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Abstract

The effects of hydrogen on the mechanical properties of oxide dispersion strengthened (ODS) steels were investigated

by means of tensile tests at room temperature. Cathodic hydrogen charging was carried out before and during

deformation in a sulfuric acid solution by imposing a constant current density in the range of 100 to )520 A/m2. With

increasing charging current density, the loss of ductility increased accompanied by a change in fracture mode from

ductile to intergranular fracture. The critical hydrogen concentration in ODS steels required to transition from ductile

to brittle fracture was in the range of 10–12 wppm, which approximately 10 times larger than that of a 9Cr–2W

martensitic steel. In addition, the susceptibility to hydrogen embrittlement of ODS steels strongly depended on spec-

imen sampling orientation.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

The excellent high temperature strength of oxide

dispersion strengthened (ODS) steels has made them for

possible application to fusion blanket structural mate-

rials. Since a rather high concentration of hydrogen will

be generated in the fusion environment, hydrogen effects

on the mechanical properties of high strength ODS steels

will be one of critical issues for the development of ad-

vanced blanket systems. In a fusion environment, be-

sides the external hydrogen sources such as aqueous

corrosion, radiolysis of cooling water etc., the hydrogen

production rate in first wall steels by (n, p) transmuta-

tion reaction is predicted to be about 0.9 wppm/dpa

under 14 MeV neutron irradiation [1].

In 9Cr martensitic steels, several wppm of hydrogen

could induce considerable reduction in ductility accom-
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panied by a change in the fracture mode from microvoid

coalescence type ductile fracture to intergranular or

brittle cleavage fracture. It was reported that the frac-

ture mode of F82H and MANET II martensitic steel

was changed from ductile rupture to brittle intergranu-

lar fracture by the introduction of 1–2 and 3–4 wppm

hydrogen, respectively [2]. However, there was no

available data for ODS steels.

ODS steel rods manufactured by hot extrusion pro-

cessing, have anisotropic mechanical properties due to

extremely elongated grains parallel to the extruded

direction [3]. In addition, since 9Cr martensitic steels

often suffer intergranular hydrogen embrittlement, the

grain morphology is considered to play an important

role in determining the susceptibility to hydrogen

embrittlement in ODS steels.

In this work, the effects of hydrogen and micro-

structural anisotropy on the mechanical properties of

ODS steels and a 9Cr–2W steel are investigated.

2. Experimental

The materials used in the present research were three

kinds of ODS steels and a 9Cr–2W reduced activation
ed.
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martensitic steel (RMS). The ODS steels were produced

with variable chromium and aluminum contents with

yttria (Y2O3) contents of 0.36–0.38 wt%. The chemical

compositions are listed in Table 1, where the ODS steels

are indexed as K1, K2 and K4. The ODS steel rods were

fabricated by hot extrusion, and an austenization heat

treatment was performed at 1423 K for 1 h followed by

air cooling. Small size tensile specimens (gage length ¼ 5

mm, 1:2w � 0:25t mm) were sampled from the extruded

rod so that the axis direction is parallel to longitudinal

(L) or transverse (T)-direction with respect to the ex-

truded direction. Cathodic hydrogen charging was car-

ried out at room temperature for 30 min and continued

during tensile testing in a solution of 1 N H2SO4 with an

addition of 10 mg/l of As2O3. For hydrogen charging, a

three electrodes system was used, and a constant current

density, Ia, was imposed on the specimen in the range

from 100 to )520 A/m2. Tensile tests were carried out

at a strain rate of 9 · 10�5 s�1 at room temperature.

After pre-charging, hydrogen contents were analyzed by

thermal desorption spectroscopy (TDS) with a heating

rate of 1 K/s. Fracture surfaces were examined by

scanning electron microscope (SEM).
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3. Results

3.1. Hydrogen effects on stress–strain behavior

The effects of hydrogen charging on the stress–strain

curves of K2 ODS steel sampled from L- and T-direc-

tion are shown in Fig. 1(a) and (b), respectively. In both

cases, hydrogen charging induced a significant reduction

in tensile ductility in accordance with the imposed cur-

rent density (Ia). However, yield and tensile strengths

were not significantly affected. It is clear that stress–

strain behavior strongly depends on specimen ori-

entation, showing more sever embrittlement in the

T-direction. It is considered that the reduction in duc-

tility is due to hydrogen embrittlement since the square

root of current density is proportional to the hydrogen

concentration in normal interstitial lattice sites (NILS)

[4]. In the L-direction, as the cathodic current density

increased from 0 to )169.5 A/m2, the plastic fracture

strain was reduced from 0.13 to 0.03, but, a small

amount of plasticity was retained even at )519.6 A/m2.

On the other hand, in case of T-direction, the plas-

ticity completely disappeared when the current density

was only )30.4 A/m2, and approximately 50 percent

reduction in fracture strain was observed at 0 A/m2. It is

obvious that even at the zero current density, hydrogen

will diffuse into the specimen because zero means the net

current between anodic metal dissolution and cathodic

hydrogen charging. After hydrogen charging, the yield

stress appeared to increase slightly in the L-direction



Fig. 1. Effects of hydrogen charging on the stress–strain curves of K2 ODS with (a) L- and (b) T-direction.
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specimen, while there was no difference in the T-direc-

tion.

The changes in plastic fracture strain (epf ) of ODS

steels and a 9Cr–2W RMS as a function of the square

root of applied current density are summarized in Fig.

2(a) and (b). As shown in Fig. 2(a), for the L-direction,

the epf of ODS steels was about 0.14 in air, and an

abrupt reduction occurred with increasing current den-

sity. The transition behavior of K2-L and K4-L is very

similar. The critical current density where the epf be-

comes 50% of that in air was approximately )42.5 and

)23.0 A/m2, respectively. While the transition behavior

of 9Cr–2W RMS was relatively smooth, the plasticity

completely disappeared when the current density in-

creased up to )64 A/m2. An interesting feature of 9Cr–

2W is that even at the anodic metal dissolution current,

it still showed some amount of reduction in fracture

strain. However, the reduction in ductility in the anodic

range is not caused by metal dissolution but probably by

hydrogen embrittlement, because after a degassing heat

treatment of the specimen at 473 K for 2 h the ductility
Fig. 2. The dependence of plastic fracture strain (epf ) on the hydr
was completely recovered. The critical current density

was approximately )4.0 A/m2.

In the T-direction, as shown in Fig. 2(b), the fracture

strain of K1-T, K2-T and K4-T ODS steels was about

0.10, 0.097 and 0.03 in air, respectively, but resulted in

zero plasticity after applying a small amount of cathodic

current. The critical current density was 0 A/m2, irre-

spective of the materials. Such a high susceptibility of

T-direction specimens suggests a role of the micro-

structural inhomogeneity caused by elongated grains.

3.2. Fracture surface observation

The loss of ductility in hydrogen charged specimens

was accompanied by a change in the fracture mode from

ductile shear rupture to brittle fracture. Fig. 3(a)–(c)

shows the typical ductile fracture surface of K2-L, K2-T

and 9Cr–2W steel, respectively. When hydrogen was

introduced into the specimen, however, the fracture

mode changed to a brittle type, and there appeared to

be different cracking appearances between ODS and
ogen charging current density in (a) L- and (b) T-direction.



Fig. 3. Changes in fracture mode by hydrogen charging. (a)–(c) is uncharged, and (d)–(f) is hydrogen charged at the current density of

)519, )30 and )514 A/m2 on the K2-L, K2-T and 9Cr–2W, respectively.
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9Cr–2W, although those were basically grain boundary

cracking. As shown in Fig. 3(d)–(f), with increasing

current density up to )519, )30 and )514 A/m2 for the

K2-L, K2-T and 9Cr–2W, respectively, the fracture

mode changed to brittle intergranular. In the case of K2-

L, as shown in Fig. 3(d), the formation of many sec-

ondary cracks into the L-direction was identified, which

is considered to be cracking of longitudinally elongated

grain boundary. Small amounts of microvoids were also

observed. The fracture mode of K2-T in Fig. 3(e) is also

considered to be intergranular, although it appears to be

quasi-cleavage fracture. Fig. 3(f) clearly shows the in-

tergranular type cracking of 9Cr–2W steel.
Fig. 4. Experimental and calculated hydrogen contents in K2

ODS and martensitic steels as a function of current density. The

calculation used the trap densities (Nt) and binding energy (Eb)

of 6.3 · 1024 sites/m3 and 39.0 kJ/mol for Mod. F82H and

1.5· 1025 sites/m3 and 39.5 kJ/mol for MANET II, respectively

[7,8].
4. Discussion

4.1. Critical hydrogen concentration for ODS steels

The hydrogen concentration as a function of catho-

dic current density in K2 ODS and 9Cr–2W steel mea-

sured by TDS analysis were shown in Fig. 4. According

to previous research, the critical hydrogen concentration

required to induce cracking of steel matrix in martensitic

steels is reported as a several wppm [2], and our analysis

results in 9Cr–2W RMS reveal that the critical concen-

tration, which corresponds to the current density of )4
A/m2, is also in the range of 1–2 wppm. On the contrary,

hydrogen concentration in K2 ODS steel is much higher

than that of the RMS steel at the same charging con-

dition, and critical hydrogen concentration for the K2-L

ODS is in the range of 10–12 wppm that is almost 10

times higher concentration than the RMS steels. It is
considered that the high concentration of hydrogen in

ODS steel is attributed to the high density of hydrogen

trapping sites such as grain boundary and oxide/matrix
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interface, because the ODS steel has a very fine grain size

and a high number density of yttria particles [5].

Theoretical calculations of the relation between

hydrogen concentration and cathodic current density are

also shown in Fig. 4. Solid and broken lines represent

total (Ctot) and trapped (Ctrap) hydrogen concentration,

respectively. In this calculation, the empirical relation-

ship between hydrogen concentration in NILS (CL)

in iron and the cathodic current density was used [4]. In

addition, local equilibrium between hydrogen atoms in

NILS and those in trapping sites, proposed by McNabb

and Foster [6], was assumed. For the martensitic steels

Mod. F82H and MANET II, the critical hydrogen

concentration has been reported as 1–2 and 3–4 wppm,

respectively [2], which correspond to the saturated con-

centration of trapped hydrogen when trap densities (Nt)

and binding energy (Eb) were 6.3· 1024 sites/m3 and 39.0

kJ/mol for Mod. F82H and 1.5 · 1025 sites/m3 and 39.5

kJ/mol for MANET II, respectively [7,8]. The variation

of hydrogen concentration for 9Cr–2W RMS and K2

ODS steel is also well described by the assumption of

trap densities of 6.3· 1024 and 4.5 · 1025 sites/m3,

respectively, with a binding energy of 39.0 kJ/mol. Based

on the above analysis, the critical hydrogen concentra-

tion is considered to be related to the saturated hydro-

gen concentration in trap sites.
4.2. Embrittlement mechanism

Hydrogen-induced intergranular fracture is respon-

sible for the considerable reduction in ductility in ODS

steels and 9Cr–2W RMS steel. Based on the above

analysis [6], most of hydrogen transported into the

specimen by lattice diffusion will be trapped at various

kinds of trap sites such as vacancy, grain boundary,

carbide and oxide/matrix interface, lath boundaries,

dislocations etc.; and after filling up the trap sites, the

hydrogen will be able to occupy NILS. In this situation,

mobile dislocations could sweep the hydrogen atoms

presented at NILS or dislocations to the grain bound-

aries during plastic deformation, resulting in sufficient

hydrogen accumulation to weaken grain boundaries and

enhanced brittle intergranular fracture.
5. Summary

1. Cathodic hydrogen charging considerably reduced

the tensile ductility of ODS steels and a 9Cr–2W

RMS. The reduction in ductility was attributed to

the change in fracture mode from ductile shear rup-

ture to brittle intergranular fracture. The hydrogen

embrittlement of ODS steels was strongly affected

by specimen sampling orientation, showing signifi-

cant embrittlement in the T-direction. This comes

from the microstructural anisotropy caused by elon-

gated grains of ODS steels in L-direction.

2. The ODS steels contained a higher concentration of

hydrogen than 9Cr–2W RMS at the same cathodic

charging condition, and the critical hydrogen concen-

tration required to induce intergranular cracking in

ODS steels and 9Cr–2W RMS is in the range of

10–12 and 1–2 wppm, respectively. The high concen-

tration of hydrogen in ODS steels may be interpreted

in terms of a high capacity of hydrogen trapping

caused by very fine grain size and introduction of yt-

tria in the steel matrix. The critical hydrogen concen-

tration is considered to be related to the saturated

concentration of hydrogen at trap sites for martens-

itic steels.
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