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a b s t r a c t 

Hydrogen (H) embrittlement in multicomponent austenitic alloys is a serious limitation to their appli- 

cation in many environments. Recent experiments show that the High-Entropy Alloy (HEA) CoCrFeMnNi 

absorbs more H than 304 Stainless Steel but is less prone to embrittlement while the HEA CoCrFeNi is 

not embrittled under comparable conditions. As a first step toward understanding H embrittlement, here 

a comprehensive first-principles study of H absorption, surface, and fracture energies in the presence of 

H is presented for 304 Stainless Steel, 316 Stainless Steel, CoCrFeNi, and CoCrFeMnNi. A collinear param- 

agnetic model of the magnetic state is used, which is likely more realistic than previous proposed mag- 

netic states. All alloys have a statistical distribution of H absorption sites. Hence, at low concentrations, 

H is effectively trapped in the lattice making it more difficult for H to segregate to defects or interfaces. 

Agreement with experimental H solubilities across a range of chemical potentials can be achieved with 

minor fitting of the average H absorption energy. The (111) surface energies for 0, 50, and 100% H surface 

coverage are very similar across all alloys. The fracture energies for two representative thermodynamic 

conditions are then determined. SS304 and CoCrFeNi are found to have the lowest fracture energies, but 

experiments suggest rather different embrittlement tendencies. These results indicate that differences in 

H embrittlement across these austenitic alloys are not due solely to differences in H absorption or H- 

reduced fracture energy, thus requiring more sophisticated concepts than those recently found successful 

for fcc Ni. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

As society moves toward a carbon-free economy, the impor- 

ance of clean hydrogen (H) is rapidly growing. Unfortunately, H 

mbrittles many metals reducing toughness and ductility at very 

ow H concentrations, and so undermining the development of en- 

ineering components exposed to H [1–3] . There is thus now an 

rgent need to understand the mechanisms of H embrittlement 

HE) and, moreover, to develop new metals that are immune to 

his dangerous degradation process. Currently, no consensus exists 

n the physical mechanisms of this long-standing problem, inhibit- 

ng the discovery of new alloys resistant to HE. However, the new 

lass of High Entropy Alloys (HEAs), which are essentially random 

rystalline alloys composed of many elemental components all at 

igh concentrations, have emerged and show promise [4–6] . Some 

ace-centered cubic (fcc) HEAs in the Co-Cr-Fe-Mn-Ni family have 
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mpressive high yield strengths, ductility, and/or fracture tough- 

ess [7,8] . More importantly, several HEAs have now been shown 

o be more resistant to H embrittlement than Ni and 304 stainless 

teel (Cr 0.19 Fe 0.74 Ni 0.07 ; hereafter SS304). In particular, Zhao et al. 

howed that CoCrFeMnNi absorbs only slightly more H than SS304 

nder the same charging conditions but is more resistance to HE 

9] . Luo et al. even found that H in CoCrFeMnNi can be benefi- 

ial effect for strength and ductility [10] . Nygren et al. did report 

E in both CoCrFeMnNi and SS304 charged at higher gas pres- 

ure and tested at a much slower strain rate [11] . But under the 

ame charging conditions, Nygren et al. did not observe HE in 316L 

tainless steel (Cr 0.18 Fe 0.7 Ni 0.12 ; hereafter SS316L) [12] . They then 

tudied CoCrFeNi and found that it absorbs more H than Ni but 

hows no signs of HE [13] . Furthermore, Bertsch et al. found se- 

ere HE in Ni under the same charging conditions as Nygren [14] . 

he ordering of susceptibility to HE is thus Ni ~ SS304 > CoCr- 

eMnNi > SS316L ~ CoCrFeNi. Increasing HE is usually connected 

o increasing H concentration in the lattice, with many mitigation 

trategies aimed at creating H traps. The HEAs thus present an un- 
rticle under the CC BY-NC-ND license 
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esolved but promising paradox: they absorb more H than Ni and 

S304 but are more resistant to embrittlement. 

Despite intensive study over more than a century, there is little 

onsensus on the underlying mechanisms of embrittlement. It is 

stablished that H will segregate to dislocations, grain boundaries, 

nd interfaces [15–19] , and that embrittlement increases with in- 

reasing H content. It is also established that H can lower surface 

nergies and hence fracture energies in elemental metals [20,21] , 

nd this drives materials toward the possibility of embrittlement. 

he Hydrogen-Enhanced Decohesion (HEDE) model is based on the 

eduction of surface energy due to H, and recent work has shown 

ne mechanistic pathway by which embrittlement can occur in Ni 

22] , which is the prototypical fcc metal for studying H embrittle- 

ent [23,24] . The Hydrogen-Enhanced Localized Plasticity model 

HELP) envisions that H atoms influence either dislocation motion 

r interactions, leading to localized fracture [25,26] . Observations 

f nanoscale voids in H-containing alloys suggests yet other pos- 

ibilities [27] . Yet another model envisions that H at a crack tip 

locks dislocation emission, and thus promotes crack cleavage and 

revention of ductile failure models [28,29] . A recent model sug- 

ests that H enhances decohesion sufficiently to enable a crack to 

ccelerate up to speeds at which plasticity is reduced, leading to 

rittle fracture [30] . In most of these mechanistic concepts, it is 

mportant to understand H absorption into the lattice, H segrega- 

ion to defects, H transport to cracks, and H effects at crack tips 

nd surfaces. 

In light of the above, we embark here on a study of the effects

f H across a class of austenitic stainless steels including the High 

ntropy Alloys, seeking differences in behavior that may point to- 

ard mechanisms to explain the varying propensity for embrittle- 

ent across these alloys. We study two properties in these alloys, 

 absorption in the bulk and H absorption at the (lowest energy) 

111) surfaces, using first-principles density functional theory. The 

se of first principles calculations to study fracture energy in pure 

etals and dilute alloys and at grain boundaries is fairly common 

see, for instance, Hayes et al. [31] studied the ideal fracture energy 

n absence of impurities for pure metal system by first-principles 

alculations. Yamaguchi et al. [32] investigated grain boundary de- 

ohesion by sulfur in Fe and Ni. Hajilou et al. [33] studied the ef-

ect of co-segregation of H and sulfur on Ni grain boundary deco- 

esion). However, there is limited work on less-dilute alloys and/or 

he effects of H on the fracture energy. Early works on effects of H 

nclude Jiang et al. [20] in Ni and Fe and Van der Ven et al. [34] in

l. No systematic study has examined the influence of H in com- 

lex alloys. 

Here, we first show that a paramagnetic model gives T = 0K total 

nergies that are only a few meV/atom larger than the magnetic 

tates studied previously for these paramagnetic alloys. We thus 

se this paramagnetic state for further studies on these paramag- 

etic alloys. We then find, not surprisingly, that there is a distribu- 

ion of H absorption sites in a multicomponent alloy, which moti- 

ates modeling along the lines of those developed decades ago for 

 in amorphous metals [35] . We further find that, while H reduces 

he (111) surface energies of all alloys significantly, there are no 

ignificant differences among alloys. Combining bulk and surface 

bsorption, we compute the room-temperature fracture free en- 

rgy for the (111) surfaces using a simple solution model. At 100% 

 coverage, SS304 has the lowest fracture energy, but the fracture 

nergy of CoCrFeNi is lower than those of SS316L and CoCrFeMnNi 

ven though CoCrFeNi is the least susceptible to embrittlement. All 

ogether, our results indicate that at low H concentration ( ~ 10 0 0 

ppm), H is trapped in the lower-energy tail of the distribution 

f absorption sites. The austenitic alloys should then in general be 

ess susceptible to embrittlement than Ni due to (effectively) trap- 

ing in the bulk that reduces segregation to grain boundaries, in- 

erfaces, or dislocations, and thus retarding embrittlement mech- 
933 
nisms related to these phenomena. But the differences among 

he alloys in both absorption and fracture free energy are small, 

nd cannot be related to experimentally-observed differences in 

heir embrittlement. These findings thus point to the need to study 

ther phenomena and mechanisms for embrittlement, such as that 

roposed by Song et al. [36] . 

The reminder of present paper is organized as follows. 

ection 2 introduces the computational methodology and a careful 

ssessment of different possible magnetic states for all alloys con- 

idered. Section 3 then presents results for the H absorption in the 

aramagnetic alloys, and comparisons of the predicted absorption 

ersus experiments. Section 4 examines the (111) surface energies 

ith varying amounts of absorbed H, and then the fracture free 

nergies. In Section 5 , we discuss our findings further and draw 

ome conclusions regarding effects of H in these austenitic alloys. 

. Computational methodology and bulk H-free alloys 

First-principles DFT calculations are performed using the Vi- 

nna ab initio Simulation Package (VASP) within the general- 

zed gradient approximation (GGA) and with the Perdew-Burke- 

rnzerhof (PBE) functional [37–39] . The projector augmented wave 

PAW) method [40] is used for handling core electrons, with 

alence electron configurations Co: 3d 8 4s 1 , Cr: 3d 5 4s 1 , Fe: 3d 7 4s 1 ,

n: 3d 6 4s 1 , and Ni: 3d 9 4s 1 . Collinear spin polarization is used in

or all calculations. A plane-wave cut-off energy of 450 eV, a first- 

rder Methfessel-Paxton smearing method with smearing parame- 

er 0.1 eV, and a gamma-centered k-mesh with spacing 0.02 Å 

−1 , 

re also used for all calculations [41,42] . The convergence criterion 

or electron energy relaxation and ionic force relaxation are 10 −6 

V and 10 meV/ ̊A, respectively. 

The chemical and magnetic disorder of the complex alloys are 

mulated using special quasi-random structures (SQS) generated 

y the ATAT code [43,44] . For studies of H in the bulk crystal, we

se SQS structures with 120 atoms in a supercell of dimensions 

 × 3 × 5 in terms of the fcc cubic unit cell. For studies of H on

he (111) surfaces of the alloys, we use an SQS structure contain- 

ng 9 (111) planes (180 atoms total) with orthogonal axes [ ̄1 ̄1 2], 

110] and [111]. A 12 Åvacuum distance is used between the two 

urfaces in the periodic cell to minimize any surface interactions. 

ach SQS surface is random, and thus may deviate slightly from the 

recise composition, leading to an uncertainty in the surface en- 

rgies. However, a study on CoCrFeMnNi using four different SQS 

ontaining 96 atoms (16 surface atoms) shows sample-to-sample 

ariations of only ~ 1.5% and so the results quoted below on the 

arger-area samples are expected to be accurate. 

It is well-established that the magnetic structures of these types 

f alloys are of critical importance in understanding their physi- 

al properties. Alloys having a combination of ferromagnetic (FM) 

o, Fe, and Ni and anti-ferromagnetic (AFM) Cr and Mn lead to a 

ange of possible theoretical magnetic states. The real alloys are all 

aramagnetic (PM) at low temperatures, but accurate modeling of 

 realistic PM state is computationally not feasible for the scope of 

tudies needed here [45,46] . With the aim of studying both bulk 

nd surface structures in a paramagnetic state, we have first ex- 

mined the total energies of several representative magnetic states 

or each alloy. 

Specifically, we consider several initial magnetic states. One 

tate is the AFM state in which the initial spin arrangement alter- 

ates in sign layer by layer in the [001] direction. A second state 

s the PM state in which the initial spins of ± 3 μB for Co, Cr, 

n, and Fe, and ± 1 μB for Ni are randomly distributed. A third 

tate for SS304 and SS316L is a magnetic state in which Fe and 

i are spin-up and Cr is spin-down, denoted here as Fe ↑ Cr ↓ Ni ↑ ,

hich was previously proposed as possible state for stainless steel 

47] . A third state for CoCrFeNi is a taken to have Fe, Ni, and
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Fig. 1. Energy difference between each magnetic state and the lowest energy magnetic state for the SSs and HEAs. The value in parentheses is the total energy per atom for 

each case. 
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o spin up and Cr equally spin up and spin down, denoted as 

o ↑ Cr � Fe ↑ Ni ↑ and examined previously by Niu et al. [48] . A third

tate for CoCrFeMnNi is similar, with the Mn equally spin up and 

pin down, denoted as Co ↑ Cr � Fe ↑ Mn � Ni ↑ and examined previ-

usly by both Schneeweiss et al. [49] and Niu et al. [50] . After

ull electronic and ionic relaxations, we find the total energies per 

tom of all three magnetic states to be very close for all alloys, as 

hown in Fig. 1 . For SS304, the AFM state has the lowest energy

ut the Fe ↑ Cr ↓ Ni ↑ state is only 0.00685 eV/atom higher, and the

M state only 0.01262 eV/atom higher in energy. For SS316L, the 

e ↑ Cr ↓ Ni ↑ and AFM state differ by only 0.0 0 047 eV/atom, while

he PM state is higher in energy by only 0.010 6 6 eV/atom. CoCr- 

eNi shows the Co ↑ Cr � Fe ↑ Ni ↑ to be lowest in energy by about

.01 eV/atom relative to both the AFM and PM states, which are 

lmost identical in energy. CoCrFeMnNi has AFM as the lowest en- 

rgy state, with Co ↑ Cr � Fe ↑ Mn � Ni ↑ only 0.00711 eV/atom higher

nd the PM state just slightly less favorable at 0.0081 eV/atom 

igher. From these results, we conclude that there is no single 

onsistent lowest-energy magnetic configuration across all alloys. 

oreover, we find that the PM state, while never the lowest en- 

rgy state, is typically close ( ~ 10 meV/atom) to the lowest energy 

tate. 

Examining the relaxed magnetic states, Fig. 2 shows that the 

istribution of magnetic moments on each type of atom are very 

imilar between the AFM and PM states in all alloys, both differing 

ignificantly from the more-polarized third configuration. However, 

he spatial distribution of spins in the AFM and PM structures re- 

ain different, with the AFM preserving a layered structure and 

he PM remaining more disordered (see Fig. 3 ). There is some ten- 

ency toward local AFM-type planar ordering in some planes of 

he PM state, mainly for SS304 and SS316L. Thus, the relaxed PM 

tate does tend toward the AFM state to some degree but remains 

istinct. At finite temperatures, and in particular room tempera- 

ure where we are interested in studying H in the alloys, there is 

n entropic contribution that should lower the free energy of the 

M state relative to the more-ordered states. Since these alloys are 

aramagnetic at low temperatures, we proceed with an analysis of 

he energetics of H in these alloys and their surfaces using the PM 

tructure only. 

. H absorption in bulk austenitic alloys 

H absorption into interstitial sites in the crystalline lattice pro- 

ides the baseline energetics from which subsequent segregation 
934 
o defects and surfaces is assessed. Here, we introduce H into 50 

hemically and magnetically different environments in each of the 

our alloys studied here, using the initial PM state examined in the 

revious section. For each individual interstitial site, the H absorp- 

ion energy E ab is defined relative to the energy of H in the H 2 

olecule as 

 ab = E tot [ mM + nH] − E tot [ mM] − 1 

2 

E tot [ H 2 ] (1)

here E tot [ mM ] is the total energy of a particular random real-

zation of a given alloy having m metal atoms in the supercell, 

 tot [ mM + nH] is the energy of the same system with one H atom

n one octahedral interstitial site of the alloy, and E tot [ H 2 ] is the to-

al energy of H 2 molecule. In elemental fcc metals, the octahedral 

nterstitial site has a lower energy than the tetrahedral site and 

imited tests find similar results for the fcc alloys, so our results 

ere focus exclusively on the octahedral sites. 

Fig. 4 shows the spectrum of H absorption energies computed 

or H introduced into 50 different octahedral sites in each alloy. In 

eneral, there is a distribution of absorption energies in each alloy 

orresponding to different local chemical and/or magnetic environ- 

ents around the octahedral site occupied by H. The distribution 

or each alloy is well-represented by a Gaussian distribution with 

verage energy and standard deviation denoted by Ē and σ , re- 

pectively, and shown in Fig. 4 and Table 1 . The average absorp- 

ion energy does not follow any clear trend with alloy complexity 

r composition. The standard deviation for the most-dilute (non- 

e solutes) alloy, SS304, is the lowest by a small margin but the 

ther alloys do not follow any consistent trend with increasing so- 

ute concentrations relative to pure Fe. 

We have examined whether any correlations exist between the 

 absorption energy and the chemical identities of the six first- 

eighbor metal atoms, and find no significant correlations. We 

ave also examined whether any correlations exist between the H 

bsorption energy and the net magnetic moment of the six first- 

eighbor (1NN) metal atoms, and again find no significant corre- 

ation. Finally, we have studied whether H alters the local mag- 

etic moments of any of the surrounding metal atoms. As shown 

n Fig. 5 , we find very limited changes, although there are occa- 

ional spin flips on individual atoms. The H absorption energies in 

he cases with such spin flips are not notably different than the 

nergies in cases with small ( �μ ~ ± 0.2 μB ) changes in magnetic 

oments. This also indicates that the PM state is generally stable 

gainst the introduction of H. 
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Fig. 2. Distributions of relaxed atomic magnetic moments arranged by atom type, for all four complex alloys with the various initial magnetic states studied here. 
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Table 1 

DFT-computed mean absorption energy Ē , shifted value needed to 

match experimental H absorption, and difference � ̄E between the 

shifted and DFT. All energies are in eV. 

SS304 SS316L CoCrFeNi CoCrFeMnNi 

Computed Ē 0.077 0.008 0.066 -0.016 

Shifted Ē 0.042 0.047 0.078 0.036 

� ̄E -0.035 + 0.039 + 0.012 + 0.052 
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For completeness, we also investigated the H absorption en- 

rgies for these alloys in the high ferromagnetic states that have 

een commonly used for studying other physical properties in 

omplex alloys [48,50] . The results are shown in Appendix A, and 

how definite differences in the mean H absorption energies as 

ompared to the PM state but rather similar standard deviations. 

ince the PM state is the most-relevant case for real alloys, we do 

ot address other magnetic states further. 

The statistical distribution of H absorption energies has implica- 

ions for H-related phenomena in the alloys that will be discussed 

n Section 5 . For now, we discuss how the distribution of H bind-

ng sites in an alloy impacts the H absorption, using the framework 

riginally developed for H absorption in amorphous alloys. We first 

xamine the H absorption as a function of temperature T and H 

hemical potential μ, and compare results obtained using the DFT 

nergies to experimental data. The H binding distribution is actu- 

lly a density of states n ( E ab ), and we use a Gaussian distribution

 (E ab ) = 

1 

σ
√ 

π
exp 

[ 

−
(

E ab − Ē 

σ

)2 
] 

(2) 

The H solubility C b in the bulk alloy can then be computed as 

 b = 

∫ + ∞ 

−∞ 

n (E ab ) dE ab 

1 + exp 
(

E ab + E ZP −μ
kT 

) (3) 

here k is Boltzmann’s constant and E ZP is the H zero-point energy 

n the alloy. 

The E ZP is computed as E ZP = 

∑ 3 
i =1 hνi 

2 where the H vibrational 

requencies { ν i } are computed in DFT using the harmonic approx- 

mation with the metal atoms fixed at the relaxed positions. Each 

ocal H site in an alloy has, in principle, its own set of vibration

requencies. However, we have calculated these frequencies for a 

umber of representative sites in each alloy. We find no correla- 

ion between the vibration frequencies and the local absorption 

nergy E . The distribution of frequencies leads to a distribution 
ab 

935 
f E ZP values, but the variations in E ZP are significantly smaller than 

hose for E ab . We thus use the average values for each alloy [0.180

V (SS304), 0.182 eV (SS316L), 0.176 eV (CoCrFeNi), 0.183 eV (CoCr- 

eMnNi)]. While the E ZP itself is large, the differences among alloys 

re fairly small and, notably, rather smaller than the differences in 

¯
 between the different alloys. 

The H chemical potential μ in the gas phase at temperature T 

nd pressure P is well-established as 

= 

1 
2 
μgas 

H 2 
= 

−1 
2 kT 

ln 

[
kT 
P 

×
(

2 πm H 2 
kT 

h 2 

)2 

× exp(−hνH 2 
/ 2 kT ) 

1 −exp(−hνH 2 
/ 2 kT ) 

× 4 π I H 2 kT 

h 2 

] (4) 

here m H 2 
is the mass of H 2 molecule, h is is Planck constant, νH 2 

s the vibrational frequency of the H 2 molecule, and I H 2 is the H 2 

otational moment of inertia. 

We first evaluate the solubility of H in pure fcc Ni. In an ele- 

ental metal, the density of states is a delta function ( σ= 0), and 

FT yields Ē = 0.09 eV with a E ZP = 0.149 eV for H in the Ni octahe-

ral site. The predicted solubility of H in Ni as a function of chem- 

cal potential at various charging temperatures is shown in Fig. 6 . 

he predictions agree very well with experimental solubilities with 

o adjustable parameters [11,23,51] . If we execute the same com- 

utations using the DFT results for the Fe-based austenitic alloys, 

e do not achieve agreement with experiments. The discrepancy 

ould reside in Ē , σ , or E . The standard deviation arises from 
ZP 
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Fig. 3. Atom-by-atom distribution of magnetic moments before and after relaxation in the AFM and PM states, respectively. 
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omputations on one random alloy differing only in the position 

f the one H atom. So, we assume that the differences in H en-

rgies within the same random sample are more realistic than the 

ean energy. We recall also that the standard deviations computed 

or the ferromagnetic states are also quite similar while the mean 

alues differ from the PM state. We thus hold the standard devia- 

ion fixed and shift the mean Ē to fit the available experiments on 

ach alloy; note that this shift could also be assigned to the E ZP .

ig. 6 shows the computed concentrations versus H chemical po- 

ential across a range of temperatures for all four alloys, achieved 

sing the shifted (fitted) values of Ē shown in Table 1 . With one 

arameter for each alloy moderately shifted relative to the com- 

uted DFT value, we are able to capture many experiments in 

oth SS304 and SS316L [9,11,52–57] . The more-limited experimen- 

al data on the CoCrFeMnNi is also well captured [9,11,58] , while 

here is only one experimental measurement for CoCrFeNi [13] . 

Our analysis above assumes that the H-charged samples are 

n equilibrium. For gas-phase charging at elevated temperatures, 

he H diffusion rates should be sufficient for equilibrium to be 

chieved. Non-equilibrium distributions may be inferred from frac- 

ure tests revealing brittle domains near the sample surfaces and 

uctile domains in the interior, but this is perhaps more typi- 
936 
al of electrochemical charging and the alloys examined here do 

ot show mixed fracture surface morphologies. Finally, if different 

amples of the same alloy were not in equilibrium, an equilibrium 

nalysis could not capture the measured H absorption across such 

 range of charging conditions, as shown in Fig. 6 . These points 

upport our assumption that the H-charged alloys studied here are 

n equilibrium. 

. Surface and fracture free energies of austenitic alloys in the 

resence of H 

Many theoretical studies on elemental metals show that H 

toms reduce the surface energy. This reduction of surface energy 

s widely assumed to assist in driving Hydrogen embrittlement, al- 

hough the precise processes/mechanisms of embrittlement are not 

lways identified. Here, we examine the trends in surface energy 

nd fracture free energy versus H across the four austenitic alloys 

tudied here to determine if there are any trends that correlate 

ith the varying propensity for H embrittlement across these al- 

oys. 

We consider the low-energy (111) surface typically evaluated in 

cc crystals, and we use the PM state for all alloys. We employ 
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Fig. 4. DFT-calculated distribution of H absorption energies in the four random 

austenitic alloys having the PM structure, relative to H in H 2 . The mean and stan- 

dard deviation of each distribution is shown; there is no clear trend with either 

chemical composition or complexity. 

t

i

γ  

Table 2 

DFT calculated (111) surface energies for H coverages C s 
of 0, 50, and 100% in the PM state, for all four alloys (in 

J/m 

2 ). 

C s 

surface energy γ s ( H ) 

SS304 SS316L CoCrFeNi CoCrFeMnNi 

0 2.41 2.32 2.23 2.26 

0.5 1.53 1.34 1.35 1.36 

1.0 0.63 0.60 0.56 0.57 

T

γ

w  

m

s

m  

H  

o

E

v

e

E

b

a

t

a  

F

R

H

he slab model with two free surfaces for which details were given 

n Section 2 . For surfaces covered by H atoms, the surface energy 

s ( H ) is computed relative to the clean metal and H in H gas at
2 

ig. 5. Magnetic moments of the 6 near-neighbor metal atoms around an H atom after in

esults are divided according to the element type in each alloy. Points falling within the 

. Points falling within the blue rectangular regions indicate magnetic moments that hav

937 
 = 0 as 

s (H) = 

( E S tot [ mM+ nH ]+ nE S ZP [ H ] ) −E B tot [ mM] 

2 A 

− 0 . 5 n ( E gas 
tot [ H 2 ]+ E gas 

ZP 
[ H 2 ] ) 

2 A 

(5) 

here E S tot [ mM + nH] is the total energy of the slab supercell with

 metal atoms and n H atoms placed randomly in the H surface 

ites, E B tot [ mM] is the total energy of the bulk supercell containing 

 metal atoms and no H, E 
gas 
tot [ H 2 ] is the total energy of a single

 2 molecule, E S 
ZP 

[ H] and E 
gas 
ZP 

[ H 2 ] are the zero-point energies of H

n the surface and H 2 molecule, respectively. We use the average 

 ZP of H on the surface obtained from the DFT-computed H surface 

ibrational frequencies (0.174 eV (SS304), 0.172 eV (SS316L), 0.173 

V (CoCrFeNi), 0.178 eV (CoCrNiFeMnNi), respectively). The average 

 ZP values of H on the surface are slightly lower than those in the 

ulk lattice, as expected, but again are quite similar across all four 

lloys. Note that Eq. 5 above includes the H-free surface ( n = 0) . 

Table 2 shows the calculated surface energies versus H concen- 

ration C s in SS304, SS316L, CoCrFeNi and CoCrFeMnNi at 0%, 50% 

nd 100% H coverage (i.e C s = 0, 0.5, 1.0). At 50% coverage, the sur-
troduction of H versus their magnetic moments before introduction of the H atom. 

light yellow triangles indicate a decreased magnetic moment upon introduction of 

e changed sign upon the introduction of H. 
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Fig. 6. Experimental and predicted H solubility vs. chemical potential in Ni and the four austenitic alloys studied here at various temperatures as indicated. For the alloys, 

the mean absorption energy Ē has been fitted to obtain the best match with experiments (see Table 1 ). Sources of experimental data are shown in each sub-figure. 
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ace site occupation is random rather than a surface where the 

owest energy sites are occupied; the latter would be computation- 

lly challenging to determine. The H-free surface energies are quite 

lose, with the HEAs slightly lower (0.06-0.09 J/m 

2 ) than SS316L 

hich is, in turn, 0.1 J/m 

2 lower than SS304. Rak et al. studied the

111) surface energies of SS304 and SS316L using SQS supercells 

ith an initial FM state and obtained very similar values (2.25 J/m 

2 

or SS304 and 2.32 J/m 

2 for SS316L) [47] . 

More importantly, the presence of H on the surfaces of all these 

lloys reduces the surface energies steadily with increasing H cov- 

rage. At full 100% H coverage, the surface energies are reduced by 

4.4 ± 0.5% for all four alloys. While this is a dramatic reduction 

f surface energy due to H, there is almost no variation among the 

lloys. Thus, the observed differences in Hydrogen embrittlement 

cross these alloys cannot be related to the reductions in (111) sur- 

ace energy due to H. The surface energy relative to H 2 gas is not,

owever, the same as the fracture free energy, and so additional 

onsiderations are needed as discussed next. 

The fracture free energy γ F is the difference in free energy be- 

ween a bulk material with H at concentration C b and a surface 

f the material with H surface concentration C s (and concentration 

 b remaining in the infinite bulk). The major contributions to the 

ree energy are the H-free surface energy, the additional change in 

urface energy due to the presence of H, and the changes in en- 
a

938 
rgy, E ZP , and entropy of H atoms in moving from the dilute bulk 

 C b < < 1) to the concentrated surface ( C s ~ 1). We neglect other

ontributions to the free energy include those due to vibrational 

nd magnetic effects. The energetic contribution γ En 
F 

to the surface 

ree energy is 

En 
F (H) = 

( E S tot [ mM+ nH ]+ nE S ZP [ H ] ) −E B tot [ mM] 

2 A 

− n ( E B tot [ mM+1 H] −E B tot [ mM]+ E B ZP [ H] ) 
2 A 

(6) 

Comparing Eqs. 5 and 6 , the difference is in the reference en- 

rgy. The fracture free energy is relative to H in the bulk rather 

han the arbitrary reference of H 2 gas. The bulk H absorption en- 

rgies are statistically-distributed, and occupation of sites is deter- 

ined by the thermodynamic conditions. So, the “bulk reference”

bove must be taken as the average absorption energy of the occu- 

ied states in the bulk. The average is appropriate because the dis- 

ribution of H in the bulk after segregation of an infinitesimal frac- 

ion of H to the surface is unchanged, and so effectively H is taken 

rom individual absorption energies in proportion to their occupa- 

ion in the bulk. We note that the correct occupation is that used 

t the application or testing temperature (e.g. 300K) and not the 

emperature at which the H charging was executed. Thus, the dis- 

ribution of H is that corresponding to the current temperature T 

nd the H concentration C after charging; unlike during charging, 
b 
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Fig. 7. Schematic illustration of distribution of absorption energies. 
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he chemical potential is not specified but is instead an outcome 

f the redistribution. Fig. 7 shows a schematic of the total distri- 

ution of H absorption sites in the bulk, the occupied sites under 

he charging conditions (fixed T and P , and hence fixed μ), and the 

ccupation of sites under application conditions (fixed lower T and 

xed C b ). Since the application temperature is typically lower than 

he charging temperature, the average H occupation energy is also 

ower. 

We recall that to match the experimentally-measured H con- 

entrations in the various alloys charged under varying conditions 

equired a fitted shift in the average absorption energy for each al- 
Fig. 8. Fracture free energy at 300K after charging under Zhao (P = 15MPa, T = 573K) [9] 

939 
oy. However, in computing fracture energies that involve the dif- 

erence between H energies in the bulk and H energies on the sur- 

ace, we use only DFT data with no shift in the bulk energies. There 

s no basis for making any shift/fit to the surface energies, and a 

ifference between two DFT computations in nominally the same 

lloy system studied in the same manner is the most robust ap- 

roach. 

The entropy contribution to the fracture free energy γ Ent 
F 

is ob- 

ained using a simple solution model. A full calculation using the 

istribution of occupied states in the bulk alloy leads to the decep- 

ively simple result 

Ent 
F (H) = 

−kT 

A 0 
[ −(1 − C S ) ln (1 − C S ) − C S lnC S + C S lnC b ] (7) 

here C S is H coverage on the surface, C b is bulk concentration, 

 is Boltzmann constant and A 0 is the area per (111) surface site. 

his result is the same as obtained in an elemental metal (unique 

ite energy) [22] , so the existence of a distribution of sites is not 

mportant for determining the total entropic contribution. 

From the above, we see that the fracture free energy is a func- 

ion of the charging conditions due to its dependence on the oc- 

upation of H sites in the bulk. We examine the fracture free en- 

rgy for two representative experimental charging conditions used 

y Zhao et al. and Nygren et al. Fig. 8 shows the calculated fracture 

ree energies versus H at 30 0K. At 10 0% coverage, the entropic con- 

ribution is on the order of 0.4 J/m 

2 , representing a non-negligible 

ontribution to the fracture free energy. Entropy thus makes frac- 

ure less favorable than suggested by the surface energy alone 

Comparing different alloys, for charging under the Zhao condi- 

ions, SS304 at 100% H coverage has the largest reduction in frac- 

ure free energy (61%) and the lowest absolute value. The CoCrNiFe 

lloy has the second-lowest value, followed by SS316L and CoCr- 

eMnNi, respectively. Under the more-aggressive Nygren charging 

onditions, the fracture free energy is again the lowest for SS304 

nd the largest for CoCrFeMnNi, but the SS316L becomes slightly 

ower than CoCrNiFe. In spite of higher bulk H concentrations for 

he Nygren charging conditions, the surface free energy reductions 

re not significantly larger than those for the Zhao et al. charging 

onditions. This is a consequence of both the lower entropy con- 
and Nygren (P = 120MPa, T = 473K) [11] conditions for the four alloys studied here. 
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Fig. 9. Schematic illustration of distribution of absorption energies. 
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ribution for the Nygren conditions and the higher average absorp- 

ion energy for occupied H in the bulk alloy. 

The fracture free energy results would imply that the suscep- 

ibility to H embrittlement is highest in SS304 and lowest in the 

antor alloy, with SS316L and CoCrFeNi being intermediate and 

lose. Experimental observations show the relative H susceptibility 

o be SS304 > CoCrFeMnNi > SS316L ~ CoCrFeNi. While our re- 

ults are consistent with SS304 being most susceptible, the overall 

rdering based on the fracture free energies differs from experi- 

ents. In addition, the differences in fracture energy among the 

lloys are quite small. Therefore, embrittlement cannot be deter- 

ined solely by the reduction of fracture free energy caused by H, 

s determined by the computational results obtained here. 

. Discussion and summary 

The existence of a distribution of H binding energies has gen- 

ral implications for the segregation of H to defects. The lower 

ail of the distribution E ab << Ē represent strong binding sites for 

. The H concentrations typically generated by charging at high 

xternal H 2 pressure and moderately high temperature are low, 

 b < < 1, and so the states actually occupied by H reside pre-

ominantly in the low-energy tail of the energy distributions (see 

ig. 7 ). The precise distribution of occupied states under any con- 

itions can be computed using Eq. 3 . Embrittlement mechanisms 

sually involve the segregation of H to a defect (grain boundary, 

islocation, interface with an inclusion, crack tip) at significantly 

igher concentrations C d ~ 1 because the binding energy at the 

efect is negative relative to the bulk. For an elemental metal, the 

ulk absorption energy is a single value Ē and the defect has a 

et of distinct sites, each of which a particular binding energy; one 

ite in a grain boundary is indicated in Fig. 9 a with defect energy
¯
 

de f . The segregation energy at the defect site is then Ē de f − Ē . In 

he complex alloy, the sites occupied by H in the bulk lie in the 

ower tail of the distribution with an average Ē occ < Ē , as indicated 

n Fig. 9 b. The same geometrical H site at the defect also has en-

rgies that are statistically distributed around Ē de f . However, the 

 occupation of this site is higher, and so the typical difference 

n segregation energy is approaching Ē de f − Ē occ , which is smaller 

han in the elemental metal. The segregation of H to defects is thus 

nergetically more costly in the random alloy as compared to an 

quivalent homogeneous alloy having the same Ē . 

The situation above could be complicated by explicit segrega- 

ion of alloy elements to a defect. However, such segregation phe- 
940 
omena are not relevant for defects that evolve with deformation 

e.g. dislocations and crack tips). Furthermore, segregation would 

nly arise for static defects (grain boundaries and inclusion inter- 

aces) given sufficient time at elevated temperatures during mate- 

ial processing and not during application conditions at room tem- 

erature. 

The role of the distribution of bulk absorption energies is ev- 

dent in our computation of the surface free energy. The energy 

ifference between the low-energy occupied bulk H sites and the 

early-fully-occupied H sites on the surface is reduced, relative to 

hat obtained using the average bulk absorption energy. The reduc- 

ion in surface free energy due to H is thus not as large, and this

nhibits any H-induced fracture phenomena. 

We do not find significant quantitative differences among the 

our alloys studied here. The trends for H absorption cannot be 

aptured by the direct DFT results, and the shifts necessary to 

atch experiments, while small, are not systematic across the al- 

oys. The fracture free energies are very similar across the four al- 

oys. We do find that SS304 has the lowest fracture free energy, 

nd so should be the most susceptible to embrittlement, consis- 

ent with experiments. However, among the other three higher- 

oncentration alloys no clear trend emerges that is consistent with 

xperiments. Hydrogen-enhanced decohesion mechanisms based 

nly on reducing fracture free energy thus appear insufficient to 

xplain the existing experiments, atleast as computed using DFT. 

In summary, comprehensive first-principles calculations were 

erformed to study the H absorption in 4 representative fcc al- 

oys in the Co-Cr-Fe-Mn-Ni family (SS304, SS316L, CoCrFeNi and 

oCrFeMnNi). A PM magnetic state was found to be slightly higher- 

nergy than other proposed magnetic states, but is used as a more- 

ealistic model for actual paramagnetic alloys. The absorption en- 

rgies of H in the alloys show a statistical variation due to local 

ifferences in environment, and this has implications for H absorp- 

ion and segregation to defects. Small shifts in the mean absorp- 

ion energy are needed to match extensive experiments of H ab- 

orption versus temperature and H 2 gas pressure. These shifts may 

eflect the limits of DFT for quantitative predictions and, more im- 

ortantly, deducing trends with alloy composition. The surface and 

racture free energies of all alloys are strongly reduced in the pres- 

nce of H, providing a strong driving force for brittle fracture, but 

he detailed trends do not follow subtle experimental differences. 

hese differences may be beyond the reliability of the current DFT 

ethods and treatment of magnetism, and hence comparisons of 

he present DFT results to more-advanced treatments should be 
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ursued. However, the influence of a statistical distribution of H 

bsorption energies in bulk alloys is a robust conceptual result. Its 

ffects, both qualitative and quantitative, on the operation of vari- 

us proposed mechanisms for H embrittlement must be investigate 

n more detail. 
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ppendix A. H absorption energies in high ferromagnetic state 

Fig. A.1 shows the calculated absorption energies of H in ex- 

mined complex alloys in high ferromagnetic state. It is found the 

tandard deviation is similar to that in the PM state. But the mean 

alue is different, suggesting the magnetic state plays the impor- 

ant role in H absorption energies. 

ig. A.1. DFT-calculated distribution of H absorption energies in the four random 

ustenitic alloys having the high ferromagnetic structure, relative to H in H 2 . 
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