Table 1. The CH, and H, Emission during the
Fracture in Arbitrary Units and the Percentage of
Brittle Fracture Measured on the SEM Images

CH, Emission H; Emission Percentage of

Sample  (Arb. Unit) (Arb. Unit) Brittle Fracture
No. 1 110 7 70
No. 2 130 12 70
No. 3 180 35 75
No. 4 20 17 0
No. 5 8 8 35

H,O emission were not observed, while the CH, emission
was always significant. The H, emission was less pro-
nounced than the CH, emission. Typical results for the em-
brittled regions are shown in Figure 1. The partial pressures
vs time curves for CH, and H, are presented in Figure 1.
Both curves are normalized to the pressure before fracture.
The fracture occurred at time zero. The results for a sample
taken from the region that was not embrittled are presented
in Figure 2. If the fracture time is much less than the decay
of the gas emission signal (less than 0.1 second), the area
under the peaks can be used as a relative measure of the gas
emission during fracture. Table Il summarizes some typical
results of the gas emission and SEM measurements. Sample
numbers 1 to 3 were cut from the embrittled part of the tube
while sample numbers 4 and 5 were taken from the part of
the tube which was not embrittled. The methane emission
for sample numbers 4 and 5 and the hydrogen emission for
all samples (except number 3) are given to characterize the
noise level of the system. It is clear from Table II that the
samples studied can be divided into two groups: ductile
samples (percentage of brittle fracture less than 15 pet) and
brittle samples (percentage of brittle fracture is in the range
of 70 to 80 pct). Thus, a function connection, reflecting the
correlation, between the brittleness and methane emission
could not be ‘established. Table II, however, demonstrates
clearly that only the brittle fracture is associated with meth-
anc emission; thus, we conclude that the formation of
methane filled bubbles, cracks, efc. may be primarily re-
sponsible for the brittleness of these evaporator tubes.

In summarizing, we conclude that this simple mea-
surement technique is suitable to identify the gas content of
the cracks, bubbles, efc. revealed by the fracture.
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Hydrogen Traps, Repellers,

and Obstacles in Steel; '
Consequences on Hydrogen
Diffusion, Solubility, and Embrittlement

G. M. PRESSOUYRE

It is now a well-established fact that hydrogen may be
more or less reversibly trapped at particular defect sites in
steel; direct evidence such as that obtained by auto-
radiography techniques,' or indirect evidence as in perme-
ation experiments,? are numerous. These results even have
allowed the drawing of various classifications of possible
traps in steel, e.g., References 1, 3, 4, 5, 6.

The aim of this communication is to propose an additional
classification of defects that have the opposite effect of
trapping, i.e., that repel hydrogen. As will be shown, such
“hydrogen repellers” are numerous in steel; furthermore,
some of their effects may be mistaken for those of trapping.
Hence, we will also indicate how to distinguish between
“traps” and “repellers”.

Identification of hydrogen traps, repellers, and obstacles
in steels. In a recent classification,® several reasons were
given to explain trapping of hydrogen by a particular defect
in steel. These reasons were sufficient to distinguish.be-
tween two main types of traps, as shown in Figure 1: attrac-
tive traps and physical traps. In a more elaborate manner
(see Reference 3 for details), one may say that:

Attractive traps are a region of the lattice where hydrogen
atoms are subjected to an attractive force of various origins:
it may be electronic (atoms and other defects introducing
electron vacancies will attract hydrogen when it is present as
a screened proton’); it may be due to the existence of a
tensile stress field,®® of a thermal gradient, or to the non-
ideal part of a chemical potential gradient.' These reasons
allowed the identification of various attractive traps; in the
case of atomic size traps, for instance, elements on the left

ATTRACTIVE TRAP REPELLER

wa o) s

PHYSICAL TRAP O8STACLE

Fig. 1 — Schematic of attractive and physical traps (from Ref. 3) vs repel-
lers and obstacles. Note that diffusion of hydrogen through a repeller may
be possible, although less probable than in the lattice; on the contrary,
diffusion through the obstacle may be downright improbable (too much
energy needed in only one jump). In fact, repellers and obstacles may be
considered as the antithesis of attractive and physical traps, respectively.
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Table I. Possible Hydrogen Traps, Repellers, and Obstacles in Steel. In the Case of Atomic Size
Defects, the Ranking Is of Increasing Interaction When Going Down along the Column; Underlined
Elements Mean That Contradictory Information Exists; Only Elements with Varying Electrons in the
3d and 4d Shells Were Considered for the Ranking Based upon the Position vs Iron in the Periodic Table,

Traps Repellers—Obstacles
Elements at the Elements with a Elements at the Elements with
Type Left of Iron Negative ¢ Right of Iron a Positive &y
Mn Tc Ni Mn Co Rh Cu Ni
Cr Mo Mn Cr Ni Pd Mo Cu
\ Nb Cr Mo Cu Ag Co Pt
Ti Zr \Y Nb Zn Cd H Co Cd
Sc Y Nb \Y w Ag In
Ce Ta Sn Au
Ti Zr S Ga (Ref. 12)
6] Ti Pd [¢]
La (Ref. 13) P S
Atomic Size Ta Al P
Nd Rh As
(Ref. 11) Ge Sb
B N
Si Al
C B
(Ref. 11) Sn
C
Vacancy Ge
Si
(Ref. 13)
Linear Edge Dislocation Core. Intersection of three grain —
boundaries
Bi-dimensional Interfaces (inclusions, particles, grain boundaries, Interfaces, grain boundaries, or internal surfaces with ad-
clean internal surface (void) sorbed repellers (segregations, e.g.)
Volumic Voids Inclusions, particles, phases that:
Cracks —do not dissolve hydrogen

Particles dissolving hydrogen

—induce compressive stresses in the surrounding matrix

of iron in the Periodic Table should attract hydrogen’ (elec-
tronic force), as should elements with a negative first order
interaction coefficient,”® g}, or substitutional atoms of a
smaller size than iron.

Physical Traps are due to a physical discontinuity of the
parent lattice, where it is more energetically favorable for
hydrogen to stay. Also, the term “mixed trap” was coined to
designate those traps with both an attractive and physical
character.” Now, the exact counterpart of these reasons
may be taken to identify hydrogen repellers and obstacles
in steels:

A hydrogen repeller will be the opposite of an attractive
trap (Figure 1), i.e., a region of the lattice where a repulsive
force exists. Among hydrogen repellers, one should find:
(1) atoms on the right of iron in the Periodic Table, as long
as they introduce (as hydrogen does) excess electrons to the
collective (3d band) electron gas of the metal; (2) elements,
i, with a positive first order interaction coefficient: &; > 0;
(3) substitutionals of a larger size than iron that introduce a
compressive stress field in the lattice; (4) defects intro-
ducing a compressive stress field in the lattice, e.g., some
particles, inclusions, and the extra-plane region of an edge
dislocation; and (5) regions of a specimen that are cooler, or
that are submitted to a compressive stress.

A hydrogen obstacle will be the opposite of a physical
trap (Figure 1), i.e., a physical discontinuity of the lat-
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tice through which hydrogen cannot diffuse. For instance,
this could be a coherent precipitate that does not dis-
solve hydrogen.

Table I gives examples of defects that should act as
repellers or obstacles. The following remarks are in order:

Most generally, an element located on the left of iron in
the Periodic Table exhibits a negative &}, while elements on
the right of iron have a positive &y. Two exceptions are
molybdenum and nickel. In this last case, the most recent
table on £ gives a very slightly negative &} (—0.05) while
an older one” gave it a null value; as for molybdenum,
contradictory information exists, since &}° is given as being
negative (—0.5) or positive' (0.15). Since both elements
are not too far from iron in terms of electronic outer shells
(4d°® for Mo, 3d® for Ni instead of 3d° for iron), other effects
may be important (e.g., the ionic radius of Ni** is smaller
than Fe?*: 0.72 A instead of 0.76). In fact, &4 sums up the
result of several attractive forces (electronic, size, tem-
perature, efc.).

Contradictory &) values also exist for oxygen; however,
the £ value of the most recent reference!" is much greater
than that of the older one” (—12 instead of 1.1), and proba-
bly more realistic.

Surprisingly, some elements that were (indirectly) sus-
pected as hydrogen traps appear to be promising repellers:
such is the case for C and N.* In the same way, the slightly
positive value of €5 "' (1.0) should rule out the formation of
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Fig. 2— Schematic of diffusion with repellers and obstacles. (@) %: time to diffuse through “L”, without repeller,
path ‘1’. Dy: diffusion coefficient in perfect lattice. ¢: time to diffuse when hydrogen goes around the repeller,
path ‘2°. t": time to diffuse when hydrogen goes over the repeller (or inside its interaction zone), path ‘3’.
a: width of the zone where the repulsive force is exerted. D,: apparent diffusion coefficient with repeller.

(b) Same as (a), with obstacle. A: width of obstacle.

H-H pairs in iron,* inasmuch as the sign of &} will not

*This would also be in agreement with the fact that the electronic force
between H atoms should be repulsive, since each H atom introduces an
excess electron in the 3d band of iron.”

change with temperature.

Finally, one should note that these considerations are
valid for lone atoms in a perfect iron matrix. It is difficult
to presume, say, the repelling role of the metalloids in
Table I (P, S, As, Sb) when these preferentially segregate on
grain boundaries. On the other hand, when the above condi-
tion holds, several experimental results do verify the predic-
tions of Table I. For instance," Me-H complexes (where Me
is a transition metal) were found in Fe-Ti and Fe-Zr alloys,
while none was detected in Fe-Ni, Fe-Co, and Fe-Pd alloys
(according to Table I, Ni, Co, and Pd should be repellers).

METALLURGICAL TRANSACTIONS A

Consequences on Hydrogen Diffusion. Numerous trap-
ping theories, e.g., Reference 22 and experimental data,
e.g., Reference 2, have demonstrated that in the presence of
traps, the diffusion coefficient of hydrogen through a-iron
is lowered. This has often been demonstrated® using
permeation experiments through a metallic membrane, in
which the time of crossing is delayed by traps compared
to a purer specimen.

However, it can easily be shown that if repellers or ob-
stacles are present, the same delaying effect should be
obtained. This is schematically shown in Figure 2. In
Figure 2(a), the hydrogen atom may go round the repeller,
and the path ‘2’ is increased by “a”, a distance proportional
to the repulsive force. The hydrogen atom may also go over
the repeller as in path ‘3’ (see also Figure 1). The same
considerations hold for the obstacle (Figure 2(b)), but this

VOLUME 14A, OCTOBER 1983 — 2191



L] T T T T T L 1 L} L}
Mn (21)
Co (21) B
Cr (21) 1
10-3 =——SnCu(21) |
- 0 (20) E
Ni (18) 3
Znw 21 v 2n cr (18) ]
W (16) )
Zr (16) o®
1074 A® -
- $i (18),300° C
” Mn (17),48° C ]
NE 10°5 Cr (17),26°C
E ) — E
S Ni (17),38° ¢C Co (17),28° C E
a ]
10761 -
3 Ni (19),25° C 3
[ Ti (2),25° ¢ ]
1077k =
1078 IO S WA WA NUW SR TR SH W W T S S 1

1.2 3 4 &6 6 7 8 9 10 11 12 13 14 15 16

at. %

Fig. 3— Diffusion coefficients of hydrogen in iron alloyed with various
elements vs temperature. References are between parentheses.

time the only possible path is to go around the obstacle. The
diffusing path being increased, the diffusion coefficient
should decrease by a factor that is roughly proportional to
the dimensions of the defect and to the strength of the
repulsive force.

The important thing here is that the sole measure of a
decrease in the diffusion coefficient is not sufficient to con-
clude that trapping is responsible: repellers and obstacles
may act the same way.

Figure 3, drawn from several references in the literature,
stresses this point: cobalt, tin, copper, nickel, and silicon
that are tabulated as repellers (Table I) decrease the dif-
fusion coefficient, as well-known traps do (Ti, Zr, Nb, . . .).

Consequences of Hydrogen Solubility. Since a repeller or
an obstacle physically suppresses possible interstitial sites
for hydrogen, the solubility of hydrogen in steel should
decrease with increasing repellers andlor obstacle con-
centrations. This can readily be demonstrated for elements
with a positive g/,* and is a well-known experimental fact

*At constant given temperature and pressure, one has the equilibrium:
H, 2 2H (dissolved) with: ay = k' VpH, = constant. Since'® ay = activ-
ity of H = yuXy and since In vy = In 95 + 2|, &4X,, with yy = activ-
ity coefficient and X; = atom fraction of element “i” added to steel, one
gets in the case of only one element “i” added: ay = vg - explenXy) -
exp(exX;) - Xy = constant; and if & < 0, an increase in X, must result
in an increase of Xy to keep ay constant. If g/ > 0, an increase in X;
will result in a decrease of Xy. The greater the value of &/, the greater
the effects.

whenever compressive stresses are present. On the contrary,
hydrogen solubility should increase with trapping.

The above conclusions are well illustrated in Figure 4,
from Reference 13: elements with a positive &/ (repellers)
decrease hydrogen solubility, while elements with a nega-
tive & (traps) increase it. Similar data may be found else-
where, at lower temperature.?>%

2192— VOLUME 14A, OCTOBER 1983

] I ] ] I L I | 1 L] | LELE T
PH, = 1 Atm,

28 = 9= 1592°¢C n

from Ref. 13

26

24

22

( wt)

20

H2 P.P.M.

18

16

14

| I T T T |
2 4 6 8 10 12 14

ALLOYING ELEMENTS wt %

Fig. 4— Solubility of hydrogen in liquid iron vs alloy content (from
Ref. 13).

Hence, it becomes imperative, when performing trapping
experiments using such techniques as the permeation tech-
nique, to add solubility measurements before concluding
about a trapping effect.

Consequences on Hydrogen Embrittlement. Inasmuch
as a repeller or an obstacle will both delay hydrogen dif-
fusion through steel and reduce its solubility, one could
expect a beneficial effect of these defects on hydrogen
embrittlement.

Indeed, it is remarkable that many elements called herein
repellers have been recognized™?* as “beneficial additions”
when trying to establish correlations between hydrogen
embrittlement and chemical composition; this is the case
for silicon, aluminum, cobalt, palladium, gold, platinum,
silver, and sometimes copper.

On the other hand, other elements classified as repellers
(Table I) have been recognized or suspected as detrimental:
carbon and various metalloids, for instance (S, P, As,
Sb...). However, it can be argued in this case that these
elements rarely exist as lone atoms in the matrix, and may
not act as predicted; indeed, they readily form particles
(carbides), inclusions (sulfides), or segregate to interfaces
and boundaries (i.e., they are not dissolved in the matrix:
P,As,Sb...).

In any case, the addition of repellers is worth trying as a
solution to hydrogen embrittlement.

The author is thankful for valuable discussions with Pro-
fessor [. M. Bernstein prior to the submission of this article.
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