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Abstract

The results of investigation of the influence of hydrogenttoe microstructure andn the daracter of
corrosion degradation of ferritic and austenitic stainless steels has been described. The samples were cathodically
charged at room temperature in 0.5MSi8), solution containg the hydrogen entry promateCorrosion test
using electrochemicainethods haveébeen carried out before and after hydrogéarging. Light (LM)and
scanning electron (SEM) microscopy for microstructure and corrosion damages exammeatiosed.
It was shown that hydrogen causes significant changes of microstructbeedarface layer of both types of
tested steels. These changes like microcracks, blisters and hydrogen induced microtwins are particularly

sensitive places for corrosion attack and decide about the character and morphology of the corrosion damages.
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Introduction

It is well known that hydrogen induces degradation of the microstructure and mechanical properties of
stainless steelCarter et al. 2001; Timmins 1997)he mechaisms of hydrogen degradation are complex and
numerous investigations have not, as yet, clarified them sufficiently. In particular, the hydrogen induced
microstructural changes are not discussed. In investigation of hydrogen degradation of the prbgtatidess
steels, it is necessary to take greater account on the structural changes brought about by hydrogen.

Cathodic hydrogen causes significant and permanent changes in the microstructure of stainless steels,
particularly in the surface layer of ttleickness of about several micromete8gi{mmer et al. 197%zummer et
al. 1996.

In ferritic stainless steels there takes place microtwins formation (Tanino et al. 1982) with characteristic
surface relief which looks analogically to that of the martenglates, although there is no austefetgite
transformation (Szummer et al. 1999; Szummer et al. 1996). It is highly probable that these microtwins appear
because of an unstable hydride phase formation in alloy ferrite (Lublinska2€0d).As a ruk in these steels

cathodic hydrogen charging causes formation of microcracks, crevices and hydrogen blisters and TEM
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observations revealed an increase dislocatfodensity (Szummer et al. 1999; Szummer et al. 1996; Tanino et
al. 1982). It was found thahe absorbed hydrogen expands the Cr alloyed ferrite lattice parameter by about
0.14% and is a source of high stresdagblinska et al. 2005).

In austenitic stainless steels under the high fugacity of hydrogen produced by cathodic charging, phase
changesoccur, which have been attributed to the lattice strain accompanying hydrogen absorptions in the fcc
structure and hydride phases formatiaifachi 1978; Narita et al. 1983zummer et al. 1979)n these steels
hydrogen corrosion occurs mainly as a nekwaf surface microcrack§ hey form as a result of hydride phases
formation which are unstable under normal atmospheric condti@amachi 1978Szummer et al. 197Harita
et al. 1982Szummer 1985)

Generally hydrogen ingress into the stainless steks destructively leading to a significant deterioration of
their useful properties as corrosion resistant matetigidrogen promotes the breakdown of passive fil\fang
et al1998; Motoaki et al.1979;Yang et al. 2001) increases the corrosion rate wiimerous stegl®iao et
al.1998;Hasegawat al.1980)and also hinders the repassivation proc¥ssi§et al.2001) Yang et al (Yang et
al. 1999) found that the pitting susceptibility of AlSI 310 stainless steel was strongly influenced by the hydrogen
in the alloy and was correlated with the semiconductive properties of the passividyilmgen dissolved in
steel induced the change of electronic properties of the passive film.

In this work the effects of hydrogen induced changes of microstruictuhe surface layer of stainless steels
on the morphology ahe pits and of other local corrosion damagese investigated.

Experimental

Commercial austenitic argpecial low carbon ferritic stainless steels were used fantestigationsSingle
crystak of steel containing 16 Wi Cr were also studiedhe material was in annealing stafée detailed
chemical compositio of the materials is given inable 1.

Table 1. Chemical composition (weight %) of the steels investigated

Element C S Cr Ni Mn Si Mo Ti
Type 304 0.051 | 0.021 | 18.37 | 10.18 15 0.43 0.03

Type 316L 0.031 | 0.005 | 17.07 | 11.95 1.55 0.48 2.65 0.37
Type 410S 0.019 | 0.001 | 12.27 0.16 0.27 0.34 0.02

Type 430L 0.025 | 0.011 19.3 0.15 0.36 0.41 0.41
Single crystal 16Cr| 0.06 0.014 16.0 0.1




Hydrogen was cathodically introduced into specimens by appbiognstant current densify.05A/cnf or
0.1A/cnf for 3 to 18 hours aambient temperaturi@ 0.5M H,SO, solution containing 1 mg A®; per dnias a
hydrogen recombination pois¢promotes themry of hydrogen atoms into metal&latinum anode was used.

Before cathodic charging the specimens were initial grinding on abrasive papers and aglisked using
diamond paste®©ne set of the specimefisally waselectropolished.

For microstruture examinationsamples before and after hydrogen chargingere examined using light
(LM) and scanning electron microscopy (SEM)

To determine the influence of hydrogentbie resistance to pitting corrosion, electrochemical tests have been
carried ot by the potentiodynamic metho&lectrochemical measurements were perfornmedomparethe
anodic behaviors of thid i charged specimerand the samplesged for 48h after +¢harging (when hydrogen
was practically desorbedith the non charged samples.

The anodic polarization was carried out in 0.5M NaCl solution. The solution was prepared using analytical NaCl
and distilled water. A conventional threéectrode corrosion cell with the saturated calomel electrode (SCE) as
reference electrode and a platimthe counter electrode was employed. All the tests were carried out in aerated
solution at ambient temperature. The potential shift rate was 0.3mV/s

To investigate of the effect of hydrogen on the pitting corrosiorcdltteodic andanodic potential cues were
recorded. The apparent pitting potential was estimated from the anodic polarization curves.

To reveal the microstructure featurttee samples were electrolytically etched in 10%alic acidat 16
50mA/cnt before and after hydrogen chargiagd oneset of the specimens were electropolished in solution:
HsPO, 65%+ HSO, 12.5% + HO 22.5% at 8% (vol.%), at t e mp eThea cuuentedendity Was
200A/dnf .

The scanning electron microscopy (SEdM light microscopy (LMWwas employed taleterminechangesof

the microstructureandthe morphology otthe pittingandother corrosion damageaused by hydrogen.

Resultsand discussion
Effect of hydrogemmn microstructure oktainless steels

Austenitic stainless steels

Metallographic examination, usingglhit microscope with Nomarski contrashowed that all investigated
austenitic staimss steels in the initial stat@ave standard austenitic microstructure with large grains containing

annealing twins (Fig. 1b).



Fig. 1.Microstructure of th&16L austenitic stainless stelbéfore hydrogen chargin@): specimen etched
electrolytically

Fig. 2 (a, b, c¢):H-induced microcracks on theurface of Type 316steel.(d): SEM image of a tensile test
sample 0f310Ssteel &er cathodic hydrogenhargingi decohesion at grain boundaries in the brittle hydrides
layeris visible

After hydrogen charging on the formerly smooth electropolished surfaces numerous microcracks are formed
both transgranular (as a system of parallel ksp@and along graiboundariegFig. 2). These surface cracks
develop in the absena# externally applied stresses afedm mainly during posprocess aging, that is during
hydrogen egress as a result of hydride phase®mpositionwhich are unstable under normal atmospheri

conditions(Kamachi 1978; Narita et al. 1988zummer 1985)The hydride phasderm a hard and brittle layer,

several micrometsttick on the surface of austenitic grgi@zummer et al. 1979) Fig. 2 d.Hydrides formation



requires plastic accommodatiaof the matrix, whichin consequencecauses slip bands and microcracks

formation.

Ferritic stainless steels

In specimensvhich wereprepared from annealed polycrystalline fecristainless steel containing 3@t.%
Cr (Type 430l andfrom single crystalsof steel containing 18t.% Cr, cathodic hydrogen chargingroduces

distinct and stable surface changes of microstrugkice 3, 4, 5)
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Fig. 3. (a): Microstructue of sample before 4dhargng electrolytically etchedb, ¢, d): The Hinduced gain
oriented microtwins in the form of needles and blisterstlom surface of 430L ferritic steel. @nples
electrolytcally etched before Hharging

As can be seen iRig. 3 b, cformation ofnumerouscigars haped Aneedl esodo wideh surf a

TEM structural examinations revealedthah e s e fine e d | e Saummaer et al. A99%; Szarhmer ehas.  (

1996 Tanino et al. 1982



Fig.4. (a, b}y Microstructure of the 410S ferritic stainless steel before hydrogen chatg)ngpeémen etched
electrolytically.(c, d) Hydrogeninduced blisters with cracks on the specimens surfaiteshydrogen charging

Figu5.Hydr ogen induced fAgrain orientedodo set of microt wi
of ferritic steel single crystal (18.9%Cr). Matrix orientation [110](a, b): LM, (c, d):SEM



One can noticed thah ithese hydrogen induced microtwins there occur many microcracks, mhiaty run
across the axis of the needl€sg( 3 d and-ig. 5 ¢, d) These microcracks (Fig. 5) are formed under the stresses
related to a volume change due to formation of the microtwins
Also on the surface of hydrogen charged specimens there appear hyidchgad blisters with crackgig. 4).
Electrochemical measumgents

Fig. 6 shows examples of polarizaticurves for the samples of 31&teel before and after hydrogen
charging. The shapes and positions of the cathodic and anodic branicttesse curvesdndicate that the
corrosion current density is distincthigherfor the hydrogen chargedamples. The potential of pit nucleation
for the uncharged samples is always more noble than for hydrogen charged samples. The passive region is much

lower for Hcharged specimens. These results suggest a superior aljligsiwity for uncharged steels.
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Fig. 6. Some examples of polarizan curves for the uncharged ahgdrogen charged specimens of 316L
austenitic stainless steel in 0.5M NaCl solution
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Fig.7. Some @&amples of the polarization curves fitre unchargd andhydrogen charged specimeot410S
ferritic stainless steéh 0.5M NacCl solution



In the caseof ferritic stainless steelthe measurements show thaydrogen charginglso lowers thé
resistance tdocal corrosion(Fig. 7). Hydrogencharged sanlps are in active state and corrode at lower
corrosion potential (E.). This indicates, thads a result of Ktharging here follows a degradation of the thin
passive film on the ferritic 410S stainless steel, and the current diecségse is causday the corrosion of the
non passive surface layer, with many hydrogen induced blisters (FigLNI2and SEM investigations of the
hydrogencharged samples have shown, that the corrosion damages hawshiregbr and occur maly in the
places of the eckedhydrogen induced blisters, which undergo macroetching during anodic polarization (Fig.

12 a, .

Effect of lydrogen induced changes of microstructuretoemorphologyof corrosion damages

Austenitic stainless steels

Metallographic investigationsf the samples after anodic polarization have show essentials differences in
morphology of the pits which formed in uncharged antl ¢harged samples. In the uncharged samples the pits
were approximately round and as a rule they nucleated at nonmetellisiors (Fig.8 a,9). On the other hand
in the Hcharged samples the pits shape was irregular 8. particularly in the initial stage of breakdown of
the passivity film(Fig. 10) In this case th pits nucleate usually on thgdrogen induced miocracks (Fig. 10).

These results confirm that in the case of uncharged samples a crucial role in protection against pitting
corrosion plays the tightness pdssive film of oxides. Butathodichydrogencharging makes this passive film
strongly defected hich causes deterioration of its protective properties. Additionally the microcracks are places

where crevice corrosion may develop, which may convert after some time to irregular pits.

Fig. 8 The surface morphologies of 316L austenitic stairdéssl after electrochemical test. The uncharged
specimens (a) and the-¢harged specimens (b). LM



Fig.9. The surface of the hydrogemcharged specimens of the 316L (a) and 304L (b) austenitic stainless steels
after electrochemical tednitial stage of the pits formation at nanetallic inclusios

Fig. 10. The sirface of thehydrogen precharged specimefter corrosive testingn 0.5M NaCl solution|Initial
stage of the pits formaticat hydrogerinduced microcrackga, b): 304Land(c, d):316L steels

Ferritic stainless steels

The surface morphologic observatsoonf the unchargedsamplesof ferritic stainless steelshowed that
corrosion pitsnucleated exclusively at nametallic inclusios (Fig. 11). It is in agreement with the raks for
theuncharged austenitic stainless steels

In the case of thédydrogen charged samples ferritic steelsthe hydrogehinduced blisters and microtwins

are particularly sensitive for pitting corrosion Fi2 and Fig. 13. These surfadefectsreduce the protective



