First-Principles Study on the Grain Boundary Embrittlement
of Metals by Solute Segregation: Part Il. Metal
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The microscopic mechanism of grain boundary (GB) embrittlement in metals by hydrogen
segregation (trapping) has been not well understood for many years. From first-principles
calculations, we show here that the calculated cohesive energy of bec Fe £3(111) and feec Al(Cu)
25(012) symmetrical tilt GBs can be significantly reduced if many hydrogen atoms segregate at
the GBs. This indicates that the reduction of the cohesive energy of the GB may cause the
hydrogen-induced GB embrittlement in Fe, Al, and Cu. Considering the “mobile” effect of
hydrogen during fracture, especially for the Fe system, more hydrogen atoms coming from solid
solution state can segregate on the gradually formed two fracture surfaces and reduce further
the cohesive energy. We suggest a new idea about the upper and lower critical stresses observed
in the constant-load test of hydrogen-induced delayed fracture in high-strength steels; the upper
critical stress is determined by the amount (density) of “immobile” hydrogen atoms segregated
at the GB before fracture, and the lower critical stress is determined by the total amount
(density) of immobile and mobile hydrogen atoms, the latter of which segregate on the two

fracture surfaces during fracture.
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I. INTRODUCTION

IN Part L' we calculated the change in the
cohesive energy of bee Fe £3(111) symmetrical tilt grain
boundary (GB), 2y, by solute (B, C, P, and S)
segregation. We found that the rate of the increase/
decrease in the calculated 2y;,, with increasing segrega-
tion was proportional to the experimentally observed
shift in the ductile-to-brittle transition temperature of
high-purity iron with increasing segregation. This indi-
cates that the change in the 2y;,, plays a key role in the
GB embrittlement of metals as suggested by Rice
and Wang”! In this part, we investigate hydrogen
embrittlement of metals in the same way.

Generally speaking, the reduction of the cohesive
energy of GB by hydrogen segregation is not considered
as a key factor in the mechanism of hydrogen embrit-
tlement of metals.’) This is partly because it is not
known how many hydrogen atoms can segregate at GBs
of metals and how much the cohesive energy (work of
fracture) of the GB can be reduced by the hydrogen
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segregation. The reduction of the cohesive energy of
iron GB by hydrogen is inferred by Zhong et al. from
first-principles calculations for the first time.[* However,
they did not determine the segregation atomic site for
hydrogen from the calculations of the segregation
energy, and did not calculate the cohesive energy itself.
On the other hand, the interactions between vacancy
and hydrogen in metals have recently attracted much
attention. Experimentally, it has been recently found
that hydrogen enhances vacancy formation in metals.!”!
For this reason, some recent theoretical (first-principles)
works focus on the vacancy-hydrogen interactions and
discuss the relation with hydrogen embrittlement.[®”
However, these works cannot explain the reduction of
fracture stress based on fracture mechanics.

In this part, we calculate the segregation energy of
hydrogen atom at the GB and its fracture surfaces for
bee Fe Z3(111) and fec Al (Cu) £5(012) symmetrical tilt
grain boundaries (STGBs). From the GB and fracture-
surface segregation energies of hydrogen, we calculate
the change of 27;,.[*! We show that the cohesive energy
of the GBs of Fe, Al and Cu can be significantly
reduced if many hydrogen atoms segregate at GBs and
fracture surfaces.

In this study, the effect of surface diffusion of
hydrogen atom on the fracture surfaces and the mobile
effect of hydrogen atom from solid solution state to the
gradually formed fracture surfaces are discussed. By
considering both the mobile and immobile effects of
hydrogen atom, we suggest a new idea about the upper
and lower critical stresses in the constant-load tests of
delayed fracture induced by hydrogen in high-strength
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Fig. 1—Unit cell modeling of bcc Fe £3(111) and fec Al(Cu) £5(012) STGBs. (a) Side view of bee Fe £3(111) STGB. (b) Top view of the GB
fracture (111) plane of bee Fe X3(111) STGB. (¢) Side view of fcc Al(Cu) £5(012) STGB. (d) Top view of the GB fracture (012) plane of fcc
Al(Cu) £5(012) STGB. Atomic sites are denoted by numbers. The interstitial atomic sites are not shown for simplicity. The GB fracture planes
in (b) and (d) have the same structure as the free surface planes in (a) and (c), respectively.

steels. The concept of upper and lower critical stresses
are shown in Figure 1 of Reference 9. The upper critical
stress is defined as the lowest fracture stress at which the
fracture occurs without any delay time after an incuba-
tion period. Here, the incubation period is the time that
is necessary for microcrack initiation. In other words,
the cracks propagate very fast just after the incubation
period at the upper critical stress. On the other hand, the
lower critical stress is defined as the lowest fracture
stress at which fracture occurs after very long delay
time; the delayed fracture cannot occur at the stress that
is smaller than the lower critical stress. To our knowl-
edge, no one has ever explained the physical origin
of the upper and lower critical stresses from when
Troiano™ suggested the concept in 1960, although there
are many theoretical models of hydrogen embrittlement.

II. CALCULATIONS

A. Modeling of GB, Fracture-Surface/GB Segregation
Energy

The calculation procedure is almost the same as that
in Part I, except for the calculation of the cohesive
energy of GB (29i,). The unit cell including bcec Fe
X3(111) STGB is shown in Figures 1(a) and (b). The tilt
angle is 70.5 deg, and the rotation axis is (110). In the
upper and lower regions of this cell, we introduce a
vacuum region to allow GB sliding along the GB plane.
We chose this GB because the structure is simple but the
GB energy is relatively high. For the calculations of B,
C, P, and S segregation at bcc Fe 23(111) STGB in
Part I,/ we use the unit cell that includes 76 Fe atoms.
For the calculations of hydrogen segregation at bcc Fe
23(111) STGB in this part, on the other hand, we use
the unit cell whose size is half in the g-axis direction, as
shown in Figures 1(a) and (b), which includes 36 Fe
atoms. We use this half-size cell to reduce computational
time. For the cases of fcc Al(Cu)-H systems, we chose
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fcc £5(012) STGB, because the structure of fcc £5(012)
STGB is very close to that of bec Fe £3(111) STGB. The
unit cell including fcc X5(012) STGB is shown in
Figures 1(c) and (d), whose cell size and structure are
very close to the cell including bee Fe £3(111) STGB, as
shown in Figures 1(a) and (b).

We performed first-principles calculations for ferro-
magnetic bec Fe X3(111) and nonmagnetic fcc Al(Cu)
25(012) STGBs. The electronic structure calculations
and the atomic structure relaxations by force minimiza-
tions are performed using the Vienna Ab initio Simu-
lation Package with the projector augmented wave
method."%'?l The generalized gradient approximation
by Perdew, Burke, and Ernzerhof is used."*! The
calculations for iron system are done in spin-polarized
(ferromagnetic) state (VOSKOWN = 0). The cutoff
energy for the plane wave basis set is 280, 250, and
273 eV for Fe, Al, and Cu systems, respectively. The
Monkhorst Pack k-point mesh is 8 x 4 x 1 for the unit
cells, as shown in Figure 1. The Methfessel-Paxton
smearing method with 0.1-eV width is used.

For the Fe case, the calculated energy of bcec X3(111)
GB (ygp) is 1.52] /m?, and the energy of its fracture (111)
surface (y,) is 2.69 J/m?. Thus, the cohesive energy of the
GB (29inc = 2y5 — y4») without segregation is 3.86 J/m?.
For the Al(Cu) case, the calculated energy of fcc £5(012)
GB (y,4p) 15 0.57(0.86) J /m?, and the energy of its fracture
(012) surface (y,) is 1.01(1.55) J/m?. The cohesive energy
of the GB without segregation is 1.45(2.24) J/m?> for
Al(Cu).

B. Calculations of the Work of Separation (Cohesive
Energy) of GB

We calculated the segregation energy of hydrogen at
the GB in a similar manner as in Part L' On the other
hand, we calculated the cohesive energy of the GB in a
different way. For the hydrogen case in this part, we
assume that the segregated hydrogen atoms can diffuse a
little on the gradually formed fracture surfaces. This
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indicates that hydrogen can segregate at the most stable
segregation site on the fracture surfaces by diffusing on
the surface within a short distance. Furthermore, more
hydrogen atoms can segregate on the gradually formed
fracture surfaces coming from solid solution state,
because the diffusion of hydrogen in bulk bce Fe is
very fast even at room temperature. The latter effect is
called the “mobile” effect of hydrogen during fracture.
In order to include these effects, we do not perform the
tensile test calculations to calculate 2y, as in Part LI
Instead, we separately calculate the fracture-surface and
GB segregation energies (AEp&iow, AEGH o) fOr
hydrogen atoms with varP/ing the segregation density
(using Eq. [7] in Part 1), and then calculate the
cohesive energy using the following equation:

2yint = (2% + AEIieSgtLtal/A + AEIS"ggt?)tal/A)
— (vop + AESS i/ 4) ]

Here, A is the area of GB and surface plane (ab plane)
of the unit cell. In this calculation, we divide the
GB-segregated hydrogen atoms into the two groups of
fracture-surface-segregated hydrogen atoms. In the case
that five hydrogen atoms segregate at the GB plane in
the unit cell (AEGE o) before fracture, for example,
two hydrogen atoms are distributed on one fracture
surface (AERE ) and then the other three hydrogen
atoms are distributed on the other fracture surface
(AEFS o) after fracture so as to maximize the surface
segregation energies in the system. In this method,
hydrogen atoms can occupy the most stable segregation
sites on the fracture surfaces after fracture; this means
that the surface diffusion of hydrogen atoms on the
fracture surfaces is allowed during fracture.

The preceding situation is that the number of total
hydrogen atoms in the unit cell is assumed to be the
same between the calculations of the fracture-surface
segregation energy (AE} Stmdl, AEFE2.) after fracture
and the GB segregation energy (AEGE o) before
fracture. In this case, it is referred to as the immobile
effect of hydrogen, although the surface diffusion effect
of GB-segregated hydrogen atoms on the fracture
surfaces is included. If the number of total hydrogen
atoms in the calculatlons of fracture-surface segregation
energy (AE;Eib . AESE ) after fracture is larger than
that in the calculation of GB segregation energy
(AEEE (ora1) before fracture, in contrast, the diffusible
effect of hydrogen coming from solid solution state to
the gradually formed fracture surfaces during fracture is
allowed in the calculation of 2y;,;. In this case, the effect
of the additional hydrogen atoms is referred as the
mobile effect of hydrogen.

III. RESULTS AND DISCUSSION

A. Segregation Energy of Hydrogen Atom in a Low
Segregation Concentration

We calculated the segregation (trapping) energy of
hydrogen when one hydrogen atom is inserted at each
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atomic (interstitial) site in the unit cells. Here, the
segregation energy of hydrogen is calculated with
respect to the solid solution state. The solid solution
state is separately calculated using another unit cell that
does not include the GB. The calculated segregation
energy at each interstitial atomic site is shown in
Figure 2. For the Fe case (Figure 2(a)), we can see that
the GB segregation energy (AEggatom) of hydrogen at
bee Fe £3(111) GB is about —0.45 eV/atom at most in a
negative direction, while the surface segregation energy
is about —0.78 eV/atom at most. From these results, we
can see that the surface segregation energy is larger in a
negative direction than the GB segregation energy,
which is the same trend as the embrlttllng elements such
as P and S, as shown in Part I.'"! Therefore, we can guess
that hydrogen is also an embrittling element for Fe GB.
For Al and Cu, the GB segregation energy of hydrogen
is about —0.25 eV/atom at most in a negative direction,
while the surface segregation energy is about —0.6 to
—0.8 eV/atom at most. From these results, we can guess
that hydrogen is also an embrittling element for Al and
Cu GB:s.

In Part I, we used the McLean’s equation curves to
discuss the possibility of GB segregation of solute atoms
from the calculated segregation energy. Similarly, we
can discuss the possibility of hydrogen segregation at
room temperature using the McLean’s curve that is
plotted at 300 K (27 °C), as shown in Figure 3. The
segregation energy of hydrogen at bcc Fe £3(111) GB is
about —0.45 eV/atom at most, which is small in a
negative direction compared with the GB segregation
energy of B C, P, and S (over —1.0 eV/atom), as stated
in Part I.! il For the hydrogen case, however, the
segregation occurs at room temperature, about 300 K
(27 °C) . In this temperature, the segregation energy of
—0.45 eV/atom is very large in a negative direction,
because 60 pct segregation (trapping) occurs even at
0.05 atomic parts per million (appm), 0.001 wt ppm for
H, as can be seen from Figure 3.

The calculated solid solution energy and GB/
fracture-surface segregation energies are summarized
and compared with the experimental data in Table I
and Figure 4. The experimental data include the zero-
point energy, while the calculated data do not include
it. However, the agreement between experiment and
calculation seems to be good. The orders of size in the
calculated solid solution energy for Fe, Al, and Cu are
in good agreement with the experimental data. The
calculated surface segregation energy of H on the Fe
(100) surface is a little smaller than that on the Fe
(111) surface, which does not agree with the experi-
mental data. It may be due to the difference of the
zero-point energy on Fe (100) and Fe (111) surfaces.
For Al and Cu surfaces, we cannot find the experi-
mental data of surface segregation energies of hydro-
gen for the (012) surface that we analyzed in our
calculations. For the Cu case, we show the only
available experimental data for the (311) surface
instead of the (012) surface.

Although the experimental segregation energies of
H at the Fe GB are not certain (from —0.10 to
—0.61 eV/atom), these energies seem to be smaller in
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Fig. 2—Calculated segregation energies of hydrogen (AEﬁégau,m) when one hydrogen atom is placed at various interstitial sites in the cell, as
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Fig. 3—Plotting of McLean’s equation for hydrogen (H) segregation
at 300 K (27 °C) (1 wppm H = 50 appm H).

a negative direction than the experimental surface
segregation energy; this indicates that hydrogen is
considered to be an embrittling element for iron.
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An interesting trend is seen in the comparison
between the energy of solid solution and fracture-
surface/GB segregation energy for hydrogen in Fe, Al,
and Cu, as shown in Figure 4. The embrittling potency
energy of GB-segregated hydrogen can be defined as the
energy difference between the fracture-surface- and
GB-segregated energies of hydrogen, because this energy
difference causes the reduction of the cohesive energy of
GB, as stated in Part L. From this figure, we can see
that GB-segregated hydrogen has an embrittling effect
for all Fe, Al, and Cu. On the other hand, the
embrittling potency of H, gas is defined as the energy
difference between the fracture-surface trapping state
and H, gas state. For the Fe case, there is a large
embrittling potency energy of H, gas. For the Al case,
however, there is no embrittling potency energy of H,
gas. For the Cu case, the embrittling potency energy of
H, gas is small compared with the Fe case. These results
indicate that H, gas embrittlement can occur for bec Fe
and fcc Cu, but does not occur for fcc Al. This is in good
agreement with the experimental fact that Al shows the
GB embrittlement by charged (inner) hydrogen, but
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does not show H, gas (outer hydrogen) embrittlement
even under the 85 MPa gaseous hydrogen condition.["*!
In summary, we find that solid solution hydrogen
atom (charged hydrogen, inner hydrogen) can segregate
at Fe, Al, and Cu GBs and on those fracture surfaces. It
is interesting to note that gaseous hydrogen (H») can be
trapped on the Fe and Cu fracture surfaces, but not on
the Al fracture surfaces. This is consistent with the
experimental fact that Al shows the GB embrittlement
by charged hydrogen but not by gaseous hydrogen.!'®)

Table I. Experimental Data' and the Calculated Results
for the Enthalpy (Energy) of Solution for H, the Largest
Surface Segregation Energy of Hydrogen (AEg,mm)
in a Negative Direction, and the Largest GB Segregation
Energy of Hydrogen (AEgg,mm)

This Work
Experiment* (Calculation)
(eV/atom H) (eV/atom H)
Energy of solution 0.30 0.22
in bee Fe
fec Al 0.70 0.84
fcc Cu 0.43 0.52
AELS viom —0.82 —0.62
on Fe(100)
Fe(111) —0.75 —0.79
Al(012) — —0.78
Cu —0.63 for (311) —0.64 for (012)

AESS siom in Fe —0.1, —0.51, —0.617  —0.45 for £3(111)

*Experimental data include the zero-point energy of hydrogen,
which is not included in this work (calculation).

**Experimental surface segregation energy is estimated as the sum
of the enthalpy of solution and the adsorption energy of H, on the
surface.

T-0.1: Ref. 15, —0.51: Ref. 16, —0.61: Ref. 17.

B. Segregation Energy of Hydrogen Atoms
with Increasing Segregation

We calculated the GB segregation energy of hydrogen
with varying the segregation density (AEGE o). At
each density of hydrogen segregation, we determined the
most stable segregation configurations of hydrogen
atoms that have the largest segregation energy in a
negative direction. In Figure 5, we show the GB
segregation energy of “total” hydrogen atoms in the
unit cell (AEGE o) and the “incremental” segregation
energy by adding one hydrogen atom (AEGEnc). If the
incremental segregation energy is close to zero, there is
not any more energy gain by hydrogen segregation; this
indicates the segregation limit of hydrogen.

As shown in Figure 5, we can see that up to about six
hydrogen atoms can segregate in the area of
A = 27.6 A? for bec Fe £3(111) GB. Similarly, about
12 hydrogen atoms can segregate in the area of
A = 37.3 A® for fecc Al £5(012) GB, and about six
hydrogen atoms can segregate in the area of
A = 29.2 A? for fcc Cu £5(012) GB. In addition, we
can see that the segregation energy of total hydrogen
atoms in the cell becomes very large in a negative
direction for Al, but small for Cu, compared with the Fe
case. This indicates that the hydrogen atom easily
segregates at Al GB up to a high density, while it has
difficulty segregating at Cu GB, compared with Fe GB.
This different behavior of hydrogen for Al and Cu in
high segregation density is very interesting, because the
behavior of the calculated segregation energy of hydro-
gen in low segregation density is quite similar for Al and
Cu, as shown in Figures 2(b) and (c). This indicates that
the interaction between segregated hydrogen atoms is
quite different in Al and Cu GBs.

Next, we calculated the fracture-surface segregation
energy of hydrogen with varying the segregation density

Energy
Bec Fe Fec Al Fee G sid Solution H
H, gas v
N -0.22eV/atomH v 55(012)GB
(exp. —0.3eV/atomH) $5(012)GB —0.21eV/atomH
—0.26eV/atomH
53(111)GB H, gas
—0.45eV/atomH —0.52eV/atomH
(exp. —0.43eV/atomH)
Surfa;(om)
0 Surface(111) R Surface(012) —0.64eV/atomH
_ —0.79eV/atomH —0.78eV/atomH VH, gas
—0.84eV/atomH

Embrittling potency of
GB-segregated H
Embrittling potency of H, gas

(exp. —0.7eV/atomH)

Fig. 4—Comparison in energy among four states: (1) solid solution, (2) H, gas, (3) GB segregation, and (4) fracture-surface segregation, in the
case of a low segregation density of hydrogen atom. This figure implies that the embrittlement occurs by inner (solid solution) hydrogen and by
outer hydrogen (H, gas) for bec Fe GB, while the embrittlement occurs by inner hydrogen but does not occur by outer hydrogen for fcc Al GB.
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Fig. 5—Calculated GB segregation energies (AEG3 ota) Of hydrogen atoms with varying the segregation density for (a) bec Fe X3(111) GB,
(b) fcc Al Z5(012) GB, and (¢) fec Cu X5(012) GB. “Total” line indicates the segregation energy for total hydrogen atoms in the GB of
the unit cell. The area of the GB plane in the unit cell is equal to A (4 = 27.6 A% for Fe, 37.3 A2 for Al, and 29.2 A for Cu). “Increment”
line (AEGSne) indicates the incremental segregation energy by adding one hydrogen atom. Dashed lines roughly indicate the GB segregation

limit of hydrogen atoms in the area of 4.

of hydrogen (AEr& otal, AErsinc). The calculated results
are shown in Figure 6 for Fe, Al, and Cu cases. The
trends in the comparison among Fe, Al, and Cu are
similar with GB segregation cases. The segregation limit
on one fracture surface is also similar to the GB case. On
the (111) fracture surface of bec Fe (4 = 27.6 A®),
about six hydrogen can segregate at most. On the (012)
Al surface (4 = 37.3 A%), more than eight hydrogen
atoms can segregate. Furthermore, hydrogen segregated
on Al surface may become H, gas, because the H, gas
state is more stable than the segregation state on the
Al(012) surface, as shown in Figure 4. On the (012) Cu
surface (4 = 29.2 A?), only about four hydrogen atoms
can segregate at most. From these results, we can
understand that the segregation limit of hydrogen atom
after fracture becomes almost twice compared with that
before fracture, because the area of fracture surfaces
after fracture (24) is twice compared with the area of
GB before fracture (A4).

C. Cohesive Energy of the GB with Hydrogen
Segregation

From the separately calculated GB and fracture-
surface segregation energies of hydrogen (AEGE (otals

METALLURGICAL AND MATERIALS TRANSACTIONS A

AE?E o), as shown in Figures 5 and 6, we estimated
the change in the cohesive energy of GB, 2y, by
hydrogen segregation using Eq. [1]. Here, the GB-
segregated hydrogen atoms are divided into the two
fracture surfaces so as to maximize the fracture-surface
segregation energy in a negative direction. For an
example, when six hydrogen atoms segregate at the
GB, three hydrogen atoms are distributed to one
fracture surface and then the remaining three hydrogen
atoms are distributed to the other fracture surface; this
gives the largest surface segregation energy in total. The
calculated results of 2y;,, are shown in Figure 7. We can
see that up to the GB segregation limit (denoted by
dashed lines in Figure 7), the 2v;,, decreases by about
40 pct for the Fe case, by more than 90 pct for the Al
case, and by about 50 pct for the Cu case. Although the
maximum decreases of 2y;,, for Fe and Cu cases are
similar size with each other, it should be remembered
that hydrogen atoms are considered to be very difficult
to segregate at Cu GB compared with Fe GB, as can be
seen from the GB segregation energies, as shown in
Figure 5.

In the discussion so far, the number of segregated
hydrogen atoms is assumed not to change during
fracture; the number of hydrogen atoms segregated at
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unit cell.

GB before fracture and that on the two fracture surfaces
after fracture are assumed to be the same. However, this
assumption may not be correct for the hydrogen case,
especially for the iron system, because the diffusion of
hydrogen is very fast even at room temperature and the
diffusion may become comparable to the crack growth
velocity. For this reason, we estimated this mobile effect
of hydrogen during fracture for the bcc Fe £3(111) GB
case. One possible factor is that the diffusible hydrogen
atoms coming from solid solution state segregate on the
gradually formed fracture surfaces during fracture. This
effect is calculated and shown in Figure 8(a). Another
possible factor is that the gasified hydrogen (H, mole-
cule) in the crack opening space is adsorbed on the
gradually formed fracture surfaces. This effect is also
calculated and shown in Figure 8(b). In both two cases,
the cohesive energy of the GB can be significantly
reduced, as can be seen in Figure 8. Hereafter, we focus
on the mobile effect of solid solution hydrogen.

We estimated the superposition of the immobile and
mobile effects of hydrogen on the reduction of 2y;,, as
shown in Figure 9. In this figure, we assume that six
hydrogen atoms have_already segregated at the GB
plane (area 4 = 27.6 A?) of the unit cell including bee
Fe 23(111) GB, and then the mobile effect of solid
solution hydrogen, as shown in Figure 8(a), is added. By
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the superposition of the two effects, the immobile and
mobile effects of hydrogen, the cohesive energy of bec Fe
23(111) GB is reduced by 60 to 70 pct at most, as shown
in Figure 9. Recently, Wang er all'"”! showed that the
fracture stress of high-strength steel was reduced by
about 80 pct at most with increasing diffusible hydrogen
content in the slow strain rate test; the amount of
fracture stress reduction is in agreement with the
reduction of the cohesive energy in our calculations. In
addition, Wang et al. have shown that the fracture stress
reduction is saturated at 80 pct with increasing hydro-
gen content (Figure 9 in Reference 19). From our
calculations, this saturation can be understood to be
caused by the fact that there is the density limit of
hydrogen segregation on the fracture surfaces, as shown
in Figure 6(a).

We suggest a new idea regarding the origin of the
upper and lower critical stresses that are observed in the
constant-load test of delayed fracture induced by
hydrogen in high-strength steels. Looking at the calcu-
lated reduction of 2vy;,, as shown in Figure 9, we can
find an important behavior that can explain the origin of
upper and lower critical stresses. The immobile effect of
hydrogen atoms that have already segregated at GB
before fracture reduces the GB cohesive energy (2y;,,) by
about 40 pct at most. In this case, the delay time for
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hydrogen atoms (“‘immobile” effect of hydrogen, as shown in the schematic illustration). Dashed lines indicate the GB segregation limit of
hydrogen atoms in the area of 4 (27.6 A% for Fe, 37.3 A for Al, and 29.2 A? for Cu).
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Fig. 8—The reduction of the cohesive energy 2y;,, of bcc Fe X£3(111) GB by the mobile effect of hydrogen (a) from inner bulk (solid solution

state) to (111) fracture surfaces (FS) and (b) from hydrogen gas state (H, molecule) to (111) fracture surfaces. The schematic illustrations to
understand these two effects are shown in the graphs.

fracture after the incubation period (microcrack initia-
tion) is not necessary. On the other hand, the delay time
is necessary for the crack propagation by the mobile
effect of hydrogen atoms, which come from solid
solution state to the gradually formed fracture surfaces
and then segregate on the fracture surfaces. From these
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considerations, we suggest a new idea about the origin
of the upper and lower critical stresses; the upper critical
stress is determined by the amount of hydrogen atoms,
which are already segregated at GBs before fracture
(before crack propagation starts), and the lower critical
stress is determined by the total amount of immobile
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case, the upper critical stress is determined by six GB-segregated
hydrogen atoms, and the lower critical stress is determined by 12
surface-segregated hydrogen atoms. The schematic illustrations are
shown above the graph to understand these immobile and mobile
effects of hydrogen.

and mobile hydrogen atoms, the latter of which segre-
gate additionally on the gradually formed fracture
surfaces during fracture (crack propagation) coming
from solid solution state (or H, gas in the crack opening
space).

Finally, we show our preliminary calculated results
for the reduction of the cohesive energy of (100)
cleavage plane of bce Fe by the adsorption of hydrogen
gas (H, molecule) in Figure 10. We calculated this
energy reduction using the cell including two (100)
planes. The cohesive energy of the (100) plane is reduced
by 25 to 30 pct at most with increasing adsorption of
hydrogen from H, gas. This indicates that hydrogen gas
environment can enhance the cleavage crack propaga-
tion at the bec Fe (100) plane, and it is consistent with
the experimental result; the (100) cleavage crack in
Fe-2.6 pct Si single crystal can be enhanced by H, gas
environment.?” The details of calculations will be
published elsewhere.[*"!

IV. SUMMARY

We calculated the cohesive energy 2y;,; of bce Fe
23(111) and fecc Al(Cu) Z5(012) symmetrical tilt GBs
with varying the segregation density of hydrogen.
Within the immobile effect of hydrogen, the calculated
27int 18 decreased by about 40, 90, and 50 pct at the
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Fig. 10—The calculated reduction of the cohesive energy of (100)
cleavage plane of bcc Fe by the adsorption of hydrogen gas (H,
molecule). In this case, 2yine = 2Yciayage = 275 because 7y, = 0. The
area of (100) plane (4) is 32.08 A°. The surface energy of (100)
plane (y,) is 2.5 J/m>. The schematic illustration is shown to under-
stand the effect of hydrogen gas (H,) in the graph.

segregation density limit of hydrogen atoms at the GBs
for Fe, Al, and Cu cases, respectively. The segregation
density limit is defined as the density at which the
incremental segregation energy is about zero. These
results indicate that hydrogen-induced GB embrittle-
ment for Fe, Al, and Cu may be caused by the reduction
of 2y;,, which is the same mechanism as the embrittle-
ment by Fhosphorous and sulfur segregation, as stated
in Part 1.1

The amount of hydrogen atoms segregated on the two
fracture surfaces (24) after fracture can be larger than
that segregated at the GB area (A) before fracture in
Eq. [1], because the bulk diffusion of hydrogen atom is
very fast at room temperature, especially for the Fe case.
This is called the mobile effect of hydrogen during
fracture, as suggested by Rice and Wang.” This mobile
effect of hydrogen is estimated by using the calculated
fracture-surface segregation energy of hydrogen coming
from solid solution state in bulk for the Fe case. While
the immobile effect of hydrogen can decrease 2y;,, by
about 40 pct at most, the addition of the mobile effects
of hydrogen can decrease the 2y;,, by about 70 to 80 pct
at most. From these considerations, we suggest a new
idea about the origin of the upper and lower critical
stresses observed in the constant-load test of hydrogen-
induced delayed fracture in high-strength steels; the
upper critical stress is determined by the amount of GB
segregated (immobile) hydrogen atoms before fracture,
and the lower critical stress is determined by the amount
of the immobile and mobile hydrogen atoms, the latter
of which is the fracture-surface segregated hydrogen
atoms during fracture coming from solid solution state
or H, gas in the crack opening space.

Another aspect of the mobile effect of hydrogen is the
reduction of 2y;,, by the adsorption of hydrogen gas
(H, molecule) instead of solid solution hydrogen. We
estimated the reduction of surface energy by hydrogen
trapping on the (100) fracture surfaces from H, gas
molecule, and found that a significant reduction by 25 to
30 pct occurs in the cohesive energy (2ycieavage = 275) of
(100) cleavage plane in bec Fe. This indicates that the

METALLURGICAL AND MATERIALS TRANSACTIONS A



enhancement of (100) cleavage of bce Fe can occur in
the environment of H, gas, which is in agreement with
experiments.
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