Chapter 5
Deformation Behaviors

5.1 Elastic Moduli

Elastic moduli that characterize the linear relationship between stress and strain
express the shape of the potential energy of an atom-pair in materials. If solute
hydrogen alters the distance or the cohesive force between neighboring host atoms,
its effects are expected to appear in elastic moduli. The effects of hydrogen on
Young’s modulus of polycrystalline bce tantalum, niobium and vanadium were
measured from the velocity of 100 kHz elastic wave in wire specimens [1]. Hydro-
gen was cathodically charged in 4 % sulfuric electrolyte with small amounts of CS,
and As,O;. Numerical values of hydrogen contents were not shown, but a linear
increase in Young’s modulus £ with hydrogen content was reported for each metal.
The increases in terms of AE/E were 0.07, 0.58 and 0.48 % for Ta, Nb and V,
respectively, per 1 at % of hydrogen. On the contrary, a linear decrease in Young’s
modulus against the square root of the hydrogen concentration up to 2.5 x 10> was
reported for a Ti-Mo alloy accompanying solution softening and expansion of
lattice parameter [2].

The solid solubility of hydrogen in a-iron at room temperature is normally very
low as described in Chap. 1, and the expected changes of moduli, if any, are also
very small. The measurements of shear modulus of hydrogen-charged polycrystal-
line a-iron by means of a torsion pendulum method showed a decrease of about
0.3 % of the pendulum frequency at temperatures lower than 200 K [3]. For the
experiment, hydrogen was introduced by electric discharge of wet hydrogen gas.
The hydrogen concentration was not exact, but an estimated decrease in the shear
modulus of iron by 1 at % hydrogen was about 8 % at 100 K.
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5.2 Flow Stress

Lattice distortion around solute hydrogen atoms and resulted interactions between
dislocations and hydrogen, described in Sect. 3.1, may cause solid solution hard-
ening or softening. However, the low concentrations of hydrogen and trapping in
various lattice defects often make precise arguments difficult. For a Ti-Mo alloy
cited above [2], the proportional limit and 0.2 % proof stress decreased linearly
against the square root of hydrogen concentration. For iron and steels, hydrogen
effects are fairly complicated depending on materials, deformation stages and
testing conditions. Hydrogen effects on the flow stress of iron are not yet conclu-
sive, and Table 5.1 summarizes reported results in the literature [4—15].

(a) Hardening

Hardening by hydrogen is more general than softening for commercially pure
iron, low-alloyed and stainless steels tested for bulky specimens at room temper-
ature. For iron single crystal containing about 50 ppm or less of carbon, the critical
resolved shear stress for yielding increased on {110} <111 >slip system in a
hydrogen precharged specimen, while it was almost immune on {112} < 111 > slip
system [4]. The tensile straining was conducted at room temperature at strain rates
of about 107*~10">/s using specimens of 2 mm in thickness. The effects of
hydrogen on hardening behaviors vary by carbon contents. For carbon-doped iron
single crystals, flow stress increased by 165 ppm carbon but decreased by 10 ppm
on tensile straining in the presence of hydrogen [7]. For an intermediate 90 ppm
carbon, the flow stress was higher or lower than that of the hydrogen-free specimen
according to strain ranges less or larger than about 30 %, respectively. For the
experiments, tensile straining was conducted setting the tensile axis near <001 > at
room temperature under cathodic electrolysis.

For polycrystalline iron containing 10 ppm carbon and ~30 pm in grain size, the
yield and flow stress increased by hydrogen on tensile straining of specimens of
2 mm in thickness [8]. For the experiments, hydrogen of ~2 ppm was precharged in
0.1 MPa hydrogen gas at 850 °C and tensile tests were conducted at 0 °C and
—80 °C. A noteworthy fact was that hydrogen enhanced the increase in the flow
stress by strain aging at low strains less than 5 %.

The grain size dependence of hydrogen effects was also examined in terms of the
Hall-Petch relation for the grain size range of 10~ 150 pm with commercial pure
iron [9]. Tensile tests were conducted at room temperature under cathodic
hydrogen-charging to 2—7 ppm in the average hydrogen concentration. The 0.5 %
offset stress decreased by hydrogen for coarse grain sizes over ~30 pm but
increased for finer grain sizes. However, for iron in which interstitial impurities
were reduced by adding 0.15 % titanium as a getter, reductions of the strength by
hydrogen were observed for all grain sizes.

The effects of specimen thickness on flow stress at room temperature were
examined with a decarbulized rimmed steel containing ~40 ppm of carbon
[10]. The flow stress always increased for specimens of 0.8 mm in thickness
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5.2 Flow Stress 83

when the cathodic current for hydrogen-charging was switched on during tensile
straining. However, the flow stress turned to decrease with strain by reducing
specimen thickness and softening appeared for the thickness less than 0.20 mm.
On the other hand, hardening was always the case for 17Cr steel.

Hardening by hydrogen was also observed for a commercial quenched and
tempered steel [8] and a Fe-0.5%Ti alloy [13] on tensile straining at temperatures
below room temperature. Another demonstration of hardening was that two-stage
Liiders deformation appeared on tensile straining of commercial 1045 steels
[16]. For the experiment, hydrogen was introduced into one half of the gauge
section, and the second stage Liiders deformation was deduced to arise from the
yielding of the hydrogen-charged portion.

(b) Softening

On the other hand, softening by hydrogen generally appears for thin specimens
of high purity iron at temperatures below room temperatures. Figure 5.1 [12] shows
tensile stress—strain curves of zone-refined high purity iron specimens of 0.4 mm in
diameter tested at low temperatures. Upward and downward arrows indicate,
respectively, switching on and off of cathodic current for hydrogen charging.
While only hardening by hydrogen was observed at room temperature, a gradual
decrease of flow stress after a small hump or a prompt decrease appeared at lower
test temperatures. It is to be noticed that the decrease in the flow stress at the start of
hydrogen charging was temporal at temperatures lower than 180 K and the flow
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stress tended to increase again at 170 K. The decrease in the flow stress on hydrogen
charging at low temperatures was more prominent for higher purity iron. The
amount of softening depends on test conditions. The difference in the flow stresses
between the final steady level and before charging increased with the higher
charging current density, the lower strain rate and the smaller specimen size
[14]. It is to be noted that microstructures of the coarse-grain specimens were
bamboo-like.

Softening by hydrogen was also observed for tensile straining of single crystal
iron specimens as thick as 3 mm in diameter at room temperature and within the
easy glide region under continuous hydrogen charging [17]. Slip markings on the
specimen surface were finer for hydrogen-charged specimens than those of the
hydrogen-free ones. According to the shear stress vs. shear strain curve, work-
hardening rate soon after yielding increased in the presence of hydrogen and shear
stress exceeded that of hydrogen-free specimens, i.e. softening turned to hardening.
The critical resolved shear stress for yielding was, however, almost the same for
specimens with/without hydrogen charging. Softening was also observed over a
wide range of strain at 200 K for a single crystal iron specimen of 2 mm in
thickness, but a polycrystalline iron showed hardening in small strains less than
5 % [18].

Softening by hydrogen is more prominent for lower strain rates. Figure 5.2 [11]
shows the temperature dependence of the yield stress of high purity iron tested at
different strain rates. For the experiments, the specimens of 0.4 mm in diameter
were prestrained to 1-2 % and hydrogen-precharged by cathodic electrolysis. The
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yield stress increased with decreasing temperature and exceeded the yield stress of
the hydrogen-free specimens, i.e. turned to hardening by hydrogen. It is noticed that
prestraining introduces fresh dislocations in specimens. Aging of prestrained and
hydrogen precharged specimens at room temperature diminished hydrogen effects
on the yield stress or rather showed hardening at 200 K even at the strain rate of
8 x 1077/s [11].

Softening by hydrogen was reported earlier as a pronounced decrease of torque
in torsion tests of mild steel tubes [19]. The specimen was a tube of 2 mm in wall
thickness and 20 mm in outer diameter. The test was conducted at room tempera-
ture, and hydrogen was introduced by immersing the specimen in 5 % H,SO,4 with
small additions of poisons. The observed softening and fractographic features
described in Sect. 7.1(f) are the basis of the hydrogen-assisted cracking (HAC)
model for the mechanism of hydrogen embrittlement described in Sect. 10.2.

(c) Explanations of experimental results

Observed changes of flow stress induced by hydrogen charging are complicated
as described above, depending on the purity, grain size, specimen size, testing
temperature, strain rate and fugacity of hydrogen. Hydrogen effects for softening
have been discussed so far with respect to (1) interactions of hydrogen with
dislocations, (2) the increase in the density of mobile dislocations or (3) the
formation of damage in near-surface areas. In many experiments, hydrogen was
introduced into specimen using cathodic electrolysis under fairly high fugacity of
hydrogen as shown in Table 1.1. It is to be noticed, however, that direct evidences
for supposed mechanisms are scarce and quantitative theoretical estimations are
difficult.

The motion of screw dislocations dominates plastic deformation after pre-yield
strain for iron single crystal at low temperatures. The Peierls potential for screw
dislocations in bcc metals is high and strain rate is controlled by the formation of
kink-pairs and the side-way movement of kinks. To explain softening observed for
high purity iron, Matsui et al. postulated that hydrogen enters the dislocation core
and modifies the core structure to increase the double kink nucleation rate [12]. A
prompt response of the flow stress to cathodic polarization was ascribed to the
transportation of hydrogen by moving dislocations. Experimental conditions
employed by Matsui et al. were characterized by high hydrogen fugacity, extremely
high purity, and also coarse-grain thin specimens. High concentrations of hydrogen
far exceeding equilibrium may exhibit solid solution hardening or softening in
similar ways as carbon and nitrogen play their roles. However, Matsui et al. ruled
out this possibility for tests at temperatures at which hydrogen was mobile together
with dislocations. They assumed that interactions between hydrogen and impurities
cause hardening at and above 273 K in impure specimens containing dissolved
impurities comparable in concentrations to hydrogen. First-principles calculations
for interactions of hydrogen with the core of screw dislocations and for their role on
the mobility of dislocations are presented in Sects. 3.1.2 and 5.5, respectively.

On the other hand, Lunarska et al. suggested that softening by hydrogen in the
easy glide region at room temperature was due to long-range internal stress rather
than double kink formation, because the critical resolved shear stress for yielding
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was unaffected by hydrogen charging [17]. The proposed mechanism was that the
segregation of hydrogen around dislocations lowered elastic interactions between
dislocations. On the other hand, hydrogen effects were featured by fine slip mark-
ings and higher work-hardening rate leading to hardening in Stage III. Lunarska
et al. also suggested the formation of some obstacles against dislocation motion.
Hydrogen effects on enhancing the mobility of dislocations are also discussed with
respect to shielding of elastic fields by hydrogen as described in Sect. 5.5.1
concerning direct observations by transmission electron microscopy. Hydrogen-
enhanced strain localization (HELP) associated with the formation of defects is
described in Sect. 7.2.1.

High hydrogen fugacity eventually induces surface damage and actually some
blisters appear on the surface of hydrogen-charged specimens [12]. Oriani and
Josephic noticed that the generation of blisters or microvoids themselves causes
softening by reducing localized stress at the sites and thus increasing the effective
stress [16]. They also noticed that the surface of microvoids might facilitate
deformation by serving as additional source and sinks of dislocations, increasing
the number of mobile dislocations and reducing the number of dislocation pile-up.
On the other hand for hardening effects by hydrogen, Oriani and Josephic proposed
that hydrogen reduces stacking fault energy that impedes cross slipping. Suppres-
sion of the dislocation nucleation from grain boundaries and their ledges was
another mechanism Oriani and Josephic proposed for hardening.

The specimen size dependence of softening [10] is a support for surface effects
originating in flaw induced by hydrogen charging. However, softening appeared
even under mild hydrogen-charging conditions by which the formation of blisters is
unlikely [11]. Changes of stress—strain curves associated with switching on and off
of charging current are too complicated to simply ascribe to the formation of
blisters or voids. An important viewpoint not so much paid attention so far on the
flow stress under concurrent electrolysis is the decrease in surface energy due to
adsorption of hydrogen on the surface. Surface effects are viable for experiments
using thin specimens. As shortly described in following sections, surface effects
likely operate in stress relaxation, creep and dislocation mobility under in situ
transmission electron microscopy. Generation of dislocations from the surface
and associated changes of internal dislocation structures should be considered.

An important aspect to be not disregarded on functions of hydrogen associated
with the movement of dislocations is the creation of point defects. Moving dislo-
cations multiply dislocations, and screw dislocations gliding on a slip plane gener-
ate jogs by intersecting screw dislocations on other slip planes. Transmission
electron microscopy applied to deformation microstructures revealed large jogs
forming dipoles of edge dislocations for a single crystal of 3 % Si iron [20], and the
formation of tangles and cells of dislocations in iron single crystals as a result of
mutual interactions of dislocations [21]. The interactions of dislocations with other
lattice defects are important factors controlling the flow stress. The interactions of
hydrogen with lattice defects created by moving dislocations besides with disloca-
tions are important particularly in areas when the density of dislocations is sub-
stantial. The interactions of hydrogen with vacancies created by dragging of jog are
described in Sect. 3.2.3.
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5.3 Stress Relaxation and Creep

5.3.1 Stress Relaxation

Stress relaxation is a partial release of external stress under a constant strain. An
example of stress relaxation in engineering practice is the loss of compacting stress
in prestressed steel structures. Stress relaxation eventually leads to fracture. The
delayed fracture of steel components stressed at constant displacement in corrosive
environments is a case associated with hydrogen-assisted stress relaxation.

Dislocation configurations forming under rising stress turn towards stable struc-
tures on stopping the stress increase. At a constant-strain state, the macroscopic
strain-rate is zero, i.e.

€ = & + & = const, (5.1)
then
e
Ep = —€p = ——, 5.2
ép & z (5.2)

where suffixes e and p denote elastic and plastic, respectively, and E is Young’s
modulus. Equation (5.2) implies that plastic strain-rate associated with the
rearrangement of dislocations appears as a decrease of elastic stress-rate. Stress
relaxation originates in microplasticity and is a measure of the stability of micro-
structures, particularly of configurations of dislocations. The relaxation rate is very
susceptible to temperature variation and its measurement must be conducted under
a careful temperature control.

According to dislocation theory of plasticity, the plastic strain-rate is expressed
as

&p = ppb, (53)

where ¢ is a geometric factor, p is the density of mobile dislocations, b is their
Burgers vector and v is the average velocity of dislocations. When the viscous flow
model of dislocations [22] is employed, v is expressed as

v=A(t—1)", (5.4)

where A is the average velocity at unit effective stress, 7 is the applied shear stress,
7; is the internal shear stress and m is the dislocation velocity-stress exponent.
Equation (5.2) is written using Eqgs. (5.3) and (5.4) as

¢, = —Kp(t—1)", (5.3)

where K is a constant [23]. Then, hydrogen effects in stress relaxation are related to
the density of mobile dislocations, the magnitude of internal stress and m.
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Hydrogen enhances stress relaxation. Stress relaxation of a zone-refined pure
iron in the uniform elongation region shows a substantially enhanced load drop
when cathodic hydrogen charging is applied [24]. Figure 5.3 [24] shows hydrogen
effects on deformation parameters in Eq. (5.4) obtained by stress relaxation exper-
iments for coarse-grain pure iron at room temperature. Stress relaxation was started
at different initial tensile strains &y and hydrogen charging was applied some
1.5-5 min after the start of stress relaxation using cathodic electrolysis in poisoned
1 N H,SOy at a current density of 20—170 A/m?. The results of Fig. 5.3 indicate that
hydrogen reduces internal stress and the dislocation velocity-stress exponent m in
Eq. (5.4). Hydrogen fugacity in that experiment was fairly high while data were
collected before the formation of blisters.

Reduction of the current density or interruption of charging resulted in an
increase of load, and the restart of the cross-head motion showed a jump-like
increase in load. Similar hydrogen effects in stress relaxation were observed for
many types of iron and steels. Figure 5.4 [10] shows effects of charging current on

Fig. 5.3 Deformation 1.0
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enhancing stress relaxation for decarbulized rimmed steel and 17Cr steel. Cathodic
polarization was applied during stress relaxation at a constant strain of 4 %. The
thickness of the specimen in Fig. 5.4 was 0.8 mm, but the enhancement was more
prominent for thinner specimens [10], similarly to the flow stress on tensile
straining.

The magnitude of the charging current density is related to hydrogen fugacity
that determines solid solubility of hydrogen (Sect. 2.1.1). Oriani and Josephic
showed a threshold of the input hydrogen fugacity, i.e. some critical hydrogen
charging current density, for inducing an abrupt increase in the relaxation rate
[25]. The threshold fugacity was higher for higher initial plastic strain to start stress
relaxation. On the other hand, a well-defined effect by hydrogen was not discernible
on the slope of the relaxation curve at initial strain below a certain amount. The
experiments were conducted for AISI 1045 steels 0.25 mm in thickness at room
temperature under a careful temperature control. Preceding experiments for flow
stress and stress relaxation mostly employed hydrogen charging under fairly high
fugacity, but Oriani and Josephic used poisoned 0.1 N NaOH for electrolyte at very
low current density and the estimated threshold fugacity was several MPa. The
mechanism was discussed in terms of hydrogen-assisted nucleation and growth of
microvoids due to decohesion of atomic bonds.

The enhancement of stress relaxation appears not only at simultaneous hydrogen
charging during stress relaxation but also by precharged hydrogen. Figure 5.5 [26]
shows stress relaxation curves of a 0.37%C-0.6%Si-1.0%Mo-0.5%Cr-0.54 V mar-
tensitic steel tempered at 550 °C and 650 °C. Secondary hardening due to the
precipitation of fine vanadium carbides by tempering at 650 °C coupled with
advanced recovery of martensite gave the same tensile strength of 1470 MPa as
that for specimens tempered at 550 °C. Hydrogen precharging was conducted in a
mild condition using cathodic electrolysis in a 3 % NaCl + 3 g/l NH4SCN solution at
a current density of 5 A/m”. The specimens were 2 mm in thickness and stress
relaxation at 28 £ 0.5 °C was started by stopping tensile straining at 60 % of the
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ultimate tensile strength. Enhancement of stress relaxation by hydrogen was
observed for both tempering temperatures, but tempering at 650 °C substantially
reduced the extent of relaxation. It is likely that more stable microstructures of
martensite formed by the higher tempering temperature coupled with homogeneous
distributions of vanadium carbides suppress strain localization and reduce associ-
ated plastic strain rates.

A noteworthy fact concerning the relevance of stress relaxation to hydrogen
embrittlement was that tempering of the Mo-V steel at 650 °C improved the
resistance to delayed fracture compared with tempering at 550 °C [26]. Relevance
of stress-relaxation rates to the susceptibilities to delayed fracture is likely a general
feature for steels of similar strength levels or chemical compositions. Early studies
revealed a high resistance to delayed fracture and a very small stress relaxation in
an 18Ni maraging steel [27]. A correlation between stress relaxation rate and the
time to fracture in delayed fracture tests was found for low carbon martensitic steels
[28]. Relevance of stress relaxation to hydrogen embrittlement for the Mo-V steel is
described in Sects. 6.4.2 and 8.1(b).

5.3.2 Creep

Creep is time-dependent plasticity under constant load or stress and is particularly
important for the high-temperature engineering life of materials. At elevated
temperatures, sliding of grain boundaries or diffusion of vacancies are primary
origins of creep failure. Creep strain is normally very small at room temperature,
but delayed fracture under constant stress is a phenomenon accompanying creep.
Various mechanisms operate according to types of materials, applied stress and
temperatures [29]. Motion of dislocations induced by external stress is opposed by
internal stress and obstacles. However, thermal energy gives rise to activation of
dislocations or other elements that have been equilibrated under an applied stress
and causes microplasticity.

The general form of creep curve is schematically shown in Fig. 5.6, and it
depends on temperature and applied stress. The creep curve is generally composed
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of three stages, the transient creep stage of decelerating flow, the steady-state creep
of a constant minimum rate and eventually at high temperatures the stage of
accelerating flow that ends in fracture. The exhaustion theory of transient creep is
that each element is thermally activated only once by a characteristic activation
stress and contributes to plastic strain [29]. The creep rate in the transient and
steady-state stages is expressed as

é=Ar", (5.6)

where A and n are constants and 0 <7 < 1. The steady-state creep rate increases
strongly with temperature. The rate over a small range of stress is expressed in
terms of the activation energy of dislocation movement in the form of

—b
& = Kexp (— URT 6), (5.7)

where K, U and b are constants. A refined form of the activation energy was derived
by Cottrell considering dislocation movement passing through closely spaced
obstacles, like dislocation forests [30]. Preceding studies about hydrogen effects
descried below, however, were developed before this consideration was presented.

Hydrogen effects on the density, mobility and barriers to movement of mobile
dislocations are to appear on creep behaviors while experiments on this matter are not
many. Creep rates are higher for higher hydrogen concentrations, similarly to the
stress relaxation test shown in Fig. 5.4. During creep deformation of a single crystal
specimen of pure iron at 200 K, a sudden application of cathodic potential was
insignificant to the creep rate when the potential was low. At a higher applied
potential, acceleration of creep rate appeared initially gradually then rapidly and
finally to a nearly steady state [18]. In the experiments by Park et al., the thickness
of the specimens was 0.8 mm and the applied stress was 60 % of the yield stress.
Hydrogen effects were more prominent at higher current densities and stress levels,
but the acceleration decreased with increasing temperature and was insignificant at
room temperature. When the potential was turned off, the creep rate returned in a few
minutes to the initial value before cathodic charging. Such temperature dependence of
the accelerated creep rate is similar to softening of the flow stress shown in Fig. 5.1.

The threshold fugacity for accelerating creep rate was also found by Oriani and
Josephic with spheroidized AISI 1040 steel [31] by a similar method as used for
stress relaxation [25]. The wire specimen was 0.12 mm in diameter and hydrogen
charging was conducted by cathodic electrolysis in poisoned 0.1 N NaOH aqueous
solution at room temperature. The creep rate at room temperature increased
abruptly on applying cathodic potential above a critical value. The increase then
decelerated following the form of

£ — & :kln(t—to). (58)

Shut off of the charging current raised markedly the creep rate to a maximum and
then the rate decreased. Oriani and Josephic considered the function of hydrogen
similar to that in stress relaxation [25], i.e. the reduction in internal stress by the
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nucleation and growth of microvoids induced by the reduced cohesive strength by
hydrogen.

Contribution of vacancies to creep becomes significant with elevating tempera-
tures. If hydrogen increased the density of vacancies as described in Sect. 3.2.3,
hydrogen might increase creep rate. Actually, the creep rate at 736 ~ 1200 K of a Pd
wire of 0.1 mm in diameter was about six times higher in a 0.1 MPa H, atmosphere
than that in an Ar atmosphere of the same pressure [32]. Hydrogen reduced the
creep activation energy from 38.6 £ 1.9 kJ/mol in Ar gas to 30.0 &= 1.5 kJ/mol in H,
gas. However, the mechanism of the observed creep was ascribed to grain boundary
diffusion of Pd atoms and the effect of hydrogen on the diffusion of Pd atoms was
not discussed.

5.3.3 Implications of Surface Effects

The effects of hydrogen on stress relaxation and creep have been discussed mostly
with respect to interactions of hydrogen with moving dislocations in specimens and
also to surface damage induced by a high hydrogen fugacity. Cathodic polarization
introduces hydrogen into metals, but anodic polarization also increases creep rate.
Figure 5.7 [33] compares creep curves of a thin copper wire for (a) anodic and

Fig. 5.7 Effects of (a)
polarization on creep curves 4.35 e
of Cu wire at room
temperature. The diameter
of wires is 0.27 mm, and the 4.301-
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anodic polarization, and (b) < 4.25|-
cathodic polarization (Revie &
etal. [33]) T
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(b) cathodic polarizations. The average grain size was about 20 pm and the diameter
of the wire was 0.27 mm. The electrolyte was an aqueous acetate buffer solution of
pH 3.7 at 25 4 0.5 °C and the current density was 9 A/m”. Both cathodic and anodic
polarizations increased creep rate. Anodic polarization increased the creep rate
gradually and shutting-off of the current decreased the rate to a level similar to that
before the application of polarization. On the other hand, cathodic polarization also
increased the creep rate to the same order as anodic polarization, but the increase in
creep rate was abrupt on the application of polarization.

The increase in creep rate by both anodic and cathodic polarizations implies that
some factors other than hydrogen affect creep rate associated with chemical
reactions on the specimen surface. On anodic polarization estimated thinning of
the wire was not significant. Revie and Uhlig [33] ascribed the observed lag in the
creep response to diffusional process of vacancies that were created very near the
metal surface associated with metal dissolution [34]. Divacancies diffusing from
the surface were assumed to interact with sessile dislocations causing climb under
applied stress.

On the other hand, cathodic polarization is characterized by an abrupt increase in
creep rate and a very small current density of 0.1 A/m? resulted in a marked increase
of creep rate compared with anodic polarization. Revie and Uhlig ascribed the
effect to the reduction of surface energy. Hydrogen generated by cathodic electrol-
ysis adsorbs on the specimen surface preceding the entry into the bulk. The change
in surface energy, dy, of metals caused by a change of the chemical potential, du, of
an adsorbed phase is given by the Gibbs adsorption isotherm. If the adsorption takes
place at temperature T and pressure p,

dy =—-Tdu

= —l—‘kBTh’lp7 (59)
where I" is the number of molecules adsorbed per unit area and kg is the Boltzmann
constant [35]. For the Langmuir adsorption, i.e. monolayer adsorption, of dissoci-
ated atoms of diatomic molecules, y is expressed as

7 =10 = 20k TIn |1 + (ap) 2], (5.10)

where y is the surface energy without adsorption, I is the saturation value of I" and
A is a constant. Petch calculated the reduction of y of a-iron by the adsorption of
hydrogen on the crack surface at room temperature, and the results are shown in
Fig. 5.8 [35]. The idea and assumptions for the calculation are described in Sect. 9.2
concerning mechanisms of hydrogen embrttlement. The magnitude of y, is about
2 J/m? and the fractional reduction of y shown in Fig. 5.8 is substantial even for very
low hydrogen concentrations. Revie and Uhlig postulated that the reduction in
surface energy facilitated slip step formations at the metal surface [36]. Since the
ease of the slip step formation operates in grains facing the surface, the idea is
consistent with the higher acceleration of creep rate for the larger grain size. The
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Fig. 5.8 Decrease in the 0
surface energy of iron by
adsorption of hydrogen
(Petch [35])
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idea is also consistent with the fact that the application of cathodic polarization
causes a sudden response of creep rate.

If the reduction in surface energy due to adsorbed hydrogen affected creep rate,
it also should play a role in stress relaxation. Change of stress states at the surface
should alter the balance of internal stress states and induce auxiliary plastic strain.
From this notion, the additional plasticity is not a consequence of some direct
interactions between hydrogen and dislocations within the bulk phase. In the
context, the abrupt drop of the flow stress associated with cathodic polarization
on tensile straining, shown in Fig. 5.1, might be ascribed to a decrease in surface
energy.

However, Fig. 5.5 that demonstrates the effects of internal hydrogen on stress
relaxation implies that surface effects, if any, are not the sole origin of hydrogen
effects on creep and stress relaxation. Another candidate mechanism is interactions
between hydrogen and strain-induced vacancies. Vacancy formation associated
with cathodic electrolysis or dissociation of water molecule at the surface of pure
aluminum was observed by Birnbaum et al. [36]. Small angle X-ray scattering and
measurements of lattice parameters showed the formation of hydrogen-vacancy
complexes clustered into platelets lying on the {111} planes. Candidate origins of
vacancies are interactions of moving dislocations as well as possible products on
the surface in the case of anodic polarization.

5.4 Direct Observation of Dislocation Activity

The decrease in flow stress shown in Fig. 5.1 and the enhanced stress relaxation
shown in Figs. 5.4 and 5.5 lead to the notion of hydrogen-enhanced plasticity.
Strong supports of the notion have been obtained by means of in situ environmental
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cell transmission electron microscopy. The first observation was for iron foils
stretched to a constant displacement initially in vacuum and successively in hydro-
gen gas introduced into the environmental cell [37]. Increase in the hydrogen gas
pressure up to 35 kPa increased the velocity of screw dislocations and the removal
of the gas rapidly decreased dislocation velocity to the initial value in vacuum.
Similar results were observed for a variety of metals and alloys of bcc, fcc and hep
structures [38]. For high purity aluminum, the introduction of hydrogen increased
the length of screw components at the intersection of two slip planes and decreased
the length of mostly edge components [39]. It was deduced then that pinning by
hydrogen stabilized edge segments of dislocations and decreased the tendency to
cross-slipping [39]. For nickel, detailed observations showed that hydrogen
increased the dislocation velocity and the generation rate of both isolated and
tangled dislocations [40]. Increases in dislocation velocity observed for dislocations
lying in tangles and for dislocations emanating from crack tips were ascribed to a
volumetric rather than a surface phenomenon. It is to be noticed, however, that the
stress balance in the specimen may transmit alteration of surface states to that of
internal dislocation structures without the entry of hydrogen.

Enhanced strain localization is another feature of hydrogen effects. In situ
observations revealed the crack propagation associated with the emission of dislo-
cations from the crack tips [41]. Generation of dislocations in the vicinity of
dislocation cell walls ahead of the crack tip was also observed. Initially formed
and arrested cracks in iron foil in vacuum restarted by introducing hydrogen gas
into the environmental cell at a stress lower than that in vacuum. Deformation was
highly localized near the crack tip and resulted in the formation of small voids. The
observations have served as an experimental basis of the hydrogen enhanced
localized plasticity (HELP) mechanism of hydrogen embrittlement described in
Sects. 5.5 and 10.2.

Hydrogen fugacity expected in environment cell is much lower than the thresh-
old fugacity for stress relaxation observed for a carbon steel [25]. Concentrations of
solute hydrogen estimated from Sieverts’ law are very low compared with other
alloying elements or impurities that alter deformation behaviors of steels. It is to be
noticed that most dislocations arrays observed by transmission electron microscopy
are initially pinned at the surface of the foil specimen. It is feasible that a substantial
decrease in surface energy caused by the adsorption of very small amount of hydro-
gen, as shown in Fig. 5.8, alters the mechanical balance and induces movements of
unpinned dislocations.

5.5 Elastic and Atomistic Calculations

5.5.1 Elastic Shielding of Stress Centers

The elastic interaction energy between a hydrogen atom and an edge dislocation
originating in the volumetric effect is described in Sect. 3.1.2. The enhancement of
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dislocation mobility by hydrogen, revealed by in situ transmission electron micros-
copy, is quite general for fcc, bee and hep crystal structures and also for both edge
and screw types of dislocations. Some qualitative explanations of experimental
observations are described in Sect. 5.2(c), and a quantitative estimation has been
made about the reduction of barriers against dislocation motion.

The mobility of dislocations is affected by elastic interactions between disloca-
tions and between dislocations and other stress centers such as solute atoms and
precipitates. Hydrogen atmospheres are formed in the dilatational fields so as to
make the energy of the system minimum. Sofronis and Birnbaum calculated effects
of hydrogen on the dislocation mobility taking into account both the first order
dilatational interaction energy expressed by Eq. (3.8) for an edge dislocation and a
second order interaction energy that arises from the change in the elastic moduli
caused by the presence of hydrogen in solid solution [38, 42].

Calculations were conducted for various configurations and types of elastic
centers. Figure 5.9 [38, 42] is a schematic illustration of the coordinates of
interacting two edge dislocations of the same sign and hydrogen atmosphere. The
shear stress due to hydrogen atmosphere in the area dS is denoted as dzy. The net
shear stress, 7y, acting at the core of the dislocation #2 due to the hydrogen
atmosphere of the local concentration C(r, ¢) is given regarding to the hydrogen
volumetric effect as

u Vi 2”JR sin 2¢
= C drd 5.11
TH 271_(1 — V) N, JO (ra(p) - rag, ( )

L)

where y is the shear modulus, v is Poisson’s ratio, Vi is the partial molar volume of
hydrogen, N4 is Avogadro’s number, 1, is the inner cut-off radius of the dislocation
2 and R is the outer cut-off radius of the atmosphere centered at the dislocation #2.
It is to be noticed that C(r, @) is the hydrogen distribution in equilibrium with an
applied stress field and also with stress fields due to the dislocations #1 and #2. The
shear stress 7 resolved along the slip plane and exerted by the dislocation #1 at the
core of the dislocation #2 is

Fig. 5.9 Schematic model
for the shear stress acting at
the core of dislocation #2 by
the hydrogen dilatation
lines of an infinitesimal area
dS at the position (r, @)
(Birnbaum et al. [38])

Outer boundary of
the hydrogen atmosphere
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by COS w cos 2w
27(1 —v) [ ’

(5.12)

Tp =

where b, is the Burgers vector of the dislocation 1. The net shear stress exerted on
the dislocation #2 is equal to 7p + 7.

Figure 5.10 [38, 42] plots calculated normalized shear stresses, ty/i, Tp/p and
(zp + tu)/u, vs. normalized distance, //b, and nominal hydrogen concentrations of
H/M =0.1 and 0.01 for bcc niobium at 300 K. Figure 5.10 indicates that hydrogen
atmosphere reduces the repulsive interaction between parallel edge dislocations of
the same sign. Very similar results were also obtained for two dislocations of
opposite signs. Calculated elastic energies of edge dislocations with and without
hydrogen atmospheres are shown in Fig. 5.11 [39] for aluminum as a function of
nominal hydrogen concentration. The energies are expressed as the energy per
atomic distance along the dislocations. In both Figs. 5.10 and 5.11, fairly high
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hydrogen concentrations over 0.01 are necessary to exhibit the shielding effects by
hydrogen. Ferreira et al. postulated that the formation of hydrogen atmosphere
around edge components of dislocations decreased the energy of the system and
disturbed cross-slipping [39]. However, low hydrogen gas pressure in the environ-
mental cell is unlikely to realize such a high hydrogen concentration.

For screw dislocations, direct interactions with hydrogen are very weak because
of a cubic symmetry of the deformation field around a hydrogen atom. Sofronis and
Birnbaum showed that hydrogen shielding operates also in elastic interactions
between dislocations and carbon atom. Screw dislocations interact with carbon
atoms. Then, the stress acting on screw dislocations as well as edge dislocations are
affected by hydrogen as a result of interactions between hydrogen and carbon atoms
[38, 42]. Sofronis and Birnbaum calculated the interaction energy between a
dislocation and a carbon atom in the presence of hydrogen atmosphere. A finite
element method calculation was conducted taking into account the modulus change
of the carbon atom by hydrogen atmosphere as shown in Eq. (5.13) using data for
niobium [43],

1+0.34
E = Eg(140.34c).v = vo — 0.025¢. = pi 7 +00%¢ (5.13)

—0.0177¢"

The results are complicated, either increase or decrease in the interaction energy
depending on the locations and tetragonal axes of the carbon atom. The modulus
effect is a weak second order interaction operating in a short range. Hydrogen
effects were prominent when the carbon atom locates very close, within one
Burgers vector, to the dislocation core. Also, the calculations were for the case of
a very high nominal hydrogen concentration of H/M =0.1.

On the other hand, atomistic modellings for the edge dislocation mobility and
pile-ups showed hydrogen effects against shielding of elastic fields [44]. Large-
scale molecular dynamics simulations were conducted by applying shear stress to a
cell composed of bec iron and three edge dislocations with/without hydrogen
precharging. The formation of the Cottrell atmosphere of hydrogen around moving
dislocations was derived, and the pile-up structures were not affected by hydrogen.
The results imply that the mobility of edge dislocation is reduced by the drag of
hydrogen and that the hydrogen atmosphere provides no measurable shielding of
dislocation interactions.

5.5.2 Mobility of Screw Dislocations — Atomistic
Calculations

First-principles calculations on interactions between hydrogen and screw disloca-
tion core are described in Sect. 3.1.2. The nucleation of kink-pair and its expansion
control the movement of screw dislocation. Wen et al. calculated the effects of
hydrogen on the nucleation and the sideward movement energies of kink-pairs in
bee iron [45]. Assuming the kink nucleation on 1/2[111] screw dislocation to take
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place at a hydrogen atom, binding energies of hydrogen were calculated for various
sites of hydrogen in the core. Kinking processes were determined so as to take the
minimum energy path during the expansion along the dislocation meeting and
overcoming another hydrogen atom. The activation energy of kinking was expressed
in terms of the maximum of the increased energy of the dislocation during kinking
process.

Softening by hydrogen, i.e. reduction in the activation energy, appeared in the
sideward movement rather than in the nucleation of a kink pair when the hydrogen
state changed from a weaker trapped site to a stronger one. The maximum reduction
by hydrogen was about 20 % of about 100 kJ/mol of the overall increase in the
dislocation energy in the kinking process. However, softening was not always the
case in the kinking process. Hardening was expected when the transition was from a
stronger to a weaker trapped site. When hydrogen sites before and after kinking
were of the same binding energy, hydrogen effects did not appear in kinking. The
sideward motion of a kink pair is impeded when the kink pair meets hydrogen thus
inducing hardening.

Itakura et al. conducted a density functional theory calculation of the kink pair
nucleation enthalpy Hy in bec iron using a line tension model of a curved disloca-
tion with/without hydrogen [46]. Two types of the core configuration, stable or
unstable, were assumed for screw dislocation and hydrogen atoms were placed at
various T-sites near the core. Movement of a screw dislocation required alternation
of the two core configurations with the saddle point of the migration path close to
the unstable configuration. The enthalpy of a curved dislocation incorporated the
position energy of the core, the Peierls barrier, the contributions of external stress
and the interaction energy between the dislocation line and hydrogen atoms.

Hydrogen enhances the kink nucleation rate by reducing Hy. The calculated Hy
was a function of applied stress, decreasing from 700 kJ/mol to zero as shear stress
up to 1000 MPa was applied [46]. The effect of hydrogen in reducing H, was about
11 kJ/mol for all levels of applied stress. The velocity of screw dislocation was
determined by the kink nucleation rate. In order that softening takes place, a
sufficient trapping of hydrogen must occur at moving kinks. Itakura et al. showed
aregion in the temperature-stress diagram where the screw dislocation velocity was
increased by hydrogen in bee iron [46]. Figure 5.12 [46] shows the region for 0.1 at.
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ppm of hydrogen in solid solution. The region is bounded by the upper critical
temperature Ty, the lower critical stress oy, the yield stress and two kinds of upper
critical stress oy and oy, Two upper critical stresses limit the movements of the
dislocation and the kink so as to keep the hydrogen concentration together with. The
activation of screw dislocations against trapping of kink by hydrogen required large
applied shear stress. Values of oy, were calculated for two typical dislocation
lengths denoted as Ny in unit of the Burgers vector b. Also, the upper critical
temperature was determined to keep the hydrogen concentration at the promotion
sites. The temperature ranges are almost consistent with experimental flow stress
behaviors shown in Sect. 5.2, while exact hydrogen concentrations are not definite.

In Sect. 3.2, the generation of vacancies associated with dragging of jogs on
screw dislocations and its enhancement by hydrogen is described. The velocity of
jog under applied stress is a function of the sum of the formation and the migration
energies of vacancies. Matsumoto et al. noticed that hydrogen effects on the two
energies almost cancel and the velocity of jogs is not affected by the presence of
hydrogen [47]. Hydrogen effects on jog dragging are to increase the density of
created vacancies by suppressing the diffusion of vacancies.
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