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Abstract

In order to investigate hydrogen effects on environmentally assisted cracking (EAC) of
SA508 CI.3 pressure vessel steel, tensile tests and fatigue crack growth rate (FCGR) tests
were carried out at 288 °C with hydrogen-charged specimens. From results of the tensile tests,
it was found that the charged hydrogen gave rise to some softening and ductility loss.
Fracture surface observations of the hydrogen-charged specimens indicated some flat regions.
These results can be explained that such softening may be induced due to the shielding effect,
strain localization by dynamic strain aging (DSA), and internal pressurization. In the FCGR
tests, crack growth rate of the hydrogen-charged specimen was increased by 2~3 times of that
of as-received specimen at the same loading condition. Further, the fracture morphology of
the hydrogen-charged specimen revealed a dtriationless cleavage-like feature with few
secondary cracks. Through the test results described above, it may be considered that the
hydrogen in materials can be involved in the occurrence of the EAC.

1. Introduction

The reactor pressure vessel, which performs a barrier to prevent fission product release, is
one of the most critical components in a nuclear power plant. The safety and integrity of
nuclear power plant are affected by degradation process. The important degradation
mechanisms of the reactor pressure vessel are fatigue, corrosion, and irradiation
embrittlement. EAC is also important degradation mechanism because pressurized water
reactor (PWR) environment is corrosive. It has been reported that the EAC can be accel erated
by a combination of some degradation mechanisms, such as dlip oxidation/dissolution, DSA,



and hydrogen-induced cracking [1]. Therefore, the hydrogen effects on the mechanical
properties of reactor pressure vessel steel must be clarified for the integrity of a nuclear
power plant.

During the last several decades, the hydrogen effects on the mechanical properties of
structural materials used in a nuclear power plant have been studied. In previous studies, the
hydrogen effects at relatively low temperature were focused, while those at high temperature
still have many arguments because of the fast diffusion and degassing rate of hydrogen [2].
However, it has been reported that the hydrogen effects occur at high temperature and are
also related with the EAC process[1,3,4].

The objective of this work is to investigate the hydrogen effects on the mechanical
behaviors , such as tensile properties and fatigue crack growth behaviors, of SA508 Cl.3
pressure vessel steel at high temperature.

2. Experimental

2.1. Test material

In this study, the test material used was ASME SA508 Cl.3 forged vessel steel of 250 mm
thickness, produced by Dusan Heavy Industries & Construction Co. In as-received condition,
this material had been austenized at 880 °C for 7 hours and water quenched, then tempered at
655 °C for 9 hours followed by air cooling. The chemical composition of the test material is
given in Table 1. The microstructure is tempered bainite with well-developed laths as shown
in Fig. 1. Tensile specimens with a gauge section of 4 mm in diameter and 24 mm in length
and 1T CT specimens were used in thiswork.

2.2. Tensile tests

In order to remove effects of surface roughness on test results, the specimens were polished
with SIC paper up to 2400 grit along loading direction, and then cleaned using a ultra-sonic
cleaner. After polishing, hydrogen was electrochemically charged into the specimens in a
solution of IN H,SO4 + 250 mg/L As,Os for 10 minutes with 5 mA/cm? and 20 mA/cm?,
respectively. The specimens were polished again with SIC paper and rinsed with distilled
water. Copper was then electrochemically plated on the surfaces of the specimens to suppress
degassing of hydrogen during testing [5,6]. Tensile tests were performed with as-received and
hydrogen-charged specimens in the strain rate range of 3.472 x 10° to 0.972 x 102 s* at 288
°C. After each test, fracture surfaces were observed by a scanning electron microscope (SEM).

2.3. FCGRtests

Fatigue test with hydrogen-charged specimen was performed in 288 °C argon gas
environment. The argon gas environment was obtained by purging a high purity argon gas at
pressure of 400 kPa. The specimens were charged with hydrogen by an electrochemical
method for 10 hours with 5 mA/cm?, and copper coated by an electrochemical method to
reduce degassing of charged hydrogen. After each test, fracture surfaces were observed by a
scanning el ectron microscope (SEM).



3. Results and Discussion

3.1. Tensile test results

The hydrogen effects on the tensile properties of SA508 Cl.3 RPV steel at 288 °C are
shown in Fig. 2 (a), (b), (c), and (d). Yield stress for the hydrogen-charged specimens were
smaller than that for the as-received specimens at all strain rates. The charged hydrogen also
induced a decrease of ultimate tensile stress, whereas ductility was not affected significantly.
The decrease of yield stress and ultimate tensile stress, that is, softening was enhanced with
increasing hydrogen charging current density. The tensile properties at the slower strain rate
were higher than those at the relatively faster strain rate because of the DSA. Fig. 3 (a) and
(b) show atypical ductile fracture surface of a specimen tested at 288 °C. Some flat regions
were observed on the fracture surfaces of hydrogen-charged specimens.

At high temperatures, the hydrogen in material suppresses interactions between a given
dislocation and other dislocations, solute atoms, and precipitates, thus inducing softening
[2,7]. Another reason to be associated with softening is related to interactions between
hydrogen and DSA [8]. Luders bands are produced by DSA, the high dislocation density in
these bands can easily trap hydrogen. Thereby, hydrogen concentration increases in the
Luders bands, and this high concentration of hydrogen induces multiplication and
enhancement of dislocation mobility, which gives rise to greater strain localization in the
bands. Such strain localization induces an increase of local stress concentration at
inclusions/matrix or precipitates/matrix interfaces, and lath boundaries. Therefore, initiation
and growth of microvoids occur within these regions even though the average strain of the
test specimen is small. Moreover, it is indicated that a localized strain structure is a
favourable trap for hydrogen, which leads to the initiation and growth of microvoids at lower
strain [9]. The internal stress and the number of pile-ups of dislocations can be decreased by
these microvoids formed in earlier stage, thus contributing to the softening [10]. Further,
hydrogen is easily trapped in the microvoids because the microvoids become preferred traps
for hydrogen [11]. Thus, hydrogen trapped in the microvoids causes an internal pressure that
aids the void growth. Such an internal pressurization can induce softening during deformation
[12]. Furthermore, the microvoid growth assisted by internal pressurization results in some
flat areas as shown in Fig. 3 (b).

3.2. FCGR test results

Fatigue crack growth rates of SA508 Cl.3 vessel steel in argon gas and air environment are
shown in Fig. 4. In air environment, the crack growth rate increased by two or three times at
288 °C than that at room temperature, while in argon gas environment, the crack growth rate
at 288 °C and 0.1 Hz was similar to that in room temperature air. For the test at 5 Hz and 288
°C in argon gas environment the growth rate was much lower than that in room temperature
air. This trend of crack growth behaviors may result from reduced oxidation rates, which
depend on temperature and oxygen pressure. The loading frequency effect appeared in argon
environment would be attributed to alow oxygen pressure within argon gas.

The test of hydrogen-charged specimen showed an enhance growth by 2~3 times of as-
received at the same environment and loading condition. In argon gas environment, the



fracture surface of asreceived specimen showed a typical ductile fatigue cracking
morphology with secondary cracks and well-developed striations as represented in Fig. 5(a).
In a similar manner, the fracture surface of hydrogen-charged specimen tested in argon gas
environment reveals striationless cleavage-like fracture with few secondary cracks and
striations as shown in Fig. 5(b). The cleavage-like fracture path is equivalent to bainitic lath
boundaries as shown the microstructural feature in Fig. 1 (b). Even though at high
temperature, a kind of the EAC appeared in cracking morphology of the hydrogen-charged
specimen, the morphology is different from that of as-received specimen. The enhancement
of crack growth rate can be attributed to the cracking path shown the EAC features [13]. The
cracking process would depend on loading and environment condition, and hydrogen content
in the steel; bainitic lath boundaries seem to be the fracture route in the test in argon gas with
the hydrogen-charged specimen. Besides the cracking morphologies of the test with
hydrogen-charged specimen is not exactly coincident with those in high temperature water,
but the occurrence of EAC pattern supports that hydrogen can be involved in the
enhancement of the crack growth rate at high temperature.

4. Summary

The investigation results are summarized as follows,

(1) The charged hydrogen induced softening at 288 °C. These results may be associated
with the shielding effect, strain localization due to interactions between hydrogen and
DSA, and internal pressurization by hydrogen trapped in microvoids. The internal
pressurization by the charged hydrogen induces some flat areas on the fracture surfaces
of hydrogen-charged specimens.

(2) The fatigue crack growth of the hydrogen-charged specimen showed an enhanced rate
by 2~3 times of the asreceived specimen at the same environment and loading
condition. The enhancement of crack growth rate was related to the cracking
morphology showing EAC features.

Acknowledgement

This work was performed under the Development of Aging Management Technologies
Project and the financial support by Korea Electric Power Research Institute.

References

[1] S.G Leeand I.S. Kim: Journal of Pressure Vessel Technology Vol. 123(2) (2001) p.173.
[2] H.K. Birnbaum and P. Sofronis. Materials Science and Engineering Vol. 176(A) (1994)
p.191.

[3] W.Y. Chu, Y.B. Wang and L.J. Qiao: Journal of Nuclear Materials Vol. 280(2000) p.250.
[4] S.G Leeand|.S. Kim: Journal of Nuclear Science and Technology Vol.28 (2001) p.120.
[5] GR. Casky, J. A.H. Dexter, M.L. Holzworth, M.R. Louthan and J. R.G. Derrick:
Corrosion Vol. 32(9) (1976) p.370.



[6] GF. Vander Voort: Metallography-principles and practice (McGraw-Hill Book Company
1984).

[7] PJ. Ferreira, .M. Robertson and H.K. Birnbaum: Acta Metallurgica Vol. 47(100) (1999)
p.2991.

[8] Byung Ho Lee and In Sup Kim: Journal of Nuclear Materials Vol. 226 (1995) p.123.

[9] H.J. Maier, W. Poop and H. Kaesche: Materials Science and Engineering Vol. 191(A)
(1995) p.17.

[10] R.A. Oriani, PH. Josephic: Acta Metallurgica Vol. 27 (1979) p.997.

[11] W.Y. Choo and J.Y. Lee: Metallurgical Transactions Vol. 13(A) (1982) p.135.

[12] S. Asano and R. Otsuka: Scripta Metallurgica Vol. 10 (1976) p.1015.

[13] H. Hanninen, M. Vulli, and W.H. Cullen: 3" International Symposium on Environmental
Degradation of Materialsin Nuclear Power Systems-Water Reactors (1988) p.289

Table 1 Chemical composition of SA508 Cl.3 RPV steel

C Si Mn S P Ni Cr Mo Al Cu V

wt% | 0.21 | 0.25 | 1.24 | 0.002 | 0.007 | 0.88 | 0.21 | 0.47 | 0.008 | 0.03 | 0.004

Fig. 1. Microstructure of SA508 Cl.3 RPV stedl; (a) Optical microscope (b) SEM
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Fig. 2. The change of tensile properties at 288 °C; (a) Yield stress (b) Ultimate tensile stress
(c) Elongation (d) Reduction of area

Fig. 3. Fracture morphologies of tensile specimens tested at 288 °C; (a) as-received (b)
hydrogen-charged
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Fig. 4. Fatigue crack growth behaviors of as-received and hydrogen-charged specimens

(b)
Fig. 5. Fracture morphologies of fatigue test specimensin 288 °C argon; (a) as-received (b)
hydrogen-charged
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