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A B S T R A C T   

Enhancement of thermally activated dislocation motion by solute hydrogen (H) has been envisaged in Fe–Cr–Ni 
austenitic steel through accelerated stress relaxation and a prolonged creep duration. Nevertheless, differences in 
the imposed stress/strain between the compared non- and H-charged samples at the starts of these mechanical 
transients, as well as involvements of other obstacles (e.g., alloying elements and forest dislocations), mask the 
essential effects of H. We performed stress relaxation and strain rate jump tests at multiple stress/strain for 
Type310S austenitic steel with ~7600 at ppm H at 296 K. The measured strain rate sensitivity (SRS) was 
evaluated via a methodology so-called Haasen plot. By screening the latent factors above, primary role of H was 
revisited: they work as short-range obstacles, hindering the dislocation movement. Multiple H atoms potentially 
participate in each thermal activation event, giving rise to a stress-equivalent activation volume and a propor
tionality between H concentration and yield strength.   

1. Introduction 

This paper provides the results of systematic transient mechanical 
tests for revisiting the roles of solute hydrogen (H) on thermally acti
vated deformation in Fe–Cr–Ni austenitic steels. Despite the previous 
tenet of H-enhanced dislocation mobility under slow strain rate condi
tions [1,2], we prove that the intrinsic H-effect is to act as short-range 
obstacles like other alloying elements and invariably retard the dislo
cation motion. A potential model of H-dislocation interaction is pro
posed. The model successfully accounts for the characteristics of 
H-induced solid-solution hardening, which has been elucidated in the 
authors’ previous work [3]. 

There is still an argument about whether solute H in metals enhances 
or inhibits the movement of dislocations depending on strain rate and 
temperature [2,4–17]. Enhancement of dislocation motion and soft
ening of metals were first identified in H-charged iron and mild steel in 
the 1970s [7,8,18], later reproduced and elaborated [9,19–24]. Since 
the softening in iron was primarily observed around 200 K, it has been 
linked to facilitated kink-pair nucleation on screw dislocations with 
large Peierls barrier [7,21], a characteristic in metals with 
body-centered cubic (BCC) structure [25]. In contrast, in most of the 

face-centered cubic (FCC) materials, increases in yield stress, flow stress, 
and indentation hardness, or occurrence of serrated flow by H have been 
captured: Ni [4,26,27], Ni-alloys [5,28–30] and austenitic stainless 
steels [16,17,31–34]. This macro-scale fact contradicts the results of 
computational analyses and microscale experiments showing an accel
erated dislocation motion even in FCC metals [2,10,11,35–38], stirring 
up a long-standing debate in the research field of H-dislocation 
interactions. 

Birnbaum and Sofronis demonstrated the shielding of the stress field 
around an edge dislocation due to the formation of an H atmosphere 
[11]. While they used BCC-Nb as a model system for the simulation, 
their theory is applicable to FCC considering its simple assumption of 
size-effect for the solute-dislocation interaction. Because of the high 
diffusivity of H, the H atmosphere follow-up the movement of disloca
tion, giving rise to continuous stress shielding and increasing the 
dislocation mobility [39]. A similar result was reported numerically by 
Chateau and Delafosse in an austenitic steel, taking the H diffusion into 
account [35]. Some in-situ straining experiments in a transmission 
electron microscope (TEM) supported these analytical findings [9,10]. 
Although an argument has been made that the phenomenon observed in 
TEM is an artifact from the use of thin foil samples [40], changes in 
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dislocation glide behavior after introducing H2 gas in the observation 
chamber were directly visualized. The introduced H increased the 
dislocation velocity in Fe and Ni [9,10] and decreased the distance be
tween pile-up dislocations in austenitic steel [36]. In addition to such a 
microscale standpoint, Birnbaum and Altstetter macroscopically sub
stantiated an accelerated dislocation activity by H in FCC metals through 
stress relaxation, differential temperature, and creep experiments [1,2, 
41]. H in Ni and Type310S austenitic steel increased the amount of stress 
relaxation and the duration of creep, reducing the activation volume and 
enthalpy of plastic deformation. These insights were envisaged as crit
ical evidence of enhanced thermally activated motion of dislocations by 
H via their weakened interaction with short-range obstacles [11]. 
Meanwhile, when the strain rate is so fast that the H atmosphere lags 
behind dislocation, an increase in strain rate sensitivity was reported 
[2]. Summarizing the assumptions established in these previous efforts, 
H may enhance the mobility of sluggishly moving dislocations, whereas 
it conversely retards rapidly moving dislocations. 

A problem in these previous transient mechanical tests of austenitic 
steels is, however, that the behaviors in non-charged and H-charged 
specimens were compared at an identical strain or stress [1,2,16,41]. 
Because of the macroscopic hardening effect by solute H (e.g. Refs. [16, 
31]), the measurements at fixed stress and strain raise the differences in 
strain and stress, respectively, at the beginning of relaxation or creep. 
Stress relaxation rate and activation volume both depend on synergistic 
contributions from multiple short-range obstacles (e.g., Peierls barrier, 
solute atoms), as well as on externally applied stress (i.e., driving force 
for deformation) and strain (i.e., forest dislocation density) [25,42–44]. 
Moreover, when relatively weak obstacles such as solutes, which can 
easily be thermally activated and more rate-sensitive, are involved, 
these obstacles may play a predominant role in determining the stress 
relaxation behavior [45]. The reduction in activation volume by adding 
alloying elements was indeed reported in solution-strengthened Al- and 
Ni-based FCC alloys [43,45,46], which is an equivalent tendency to the 
H-containing materials. Namely, the enhancement of stress relaxation 
and the decrease in activation volume reported so far [2,16] might 
capture some possible changes due to the involvement of a new type of 
short-range obstacle: H. Based on the stress relaxation and creep prop
erties obtained under one stress/strain level alone, essential H-effects on 
the mobility of dislocations are not captured straightforwardly. Thus, a 
more dedicated methodology to extract the H-impact by subtracting 
other overriding factors is desired. 

Mulford and Kocks [43,47–49] applied the method originally 
developed by Haasen [50] for decomposing the mechanisms deter
mining the flow stress in FCC alloys. They measured the activation 
volume at multiple stress levels during tensile deformation, then plotted 
its inverse against flow stress: Haasen plot. The technique enables us to 
distinguish individual contributions from solution-strengthening [43, 
48], precipitation-hardening [43,51], strain-hardening [48–50], and 
dynamic recovery [49] on thermally activated deformation. Besides, it 
can capture dynamic interactions between dislocations and diffusible 
solute atoms [47,52]. In the present study, this methodology was 
adopted for a Fe–Cr–Ni-based austenitic steel uniformly charged with 
~7600 at ppm solute H. Transient mechanical tests (i.e., stress relaxa
tion and strain rate jump tests) were carried out to revisit the roles of 
solute H on thermally activated dislocation motion in the Fe–Cr–Ni alloy 
system employing the Haasen plot. 

2. Theoretical background 

The construction of Haasen plot requires two mutually interrelated 
parameters at various stress levels: activation volume and strain rate 
sensitivity (SRS). This section provides the physical meaning and 
experimental measurements of those parameters, describing an inter
pretation of Haasen plot. 

2.1. Physical description 

Considering the movement of dislocations with getting held up by 
short-range obstacles on the slip plane, the plastic shear strain rate can 
be written as [25,42]: 

γ̇ = γ̇0 exp
(

−
ΔG
kT

)

(1a)  

or 

ΔG= kT ln
(

γ̇0

γ̇

)

= kT(ln γ̇0 − lnγ̇) (1b)  

Here, γ̇0 [1/s] is a structural factor involving the vibrational frequency 
of the dislocation segment, mobile dislocation density, ρm, and average 
interspacing between dispersed obstacles on the slip plane. k is the 
Boltzmann constant, T is temperature, and ΔG is a change of Gibbs free 
energy when a dislocation surmounts an obstacle by thermal vibration 
[53]. ΔG is a function of activation energy at zero stress, ΔG0, and the 
thermal component of shear stress, τ*: ΔG = ΔG0− τ*V. The parameter V 
is 

V = −
∂ΔG
∂τ∗ (2)  

which is the so-called activation volume [42], a product of Burgers 
vector, b (≈2.5 × 10− 10 m), the extent of an obstacle, d, and the obstacle 
interspacing, L. V corresponds to the area swept by a dislocation during 
each thermal activation event, dL (activation area), multiplied by b: V =
bdL [25,53]. Incorporating eq. (1b) into eq. (2), strain rate and activa
tion volume are interrelated as 

S=
∂τ∗
∂lnγ̇

=
kT
V

(3)  

where S is SRS, a parameter inversely proportional to V. 

2.2. Measurement of activation volume and strain rate sensitivity 

A general method to experimentally measure activation volume is 
the stress relaxation test [2,42,54,55]. During a uniaxial tensile defor
mation, the machine crosshead is fixed for a timeframe, the stress drop 
during which is recorded. Under a constant crosshead displacement, the 
elastic strain of the specimen-machine assembly is gradually replaced by 
the plastic strain of the specimen’s gauge part. Groh and Conte proposed 
an equation that correlates the relaxation stress drop, Δτ (a negative 
quantity), to the relaxation time, t, assuming a constant activation vol
ume during the relaxation period [54]. 

Δτ= −
kT
Va

ln
(t

c
+1

)
(4)  

where c is a time constant, and Va is an apparent activation volume. The 
Δτ in eq. (4) can involve not only the decay of effective stress, Δτ* 
(release of elastic strain), stemming from thermally activated movement 
of dislocations, but also the flow stress-increase due to an increasing 
plastic strain during the relaxation, Δγp, and resultant strain-hardening 
(i.e., Δτ = Δτ* + θΔγp, where θ is strain-hardening rate). Thus, Va also 
involves its strain-hardening component, Vh, in addition to the true 
physical activation volume related purely with Δτ*, V (i.e., Va = V + Vh). 

For measuring physical activation volume, V, the repeated stress 
relaxation test was invented by Spätig et al. [55,56]. According to their 
methodology, the stress is reverted to the original level after a relaxa
tion; then, the specimen is relaxed again for the same period as the 
previous relaxation. This procedure is repeated 4–6 times. The defor
mation during the stress reversion should be quasi-elastic [55]. There
fore, the SRS (S) and activation volume (V), excluding the 
strain-hardening effect, can be determined. 
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S=
Δτj

ln
(

γ̇(j+1)i

/
γ̇jf

)=
kT
V

(5)  

where Δτj is the stress drop in jth relaxation, γ̇jf is the strain rate at the 
end of jth relaxation, and γ̇(j+1)i is the strain rate at the beginning of (j+1) 
th relaxation. Presuming a constant γ̇0 (i.e., constant ρm) in the quasi- 
elastic stress reversion, eq. (5) provides the stress-dependence of dislo
cation velocity. Practically, the stress-time relationship in the first 
relaxation is fitted with eq. (4) for determining Va, then eq. (5) is applied 
to the following relaxations. This procedure finally gives the strain- 
hardening component, Vh. 

(n − 1)Vh =
kT
Δτ

ln

⎧
⎪⎨

⎪⎩

exp
(
− Δτn

λ

)
− 1

exp
(
− Δτ1

λ

)
− 1

⎫
⎪⎬

⎪⎭
(6)  

In eq. (6), n is the total number of relaxations, Δτ is the average of the 
stress drops in first ~(n-1)th relaxations, and λ = kT/Va. The right-hand 
side of eq. (6) is plotted versus (n-1), a slope of which gives Vh. 

SRS and V can more easily be measured by strain rate jump test [42, 
53,55]. If the strain rate is rapidly increased from γ̇1 to γ̇2 in a continuous 
deformation, and the flow stress is accordingly increased by Δτ, S and V 
are given as 

S=
Δτ

ln(γ̇2/γ̇1)
=

kT
V

(7) 

Note, however, that the S and V determined in this method may 
include the influence of dislocation multiplication due to the prompt 
stress increase [55]. Therefore, the repeated stress relaxation test is 
more appropriate for measuring S and V since the quasi-elastic defor
mation during the stress reversion can also exclude such an undesirable 
effect. 

2.3. Interpretation of Haasen plot 

If the flow stress is expressed by linear superposition of the intrinsic 
frictional strength of the matrix, τy, and the strain-hardening, τd (i.e., τ =
τy + τd) [48,57], S also becomes a simple sum of the derivatives of each 
component: Sy and Sd. 

S= Sy + Sd =
∂τy

∂lnγ̇
+

∂τd

∂lnγ̇
=

∂τy

∂lnγ̇
+

∂ln τd

∂lnγ̇
τd =

∂τy

∂lnγ̇
+

∂ln τd

∂lnγ̇
(
τ − τy

)
(8a)  

or 

S=
(

∂ln τy

∂lnγ̇
−

∂ln τd

∂lnγ̇

)

τy +
∂ln τd

∂lnγ̇
τ (8b) 

Accordingly, the inverse of their activation volume can be written as 

1
V
=

1
Vy

+
1
Vd

(9)  

In the Haasen plot, S or inverse of V (eq. (3)) is plotted against τ− τy or τ, 
where τy is often approximated by yield (0.2% proof) stress [46,48]. The 
intercept and the slope of the Haasen plot reflect the frictional and 
strain-hardening (i.e., interaction between mobile and forest disloca
tions) components of S and V, respectively. Given that the 
strain-hardening component of the activation volume is Vd, τd is 
expressed as follows according to the Bailey-Hirsch equation [58]. 

τd = αμb
̅̅̅̅̅ρf

√
≈ αμb

1
Ld

∝αμb
1
Vd

(10)  

where α is a material constant around ~0.5 [49,59], and μ is the shear 
modulus. ρf is forest dislocation density on the slip plane, and Ld is their 
average interspacing. From eqs. (3) and (8)~(10), Sd and 1/Vd are both 
proportional to τd. Thus, S or 1/V vs. stress plot generally becomes a 

straight line: Cottrell-Stokes law [48–50,60]. An experimental acquisi
tion of the Haasen plot isolates the SRS and activation volume into 
frictional and dislocation interaction components. This enables us to 
identify the impacts of solute H on each component of S and V, although 
the Haasen plot slope can also be influenced by the presence of solutes 
[43,45], as later explained in Section 5.4. 

3. Experimental methods 

3.1. Material and specimen 

Type310S austenitic stainless steel, the H-effects on the deformation 
behavior of which has been investigated in the past [2,3,16,17,31,61], 
was used in this study. The chemical composition of the steel is 
0.02C-0.37Si-1.10Mn-0.023P-0.001S-19.18Ni-24.18Cr (mass %) 
balanced with Fe. A hot-forged bar of 20 mm-diameter was 
solution-treated at 1353 K and quenched in water, resulting in a fully 
austenitic microstructure with a grain size of 30~70 μm (see Appendix 
A1 for the microstructural image). Dog bone-shaped cylindrical tensile 
specimens with a diameter of 6 mm and a 30 mm gauge length (details 
can be found in Refs. [[16],17]) were machined parallel to the axis of the 
round-bar material, and the surface of their gauge section was 
mirror-finished by polishing with 1 μm diamond suspension. 

3.2. Hydrogen charging 

The tensile specimens were H-charged in H2 gas at 543 K for 200 h. 
These temperatures and exposure time are sufficient to achieve a satu
ration of H in the gauge part of the specimens with a 6 mm diameter [16, 
17]. The gas pressures for charging were 10, 40, and 100 MPa, each 
giving rise to different H concentrations (Appendix A2). The H-charged 
specimens were preserved at 190 K until the start of mechanical tests. 

Cylindrical samples with 5 mm height were cut from the deformed 
specimens, the H concentrations of which were measured by thermal 
desorption analysis (TDA) under a 100 K/h heating rate. A gas chro
matography system equipped with a thermal conductivity detector (J- 
SCIENCE LAB, JTF-20 A series) was employed for TDA. Considering the 
bulk H diffusivity, D, in Type310S steel, the desorption of H from the 
specimen surface at ambient temperature should be limited to a thin 
layer of less than 10 μm [61]. The fraction of lost H during the me
chanical tests is negligible as compared to the total residual amount of 
H. 

3.3. Transient mechanical tests 

Repeated stress relaxation tests were performed at 296 K with the 
base crosshead speed of 3 × 10− 3 mm/s (base strain rate of 10− 4/s). A 
screw-driven electromechanical test frame with 100 kN load capacity, 
Shimadzu AGX-plus, was employed for the experiments. In addition, 
strain rate jump tests were carried out with the base crosshead speeds of 
3 × 10− 4 mm/s (base strain rate of 10− 5 1/s). More test details and the 
reason for using different base strain rates will be described later. A 
contact-type strain gauge extensometer with a gauge length of 24 mm 
was attached to the specimen’s parallel part for the measurement of 
tensile strain. The temperature fluctuation in the experimental room was 
regulated within ±1 K in order to ensure high thermal stability during 
the measurements. As the reference for these transient tests, monotonic 
tensile tests were also conducted at the strain rates of 10− 4 1/s and 10− 5 

1/s. The tensile stress and strain were translated into shear stress and 
strain considering the Taylor factor of polycrystalline FCC metals: M =
3.06. 

The repeated stress relaxation test explained in Section 2.2 [56] was 
done at multiple stress levels during the tensile deformation. In order to 
confirm the reproducibility, the experiment was duplicated for each H 
concentration. Type310S austenitic steel exhibits deformation twinning 
prior to necking around 0.25 true strain [16,61]. Thus, the stress 
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relaxation measurement was confined to ~0.2 true strain, where plas
ticity is thoroughly carried by dislocation activity. For each stress level, 
the relaxation was repeated five times, and the individual relaxation was 
continued for 30 s. Before the stress relaxation tests, the elastic modulus 
of specimen-machine assembly, Eel, was measured as the load-crosshead 
displacement relationship to calculate the plastic strain rate during 
relaxation: ˙εPl = − Ṗ/Eells, where Ṗ is the load reduction rate, and ls is 
the specimen’s gauge length. Additionally, for an improvement in 
experimental accuracy, the machine relaxation under the loads identical 
to the stress relaxation tests was also measured for 30 s and subtracted 
from all the relaxation curves. Note that the machine relaxation was 
quite small compared with the total relaxation stress drop. The mea
surement of machine relaxation was realized by using a material 
(Ni-based alloy, UNS-N07718) that does not yield under the stress range 
in this study and possesses an elastic modulus similar to austenitic steels. 

Strain rate jump tests were similarly conducted at various stress 
levels until the true strain reached 0.2. A ten-fold escalation of the 
crosshead speed from the base value (i.e., from 10− 5 to 10− 4 1/s) was 
interposed. The flow stress increase immediately after the strain rate 
jump was measured. 

3.4. Characterization of dislocation structures 

For a fair evaluation of H-effects on the mobility of individual dis
locations under a given deformation condition, internal structures 
should not so differ due to the presence of H. In order to confirm this, 
dislocation structures in non-charged and H-charged specimens were 
characterized by TEM (JEOL, JEM-2100) operated at an acceleration 
voltage of 200 kV. A 3 mm disk was cut from the specimens deformed to 
0.05 and 0.20 nominal tensile strains (0.049 and 0.182 true strains) 
under a strain rate of 10− 4/s so that the disk plane was perpendicular to 
the tensile axis. The center part of the disk was thinned until a hole is 
open by twin-jet electrochemical polishing with an electrolyte of 10% 
perchloric acid and 90% ethanol. 

4. Results 

4.1. Hydrogen concentration and tensile flow behavior 

The TDA revealed that the average H concentration, C0, was 2140, 
3920, and 7640 at ppm for specimens charged at 10, 40, and 100 MPa, 
respectively. These values well reproduce our previous measurements 
on the same Type310S steel charged under the conditions identical to 
the present study [3]. The H concentration significantly increased from 
the non-charged state (270 at ppm). The C0 followed Sievert’s law [62] 
(Appendix A2), indicating that H atoms primarily dissolved into 

interstitial lattice sites (i.e., octahedral sites in FCC) before the speci
mens were deformed. 

Fig. 1 (a) shows the nominal tensile stress-strain curves of the spec
imens H-charged at 100 MPa H2 gas, as well as of non-charged speci
mens under two different strain rates. The yield and flow stresses were 
increased with an increase in strain rate, and the H-charged specimens 
also exhibited H-induced enhancement of flow stress at both strain rate 
conditions. The increase of flow stress due to solute H was also a 
monotonic function of the charging pressure (H concentration), 
although the results are not included in Fig. 1 (a). For the detailed in
fluence of H concentration on the flow behavior, the readers shall refer 
to Appendix A2 or the author’s previous publication [3]. 

The true stress-strain and strain-hardening rate curves of the same 
specimens in Fig. 1 (a) are represented in Fig. 1 (b). In the following, true 
stress and true strain are used rather than nominal stress and strain 
throughout the paper, unless otherwise noted. When the strain was 
greater than 0.2, the strain-hardening rate of H-charged specimens 
became larger than those of non-charged specimens. This effect is due to 
deformation twinning and its enhancement by solute H [16,61]. 
Conversely, the presence of H temporarily decreased the 
strain-hardening rate at the strain below 0.1. 

4.2. Dislocation structures 

The bright-field TEM images are shown in Fig. 2 for non-charged and 
H-charged (7640 at ppm) specimens deformed to 0.05 and 0.20 nominal 
strains (0.049 and 0.182 true strains). The tensile axis of the observed 
grains was almost parallel to [011] for the samples strained to 0.05, 
while it was close to [001] for 0.20 strain. At 0.05 strain (Fig. 2 (a) (b)), 
isolated dislocations formed planar arrays in some regions in the mi
crographs. Meanwhile, dislocations were heavily tangled and organized 
into cell structures for a larger strain of 0.20 (Fig. 2 (c) (d)). Importantly, 
no meaningful difference was found in the dislocation arrangements 
between non-charged and H-charged samples. 

4.3. Effects of solute H on thermally activated deformation 

Fig. 3 shows stress-strain curves in (a) repeated stress relaxation and 
(b) strain rate jump tests of non-charged and H-charged (7640 at ppm) 
specimens at the base strain rates of (a) 10− 4/s and (b) 10− 5/s. The 
general H-effects on thermally activated deformation are now figured 
out. 

At a strain of around 0.05, H increased the magnitude of stress 
relaxation (inset of Fig. 3 (a)). The corresponding activation volumes, V, 
were 197b3 and 87b3 in non-charged and H-charged specimens, 
respectively. For checking the accuracies of data fitting by eq. (4) and 
the derivation of Vh by eq. (6), the readers shall refer to Appendix A3. 

Fig. 1. (a) nominal and (b) true stress-strain curves of non-charged and H-charged (7640 at ppm) specimens at two different strain rates. The strain-hardening rate 
curves are also included in (b). The inset in (a) enlarges the behavior around the yield points. 
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These qualitative H-effects were monotonically amplified with the in
crease in H concentration. Examples of the H concentration-effect on the 
stress drop during the first relaxation in each relaxation series, Δτ1, and 
on activation volumes (i.e., Va and V) are depicted in Fig. 4. In all the 
specimens and stress levels, Va was slightly larger than V due to its 

strain-hardening component, Vh. Additionally, the magnitude of Δτ1 
almost linearly increased with the increase in stress in the non-charged 
specimen (Fig. 4 (a)), i.e., Cottrell-Stokes law [49,50] obeyed. Besides an 
obvious dependence of V on the applied stress under both the presence 
and absence of H, the large decreases of V by solute H were evident. 

Fig. 2. Bright-field TEM micrographs of the dislocation structures in (a) (c) non-charged and (b) (d) H-charged (7640 at ppm) specimens deformed to (a) (b) 0.05 and 
(c) (d) 0.20 nominal tensile strains (0.049 and 0.182 true strains) with the strain rate of 10− 4/s. The tensile axes of the captured grains were (a) (b) [011] and (c) (d) 
[001]. (a) and (b) were acquired in two-beam conditions with the diffraction vector, g = 111, while the beam direction, B, close to 001 zone axis was used for (c) and 
(d). The corresponding selected area electron diffraction patterns are shown in the insets. 

Fig. 3. True tensile stress-strain curves of non-charged and H-charged (7640 at ppm) specimens in (a) stress relaxation and (b) strain rate jump tests with the base 
strain rates of (a) 10− 4/s and (b) 10− 5/s, respectively. The insets in (a) and (b) magnify the rectangles A and B, wherein time is used as the horizontal axis of A instead 
of strain. 
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In Fig. 5 (a), the plastic strain rate, ˙εPl, during the first relaxation in 
each relaxation series is presented. Yet ˙εPl were roughly calculated from 
the stiffness of specimen-machine assembly (Section 3.3), the coinci
dence between ˙εPl at the beginning of relaxation and relevant base strain 
rate [42] indicates the validity of ˙εPl. Irrespective of the applied strain, 
˙εPl transitioned from 10− 4 to 10− 5/s. This range was not largely changed 

in the following 2nd~5th relaxations, as an example at ≈ 0.05 strain is 
shown in Fig. 5 (b). This strain rate range of 10− 4~10− 5/s in relaxation 
was the reason why we used the strain rate jump from 10− 4 to 10− 5/s: 
the strain rate conditions in the two types of tests were unified each 
other. As can be inferred from the increase in stress drop (Fig. 4 (a)), H 
apparently accelerated the plastic strain rate during relaxation under a 
given strain. On the other hand, Fig. 3 (b) indicates that solute H 
amplified the stress escalation at the strain rate jump, clarifying the 
H-induced increase of SRS. 

All the H-effects listed above (i.e., enhancements of flow stress, stress 
relaxation, plastic strain rate during stress relaxation, and SRS, as well as 
the reduction in activation volume) well reproduce the findings estab
lished in the past [2,16,31,41]. The (i) enhancement of stress relaxation 
(i.e., reduction in activation volume) and the (ii) increase in SRS have 
been taken as the evidence for the two contradicting roles of solute H on 
dislocations activity: H accelerates the slow movement of dislocations, 
while H retards their rapid motion [2,16] (cf. Section 1). Nevertheless, 
one has to be aware that these two facts, (i) and (ii), have an identical 

physical meaning because there is an inverse correlation between acti
vation volume and SRS (cf. eq. (3)). This notion makes the authors 
re-examine the assumption on such dislocation velocity-dependent dual 
roles of solute H. The novelty of the present research lies in how these 
experimental facts are interpreted when the Haasen plot is employed for 
the data evaluation. 

4.4. Haasen plot 

Fig. 6 (a) shows the SRS, i.e., the inverse activation volume (eq. (3)), 
as a function of flow stress (Haasen plot) under various H concentrations 
measured in stress relaxation tests. The horizontal axis was taken as τ− τy 
(cf. eq. (8a)). Note that each curve was constructed from two specimens 
so that their data points are alternately lined up. As expected from eq. 
(8a), a linear plot with a positive intercept and slope was obtained in the 
non-charged specimen (Fig. 6 (a)), while the slope was somewhat 
shallow as compared with pure FCC metals [43,49,50] (e.g., the slope is 
10− 2 order for pure Ni). These positive intercepts and shallow slopes are 
due to the presence of alloying elements in the present steel (e.g., 24 
mass%-Cr and 19 mass%-Ni (refer to Section 3.1)). They might act as 
more thermally activatable obstacles than forest dislocations, primarily 
dominating the stress relaxation behavior [43,45,48]. 

The Haasen plot of H-charged specimens exhibited a distinct 
behavior, in which the difference became more apparent as the H con

Fig. 4. Effects of solute H concentration on (a) the magnitude of stress-drop during the first relaxation in each relaxation series and (b) apparent as well as physical 
activation volumes as a function of flow stress. The imposed base strain rate was 10− 4/s. 

Fig. 5. Plastic strain rates in non-charged and H-charged (7640 at ppm) specimens during (a) the first relaxation of each relaxation series at various strain levels, as 
well as during (b) 1st~5th relaxations at the true tensile strain around 0.05. Note additionally that the strain rates implemented in the strain rate jump test were 
10− 4~10− 5/s. 
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centration increased (Fig. 6 (a)). First, the overall SRS was increased by 
H, resembling the strain rate jump test (Fig. 3 (b)). Second, the SRS 
increased as a function of flow stress with a steeper slope at a low-stress 
(τ− τy = ~30 MPa), while the steep slope ceased, and almost linear plots 
were obtained after τ− τy = 40 MPa (true tensile strain around 0.03). We 
refer to this latter domain as a “steady state” regime. The slope in the 

steady state regime was gradually reduced with the increase in H con
centration. Finally, the plot became almost horizontal at 7670 at ppm H. 
Back extrapolation of the steady-state regime resulted in positive in
tercepts with higher values than that in the non-charged specimen. In 
Fig. 6 (b), the same Haasen plots (only steady-state regime) are repro
duced with the horizontal axis of τ (cf. eq. (8b)). The yield stresses are 

Fig. 6. Stress dependences of SRS (i.e., Haasen plot), reproduced from Fig. 4 (b) using eqs. (3) and (8) of the specimens with various H concentrations measured in 
repeated stress relaxation tests at 296 K with the base strain rate of 10− 4/s. The horizontal axis was taken as (a) τ− τy and (b) τ in line with eq. (8a) and (8b), 
respectively. The raw data of these diagrams can be found in Appendix A4. 

Fig. 7. (a) Intercepts and (b) slopes of the Haasen plot as a function of H concentration, extracted from Fig. 6. The intercepts were converted into activation volume 
via eq. (3) and plotted against yield stress in (c). (d) denotes local H concentrations in the near-dislocation core as a function of average H concentration (cf. eq. (11) 
in Section 5.3). 
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also marked in Fig. 6 (b) by crosses on the back extrapolation lines. A 
linear relationship, the slope of which corresponds to ∂ln τy/ ∂lnγ̇ (see 
eq. (8b)), was found for the cross marks, indicating the proportionality 
between yield stress and the SRS at yielding. 

Haasen plots were also obtained from strain rate jump tests (Fig. 3 
(b)), and the data were almost consistent with stress relaxation tests 
(Appendix A5). Therefore, all the following descriptions and discussions 
are based only on stress relaxation tests. It is noteworthy that the two 
test methods led to an identical result. 

The Haasen plot intercepts and slopes of the steady-state regime in 
Fig. 6 (a) are represented in Fig. 7 (a) and (b). There was an excellent 
positive linearity between the intercepts and H concentration, C0. 
Combined with Fig. 6 (b) (i.e., the proportionality of the SRS at yielding 
to the yield stress), this means that the yield stress was also proportional 
to C0, reproducing the author’s previous finding [3,17]. Also, the slope 
was a linearly decreasing function of C0 (Fig. 7 (b)). The SRS at the 
Haasen plot intercepts were converted to V by eq. (3) and plotted versus 
yield stress in Fig. 7 (c). A power law relationship between V and τy was 
identified, and notably, both non-charged and H-charged specimens 
converged into one master curve. 

5. Discussion 

5.1. Key findings and the Haasen plot in the low-stress domain 

Before attempting to revisit the H-dislocation interactions via Haasen 
plot, three key findings (Fig. 6) should be recalled again:  

(i) Increase in SRS (decrease of activation volume) by solute H  
(ii) Decrease in Haasen plot slope with increasing H concentration  

(iii) The transition of Haasen plot from the low-stress domain with a 
steep slope to the high-stress (steady state) domain with a shallow 
slope (Fig. 6 (a)) 

The authors have investigated the influence of solute H on the stress- 
strain response of a Type310S steel and its dependence on strain rate and 
temperature [3]. At ambient temperature and strain rate of 
10− 5~10− 4/s, resistance force by dragging of H atmosphere on dislo
cations [63–65] could contribute to the flow stress at the strain below 
0.1, accompanying a temporal decay of strain-hardening rate like Fig. 1 
(b). Similarly, the transition of Haasen plot slope appeared around τ− τy 
= 40 MPa (Fig. 6 (a)), where the corresponding strain was ~0.03. Be
sides, the decrease of strain-hardening rate by H under the strain below 
0.1 was evident as well in Fig. 1 (b). Thus, the low-stress domain might 
also be affected by an atmosphere drag force, overriding the intrinsic 
H-impact on thermally activated movement of dislocations. As the 
deformation progresses and ρm increases, dislocation velocity falls 
below the limit of no drag force [64,65], at which H atmosphere can 
follow the dislocations by maintaining its equilibrium distribution. This 
could be reached when ρm well exceeded 1013 1/m2 under a strain rate 
below 10− 4 1/s. Considering the theoretically calculated ρm in FCC 
metals [66,67], ρm > 1013 1/m2 is reasonable in the intermediate to later 
stages of plastic deformation (see Appendix A6). Additionally, Estrin and 
Kubin stated that the plastic deformation under small strain is highly 
heterogeneous [67], further complicating the interpretation through 
eqs. (1)-(10). For these reasons, we excluded the point (iii) from the 
present discussion framework. The primary focus was placed on the 
steady-state regime, where Haasen plot becomes linear, and the plas
ticity becomes more homogeneous [67]. One has to emphasize that the 
above results (i) and (ii) were obtained with no significant impact of H 
on the dislocation structures (Fig. 2). Moreover, the in-situ neutron 
diffraction experiment in our companion work demonstrated that solute 
H of 7640 at ppm did not change the dislocation density under a given 
strain [68]. This implies that the influences of H on the Haasen plot 
intercept and slope were mainly caused by some changes in the mobility 
of individual dislocations. 

5.2. Increases in strain rate sensitivity and Haasen plot intercept 

In the steady-state regime, solute H consistently increased the Haa
sen plot intercept (Fig. 6 (a)). A larger intercept indicates an increase in 
SRS due to the matrix frictional stress and, in turn, a decrease in the 
frictional component of activation volume (eqs. (8) and (9)) [43,45,48]. 
The linear superposition law of flow stress (i.e., a rationale of eqs. (8) 
and (9)) is valid only when the dispersion interspacing of each kind of 
obstacle contributing to τy and τd is more than an order of magnitude 
different from the other [48,57]. Under such a situation, the resistance 
by higher-density obstacles can be considered as background friction, 
simply overriding the resistance by more coarsely spaced second-type 
obstacles. Given that the average planar interspacing of H atoms, LH, 
is b/C0

1/2 [69] or (31/2b2/4C0)1/2 [70], 2000–7600 at ppm yields LH =

2–5 nm. Meanwhile, the forest dislocation (i.e., obstacles responsible for 
τd) interspacing, Ld, can roughly be estimated by eq. (10). Within the 
present flow stress range (10–130 MPa (Fig. 6 (a)), Ld is ≈ 80–1000 nm. 
This large gap between LH and Ld validates the applicability of linear 
superposition law for solute H and forest dislocations. Furthermore, the 
interspacing of H atoms near the dislocation line could even be smaller, 
as discussed below (Section 5.3.1). 

The superposition law of solute H and forest dislocation effects is 
further valid if one compares Haasen plots under 2000–4000 at ppm H 
with that of the non-charged sample. An increase in the intercept caused 
an upward shift of Haasen plots, while the change of their slope was 
minor (Fig. 6). It is a well-established tenet that the increase in Haasen 
plot intercept reflects the involvement of additional short-range obsta
cles, the density of which is independent of strain [43–45,48,71]. Ulti
mately, the greater intercept in the H-charged specimens reaches the 
most important statement in the present paper: whatever the underlying 
mechanisms, H atoms function as newly involved weak (i.e., more localized 
and thermally activatable) obstacles, hindering the movement of dislocations 
rather than enhancing it. This conclusion supports some claims in the 
recent experiments [15,17] and atomistic simulations [13,14]. Although 
the latter simulations [13,14] were performed on BCC iron, more 
effective obstruction of dislocation motion can be anticipated in FCC due 
to its much higher solute H concentration. Under a faster strain rate where 
energy supplied by thermal vibration is statistically reduced (cf. eq. (1b)), the 
dislocations experience more resistance from these weaker obstacles, while 
much lower stress is required to overcome these weak obstacles when the 
strain rate is low. This is a rationale for the increasing SRS by solute H. In 
this context, an enhancement of stress relaxation by H under a fixed 
strain (Fig. 3 (a)) [2,16] is now interpreted from a completely different 
viewpoint. That is, an overridden thermal stress due to solute H themselves is 
relaxed as the dislocations get more chance to overcome H atoms with the aid 
of time. The longer creep duration under fixed stress [1] is similarly 
understood as the delay of deformation by the involvement of such an 
additional kind of short-range obstacles. Ultimately, Fig. 6 gives us a 
revision of the past brief on the dual roles of solute H: enhancement of 
slow dislocation movement; retardation of rapid dislocation movement 
[1,2,16]. The origin of the superficial softening, which has been 
observed in previous stress relaxation and creep tests, is now clarified. 

5.3. Model of H-dislocation interaction 

5.3.1. Basic features 
When the V at yield stress was measured from the Haasen plot 

intercept, there was a power law relationship between V and τy (Fig. 7 
(c)). Non-charged and H-charged specimens converged into one master 
curve, a phenomenon called “stress equivalence”: yield stress is solely 
correlated with V irrespective of solute species and concentration [70, 
72–74]. Nonetheless, the power law exponent of − 5.2 was somewhat 
larger than previously reported values, e.g., − 2/3 [75]. This is possibly 
due to the specific process of the thermal activation event discussed 
below. 

In an attempt to model H-dislocation interactions, a noteworthy 
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point of stress-equivalence is that we can treat solute H on a comparable 
basis with other alloying elements rather than accounting for it as a 
special element. To rationalize the stress-equivalent nature of V, 
Basinski et al. pointed out the simultaneous participation of multiple 
solute atoms in an elemental thermal activation event [70]. In our 
present case, the plausible V for a single H atom should be around 10b3, 
if H is assumed as a point-like obstacle, and their mean interspacing, LH, 
and effective width, d, are approximated as LH ≈ (31/2b2/4C0)1/2 and d 
≈ b. This is indeed an order of magnitude smaller than our experimental 
results (Fig. 4 (b)). Also, such LH underestimates the H density close to 
the dislocation core since it neglects the local segregation of H atoms and 
their coordinative motion with moving dislocations (Appendix A6). 

Kocks [73], as well as Butt and Feltham [74], proposed a trough model 
of solution-hardening, wherein multiple solute atoms are involved in 
each thermal activation process. In their assumption, a dislocation line 
initially lays along a row of solutes, a potential well reducing the dis
location’s line tension. The dislocation then surmounts the energy 
trough (i.e., local pinning by a solute row) via bowing-out a short 
segment with the help of applied stress and thermal vibration. The sol
utes contributing to such an event may be randomly dispersed ones or 
those dynamically segregating to the dislocation by diffusion [73]. 
Notably, the line energy reduction assumed in their model resembles the 
thermo-mechanical H-dislocation interaction theory developed by 
Kirchheim [76,77]. Whatever the type of solutes, the reduction in line 
tension, i.e., a sole parameter determining V and ΔG, relies on the 
interaction force of the dislocation with the solutes per its unit length 
[73]. This one-parameter description of ΔG constitutes the backbone of 
stress equivalence in solution-hardened alloys [70,72]. Another essen
tial consequence of the trough model is the proportionality of 1/ΔG and 
1/V (SRS) with stress. In fact, such a linear correlation between SRS and 
stress is obeyed in Fig. 6 (b). 

Assuming a near-equilibrium state of H distribution in the proximity 
of mobile dislocation, the local H concentration close to the dislocation 
core, CD, is estimated by Fermi-Dirac statistics [78]. 

CD

1 − CD
=

C0

1 − C0
exp

(
EB

RT

)

(11)  

where R is gas constant, T is temperature, and EB is the binding energy 
between the dislocation core and solute H: ≈13 kJ/mol has been re
ported for austenitic steels [79–81]. In Fig. 7 (d), the CD at 296 K, which 
were estimated by eq. (11), are plotted versus C0. Except for the 
non-charged specimen, C0 is almost proportional to CD within the pre
sent H concentration range of 2140~7640 at ppm. If the linear H density 
along the dislocation line is also proportional to CD, and the bulging 
simply follows the general breakaway process from a stationary solute 
atmosphere [82], the critical bow-out length, lc, is a reciprocal function 
of CD (lc~1/CD) [69]. Given that the forward bow-out displacement is 
small compared with lc, 1/V is proportional to C0 and CD. On this pre
sumption, a linear increase of yield stress with increasing C0 (i.e., ≈80 
MPa/at% H [17]) seems to be plausible. Imagining an even greater C0, 
CD should eventually saturate (eq. (11)), and the effectiveness of C0 to 

decrease the V and increase the yield stress would cease (i.e., the line
arity between C0 and CD in Fig. 7 (d) would break down). Indeed, a 
non-linear and more logarithmic increase of yield stress with increasing 
C0 was reported by Abraham and Altstetter, when C0 was higher than a 
few at% [31]. The tentative model of H-dislocation interaction respon
sible for increasing thermal stress and decreasing V is schematically 
drawn in Fig. 8 for low and high H concentrations. In the next section, 
the movement of H atoms near the dislocation core with the forward 
dislocation motion (indicated by dilute red circles in Fig. 8) will be 
further taken into account. Meanwhile, the H concentration near the 
dislocation core is much smaller in the non-charged specimen as 
compared with H-charged specimens (Fig. 7 (d)). Under such a 
circumstance, denser alloying elements, including Cr and Ni, predomi
nate the thermal activation event instead, giving rise to the V that is still 
stress-equivalent with the H-charged specimens (Fig. 7 (c)). 

5.3.2. Dislocation glide controlled by H-diffusion 
An assignment for establishing the H-dislocation interaction model is 

to consider how a core H atom behaves as an effective obstacle. The 
dislocation pinning by segregated H atoms is likely when the diffusion of 
H is slow compared with the dislocation velocity [4,83]. However, in the 
present situation, migration of the H atmosphere is comparable with 
dislocation movement, wherein the dislocation pinning effect by 
segregated solutes becomes questionable in general [42,69]. As such, we 
have to postulate some specific forms of H-dislocation interactions, 
which restrict the coordinative motion of H with dislocations. Or else, 
some trap sites should exist that immobilize the H atoms near the 
dislocation core, even though the migration of the whole H atmosphere 
is still fast enough. 

The solute drag theory in Refs. [64,65] (Appendix A6) only considers 
the remote interaction between a dislocation and solutes, excluding any 
phenomena locally occurring in the dislocation core region. Outside the 
cutoff radius of ≈ 2b from the dislocation center, the migration of solutes 
with a moving dislocation is rather faster than that expected from bulk 
diffusivity: the chemical potential gradient and attractive force from the 
dislocation enhances the solute flux [42,65]. In fact, if the dislocation 
velocity, vd, at ρm = 1013 1/m2 [66] and ˙εPl = 10− 4/s was estimated by 
the Orowan equation: ˙εPl = ρmbvd/M [25], one obtains vd ≈ 10− 7 m/s. 
This is an order of magnitude greater than the migration distance of H 
through the matrix when the calculation is done by (Dt)1/2 (D = 3.2 ×
10− 16 m2/s at 296 K (Appendix A6)). However, for an unsaturated at
mosphere with EB > kT, the follow-up of the solutes in the dislocation 
core is directly linked to the bulk diffusion activation energy of solutes. 
This situation is the so-called diffusion-controlled glide [42], wherein the 
resistance force against dislocation motion emerges even when the 
long-range drag force is trivial. The problem was solved by Friedel, who 
formulated the corresponding resistance stress, σmc, under a given strain 
rate on the assumption that the average spacing between each solute 
atom along the dislocation core is b/CD [84]: 

σmc =
kT

b3CD
sinh− 1

(
CD ˙εpl

2ρmD

)

(12) 

Fig. 8. Schematic drawing of a model for the thermal stress escalation and activation volume reduction via H-dislocation interactions at low and high H concen
trations. The dislocation moves by bowing out its short segment from the energy trough of a linear array of segregated H, where critical bow-out length is determined 
by the linear density of H along the dislocation line. 
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Adopting ρm = 1013 1/m2, CD = 60% (Fig. 7 (d)), ˙εPl = 10− 4/s, and D 
= 3.2 × 10− 16 m2/s, we obtain a sizeable value of 1.5 MPa. One of the 
reasons for this smaller value than the magnitude of practical stress 
relaxation (Fig. 4 (a)) is that eq. (12) only considers a jump of a single H 
atom, while multiple H atoms might simultaneously contribute to a unit 
activation event (Section 5.3.1). Moreover, as described below, there 
would be some additional contributions from the interactions between H 
and substitutional solutes. The dislocation bow-out (Fig. 8) potentially 
progresses where the collective jump of H atoms in the dislocation core 
incidentally happens. 

5.3.3. Potential role of H-substitutional interaction 
The influence of alloy composition on the H absorption capacity and 

solution-hardenability in Fe–Cr–Ni system was investigated by the au
thors, identifying a greater H solubility and strengthening with 
increasing Cr content [17]. Moriyama et al. verified this effect of Cr 
using first-principles calculations [85]. They demonstrated more than 
10 kJ/mol decrease of the H absorption energy in the O-sites surrounded 
by two peripheral Cr atoms in comparison to others consisting only of Fe 
or Fe–Ni. A high chemical affinity between H and Cr has been reported 
similarly in several other previous studies [86,87]. The activation en
ergy for bulk H diffusion in austenite is ≈ 50 kJ/mol [62,88]. Never
theless, once an H atom sinks into Cr-rich O-sites, it may be temporarily 
trapped because an extra energy corresponding to Cr–H binding is 
required to jump into neighboring O-sites. The significance of such Cr–H 
interaction may not appear in the traditional H diffusion data of 
austenitic steels since the experimental difficulty restricted the diffu
sivity measurement at hundreds of centigrade [62,88], where the in
fluence of local trapping might become negligible. If segregated H atoms 
form Cr–H complexes in the dislocation core, the attractive interaction 
between Cr and H counteracts the driving force of dislocation to drag the 
H. This possibly exerts a resistance against dislocation motion through 
the process described in Section 5.3.2. The validity of the present 
diffusion-controlled glide model and the importance of Cr–H complexes 
can be supported by the disappearance of the H-induced increase in flow 
stress around 400 K [3]. At an elevated temperature, the Cr–H binding 
could no longer be stable, and the jump of H atoms near the dislocation 
core is readily so fast that the resistance stress defined by eq. (12) be
comes negligible. 

In the author’s experiments that examined the strain rate effects on 
the H-induced solution-hardening, an H-induced increase in flow stress 
was, however, still observed under a fast strain rate (5 × 10− 3/s), 
wherein the coordinative motion of H with dislocations was infeasible 
[3]. Thus, Cr–H complexes randomly dispersed through the matrix also 
act as short-range obstacles when they incidentally encounter moving 
dislocations. In Fe–Cr–Ni-based austenitic steels, an H-induced Snoek 
peak was reported in internal friction measurements [87,89,90]. The 
peak was attributed to the tetragonal distortion owing to H-substitu
tional complexes [90]. These tetragonal obstacles strongly interact with 
dislocations, as for the interstitials in the BCC lattice [69], further 
rendering the dispersed Cr–H complexes as dislocation pinning points. 

5.4. Decrease in Haasen plot slope 

The slope of Haasen plot, governed by interactions between dislo
cations (eq. (8)), was decreased by H and became almost zero at the 
concentration of 7640 at ppm (Fig. 6). Similar slope change has been 
discussed in various conventional solution-strengthened alloys. In fact, 
most of the solute species, not only H, consistently tend to decrease the 
slope [43,45,46]. 

According to the description by Mulford, the slope of Haasen plot is 
inversely proportional to the work required for a mobile dislocation to 
penetrate through a forest dislocation [43]. One possible reason for such 
an obstruction effect is a reduction in stacking fault energy (SFE), i.e., 
extra work to constrict the two extended Shockley partials [25] before 
intersecting with forests, seeming reasonable since H in austenitic steels 

has been believed to decrease SFE [81,91]. Nevertheless, some inevi
table consequences from the decrease in SFE must also be regarded: 
strain-hardening, especially the critical stress and strain for dynamic 
recovery, should be increased [92,93]. In the author’s previous inves
tigation, no significant change in the onset of dynamic recovery was 
found in Fe–Cr–Ni austenitic steels after H-charging [17]. Furthermore, 
our companion work using in-situ neutron diffraction experiments 
detected almost no H-effect on the probability of stacking fault under the 
H concentration of 7640 at ppm [68]. As such, only the decrease of SFE 
can, if any, not rationalize the decrease in Haasen plot slope under the 
presence of H. 

A different approach to the solute-induced decrease in Haasen plot 
slope was attempted by Curtin [45] and Niewczas et al. [46] on the 
assumption that, when the solutes are more rate-sensitive than forest 
dislocations, ΔG is governed by the former. The hypothesis by Curtin led 
to 

S=
kT
V

=
kT
VS

+
kT
VS

1
τS
(τ − τS) (13)  

in which the Haasen plot slope is (kT/Vs)/(1/τS). Here, subscript S means 
the component stemming only from the solutes. The kT/VS is approxi
mated by the Haasen plot intercepts. Besides, τS can roughly be taken as 
yield stress, although strengthening by grain boundaries has some 
contributions of a few tens of MPa under a grain size of 30~70 μm [94]. 
Plugging into these values, the slope is an order of 10− 2, which is 
obviously larger than our experimental measurements (Fig. 7 (b)). The 
predominance of solute atoms rather than forest dislocations in deter
mining the Haasen plot behavior [45,46] may rationalize the tendency 
found in Fig. 6 to some extent. Nevertheless, eq. (13) alone cannot 
quantitatively account for the extremely small Haasen plot slope at the H 
concentration of 7640 at ppm. On the contrary, the line tension model of 
dislocation movement through a field of different obstacle types pre
dicted that the overall activation energy and SRS are predominated by 
stronger obstacles rather than weaker ones [95,96]. However, since it is 
unlikely that the obstruction by H, a quite small interstitial, is stronger 
than dislocation-dislocation intersections, the insusceptibility of SRS to 
stress/strain under the presence of H is not rationalized, no less. 

The change of Haasen plot slope in solution-hardened alloys has 
often been attributed to solute diffusion (i.e., dynamic strain aging 
(DSA)) [47,48,52,73]. Under a fixed chemical composition of the alloy, 
it was identified that only the slope decreased with the increase in 
temperature, while the intercept remained constant [47,48]. Diffusing 
solutes may strengthen dislocation junctions or re-lock mobile disloca
tions by segregating their vicinity during the waiting time of mobile 
dislocations at the intersecting forests [47,52,97]. The waiting time and 
the number of strengthened junctions are both the direct functions of 
dislocation density [52,97], a controlling factor for the strain-hardening 
component of activation volume and SRS (eq. (8)-(10)). Because of this 
time-dependent decrease in the dislocation mobility, Sd in eq. (8a) de
creases and eventually becomes negative. Notwithstanding, additional 
segregation of H is not anticipated in the present deformation condition, 
where H always forms an almost equilibrium atmosphere around dis
locations (Appendix A6). Moreover, there is no premise that H 
strengthens dislocation junctions, whereas H may conversely weaken 
the junctions somehow [98,99]. 

One plausible mechanism, which is related to dislocation density, is 
the creation of vacancies and their clusters through dislocation motion. 
Owing to the jog formation via screw dislocations cutting, subsequent 
jog-dragging, or pinching off of dipolar segments after cross-slip, rows of 
vacancies or vacancy-type prismatic dislocation loops are formed [25, 
100,101]. These loops readily act as debris, obstructing the movement of 
dislocations [100]. The importance of strain-induced vacancies is 
established in the DSA of austenitic steels as their paring with interstitial 
carbon [102]. In a similar manner, their significance should become 
more intense in H-charged materials in view that H atoms trapped in 
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vacancies stabilize them and, thereby, increase their density [103,104]. 
Hatano et al. [105] and Fujinami et al. [106,107] provided evidence for 
the higher density of strain-induced vacancies and vacancy clusters in 
H-charged austenitic steels via positron annihilation spectroscopy 
measurements. The role of these H-vacancy complexes to obstruct the 
dislocation movement was experimentally [108] and analytically [109] 
confirmed, in which the obstruction effect increases as the number of 
absorbed H atoms in a vacancy and the cluster size increase. Indeed, 
recent crystal plasticity modeling successfully reproduced the experi
mentally obtained stress-strain curve of H-charged austenitic steel by 
taking into account the role of H-vacancy complexes [110]. Depending 
on the material type, the binding energy between H atoms and a vacancy 
is maximized when certain numbers of H atoms are involved [111–114]. 
Attainment of such an energetically favorable configuration, as well as 
the clustering of vacancies, would be time-consuming processes [115] 
since there is no remote interaction between a vacancy and nearby H 
[112]. In addition, the trapped H atoms slow down the diffusion of va
cancies themselves [116]. Meanwhile, the H-vacancy complexes grad
ually become unstable if more H atoms than the lowest energy state are 
incorporated [111,113,114]. Thus, given that the statistical form 
defined by eq. (11) is applicable, the concentration of vacancies asso
ciated with a larger number of H atoms increases with C0 [117]. As the 
mobile and forest dislocations multiply, the row of vacancies left behind 
jogs are created one after another. These vacancies arrange themselves 
into H-involving clusters, a process that is diffusion-controlled and acts 
as an effective barrier to dislocation motion. Under a greater C0, it is 
likely that the clusters consisting of a greater number of vacancies and 
containing a larger number of H (i.e., obstacles stronger than those with 
fewer H) increase. The interactions of mobile dislocations with those 
large vacancy clusters [109], which might be more rate-insensitive, 
possibly compensated the SRS component stemming from the ordinary 
interactions between mobile and forest dislocations. 

6. Conclusions 

The influence of solute hydrogen (H) on thermally activated defor
mation of Type310S austenitic steel was studied primarily by stress 
relaxation tests at 296 K. Bulk specimens with a 6 mm diameter were 
uniformly pre-charged with ~7600 at ppm H in a gaseous H2 environ
ment. Elaborating on these transient mechanical tests using Haasen plot 
(i.e., strain-rate sensitivity (SRS) vs. flow stress), we reached the 
following main conclusions.  

1. The effect of solute H on thermally activated deformation was 
characterized by three primary aspects: enhancement of stress 
relaxation, reduction in activation volume, and increase in SRS. 
These are mutually the same in their physical meaning and 
phenomenologically coincident with the past experimental findings.  

2. The Haasen plot indicated an increase in frictional stress component 
by solute H. H atoms acted as weak, short-range obstacles, which 
were more thermally activatable than other intrinsic obstacles 
involved in the material. The net effect of solute H is to invariably retard 
thermally activated movement of dislocations, whatever the underlying 
mechanisms are. Such a contribution of an additional type of thermal 
obstacle (i.e., an increase in thermal stress component) is a central 
reason for the increase of flow stress (i.e., solid-solution hardening) 
on the stress-strain curve of H-charged samples.  

3. The thermal activation process of a dislocation to overcome solute H 
was stress-equivalent, where one-to-one correspondence exists be
tween activation volume, V, and yield stress, τy: V∝τy

− 5.2. The stress- 
equivalence also led to a proportionality between the SRS at yielding 
and the H concentration. According to these facts, the model of H- 
dislocation interaction (Fig. 8) was proposed, where a dislocation 
segment bow-out from the row of segregated H atoms with the aid of 
thermal vibration. The model can rationalize the linear correlation 

between the yield stress and H concentration (i.e., ≈80 MPa/at% H) 
found in our previous work. 
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