenitic stain-
less steels, is subject to further investigations.

Figure 2b shows the tensile reduction in area (RA) as 
a function of the α’-martensite fraction. While RA in He 
is almost independent of the α’-martensite fraction up to 
α’-martensite fractions of about 75%, RA in H2 decreases 
with increasing α’-martensite fraction from about 80% at 
about 1% α’-martensite fraction to about 40% at about 40% 
α’-martensite fraction. The scatter of the test results in H2 
(and also in He) is high which means that the involved fracture 
mechanisms are complex and cannot be attributed to marten-
sitic transformation alone, as described in detail in [3].

Fig. 1   Representative XRD 
patterns from the center of 
the fracture surfaces of steels 
showing a negligible martensi-
tic transformation and b severe 
martensitic transformation

Fig. 2   a α’-martensite on the 
fracture surface as a function of 
Ni-content and b tensile reduc-
tion of area as a function of 
α’-martensite on the fracture for 
the 10 austenitic steels tensile 
tested in [4]
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