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Impurity-induced reduction of intergranular cohesion—a major factor limiting the usable strength level of
ultrahigh-strength steels—is particularly severe when aggravated by mobile hydrogen through environmental
interaction, as in the case of hydrogen stress corrosion cracking. As an aid in establishing an understanding on
the electronic level, the influence of hydrogen on the cohesion of an iron grain boundary was determined using
the full-potential linearized augmented plane wa#eAPW) method with the generalized gradient approxi-
mation. Through precise calculations on both grain boundary and free surface environments, we found that
hydrogen is a strong embrittler. Analysis of the results in terms of structural relaxation, bonding character, and
magnetic interactions shows that the hydrogen-iron chemical bond is stronger on the free surface and a
charge-transfer mechanism is found to play a dominant role for the hydrogen-induced reduction of cohesion
across the iron grain boundary. These results provide a quantitative explanation from first principles for the
technologically important phenomenon of hydrogen-induced intergranular embrittlement.

H-induced embrittlement of steels remains a highly com- Rice and Wangalso showed that intergranular fracture
plex unsolved problerh.Various mechanisms have been toughness is a monotonic function of the ideal work of Eq.
proposed to explain the H-induced embrittlemerHIE), (1) and demonstrated a compelling correlation between mea-
such agli) precipitation of gaseous hydrogeii) formation  sured embrittlement potencies of segregants and correspond-
of hydrides,(iii ) deformation localization, an@v) reduction ing Agﬁ—Agg values from available surface thermodynamic
o_f cohesion across the grain boyndary.. While the role of thejg¢4. They further predicted the manner in which the em-
first two factors has been confirmed in some systems, thgyittiement potency of anobile solute is amplified beyond
relevance of the latter two is still controversial. that of Eq.(1) and used critical experiments in bicrystals

I hats Ibeen wtellllefsdta_bhshe_? that I-||:atoms, I'ketm?mt/ho'[h':efincluding boundaries of the geometry considered in this pa-
nonmetal or meta 01'2 Impunities in €, segregate to the eper) to verify the predicted temperature dependence of inter-
grain bou_n_dary(GB). ~In addition, H in Fg has a .u.nlquely granular hydrogen embrittlement, which can be nonmono-
high mobility (compared to other metalloid impurities such '

as P and S, the mobility of H can be orders of magni'fudeIonlc In n{:\ture throqgh a competltlon_ between
highed. From a thermodynamic point of view, a normal Seg_thermodynamlc and kinetic factofsTheir analysis reveals

regant inevitably alters cohesion in a local environmentthat the more complex embrittiement behavior of a mobile

Based on a plausible thermodynamic description by Rice angegregant is still fundamentally driven by the thermodynamic
Wang? the fracture mode of solids is determined by thequantity Ago—Ag2. Obviously, the value ofigy—Ag] is
competition between brittle interfacial cleavage separatiorntrinsically related to the interatomic chemical interaction
and crack-tip blunting through dislocation emission. It hasand thus can be determined using present state-of-trabart
been proposéd that for a fixed boundary solut@émpurity)  initio quantum mechanical calculaticrsrovided the method
coverage,I’, nonlinear entropy contributions can be ne-employed treats both the GB and FS at the same level of

glected and thus the relation precision.
We report here the results of precise calculations of the
29int=(2%ino— (Agh— Ag)T (1)  electronic and magnetic properties of the H/E8[110]

(111) GB (Ref. 6 and the corresponding H/El1) free sur-
holds, where (Z;,:), is the work to separate the clean grain face. The mechanism of the H-induced embrittlement is in-
boundary, and\g? and Ag? are the free energies of segre- vestigated through a comparison of total energies, chemical
gation of the solute to the grain boundary and free surfacéonding behavior, and magnetic interactions at 0 K. As
(FS), respectively. Hence, if the free energy of segregatiorsketched in Fig. (), a 23 layer slab is adopted to simulate
for the solute atom at the FS is more negative than it is at théhe clean FE3[110] (111) GB; the H impurity is placed at
GB, this positive energy difference fqtrgg—Agg, will lead  the center of the trigonal prism formed by Fe host atoms. As
to embrittlement. shown in Fig. 1b), the H/F€111) free surface is simulated
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o O ments. Significant charge accumulations around the H sites
can be seen from the contours in Fig. 2, which show that the
H in both GB and FS acts as an electron acceptor. Compared
with the typical embrittling metalloid impurity P, where the
P-Fe bonding undergoes a nonhybridized embeddedlike elec-

- trostatic interactiort! the contour profile in Fig. 2 suggests
that the H-F€3) bonding is more ioniclike, which is consis-
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spheres (y7=1.0 a.u.), the integral charges obtained from
Fig. 2 are 0.07 and 0.11 electrons for H in the GB and FS,
respectively. In the GB case, the presence of H leads to a
decrease of charge density in the region betweéB)Reoms
across the GB core, as also seen for other metalloid
impurities!213With a shorter H-F€3) distance, the chemical

FIG. 1. Model and notation for the atomic structures(af Fe . ) . .
$3[170] (111) grain boundary, andb) Fe(11D free surface. The interaction between H and B3 atoms in the FS is much
. o P ' stronger than their counterpart in the GB, as also evidenced
dashed lines mark the region mapped in Fig. 2. The arrows denotg

grain boundary plane and corresponding fracture surface. y the_ integral charges i_n the muffin-tin spheres. Strikingly,
even in the vacuum in Fig.(B), the presence of H results in
by a 13 layer slab that contains a bca Bkl substrate film charge removal in the region above the H adatom, which
covered by a pseudomorphic H monolayer on each side. Thdicates a much stronger H-Fe chemical interaction in FS.
two-dimensional (2D) lattice constant and the unrelaxed This ioniclike bonding behavior can be understood from
Fe-Fe interatomic distance are chosen from experiment&xamining more fundamental electronic and magnetic prop-
values for bulk bcc Fe, i.edre_re=4.69 a.u., whereas the erties. In fact, the basic atomic characteristics that control the
final equilibrium atomic geometries are optimized throughimpurity-host interaction are the radial extension and the
the calculated atomic foréen each atom. relative energy position of the impurity valence states: the
Both the GB and FS are treated by the highly precis€ormer is important in the covalent bond-formation ability of
all-electron full potential linearized augmented plane wavethe impurity; the latter determines the relative amounts of
(FLAPW) method with the generalized gradient approxima- ionic and covalent character in the bonding. In the case of H,
tion (GGA) (Ref. § for the exchange and correlation inter- the 1s valence orbitals are too extended to form stable cova-
actions between electrons. No assumptions are made in th@nt hybrids with the Fe host in both GB and FS. In contrast,
FLAPW calculations about the nature of bonding, or shapeince the energy location of Hslis much lower than thel
of the wave functions, charge density or potential, and ar&ands of the Fe host, the bonding behavior between H and Fe
self-consistent fully converge@as also found in previous is expected to be more ioniclike than covalent.
extensive tests on similar systefirs:*2 The effect of H on the magnetization of the Fe host is
The equilibrium atomic structures were obtained by detersimilar to that of C in the Fe GB and F&namely, a reduc-
mining the vertical interplanar distances according to the caltion on F&1) and F&3) and an enhancement on(Beatoms.
culated atomic forces for both H/Fe GB and FS as well as foReferring to the clean Fe GB, the H reduces the magnetic
the corresponding clean reference systems. The structuraoment of F€3) and Fél) by 0.23ug and 0.0%:g, respec-
within the lateral(111) planes was kept unchanged in ordertively. By contrast, the H-induced magnetic moment en-
to maintain the in-plane threefold rotational symmetry. Wehancement is remarkable for @ (by 0.22ug), Fe(4) (by
fixed the three outermost Fe layers while adjusting the GB.13ug), and even for F@) (by 0.05ug). At the FS, the
environment. Due to its small size, an H atom in the GB andeduction of the Fg8) magnetic moment is as large as
FS alters the atomic positions of the surroundings venP.27ug. In both environments, a small induced magnetic
slightly. Compared to the structure in the clean Fe GB, themoment (—0.01ug) is found in the H muffin-tin sphere.
Fe(2) and F¢3) atoms are pushed away by 0.03 a.u. and 0.08 The binding energies faa H impurity in the Fe GB and
a.u. from the central planéelative to the clean Fe GB on the F¢l1l) surface are calculated and their differences
Compared with the metalloid impurities caSewhere the are given in Table I. The calculated results using the FLAPW
impurity on the Fél11) FS induces a strong multilayer re- method with the local spin density approximatidrSDA)
laxation in the substrate, the H induced relaxation is onlyfor the exchange and correlation interactions between elec-
within 0.11 a.u. trons are also listed for comparison. Results are listed for the
Strikingly, we found that the H-Fe bond length is much “chemical” interaction contribution(defined as the result
shorter in the FS environment than in the GB; the calculate@btained without structural relaxation, called “unrelaxed” in
dy_rFe3) In H/FE(111) is 3.12 a.u., which is about 8% Table |, the “mechanical” energy released during the struc-
shorter than that in the GB environme@40 a.u), and is  tural relaxation of the clean Fe GB and FS after impurity
expected to significantly affect the chemical interactions inremoval (called “relaxation” in Table ), and the sum of
GB and FS. As presented in Fig. 2, the charge density difthese contributions that defines the total interaction energy.
ferences between the self-consistent charge density of thlthough the impurity segregation energies used in the Rice-
H/Fe systems and the corresponding superpositions of thé/ang model are expressed relative to an impurity in dilute
charge densities of the reference systeins., a free H solution in crystalline Fe, the binding energieSE, and
monolayer, the clean Fe GB and(E&1) FS], indicate pro- AEg, computed here are referred to the calculated binding
nounced charge redistributions in both GB and FS environenergy of an isolated 2D monolayer with the same structure

(a) GB (b) FS
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(a) GB (b) FS

FIG. 2. (Color) The valence charge density difference calculated by FLAPW with GGAdidd/Fe GB andb) H/Fe FS. Contours start
from =5%x10°* e/a.u® and increase successively by a facton/@: yellow, red, and pink colors denote charge accumulation, and green,
light blue, and dark blue denote charge depletion.

as the segregated monolayer as shown in Fig. 1. The segre- From Table I, we see that the atomic relaxation in both
gation energy differences, which governing the effect of thethe clean GB and FS environments calculated with GGA has
impurity on the Fe GB cohesion, will be the same as theonly a minimal contribution ta\E, andAE (0.08 and 0.15
energy differenceAE,—AE. By including the H-induced eV/adatom respectivelyand even a negative difference
structural relaxation, the binding energyE, and AEs,  (-0.07 eV/adatom). By contrast, the chemical energy con-
when calculated with GGA, are-3.01 eV/adatom and triputes a positive value afE,— AE, (+0.33 eV/adatom);
—3.27 eV/adatom for H in the Fe GB and FS environmentsit is |arger in the FS than in the GB, despite the fact that one
respectively. As a result, the calculated binding-energy difyt of two vertical bonds is broken. As discussed above, this

ference QE,—AE,) is +0.26 eV/adatom(or 25.21 kJ/ g pecause of the shortened H-Fe bond-length associated with
mol), which agrees well with the 2519 kJ/mol estimated e mych stronger H-Fe interaction in the FS environment,

from experimental dataAccording to the Rice-Wang ther- which favors greater FS stability and hence an embrittling

mOdy’?am'C theory, H is thus a strong embrittler for the effect. This result further supports the argument that charge-
cohesion across the Fe GB.

TABLE |. Binding energiegin eV) and their differences for H in Fe GB and FS and the decomposition
into chemical, mechanical contributions calculated with LSDA and GGA.

AE, AE, AE,—AE,
Unrelaxed(chemical LSDA —-3.64 -3.85 +0.21
GGA -3.09 -3.42 +0.33
Relaxation(mechanical LSDA +0.23 +0.11 +0.12
GGA +0.08 +0.15 —0.07
Relaxed(total) LSDA —3.41 —-3.74 +0.33

GGA —-3.01 —-3.27 +0.26
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transfer from Fe to H is the key mechanism for HIE in the Ferepulsions push the Pp3wave function away from the high
GB. charge density region around the Fe atoms. The net action
Before discussing our results further, it is important tofrom these two effects is to squeeze the P edectrons into
make comparison for the results calculated by GGA withthe region intermediate between P and Fe. Thus, the P-Fe
those by LSDA. It is well known that the most widely used bond shows the nature of an embeddedlike electrostatic in-
LSDA overestimates bulk moduli and underestimates volteraction in which the P-K&) bonding is almost as strong as
umes of 3l transition metal bulk solids. Of its most widely the P-Fe€3) bonding. With the spatial isotropy of embedded-
studied shortcomings is the incorrect prediction of an anti/iké P-Fe bonds, the energy loss due to fracture is small and
ferromagnetic fcc ground state for Fe bulk solid, rather tharf@" Pe easily compensated through release of the lattice
the ferromagnetic bce structut2lt is well documented that  Stress(mechanical relaxationsince only one out of five
the GGA is a significant improvement over LSDA on the bonds is cut from the G.B to '.:S' . . .
properties governed by a realistic description of bond In sh'arp contrast with th|'s physical picture, Fhe main
formation® especially in the case of Fe. Hence, we expectme‘:h‘."‘n'sm.We find for HIE is charge t_ransfer with the H
that in these systems, the GGA approach is more preferre purity acting as an electron acceptor in both the GB and

. . Although the number of neighbors of H changes from
Indeed, for the GB and FS systems considered here, we ¢ r§ .
see from Table | that the calculations with GGA and with '/© Fe atomgtwo Fe3) and three Fd) atomy in the GB to

LSDA give differentAE, and AE, values. For the energy Iﬁur Fe ator?s[onz Feé?) ?rf:d three Flﬂ) fatomé, mf{he tI;S
differences, which is crucial for determining the cohesionf etener_gy 0SS uet % be rerr]nova 0 ?ni(iigeaHelr: eh .
properties of H in GB, remarkably improvement is made in racture Is compensated by enhancement of the H-re chemi-
the mechanicalrelaxation part. TheAE,— AE, calculated cal interaction. We note that a well known early theory of

with LSDA is +0.12 eV, which means a contribution to hydrogen embrittlement by Troialfbalso invoked a charge-

embrittlement; the counterpart calculated with GGA gives&i@sger gn;feh?g';g’t zg%tgﬁsgg?ggssd tggercing?ol?; g:lr;iﬁg
—0.07 eV, which indicates even a slight enhancement fog. PP y 9 :
ions presented here. In a general sense, the information ob-

Fe GB cohesion. From the calculation with GGA, we can Se%ained here may also prove to be important for investigations
more clearly that only the chemical part contributes the HIE Y P P 9

. of H-induced effects in other alloy systems, and further elec-
in the Fe GB. . ) . . hNe .
tronic studies should identify new directions in alloy compo-

It is interesting to compare the HIE in the GB with the .. . ; )
sition design for improved hydrogen resistance.
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