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GRAIN BOUNDARY SEGREGATIONS AND HYDROGEN EMBRITTLEMENT

M. Aucouturier

Laboratoire de Métallurgie Physique, assocté au CNRS n® 177, Université
Paris-Sud, 91405 Orsay, France

Résumé - Les relations entre ségrégation intergranulaire et fragilisation par
TThydrogéne des métaux peuvent s'envisager .d'un double point de vue :

1°} L'hydrogéne a une forte tendance a ségréger dans les défauts de struc-
ture et en particulier les joints de grains. Cette ségrégation peut conditionner
les propriétés des matériaux hydrogénés (diffusion de 1‘hydrogéne, fissuration
induite par 1'hydrogéne, propriétés électriques dans les semi-conducteurs, etc)
et particuliérement leur comportement mécanique (fragilisation proprement dite).

2°) L'existence de ségrégations intergranulaires d'impuretés ou d'&léments
d'alliage peut modifier le comportement du matériau vis-&-vis de la fragilisation
par 1'hydrogéne : effets synergétiques des ségrégations (S,P,Sb,...) et de 1'hy-
drouéne dans la fragilisation, ou au contraire, effets d'inhibition de certaines
ségrégations (carbone par exemple) sur la fragilisation intergranulaire par 1'hy-
crogéne.
Ces deux aspects sont bien entendu 1iés nuisgue la segrégation de 1'hydrogéne
dans les Jjoints est fonction des interactions possibles de cet &lé&ment avec les
autres Zléments éventuellement s8grégés. C'est en particulier sur ce sujet des
interactions multiples au niveau du joint et de leurs cons@quences sur la ienue
mécanique des alliages que les recherches ont subi un développement ces derniéres
années.
L'exposé tente une synthése des résultats et des idées récemment publids sur
ce sujet en considérant a la fois 1'aspect statique (interaction, ségrégation
d'éq?ilibre) et dynamique (transport par les dislocations, accumulation d'hydro-
géne).

Abstract - The relation between grain boundary segregation and hydrogen embrittle-
ment of metals may be discussed from two stand points :

1°) Hydrogen has a strong tendency to segregate in structure defects,
among them, 1in grain boundaries. Hydrogen segregation controls the properties
of hydrogenated materials in many cases (hydrogen diffusion, hydrogen induced
cracking, electrical properties in semiconductors, etc) and more precisely their
mechanical behaviour (embrittlement itself).

2°) The occurence of grain boundary segregations of impurities and/or
alloying elements may modify the hydrogen embrittlement behaviour of the material:
synergetic effects of segregations (S,P,Sb,...) and hydrogen on embrittiement,
or, reversely, inhibiting effects of given segregations {carbon}, on hydrogen
induced grain boundary embrittlement.
These two aspects are obviously linked as the grain boundary segregation of hydro-
gen is a function of possible interaction between hydrogen and other elements.
It is on this subject of multiple fold interactions in the grain boundaries and
of the consequences on the mechanical behaviour of the alloys that an important
emphasis has been given by the research during the past few years.

Article published online by EDP_Sciences and available at http:/dx.doi.org/10.1051/jphyscol:1982617



http://www.edpsciences.org
http://dx.doi.org/10.1051/jphyscol:1982617

C6-176 JOURNAL DE PHYSIQUE

The paper is a tentative synthesis of selected results and ideas recently publish-
ed on that subject, considering both static (interactions, eguilibrium segrega-
tions) and dynamic (dislocation transport, hydrogen accumulation) aspects.

1. Introduction

Hydrogen embrittlement of metallic materials has received a considerable interest
during the past decades and a general view on the problem may be aquired by compi-
1atin% the proceedings of some of the numerous Conferences devoted to it every
year (1-5).

This interest is justified if one considers that, among all the metal-embrittling
impurities, hydrogen has the smallest atomic size and is one of the most commonly
available. In fact, any metallic construction has to be in contact with hydrogen
during its life; moisture decomposition during metallurgical elaboration or wel-
ding, aqueous corrosion reactions,chemical products (acids, ammonia, etc.), some-
times pressurized gases, are the most common hydrogen sources. Thanks to its
small atomic size, hydrogen can diffuse rapidly, even at room temperature, over
Targe distances and accumulates on given microstructure defects or under the
action of external stresses. Local accumulation of hydrogen may provoke a degra-
dation of the mechanical resistance, called hydrogen embrittlement.

From the fundamental point of view, hydrogen embrittlement appears then to be
largely controlled by solubility, diffusion and segregation phenomena. The role
of the microstructure defects and, among them, of the grain boundaries in these
phenomena is obviously a very important parameter to be encountered for in the
description of the mechanism of hydrogen embrittlement.

The relation between grain-boundary segregations and hydrogen embrittlement
may be considered from two stand points :

1) Hydrogen has a strong tendency to segregate in, or interact with structural
defects as dislocations and internal interfaces. This tendency affects the solid
solubility and the mobility of hydrogen and consequently modifies the embrittle-
ment process.

2} Intergranular segregations of alloying elements or impurities other than
hydrogen may modify the hydrogen embrittlement susceptibility of the material,
as a consequence of the interaction between the seqregated species and the mobile
hydrogen atoms.

Those two point of view are obviously not independent and the trend of a large
amount of the most recent research works on hydrogen embrittlement is to take
into account the possible multiple dinteractions between grain boundaries, hydro-
gen, and other species.

This paper intend to discuss some selected recent results obtained on that sub-
ject. As no general scheme can be proposed for the moment, a tentative list
of open questions will be suggested in an attempt to clarify this complex
problem.

A separation must be made between the body centered cubic iron base alloys and
steels, which are highly susceptible to hydrogen embrittlement, in relation
with the very low solubility and very high diffusivity of hydrogen in this struc-
ture, and the face centered cubic materials (stainless steels, nickel, nickel
base alloys), much less susceptible ; however, the results of recent fundamental
studies on the later materials may direct a new 1ight on some of the unexplained
behaviour of the former.

11. Body centered cubic iron alloys and steels.
II.1 Evidences and nature of hydrogen-grain boundaries interactions

The existence of an 1intergranular fracture shape in hydrogen embrittlement
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(see following sections) of iron alloys is the clearest envidence of the inter-
action between hydrogen and the grain boundaries ; but intergranular fracture
or cracking is the final stage of this interaction and one needs more direct
and quantitative datas on the early stages of hydrogen segregation. As hydrogen
is hardly detectable by the usual local or surface analysis techniques, hydrogen-
defects interactions are studied through macroscopic solubility and diffusion
measurements. The high lattice diffusivity (7.10'5 cmz/sec'] at room temperature
(6)) and the small lattice solubility (5.107° cm®/cm® at room temperature (7))
of hydrogen are strongly modified by these interaction phenomena usually denomi-
nated “"trapping phenomena" (8) (9). A mathematical analysis of the permeation
measurements and/or of the outgasing kinetical measurements can give an idea
of the "trapping energy" AHx of the defects, defined as the activation energy
for the lattice hydrogen ftrapped hydrogen reaction equilibrium (10) (11) (12),
and of the “trapping site density” Nx. The results obtained for grain boundary

%rapping are quite scattered : A Hx = 24 to 50kj/mole (12) (13), Nx = 10 9sites/cn
13).

The values must be considered as only indication values, as macroscopic measure-
ments are impeded by many error sources arising from i) the existence of a
wide range of trapping sites with different energies, which are not included
in the model (11),
i1} the difficulty to

assure that the grain boundary chemistry is controled during the measurements.
As seen later a very small amount of carbon or sulfur may change radically the
trapping behaviour of the grain boundaries.

A direct evidence of grain-boundary hydrogen trapping can be given by the use
of tritium autoradiography (13} (14) (15). Figure 1 is an example of this kind
of observation. The combination of autoradiography and degasing measurements
(13) (15) can give an idea of the specific trapping energy of the grain bounda-
ries. However no quantitative answer has been given for the moment to the ques-
‘tion of the influence of carbon or other impurities on the grain boundary trap-
ping energy. In the recent terminology (16), "pure" grain boundaries can be
described as "reversible traps", which means that their release rate is high,
or their energy quite small. Segregated or precipitated carbon seem to increase
the trapping energy, making them somewhat "“irreversible" (15). The influence
of other impurities, known for their segregating tendency in diron and steel,
as S, P, Sb, Sn, is not known from this point of view.
"
‘l"

- -
Fig.1 : High resolution autoradiography-on replica showing tritium segregation
in the grain boundaries - Armco iron, cathodic charging.

11.2 Hydrogen induced grain boundary fracture of iron or iron-rich alloys

Experiments on very high purity iron (17) (18) have definitely proved that the
grain boundaries of pure 1iron are embrittled by hydrogen in dynamic conditions
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(mechanical testing simultaneous with hydrogen charging) provided that the tes-

ting conditions are correctly chosen (strain rate € 5.10 2sec™)).

The mechanism of the embrittlement is evidently related to the hydrogen-grain
boundaries interaction and has been proposed to be a decohesion phenomenon (19):
hydrogen, transported to the regions of high triaxial stresses, reaches a criti-
cal concentration in the grain boundaries of these regions and provokes a local
decohesion. The mechanism of local decohesion s still discussed (20) {21) :
the specific role of hydrogen on the metallic bonds in grain boundaries has
not yet been explained. The influence of the strain rate on hydrogen embrittle-
ment suggests a role of the dislocation transport, which has not been correctly
quantified for the moment.

It is also established that small amounts of segregated carbon hinder the grain
boundary decohesion by hydrogen (fig.2) (18) (22).

Polycrystaiine iron
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Fig.2 : From (18). Stress-strain curves of polycrystalline diron specimens
(A) pure diron without hydrogen, (B) pure iron under cathodic charging,
(C) carbonized 1iron without hydrogen, (D) carburized hydrogen under

cathodic charging (strain rate 5.1 x 10~ sec!).

If one considers that, as proved by tritium autoradiography, the carbon-hydrogen
interactions tend to increase the hydrogen content and trapping energy of the
grain boundaries in such alloys (i3) (15), the explanation for the beneficial
effect of carbon could be an enhancement of the grain boundary cohesion (23)
(24) which compensate the larger hydrogen trapping. But another explanation
could be (25) that a strong trapping in a plastic structure has in fact benefi-
cial consequences on hydrogen embrittlement.

The role of the small amounts of sulfur on the grain boundary hydrogen embrittle-
ment of iron is clear (fig.3) (26). A very severe intergranular decohesion
appears when iron with sulfur grain boundary segregation is submitted to hydrogen
charging. But as, by itself, sulfur is a strong grain boundary embrittler (23),
it is difficult to know if the two embrittling species have only an additive
action or if, as proposed (26), the role of sulfur is to enhance a hydrogen
absorption reaction at grain boundaries. Further systematic studies, with very
pure iron containing other more or less embrittling impurities (P, Sb, Sn) would
be of interest to answer to this question.
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Fig.3 : From (26) Effect of the sulfur segregation on intergranular fracture
of pure iron.

I1.3 Hydrogen induced grain boundary fracture of BCC steels.

A very wide range of hydrogen induced fracture morphologies are observed in
B.C.C. steels. The crossed influences of microstructure, mechanical properties,
charging and testing conditions are quite complex. An extreme simple behaviour
is observed in ultra high strengthsteels as maraging steels : the grain boundary
fracture is clearly related to grain boundary trapping of large amounts of hydro-
gen)(14) (fig.4), along with a nearly undeformable martensitic (or aged martensi-
tic) matrix.

Fig.4 : High resolution autoradiography on replica showing tritium segregation and
H-induced crack initiation. Maraging steel, cathodic charging.

In quenched and tempered or low alloyed steels, the occurence of hydrogen induced
grain boundary fracture seems to be related to the yield strength and/or to
the segregation of impurities as P, Sb, Sn (sec ref. (27) for extensive biblio-
graphy).

The concept of the critical concentration of hydrogen to produce crack propaga-
tion in a given microstructure is widely applied to describe the fracture mecha-
nism (27) (28). Thus an interaction between hydrogen and the grain boundaries
has to be accounted for in the mechanism of embrittlement but the energy or
"reversibility" of such an interaction is not known and the proposed models
(28) are only speculative.

The influence of other embrittling species, as P, Sn, Sb, which are considered
as responsible for temper embrittlement (29), on hydrogen trapping and embrittlement
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has been widely discussed during the Tast three years (3, 4, 5). But, from the
mechanistic point of view, it seems very difficult to propose a simple model;
P, Sb and Sn never segregate alone in these type of steels and multiple segrega-
tion is very often observed (24). In the most recent studies (28) (30) (31),
the discussion is still open to know if the segregated metalloids (specially
phosphorous) act only to decrease the critical hydrogen concentration for hydro-
gen-induced cracking (additive effect) (fig.5) (28) (30) or if their interaction
with hydrogen enhances the embrittling power of the gas (synergetic effect)
(31). Some recent autoradiography experiments done on a Ni-Cr steel in our labo-
ratory {(unpublished results in collaboration with C.J. McMahon Jr.) suggest
that segregated P and Sb do not increase much the hydrogen trapping ability
of the grain boundaries.

{a) IMPURITY SEGREGATION {d) IMPURITY SEGREGATION
AND HYDROGEN
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Fig.5 : From (28) Schematic representation of the relations between the variation
of cohesive energy Wi and the early stage of crack velocity for grain boun-
dary cracking : (a) air, (b} H, gas.

111 - Face centered cubic alloys (stainless steels and nickel base alloys).

I11.1 Hydrogen-grain boundary interaction

The high lattice solubility and the low diffusivity of hydrogen in F.C.C. iron-
base and nickel base alloys, as compared to the B.C.C. iron-base alloys, changes
completely the behaviour of the materials. Austenitic stainless steels have
bee? considered unsensible to hydrogen embrittlement until a recent period
(32).

The question of hydrogen-grain boundary interaction in these alloys is a diffi-
cult one. First of all, it must be mentioned that there is no evidence of grain-
boundary short-circuit diffusion in austenitic stainless steels (33). This means
that in absence of plastic deformation inducing dislocation accelerated trans-
port, it is very difficult to introduce large quantities of hydrogen in those
materials at room temperature. From high temperature cathodic tritium charging
experiments, it has been showed that grain boundary trapping of hydrogen occurs
only at the meeting points between the dislocation piling up and/or ¢ martensite
platelets and the grain boundaries (fig.6) (34) (35).

The situation is different in nickel and nickel-base alloys. Short-circuit diffu-
sion of hydrogen along grain boundaries has been reported recently (36) (37).
Apparently, this short-circuit diffusion does not depend on the grain boundary
chemistry.

The trapping of hydrogen on grain boundaries of nickel or nickel-base alloys
is related to the purity. Tritium autoradiography has shown a clear hydrogen
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Fig. 6 : High resolution autoradiography on thin foil (observed in a 1000 kv
transmission electron microscope) showing tritium accumulation to
the grain boundaries at the meeting point with a dislocation piling
up or e phase nuclei. Austenitic 304L steel, cathodic charging at
room temperature.

trapping, only when the metal has been treated to enhance the segregation of
sulfur {fig.7) (38). The trapping energy, not measured at the moment, is then
strongly dependent on the grain boundary:chemistry. Sulfur attracts strongly
the hydrogen atoms.

Fig.7 : High resolution autoradiography on thin foil (observed in a 1000 kv
transmission electron microscope) showing tritium trapping on grain boun-
daries of nickel. Nickel 270 heat treated to produce sulfur segregation;
cathodic charging in tritiated salt bath (150°C).

IT1.2 Hydrogen induced cracking and fracture of austenitic stainless steels.

The low yeld strength austenitic stainless steels are embrittled or cracked
only under severe cathodic charging conditions. After room temperature cathodic
charging (with recombination poisen) a superficial cracking, sometimes intergra-
nular, is induced.

The grain boundary crack initiation is due to the accelerated transport of hydro-
gen by the H-induced deformation products (dislocations, = platelets) and its
accumulation at the grain boundaries (fig.8) (34).

Under dynamic conditions, grain-boundary fracture is only observed in the unsta-
ble steels where a thin layer of o' martensite is formed during plastic strain
and/or carbide precipitation (39) (40). The mechanism is here different and
not related to segregation phenomena : the o' phase is responsible for the
fracture, due to its high own sensitivity.
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Fig.8 : Transmission electron (1000 kv) micrograph showing H-induced crack ini-
tiation, at =-martensite-grain boundary meeting point. Thin foil of
304L steel charged directly by cathodic polarisation at room temperature.

Thus, except perhaps for the case of a high-strength precipitation hardened
stainless steel (41), the specific role of grain boundary segregation on hydro-
gen embrittlement of stainless steels is negligible

IT1.3 Hydrogen induced cracking and rupture of nickel or Ni-base alloys.

The case of nickel and Ni-base alloys is entirely different.

The hydrogen induced fracture 1is, here, always intergranular. One must also
separate between the surface effects (surface cracking) observed by room tempera-
ture severe cathodic charging and the bulk effect obtained after high temperature
charging or under pressurized hydrogen.

The surface dintergranular cracking is in fact related to the formation of a
surface hydride which decomposes preferentially at the grain-boundaries (42).
This behaviour is an indirect evidence of preferential grain boundary diffusion
of hydrogen in nickel.

The grain boundary rupture of nickel and nickel alloys has been extensively
studied. A Tlarge controversy has arisen to determine if intergranular sulfur
segregation was or not necessary to produce hydrogen induced grain-boundary
rupture. That controversy seems now closed (36) (43) (44) (45) (46) as pure
nickel has been proved definitely to be susceptible to grain-boundary embrittle-
ment (36) (43) (44) (Table I). Sulfur segregation plays however a major role
to enhance this susceptibility (36) (43) (45) (46) (Table I) (Fig.9).

TJable 1 : Effect of purity, grain size and segregation on H-embrittlement of
Ni.So/Sc in an embrittlement index (ratio of the areas under the true-
stress-true strain curve of non-charged and charged specimen respecti-
vely). High temperature cathodic charging.

Purity and heat treatments grain size, um | H content a.ppm So/Sc
Ni 99.3 . 1050°C, 1h + Q 400 2.7
Ni 200 . 1200°C, 24h + Q 330 700 1.6

Ni 200 . 1800°C, 4h + 580°C,
96h {equil.Segreg.)

Ni 270 . 1150°C, 4h + Q 650 6.5

Ni 270 . 400°C, 2h
(non-equil.segreg.)

350 4.5

25 2200 4.0
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Fig. 9 : Intergranular rupture of nickel after cathodic charging at high temperature.

The mechanism of the action of hydrogen and of the combined action of hydrogen
and sulfur is still under discussion. An accelerated transport by the disloca-
tion is necessary to provoke hydrogen accumulation in the grain boundaries (43),
but chemical interactions are also of great importance. For instance it could
be possible that the accelerated hydrogen diffusion in the grain boundaries
of nickel (the only known case of accelerated grain boundary diffusion of hydro-
gen in metals), has some relation with the tendency of that metal to form hydri-
des.

Furthermore, the specific action of sulfur (and also Sb and Sn) on hydrogen
embrittlement has been attributed to the electrochemical role of these impurities
as recombination poisons (46).

The nickel base alloys have basically the same behaviour as pure nickel (47}
(48) (49) but, as in steels, the problem of the influence of the segregated
impurities is very much complicated by the occurence of multiple interactions.
For instance, C, P, Sn and Ab are reported to increase (47) (49) or decrease
(48) the resistance to embrittlement.

More generally, and this could apply to all the metals and alloys mentioned
in this paper, the role of hydrogen on intergranular rupture is always much
more pronounced in pure materials. This means that, in industrial materials,
the multiple interaction phenomena have a general tendency to favor the reinforce-
ment of the grain boundaries and thus to hinder the effect of hydrogen grain
boundary embrittlement.

IV - The utilisation of hydrogen embrittlement to study grain-boundary segregation

The high susceptibility of some metal or alloys to hydrogen induced grain bounda-
ry rupture can be used when one needs to provoke an intergranular fracture for
a research purpose. For instance, high temperature cathodic charging of nickel
has been used as a tool to study, by Auger Electron Spectroscopy, the intergra-
nular segregation of sulfur in nickel for conditions such as the sulfur segrega-
tion is not embrittling by itself (50)(51).

In fact, to measure quantitatively, by A.E.S., the sulfur segregation, it is
necessary that the fracture surface obtained in the spectrometer is intergranu-
lar ; but this happen only for high sulfur coverage of the boundary surfaces.
In order to obtain quantitative data on the kinetics of segregation, partly
segregated samples have been hydrogen-charged at high temperature (cathodic
charging) before introduction in the spectrometer. That procedure could be gene-
ralized to other materials where it 1is difficult to obtain an intergranular
fracture surface.
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V - Conclusions

The role of grain boundary segregation in hydrogen embrittlement of iron-base
and nickel-base alloys is still an open problem. Pure iron and nickel are quite
clearly embrittled at their grain boundaries by hydrogen. It is also well esta-
blished that this embrittiement is caused by an hydrogen segregation effect.
But, for both metals, the interaction between hydrogen and the grain boundaries
does not seem to be very large and a contribution of the disiocation transport
of hydrogen towards the grain boundary during the deformation is involved in
the embrittlement mechanism.

Some segregating impurities have a strong influence on this phenomenon. For
instance, sulfur is a promotor , and carbon. is an inhibitor. As both elements
are supposed to show a strong attraction interaction with hydrogen, their opposi-
te behaviour is difficult to explain. The same problem arises for instance for
the specific role of phosphorous, announced to be deleterious in steels and
sometimes beneficial in nickel alloys.

It is obvious that there is a strong need of "clean" experiments on the specific
action of the different segregating impurities in pure materials. The nature
and significance of the interaction phenomenon between hydrogen and all the
structural defects as dislocation-core, grain-boundary core, impurity atoms
need to be discussed quantitatively, not only from the thermodynamical point
of view {29) but also from the structural point of view (52). The exact mechanism
of the rupture of metallic bonds in presence of hydrogen will then be quantified
more precisely.

Another open question concerns the transport phenomena : the accelerated trans-
port of hydrogen by dislocations is still not quantitatively interpreted ; the
reason why grain boundary short-circuit of hydrogen occurs only in nickel is
not explained.

The tremendous progress made on the knowledge of the grain boundary structure
should now be applied to the understanding of grain boundary properties. Segrega-
tions and hydrogen embrittlement are a wide open field for that purpose.
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DISCUSSION

A. REVCOLEVSCHI : Are only "soft" B limiting isotopes usable in your very inte-

resting microautoradiographic technique?

M. AUCOUTURIER : The resolving power of the technique is related to theenergy of the

B emission, but, as B spectra are continuous,it is often possible,
for all B emitters, to find experimental parameters (overall acti-
vity of the specimen, exposure time, number of observed areas) to

obtain a resolving power between 0.l and 0.5 um,



