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a b s t r a c t

A novel high-aluminum austenitic stainless steel has been produced in the laboratory with

the aim of developing a lean-alloyed material with a high resistance to hydrogen envi-

ronment embrittlement. The susceptibility to hydrogen environment embrittlement was

evaluated by means of tensile tests at a slow strain rate in pure hydrogen gas at a pressure

of 40 MPa and a temperature of �50 �C. Under these conditions, the yield strength, tensile

strength and elongation to rupture are not affected by hydrogen in comparison to com-

panion tests carried out in air. Moreover, a very high ductility in hydrogen is evidenced by a

reduction of area of 70% in the high-pressure and low-temperature hydrogen environment.

The lean degree of alloying is reflected in the molybdenum-free character of the material

and a nickel content of 8.0 wt.%. With regard to the alloy concept, a combination of high-

carbon, high-manganese, and high-aluminum contents confer an extremely high stability

against the formation of strain-induced martensite. This aspect was investigated by means

of in-situ magnetic measurements and ex-situ X-ray diffraction. The overall performance

of the novel alloy was compared with two reference materials, 304L and 316L austenitic

stainless steels, both industrially produced. Its capability of maintaining a fully austenitic

structure during tensile testing has been identified as a key aspect to avoid hydrogen

environment embrittlement.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction mechanical properties and ductility on coming into contact
The use of hydrogen for power generation in mobile and sta-

tionary applications is generally considered to be a very

promising alternative among renewable and carbon-free en-

ergy sources. Nevertheless, the development of hydrogen

energy is limited by the high costs associated with the few

materials that guarantee safe handling of hydrogen. In this

regard, most metallic materials suffer deterioration of their
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with any hydrogen source. This phenomenon is known as

hydrogen embrittlement [1]. Therefore, current hydrogen

applications make use of high-alloyed austenitic stainless

steels, such as AISI type 316 and 310, which show a high

resistance to hydrogen embrittlement [2e7]. However, these

alloys represent an expensive solution due to their high nickel

and molybdenum contents. As a consequence, new steels

with equivalent properties but lower associated costs are
ublications, LLC. Published by Elsevier Ltd. All rights reserved.
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needed. Such materials could support the sustainable devel-

opment of hydrogen energy on a global scale, which will de-

mand a huge infrastructure for hydrogen production, storage,

distribution, and end-use applications.

For decades, the use of austenitic stainless steels in

hydrogen applications has gainedmajor attention due to their

higher performance compared to other metallic materials

[8e10]. More specifically, if the susceptibility to hydrogen

environment embrittlement (HEE) is evaluated, both former

and present literature agree on the fact that stable austenitic

stainless steels show higher resistance to HEE [2,3,5]. In this

context, the term “stable” refers to the property of avoiding

the formation of a0 and 3-martensite under the applied strain

at a given temperature. Whereas 3-martensite is assumed to

play aminor role in HEE [11,12], the formation of a0-martensite

is always accompanied by detrimental effects. In particular,

higher ductility losses are encountered for higher tendencies

to undergo strain-induced a0-martensite transformation

[2e5,13e15]. The latter is frequently associated with the

higher diffusivity of hydrogen in the bcc lattice and its

enhanced transport through the fast diffusion paths repre-

sented by the transformed structure [16,17]. Several in-

vestigations have focused on increasing the stability of

austenitic stainless steels by modifying the content of inter-

stitial and substitutional elements [6,18e20]. These studies

have revealed that increasing the austenite stability has a

beneficial impact on the ductility response of thematerial in a

hydrogen environment. This can be interpreted not only on

the direction of mitigating the formation of strain-induced a0-
martensite, but also on the relationship between austenite

stability and the corresponding stacking fault energy (SFE) of

the material. Specifically, an increasing SFE will favor more

homogenous deformation by means of cross-slip instead of

the planar slip mechanism that is promoted by low SFE values

[19,21e23].

The need to combine cost reduction with a high resistance

to HEE has motivated the identification of a minimum-

required nickel content, specially, in modified AISI type 316

steel. The minimum value has been found between 11.5 and

13 wt.%, depending on the testing conditions [19,20,24,25],

which is still too high concerning cost-efficiency. Beyond this

strategy of minimizing the nickel content in AISI type 316

austenitic stainless steel, not many contributions are

encountered in the literature concerning lean-alloyed and

HEE-resistant steels. One of the earliest contributions in this

context corresponds to the work published by Louthan and

Caskey in 1976 [8]. They proposed a 21Cr-6Ni-9Mn stainless

steel, commercially known as Nitronic 40, as a possible

candidate for hydrogen applications. This material represents

a very interesting case of a low-nickel austenitic stainless

steel that does not form strain-induced a0-martensite at room

temperature [26]. As shown in Ref. [8], the tensile properties of

the 21-6-9 steel are equivalent after testing in 69 MPa

hydrogen and helium gas at room temperature. However, the

same work reports a reduction in ductility response of about

50% after tensile tests of thermally precharged specimens in

air at room temperature. A more detailed characterization of

this alloy was published by West and Louthan in 1982 [27], in

which nineteen different fabrication routes were investigated

in the thermally precharged and uncharged condition by
means of tensile testing at a strain rate of 5.4$10�4 s�1 at room

temperature. Tensile tests of the uncharged specimens in the

annealed condition in 120 MPa hydrogen led to a loss of

ductility of around 30% according to values of the reduction of

area. The authors concluded “this austenitic stainless steel is

susceptible to hydrogen-induced cracking at grain boundaries, slip

bands, and other interfaces” [27]. A more recent investigation on

elasticeplastic fracture mechanics of 21-6-9 performed by

Nibur et al. shows a significant reduction in the fracture

initiation toughness and crack-growth resistance of thermally

precharged specimens [28]. As discussed in detail by the au-

thors, a high concentration of hydrogen can modify the frac-

ture mechanisms in the 21-6-9 stainless steels. Moreover,

taking into account the absence of the strain-induced

martensitic transformation, the hydrogen-assisted fracture

can be interpreted bymeans of deformationmechanisms that

promote localization of deformation [28,29].

Another candidate alloy for use in hydrogen applications is

the 22Cr-13Ni-5Mn steel, also introduced by Louthan and

Caskey in Ref. [8]. This material exhibits very attractive

properties because it combines a high stability against strain-

inducedmartensite formation, a high strength due to nitrogen

addition, and a high fracture toughness in the hydrogen pre-

charged condition [30]. The only drawback of this alloy for

hydrogen applications could be cost restrictions driven by the

relatively high nickel content. Continuing with the idea of

combining a stable austenitic matrix, high strength, and high

ductility, CreMneN austenitic steels have also been evaluated

with regard to their susceptibility to HEE. In this case, the

replacement of nickel by manganese and nitrogen addition

proved to be unsuccessful in slow strain rate tensile tests

carried out in a 10 MPa hydrogen atmosphere at �50 �C [31].

Specifically, the ductility response of the material was

severely reduced, despite the negligible fraction of material

that is transformed into strain-induced a0-martensite. The

brittle behavior was mainly attributed to the role of nitrogen

in promoting short-range ordering and therefore a higher

degree of planar slip during deformation [31e34].

The goal of this study was to design a lean-alloyed and

HEE-resistant austenitic stainless steel as a potential candi-

date for high-pressure hydrogen applications at both room

temperature and subzero temperatures. The novel alloy was

empirically developed and qualified by means of slow strain

rate tensile tests in high-pressure hydrogen gas. Being aware

of the dependency of HEE-susceptibility on the temperature

and strain rate [5,13,25,35e39], the developedmaterial and the

reference alloys (304L, 316L) were tested at�50 �C, 5.5$10�5 s�1

and 40 MPa of pure hydrogen gas, which represents a condi-

tion of maximum susceptibility to HEE.
2. Experimental

2.1. Alloying concept

The first decision made concerning the novel material was to

take the nominal composition of a lean-alloyed austenitic steel,

e.g. AISI type 304, as the basis for developing the alloy. This

decision relies on the general trend that austenitic stainless

steels show a higher resistance to hydrogen embrittlement

http://dx.doi.org/10.1016/j.ijhydene.2013.02.127
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than ferritic steels [4,6,8e10]. Three different aspects were

considered as milestones for the alloying concept: a) sufficient

thermodynamic stability to ensure a fully austenitic phase at

industrial solution-annealing temperatures, b) sufficient

austenite stability against strain-induced a0 formation, and c) a

relatively high SFE. The need for a broad austenitic phase field

at standard annealing temperatureswas required to provide an

austenitic microstructure after quenching, which can be also

obtained by industrial processing. For the second aspect,

avoiding the strain-induced martensitic transformation is

considered to be a mandatory step in the alloy development

process. Although it is known that a fully stable material does

not guarantee a high resistance to HEE [15,31,40], it is also well

known that no resistance to HEE is possible in the case of

metastable alloys [5,13e15,26]. For the third aspect, featuring a

relatively high SFE was understood as a necessary character-

istic to be added onto the stability of the alloy. Specifically, a

high SFE is expected to lead to a more homogenous deforma-

tion by suppressing planar slip [19,22,28,41]. In this context, the

possibility of undergoing homogenous deformation is inter-

preted as a vital issue for counteracting the effect of hydrogen

during hydrogen-assisted fracture, which consists of localiza-

tion of deformation [29,36,42e46].

In this work, and in order to fulfill the aforementioned re-

quirements, five elements of interest were identified as the

main components of the alloy, namely: carbon, manganese,

chromium, nickel, and aluminum. Subsequently, the pointed

composition presented in Table 1 was defined with the sup-

port of thermodynamic calculations (CALPHAD method

[47e49]). The new alloy is identified as “10-8-2.5” in accor-

dance with the pointed addition of the elements manganese,

nickel, and aluminum, respectively.

2.1.1. Role of the alloying elements
As can be seen in Table 1, the 10-8-2.5 steel is a high carbon-

alloyed steel. The intention was to maximize the carbon

content because it is beneficial for the three aspects

mentioned in Section 2.1. Namely, it increases not only the

thermodynamic stability of the austenite at solution-

annealing temperatures [50], but also the mechanical stabil-

ity against a0 formation. The last can be deduced from the

contribution of carbon in the expression of the Md30 temper-

ature in Equation (1). This formula allows to estimate the

temperature at which a true strain of 30% is sufficient to

transform 50% of the austenite into martensite [51]. Accord-

ingly, the lower the value of the Md30 temperature the more
Table 1 e Chemical compositions in wt.% of the alloy 10-
8-2.5 and reference materials (AISI type 304L and 316L).
Measured values obtained by means of optical emission
spark spectrometry on tensile specimens.

Alloy C Si Mn Cr Ni Mo Al N Fe

10-8-2.5P 0.12 e 10 13 8 e 2.5 e bal.

10-8-2.5m 0.116 0.05 10.27 12.98 7.93 0.03 2.87 0.020 bal.

304Lm 0.018 0.70 1.96 17.7 8.6 0.30 0.001 0.075 bal.

316Lm 0.012 0.83 1.43 17.1 12.5 2.46 0.002 0.057 bal.

P Pointed.
m Measured.
stable is the alloy against the strain-induced transformation

to a0. Moreover, the addition of carbon is also known to in-

crease the SFE of thematerial [52,53]. In the case of chromium

alloying, increasing its content would provide a higher sta-

bility against a0 formation (Equation (1)), but it would also

decrease the SFE and the thermodynamic stability of the fcc

phase in the steel [50]. A higher priority was thus given to the

detrimental effect of chromium on the SFE of austenitic

stainless steels [52,54]. Therefore, its content was reduced to a

“minimum allowable” level of 13 wt.%. This amount should

combine sufficient corrosion resistance, not evaluated here,

with a “minimum” ferrite-stabilizing effect at solution-

annealing temperatures. The use of aluminum as an alloy-

ing element is based on the aim of increasing the SFE of the

material. Aluminum is known to have a strong and positive

effect on this property [55,56]. Since a higher priority was

given to this effect, a large amount of aluminum (2.5 mass%)

was considered to be in the solid solution, despite its ferrite-

stabilizing nature at solution-annealing temperatures [50].

Alloying with manganese has two positive contributions:

firstly, it provides thermodynamic stability to the fcc phase at

solution-annealing temperatures [50], and secondly, it in-

creases the stability of the alloy against the a0 martensitic

transformation (Equation (1)). However, the addition of man-

ganese also has negative aspects: it decreases the SFE in

austenitic stainless steels [52,54]. Therefore, greater impor-

tance was attributed to the effect of manganese on a0 forma-

tion and on the thermodynamic stability of the fcc phase.

Accordingly, 10 wt.%manganese was added to account for the

ferrite-stabilization effect of both chromium and aluminum

addition. Finally, to account for cost-efficiency, nickel content

was kept at the level of an AISI type 304 steel, i.e. 8 wt.%, and

nomolybdenumwas involved in the alloying process. Beyond

optimization of the nickel content to improve the cost-

efficiency, an addition of 8 wt.% of this element also contrib-

utes positively to the three milestones considered in the

development of the novel alloy. Namely, providing thermo-

dynamic stability [50], mechanical stability against a0 forma-

tion (Equation (1)), and increasing the SFE [52,53,57].

Md30 ¼551� 462 wt:%C� 9:2 wt:%Si� 8:1 wt:%Mn

� 13:7 wt:%Cr� 29 wt:%Ni� 18:5 wt:%Mo

� 29 wt:%Cu� 68 wt:%Nb� 462 wt:%N

� 1:42ðgrainsize½ASTM� � 8:0Þ

(1)

2.2. Alloy production and testing

2.2.1. Production
The alloy 10-8-2.5 was produced in the laboratory via ingot

casting in a vacuum induction furnace. As-cast ingots with a

weight of 3 kg and a diameter of 50 mm were pre-machined

down to 42 mm and hot-worked in several passes to a final

diameter of 16 mm, followed by water quenching. Six tensile

specimens with a gauge length of 30 mm and a diameter of

5mmweremachined out of the center of the as-forged bars by

means of wet-turning as described in Ref. [58]. Subsequently,

the as-turned specimens were heat-treated in an industrial

vacuum furnace for 30 min at 1050 �C, followed by quenching

in argon gas at a pressure of 200 kPa. The last step is essential

to avoid undesirable contributions of turning operations on

http://dx.doi.org/10.1016/j.ijhydene.2013.02.127
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the performance of the material during testing in hydrogen

[58]. After the heat treatment, two tensile specimens of alloy

10-8-2.5 were manually polished down to 1 mm by mounting

them on a small turning machine to minimize geometric

deformations. A total of four specimens were supplied for

hydrogen testing (2 polished and 2 without polishing)

while the remaining two were employed as references in air

atmosphere.

Reference materials were semi-finished bars of austenitic

stainless steels AISI type 304L and 316L that were provided by

Deutsche Edelstahlwerke (DEW, Germany). Tensile specimens

were machined out of the center of a 30 mm diameter bar

material and heat-treated in the same batch with the speci-

mens of the alloy 10-8-2.5. Measurements of chemical

composition performed on tensile specimens are presented in

Table 1 for both reference materials. The aforementioned

production route resulted in an average grain size of

45mm � 5 mm (ASTM grain size number G ¼ 6.0) in the three

investigated alloys.

2.2.2. Testing
Tensile tests in air and in pure hydrogen gas (�99.9999% H2)

were carried out with the three materials at �50 �C. Ambient

pressure was used for the air-tested specimens, whereas

40 MPa was applied for the tests in a hydrogen atmosphere.

For hydrogen testing, the vessel was purged three times with

pure nitrogen at 1MPa. Thiswas followed by eight consecutive

purges with pure hydrogen at 1 MPa, and then the vessel was

filled to the test pressure. This procedure ensures safety and

gas purity. In both air and hydrogen tests, an initial strain rate

of 5.5$10�5 s�1 was used according to ASTM G129 standard

[39]. In the case of the hydrogen tests, the load was measured

using an internal load cell in all cases. Clip gauge/extensom-

eter measurements were used in air/hydrogen environments

to determine the 0.2% proof stress. Measured properties were

yield strength (Rp0.2), ultimate tensile strength (Rm), and

elongation to rupture (A). Additionally, values of reduction of

area (Z ) were obtained by measuring the initial and final di-

ameters of the specimen at the necking circumference with a

digital caliper. The Z parameter is known to be a very sensitive

measure of the susceptibility of metallic materials to HEE

[5,15,21].

2.3. Characterization

2.3.1. Microstructure and fracture surfaces
Longitudinal sections of the threaded parts in tensile speci-

mens were metallographically prepared by grinding and pol-

ishing down to 1 mm with diamond paste. A V2A solution

(100 ml H2O, 100 ml HCl, 10 ml HNO3) was then employed to

reveal the microstructure of the samples. Whereas etched

samples were investigated by optical microscopy, samples in

the as-polished condition were used for the identification of

nonmetallic inclusions by means of energy-dispersive X-ray

spectroscopy (EDS) in a LEO 1530-VP scanning electron mi-

croscope (SEM).

An initial characterization of the fracture surfaces and

necking regions at the macroscopic scale was performed with

a VHX-600D digital microscope (Keyence GmbH, Germany).

Digital images were obtained in the as-tested condition
employing a RZ-20 lens and a light filter with a magnification

of 50�. After obtaining a macroscopic image of the rupture,

the fracture surfaces were investigated via secondary electron

contrast with the SEM.

2.3.2. Austenite stability
Martensite formation during tensile testing was followed in-

situ by means of the magnetic induction method using a

FeritScope� MP30 device (Helmut Fischer GmbH, Germany).

Since preliminary studies had shown that a loaded state

influenced the material’s magnetic response, measurements

were carried out at loads lower than 100 N at increments of 5%

engineering strain by interrupting the loading process with an

unload/load cycle. This type ofmeasurementwas carried out in

an air atmosphere at �50 �C. The readings of the instrument,

expressed as a ferrite equivalent, were converted into a mass

fraction of a0-martensite using a correction factor of 1.7 [59].

A second measurement of strain-induced martensite for-

mation in the bulkmaterial was carried out by means of X-ray

diffraction (XRD) on the remaining pieces of the air- and

hydrogen-tested specimens. Longitudinal sections were

metallographically prepared out of the former gauge lengths.

Diffraction patterns were then acquired from a middle point

between the fracture surface and the beginning of the gauge

length using an XPERT-MPD diffractometer with Cr-Ka radia-

tion in the range of (62�e165�)2q. The obtained patterns were

compared with data for a0- and 3-martensite in type 304 steel

published by Narita et al. [60].
3. Results

3.1. Thermodynamic stability

The measured chemical composition of alloy 10-8-2.5, pre-

sented in Table 1, was used to calculate the corresponding

phase diagram with the Calphad software ThermoCalc S [61]

in conjunction with the thermodynamic database TCFe6.2

[62]. The resulting diagram is shown in Fig. 1, in which the

dashed line depicts the corresponding carbon isopleth. As can

be seen, alloy 10-8-2.5 presents a primary ferritic solidification

followed by a two-phase field (bcc þ fcc) that becomes a fully

austenitic field at 1230 �C. Moreover, the wide austenitic field

in both carbon content and temperature ranges indicates

sufficient thermodynamic stability. Thus a fully austenitic

microstructure can be obtained by means of a solution-

annealing treatment followed by rapid cooling. In particular,

the material can be treated in the temperature range between

1050 and 1150 �C, which covers standard industrial practices.

Likewise, the thermodynamic calculations indicate that stable

aluminum nitrides (AlN) are already forming in the melt.

Since the occurrence of this phase is due to residual nitrogen

content (always present in laboratory-scale production), a

small and not relevant volume fraction of AlN can be expected

in the microstructure of the material.

3.2. Microstructure and mechanical testing

Prior to testing, all specimens showed a typical austenitic

microstructure as a result of the production process described

http://G129
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Fig. 2 e Optical micrographs of reference materials and

steel 10-8-2.5. The presence of chromium oxides was

identified in the novel alloy by means of EDS analysis.

Fig. 1 e Calculated phase diagram of the alloy 10-8-2.5. The

spot indicates the temperature employed during solution

annealing.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 8 ( 2 0 1 3 ) 5 9 8 9e6 0 0 1 5993
in Section 2.2. Common features among the three alloys

were the presence of annealing twins and a grain size of

45mm� 5 mm.With respect to the referencematerials, the 316L

showed a cleaner microstructure, whereas the 304L alloy was

characterized by amuch higher density ofmanganese sulfides

aligned in the rolling direction. Regarding the laboratory heat,

although alloy 10-8-2.5 was free of manganese sulfides, it

presented a relatively high density of chromium oxides

distributed inside the grains. Optical micrographs represen-

tative of the three alloys are presented in Fig. 2.

The three alloys were tensile tested at �50 �C in air at at-

mospheric pressure and in a 40 MPa hydrogen gas atmo-

sphere, as described in Section 2.2.2. Exemplary tensile curves

are shown in Fig. 3 for both atmospheres, in which a first

difference among the investigated materials can be deduced

from the appearance of the tensile curves. A marked strain-

hardening is observed for the AISI type 304L steel, whereas

the 316L and 10-8-2.5 alloy show a steady and more ductile

stress/strain response. A comparison of the tensile curves in

both atmospheres reveals that tensile strength and elongation

to rupture are severely reduced by hydrogen in the case of the

304L steel, whereas the alloys 316L and 10-8-2.5 show equiv-

alent performances in air and hydrogen. Moreover, very

similar curves were registered in a hydrogen atmosphere for

the 10-8-2.5 alloy and the reference AISI type 316L steel.

The values of the tensile properties associated with the

previous curves are presented in Table 2, together with the

calculation of reduction of area (Z ), as the average value of

two tests performed under the same conditions. The extra set

of average values for the manually polished specimens of

alloy 10-8-2.5 is also included. The results in Table 2 indicate

that the yield strength is not affected in any case by tensile

testing in external hydrogen. Additionally, the detrimental

effect of hydrogen in the case of AISI 304L becomes more
evident on the basis of the measured values of Rm, A and the

calculated Z. On the other hand, alloys 316L and 10-8-2.5 show

no detrimental effect on the tensile strength and elongation to

rupture caused by the presence of hydrogen. The only

parameter that is slightly lower in both cases is the reduction

of area (Z ). In this regard, the variant of the polished speci-

mens of alloy 10-8-2.5 tested in gaseous hydrogen shows an

improved response with respect to the reduction of area with

a lower elongation to rupture.

http://dx.doi.org/10.1016/j.ijhydene.2013.02.127
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Fig. 3 e Engineering stress/strain curves of alloys 304L,

316L, and 10-8-2.5 obtained at L50 �C in air (atmospheric

pressure) and 40 MPa hydrogen gas.
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In addition to the values of the reduction of area, a direct

impression of the ductility response of the three alloys is ob-

tained from the macroscopic image of the necking regions of

the as-tested specimens shown in Fig. 4. This observation

exemplifies the macroscopic brittle behavior of the AISI type

304L steel, and the very high ductility of the referencematerial

316L and the novel alloy 10-8-2.5. At this magnification, it is

possible to identify the presence of transverse cracks on the

fracture surface of alloy 10-8-2.5 that are not visible on the

316L steel. On the other hand, the polished specimens of alloy

10-8-2.5 showed a typical cup-and-cone rupture in hydrogen

atmosphere with a fracture surface free of transverse cracks,

as depicted in Fig. 5.

3.2.1. Austenite stability
Primary characterization of the austenite stability of the

three investigated alloys was carried out by means of bulk

measurements aimed at detecting the presence of ferromag-

netic phases. A FeritScope� MP30 device was employed for

measuring ferrite equivalent values during tensile testing in air

at �50 �C, whichwere later transformed intomass percentages

of a0-martensite (see Section 2.3.2). The resulting curves are
Table 2 e Mechanical properties of the reference
materials 304L/316L and the novel alloy 10-8-2.5. Tensile
tests performed at L50 �C in air at atmospheric pressure
and in 40 MPa hydrogen gas with an initial strain rate of
5.5$10L5 sL1. Average values of two tests performed in
the same condition.

Alloy Rp0.2 [MPa] Rm [MPa] A [%] Z [%]

H2 Air H2 Air H2 Air H2 Air

304L 300 284 720 929 25 53 17 77

316L 316 298 783 727 81 73 75 80

10-8-2.5 276 256 711 656 79 78 70 83

10-8-2.5a 283 n.d. 713 n.d. 73 n.d. 75 n.d.

n.d., not determined.

a Polished surface.
shown in Fig. 6. As can be seen, all materials start with a value

of zero mass percent for zero strain, which means a fully

austenitic structure at the start of the tensile test. As the test

progresses, two tendencies are immediately identified: firstly,

the low stability of the AISI type 304L for engineering strains

higher than 10%, and secondly, the very stable evolution of al-

loys 316L and 10-8-2.5 with deformation. Concerning the last

two materials, the corresponding a0 percentages remain close

to zero up to an engineering strain of 45%. Starting from 50%

strain onwards, the 316L alloy deviates toward higher values to

end up with 6.1 mass% of a0 for the last reading. Alloy 10-8-2.5

showsamore stable structure than the 316L steel,with 1.8mass

% of a0-martensite for the last ferrite equivalent reading.

In addition to themagnetic responsemeasurements, X-ray

diffraction analyses were carried out on longitudinal sections

of the air- and hydrogen-tested specimens to account for the

formation of a0- and 3-martensite. The results presented in

Fig. 7 allow the identification of the phases g and a, without

any significant contribution of the 3phase.

According to the intensity of the a-reflections, alloy 304L

appears to be much less stable, whereas the presence of

a0-martensite can be identified in the 316L steel at the

consecutive a-reflections. Fig. 7 also shows the alloy 10-8-2.5

to be the most stable of the three materials. It features an

almost fully austenitic structure. In addition, the X-ray

diffraction analyses show that the testing environment has no

impact on the formation of a0-martensite in the alloys 316L

and 10-8-2.5. On the contrary, the formation of a0 is more

pronounced in the air atmosphere with respect to hydrogen

for the 304L alloy. This can be correlated to the higher defor-

mation degree that is introduced in air atmosphere. Specif-

ically, a uniform elongation of A ¼ 53% in air and A ¼ 25% in

hydrogen (Table 2). Similarly, a very good correlation is found

between X-ray diffraction patterns and the magnetic induc-

tion method with respect to a0 formation in the bulk material.

3.3. Fractography of alloys 10-8-2.5 and 316L

Fractographic analyses were carried out on the three alloys to

compare rupture in a hydrogen atmosphere with the corre-

sponding failure in air. All the air-tested specimens exhibited

a dimpled rupture of the cup-and-cone type. Since Fig. 4

clearly exemplifies the type of rupture of the three alloys in

air, only the fractography of alloy 10-8-2.5 is presented for this

testing condition in Fig. 8. This figure shows secondary elec-

tron images of three regions of interest that are numbered

according to the low magnification image on the top left.

These regions cover the center of the necked region (1), an

intermediate radial zone (2), and the outer shear-lip (3). This

selection corresponds to the three stages of tensile fracture

that occur consecutively and which are: initiation and growth

of a central crack in 1, propagation along shear planes in 2, and

termination of the fracture in region 3 [63e65]. As can be seen

in Fig. 8, the material fails due to microvoid coalescence in

region 1 with deep and equiaxed dimples. In region 2, ductile

propagation is also evidenced by shallow and equiaxed dim-

ples. Termination of the fracture also occurs in a ductile

manner with the presence of elongated dimples having an

open end as a special feature. The fact that the open end of the

dimples faces the surface of the specimen indicates that
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Fig. 4 e Macroscopic image of the necking area and fracture surface of reference materials and alloy 10-8-2.5 after testing at

L50 �C. Air at atmospheric pressure (left), 40 MPa hydrogen gas (right).

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 8 ( 2 0 1 3 ) 5 9 8 9e6 0 0 1 5995
fracture propagation occurs from the center toward the outer

region, as indicated by the arrow in Fig. 8-3 [65].

In contrast to the air case, the hydrogen-tested specimens

of alloy 10-8-2.5 feature mixed failure with outer zones

showing hydrogen-assisted-like fracture and dimpled rupture

in the rest of the fracture surface, as shown in Fig. 9. Areas

with indications of hydrogen-assisted fracture are identified
Fig. 5 e (*) Polished specimen of alloy 10-8-2.5 after testing

at L50 �C in 40 MPa hydrogen gas.
with the number 3 and are highlighted by hatched lines in the

low magnification picture. The hydrogen-affected areas are

distributed around the border of the fracture surface and are

separated from each other. They represent about 23% of the
Fig. 6 e In-situmeasurement of strain-induceda0-martensite

formationduring tensile testing inair atL50 �C,atmospheric

pressure, and an initial strain rate of 5.5$10L5 sL1.

http://dx.doi.org/10.1016/j.ijhydene.2013.02.127
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Fig. 7 e X-ray diffraction patterns of longitudinal sections of alloys 304L, 316L, and 10-8-2.5 after testing in air (left) and

40 MPa hydrogen gas (right) at L50 �C.
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whole surface. The rest of the surface shows dimpled rupture

but with two different morphologies. Whereas region 2 fea-

tures a smooth surface with relatively small and shallow

dimples, region 1 has an uneven surface and the dimples have

a more equiaxed and deeper structure.

Fractographic analysis of the reference materials in

hydrogen revealed that 304L has a transgranular cleavage-like

failure with some intergranular ruptures (not shown here),

whereas the rupture of the 316L steel presents similarities to

alloy 10-8-2.5. Specifically, a mixed failure mode is observed

with hydrogen-affected regions in the outer regions and

dimpled rupture in the rest of the fracture surface. The latter

is presented in Fig. 10, in which micrograph 3 shows an

example of the hydrogen-assisted-like fracture, and regions 1

and 2 show dimpled rupture. Quantification of the hydrogen-

affected area corresponds to about 17% of the surface.

Quite impressive fractographic results were obtained for

the polished specimen of alloy 10-8-2.5 presented in Fig. 11.
Fig. 8 e Fracture surface of alloy 10-8-2.5 tested at L50 �C in ai

micrograph 3 indicates the direction of fracture propagation.
The mixed failure mode observed in Fig. 9 has changed to

completely dimpled rupture in the three regions of interest.

The failure of the polished specimen in hydrogen is very

similar to that in air (Fig. 8), with no indications of hydrogen-

assisted fracture at all. Moreover, the fracture surface of the

outer shear lip (3) is characterized by elongated open-end

dimples that indicate a direction of propagation from the

center toward the outer part of the specimen. This coincides

with the observations on the air-tested specimens.
4. Discussion

Many years of investigation on HEE of austenitic stainless

steels have revealed a correlation between the tendency of the

material to undergo strain-induced a0-martensitic trans-

formation and the ductility response in a hydrogen atmo-

sphere. Namely, the ductility of the material in hydrogen
r with an initial strain rate of 5.5$10L5 sL1. The arrow in
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Fig. 9 e Fracture surface of alloy 10-8-2.5 tested at L50 �C in 40 MPa hydrogen gas atmosphere with an initial strain rate of

5.5$10L5 sL1.
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decreaseswith increasing volume fraction of strain-induced a0

martensite. Specifically, stable austenitic stainless steels

show a high resistance to HEE, whereas metastable steels

present a poorer resistance to HEE [2e7,26]. This correlation

has led the discussion of HEE in austenitic stainless steels,

almost exclusively, to the role of the strain-induced a0 trans-
formation. In turn, the strain-induced a0 transformation is

generally regarded to be a function of the nominal chemical
Fig. 10 e Fracture surface of alloy 316L tested at L50 �C in 40 M

5.5$10L5 sL1.
composition of thematerial, particularly, the nickel content or

the corresponding nickel equivalent value. However, the

problem of HEE in austenitic stainless steels cannot be

reduced to the scope of a nominal composition or a nickel

equivalent value. Moreover, for one and the samematerial the

susceptibility to HEE depends on the amount and geometry of

segregations [24,66], on heat treatments performed prior to

testing [67], and on the effect of turning operations on the
Pa hydrogen gas atmosphere with an initial strain rate of

http://dx.doi.org/10.1016/j.ijhydene.2013.02.127
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Fig. 11 e Fractographs of a polished specimen of alloy 10-8-2.5 tested atL50 �C in 40 MPa hydrogen gas atmosphere with an

initial strain rate of 5.5$10L5 sL1. The arrow in micrograph 3 indicates the direction of fracture propagation.
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surface of the material [58]. All these aspects have to be

considered together with the occurrence of strain-induced a0-
martensitic transformation during the development of HEE-

resistant austenitic steels. In this work, the alloy develop-

ment process was based on three main attributes with

allowance for the aforementioned aspects. Specifically, an

austenitic microstructure was obtained with a combination of

very high stability against the formation of strain-induced a0

martensite and the possibility of undergoing uniform defor-

mation by means of a relatively high SFE. Whereas the first

two requirements have been verified for the novel alloy 10-8-

2.5, the experimental evaluation of both SFE and the corre-

sponding deformation mechanism are part of future in-

vestigations. For the alloys investigated in this work, the

referencematerials 304L and 316L define boundary conditions

in terms of poor and high resistance to HEE. The novel alloy

can be placed between both limits, but toward the high

resistance side i.e., it performs in an equivalentway to the AISI

type 316L stainless steel.

The main and most important difference among the alloys

investigated in this work relies on the stability of the

austenitic phase against strain-induced a0-martensitic trans-

formation. The low stability of the 304L steel was evidenced

during the testing and characterization process. The first

indication of microstructural changes appears on the tensile

curves depicted in Fig. 3,in which strong strain-hardening is

observed in both atmospheres. The latter can be directly

related to continued transformation of the primary austenitic

phase into a0-martensite with increasing deformation, as

shown in Fig. 6, and also confirmed by X-ray diffraction (Fig. 7).

The occurrence of strain-hardening in the 304L alloy is

accompanied by premature failure in hydrogen, characterized

by a reduction of 22% in yield strength, 53% in elongation to

rupture and 78% in reduction of area, see Table 2. These values
together with the overview presented in Fig. 4 clearly prove

the high susceptibility of this alloy to HEE. The poor macro-

scopic ductility observed in the 304L steel has been related to

the effect of a0 martensite on facilitating the penetration and

transport of hydrogen through the material [5,13,14,16,17].

In contrast to the 304L steel, both alloys 316L and 10-8-2.5

show a very high stability against a0-martensite formation,

and there was no detrimental effect of external hydrogen on

either the tensile strength or the elongation to rupture. Only

the reduction of area (Z ) was slightly affected in both alloys by

the hydrogen gas environment (Table 2). The novel alloy

exhibited an increase of 5% in the Z value in a hydrogen at-

mosphere for the polished variant compared to the as-

machined condition, indicating a positive effect due to sur-

face conditioning. More significant than this difference in the

Z value is the change in the failure mode occurring between

the as-machined and the polished specimens of alloy 10-8-2.5

shown in Figs. 9 and 11. This change can be related to a surface

effect associated with the micronotches resulting from the

machining process. These micronotches can act as stress

concentrators during tensile loading and facilitate hydrogen

penetration by modifying the local state of stresses, promot-

ing the formation of plastic zones and the nucleation of dis-

locations at the surface of the specimen [21]. These conditions

are favorable for hydrogen-assisted fracture to occur in the

form of superficial cracking [46]. As long as the growth of these

superficial cracks is assisted by the external hydrogen, a

fracture surface of the type showed in Fig. 9-3 can be expected.

Since the novel alloy experiences a very high reduction of area

(Table 2) it is quite likely that the hydrogen-assisted fracture at

the surface occurs close to the necking of the specimen in

terms of time. Thus competition between hydrogen-assisted

fracture initiated at the surface and the natural failure of the

bulk material is expected to occur. From the fractographs
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presented in Fig. 9, it is assumed that development of the

hydrogen-assisted zone (3) is arrested at a certain point by the

bulk properties of the material, resulting in the change of

fracture mode.

A similar reasoning can be applied to the fractographic

results of alloy 316L presented in Fig. 10. Namely, an outer

part, which is affected by the hydrogen atmosphere at certain

positions where the stress concentration is high enough to

allow hydrogen penetration, and the bulk material, which is

able to arrest progression of the hydrogen-assisted fracture.

The higher cleanliness of the alloy 316L (Fig. 2) is expected to

play a beneficial role in reducing the stress concentration at

the surface of the material. The latter could explain the dif-

ferences in the hydrogen-affected area between this material

and the novel alloy quantified in 17 and 23%, respectively.

Although the beneficial effect of a polished surface on the

susceptibility to HEE has been reported in the literature

[21,67], the fractographic results presented in Fig. 11 cannot be

explained solely on the basis of simple surface conditioning. A

completely dimpled fracture is observed for a polished spec-

imen of alloy 10-8-2.5 tested at �50 �C in 40 MPa hydrogen

atmosphere. Moreover, the shape, size, and distribution of the

dimples are much more similar to those observed on the air-

tested specimen compared to those obtained with the as-

machined specimens in a hydrogen atmosphere (Figs. 8 and

9). The initiation and propagation of superficial cracks occur-

ring during tensile testing in external hydrogen [46] is ex-

pected to be suppressed due to the removal of micronotches

during surface conditioning. Therefore, if the generation of

superficial cracks is avoided, the material is able to deform in

its natural manner i.e., from the center toward the outer part

of the specimen [63e65]. This argument is based on observa-

tion of elongated open-end dimples in the shear-lip zone in

Fig. 11-3, where the direction of the fracture propagation can

be identified in the sameway as for the specimens tested in air

(Fig. 8-3). Taking into account that significant hydrogen up-

take cannot occur by means of diffusion for this type of ma-

terial [16,21,58], the main interaction between the material

under deformation and the external hydrogen atmosphere is

the ingress of hydrogen atoms that enter dislocations gener-

ated on the surface of the material [21]. In this scenario, if the

novel alloy is prone to deform by means of cross-slip, the

ingressing hydrogen atoms will be distributed in different slip

systems and the risk of undergoing localization of deforma-

tion will be reduced. Accordingly, if localization of deforma-

tion is avoided on themicroscopic scale, a ductilemacroscopic

response can be expected.

The overall performance of the alloy 10-8-2.5 can be pri-

marily understood on the basis of its stability against strain-

induced martensitic transformation. Specifically, Figs. 6 and

7 clearly indicate a higher stability of this alloy compared to

the reference steel 316L. Nevertheless, other attributes are

needed in addition to sufficient austenite stability to obtain a

HEE-resistant material [40]. In the case of alloy 10-8-2.5, the

possibility of undergoing homogenous deformation under

plastic strain was thought to be the necessary extra attribute.

Undoubtedly, further investigations on hydrogen-assisted

fracture of alloy 10-8-2.5 are required. In particular, the

experimental determination of SFE, a complete description of

the deformation mechanism, and the fracture mechanics
properties are of major interest to interpret the behavior of

this alloy in hydrogen. Nevertheless, the performance of this

material in 40 MPa pure hydrogen gas at �50 �C means it is a

promising candidate for hydrogen applications.
5. Summary

A novel lean-alloyed austenitic steel with a high resistance to

hydrogen environment embrittlement (HEE) was developed in

the laboratory by means of an empirical approach. In partic-

ular, the combination of high-carbon, high-manganese, and

high-aluminum contents is the basis of a molybdenum-free

and 8.0 wt. % nickel-containing material. The susceptibility of

the alloy to HEE was evaluated by means of slow strain rate

tensile testing in a 40 MPa pure hydrogen gas atmosphere at

�50 �C, and compared with two commercial AISI type 304L

and 316L steels. Under these conditions, the novel alloy

showed a high resistance to HEE, whichwas equivalent to that

of the 316L reference material. Primarily, the overall perfor-

mance of the novel alloy can be understood on the basis of its

extremely high stability against strain-induced martensite

formation. Moreover, the high ductility of the material in a

hydrogen atmosphere suggests a certain capability of under-

going homogeneous deformation under plastic strain. The

performance of the novel alloy in hydrogen gas atmosphere

means it is a promising candidate for hydrogen applications.

Finally, by considering the absence of molybdenum and the

reduction in nickel content by more than 4 wt. % compared to

the steel 316L, the alloy surcharge is expected to be signifi-

cantly lower, thus suggesting a cost benefit for components

operating in hydrogen environments.
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