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The Influence of Oxide and Sulphide Inclusions in
Microalloyed Structural Steels on the Mechanism of

Hydrogen Induced Cracking

Vpliv oksidnih in sulfidnih vkljuckov v mikrolegiranih
konstrukcijskih jeklih na mehanizem z vodikom induciranega

pokanja

Vehovar L, IMT Ljubljana
S. Azman, ACRONI Jesenice

The effect of different microstructures and oxide or sulphide inclusions on the corrosion
and hydrogen uptaken of two fine-grained microalloyed steel grades has been
investigated. In the practice, fine-grained structural steels appear to be more or less
susceplible to hydrogen induced cracking, probably because of various strong
interactions between the absorbed hydrogen and the various alloying elements or
inclusions, acting as traps. Such effect was examined by cathodic polarization, and by

SEM examination of the fracture surface.
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Preiskovan je bil vpliv mikrostrukture oz. oksidnih in sulfidnih vkljuckov na korozijo ter
navzemanje dveh mikrolegiranih jekel za vodik. V praksi se je pokazalo, da so
finozrnata konstrukcijska jekla vec¢ ali manj obcutljiva na z vodikom inducirano pokanje,
verjetno zaradi mocne interakcije med absorbirnim vodikom in razli¢nimi legirnimi
elementi ali vkljucki, ki delujejo kot pasti. Taksen vpliv je bil preiskovan s katodno
polarizacijo in z SEM analizo prelomnih povrsin.

Kljucne besede: mikrolegirana jekla, oksidne, sulfidne pasti, vodikova krhkost

1. Experimental, results and discussion
1.1 Cathodie polarization experiments

The aim of the work was 10 investigate the resistance of two
microalloved steel grades with fernite + bainite (F + B). and
fermite + pearlite (F + P) microstructure to hydrogen embrittle-
ment (HE) due to the action of trapped internal atomic hydrogen.
This hydrogen was produced by cathodic charging i room
temperature in deaerated I[N H.SO,, containing 10 mg/l of As,O,
as poison,

I'he chemical composition and microstructure of the investi-
cated steel grades are listed in Table 1

The selection between different steel grades and the study of

mechanisms were performed electrochemically by cathodic po-
lanization in the above-mentioned solution at a current density of
A7 mA/m. Smooth tension specimens with a diameter of
10mm were stressed at a constant load equal 10 60 % ol their
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vield strength. After cathodic charging for differemt periods of
time. all the specimens were taken out of the corrosion cell and
finally tested by means of a tensife test. with the intention of de-
termining the reduction of area and of fractographic analysis

Table 1: Chemucal composition and type of microstructure

Type of Compasstion (w1, )

MICTOAIUC - -

ture C Mo & P S G Mo Nt V. Nb (u
Fime-graimed

fermteshaimite 008 036 032 0010 0008 056 027 017 003 n3s
}-mr-gr.un»:nl

femeesperlite 017 148 041 0012 0016 - . - 008 - 0t

Tests of the microalloyed low-carbon steel grade with F + B
microstructure, alloyed with small amounts of chromium,
maolybdenum, copper and niobium, showed that the fine-grained
fernite-bainite microstructure has a high resistance o HE, despite
the moderate quantity of oxide particles. It is obvious that, from
the HE point of view, these oxides do not play an important part.
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It can be considered that almost all these traps were occupied by

+!

hydrogen after 2" of cathodic charging, since the reduction of

area (from 79 10 70 % ) at this time is the same as after 3 hours of

charging.
The fine-grained microslloyed sieel with F + P microstrue-

ture showed a high degrec of susceptibility to HE. due to the ac-

tion of various oxide and sulphde particles in the ferrite-pearlite

microsiruciure. In addition, vanadiam carbides (this Kind ol steel
is alloved with manganese and vanadium) probubly represem
very attractive traps. because of the strong interaction between
the traps and the absorbed hydrogen, Reduction of area wiss dras
tically reduced. from 76 % to values between I8 10 23 %, atter 3
hours of charging. Moreover. the results show thar the steady

state stage had not yer been achieved, and a turther lowering ol
reduction of arca might stifl be expected

1.2 Fractovraphic examination

I'be findings of fractographic analysis of the Irctore sur-
faces of specimens which were. atter several hours of cathodic
charging. tested 1o faifure in the tensile testing machine agree
well with the results of reduction of area. In the case of the
(F + B) microalloyed stecl. with its high resistance to hydrogen
embrittiement, the fracture surface has a predominantly ductile
appearance. However, in a few places charactenistic spoty
(Fig. 1) can be observed. which, in the case of the less resistant
(F + P) steel, are considerably more pronounced and more nu
merous (Fig. 2),

Figure 2: The fructure surface of the (F+F) steel. wath Targer and ¥

numeronws spots after 37 of cathodie chare

VO N sEevHng s

Slika 2: Prelomna povesina (F4P) jekla 7
|

yegami po S urah hstodee polanzaciy
Pes |

Figure 1: The fracture surliace of the (F4B) steel, with the spors
occurnnge after 3" of cathodic charging
Stika 12 Prelomna povesima (F4B) jekla s pegami, ki se pogavlao po
3 urah katodne polarizacije

In nearly all cases. in the middie of the spot an oxide nclu-
sion oceurs (Fig. 3). which obviously operates as an effective
trap for hydrogen. In the vicinity of such inclusions the fracture
surface has o tansgranukir appearance (Fig. 4 and §). In the case
of the (F 4 B steel these places only occur sarely. which has an
important effect on the measured reduction of area. which re-
mauns very high. even atter 3 hours of charging.
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Figure 3: (F+P) steel. after charging. with a characternistic spot and

inclusion in the maddle

Shika 3: (F=P) jeklo po poliarizacijl s Karahtersiicno pego i

vhljugkom v npent sredin

The mechanism of forming the pois, which have such faretu
consequences for the toughiess of steel and its resistanee to hy
drogen embrittiement, could be the following. The spots may o
cur in those cases when there is @ high enough local concentra

tion of absorbed hydrogen m the vicuty of 1e.g) an ovde

inclusion, which acts as & trap, Such i condition can be guickly

established in the case of cathodic polarization. where the fugac-
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ity of hydrogen s greal, or else possibly. over longer intervals. in

the case of corrosion processes. [n the case of cathodic polariza-

HON, e SPoLs Always oCcur in

a plane which is al nght-angles to
the axis of loading of the specimen (Fig. 6a): for this reason, it is
necessary that for their tormaton there is a stress in the maiernal

the zig-zag cracks observed in stepwise cracking occur without

the presence of 1

these stresses by means of a re-combination of

Figure 4: Magmbication of Fig, 3. The transgranubar mode of Tractures
can be seen i the vicity of the inclusion
Slika 4: SL 3 pri vecn

transkristalme oblika preloma

vecavi. ¥V bz vKhucka se pojavii

Figure 5:
(F + B) stee

Fhe transgranular nature of the fracture surduce of a spot in

with a charactensnic oxide mclusion in the meddle of
the spot

Slika 5: Tra

» harakterisndaim oksidim vhhuckom »

cvIiF+B) jeklu

njeni sreding

shristadmi nirava prelomne povesine pey

atomie hydrogen into molecular hydrogen according to Zapple's

pressure theory), Due to the sufficiently effective trap, with o

high imteraction energy with hydrogen. a critical concentration of

hvdrogen buiids up at the interface berween the trap and the lat
fiee. As i result, ar a certaim distance within the vicinity of the
spherordal inclusion., a sub-microscopic mitial crack (Fig. 6b) o
curs i the fatnice. growang in a direction at right-angles to the di
rection of loading of the matenal. Due to the presence of & con
stant stress in the material, o tn-axial state-of-stress oceurs i the
end of the mitial crack. resulting in numerous dislocations,

Fracture
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Figure 6: A schematic presentation of the mechanism which makes
possible the concentne growth of cracks around a central trap
finciuston)

Slika 6: Shematicen prikaz mehanizma, ki omogoda koncenindno rast
razpok okolt centralne paste (vkhucka)

:

Figure 7: (F+P) steel after cathodic polanzation with a fragmented

sulphide imnclusion and a cleavage fracture surface in its vicinity
Slika 7: (F+P) jeklo po katodm polarizaciji s fragmentivanim
sulbidnm vkhuckom in cepilno naravo prelomne povisine v npegovi

hliZin
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which. as is well-known, can act as sulliciently effective traps for
hydrogen. Thus. w the head of the mtial crack a new critical
quantity of atomic hvdrogen butlds up. which can act according
10 the pressure theory, or, even more probably. according 1o the
Froiano-Ortani decohesional mechanism. According to the latter.
atomic hydrogen reduces the binding force between atoms of

iron, causing the further growth of the crack. whose progress is

made possible through the constant diffusion of hydrogen at the

crack tip. where only dislocations are present. It i the latter
which. atter the establishment of the imtial crack. are the main
driving torce in the further development of the crack. Thus the
cveles of hydrogen accumulation and trans-crystallic sphiing

heep reg

aating themselves, which makes possible a roughly con-
centric growth of the crack around the inclusion, giving the

cleavage nature of fracture surface. During the tensile testing of

Figure 8: The nucrostructure of (F4P) steel, with charactenstic sirips

Stika 8: Mikrostruktura tF+9)

ekl s Karaktensucnm trakovi

such domaged matenal, the final fracture occurs along the pline

where the greatest decohesion 1s present due 1o the presence ol

the greatest number of spots (Fig. 6a).

In the case of (F + Py steel, apart from concentric growth of
spols due to the presence of oxide inclusions, growth in the shape
of an ellipse was also observed (Fig. 2). The same mechanism
can be applied for this mode of spol. The deviation from a more
or less perfectly circular shape can be ascribed 1o the presence ol
sulphide inclusions (MnS). which are spread out along the &
rection of rolling (sulphide inclusions represent very effective ir
reversible traps - Fig. 7. with an energy of interaction between
The deviation
could also, even more likely. be ascribed to the striplike mi

them and hydrogen of approximately (L98 eV

crostructure (Fig. 8), which is typical for steels alloved with
1 1 AR % of Mn). The ellipsoidal

shape of the spots could also occur along strips with an mcreased

manganese (F + P steel conta

quantity of segregated manganese, which tends to catalyse the
formation of bainitic or even martensitic nests, It is probable that
such nests in the ferrite-pearlite microstructure may represent
traps, around which, taking mto account the same hypothesis
otherwise round spots are formed. but with their coalescence just

one oblong elliptical shape occurs (Fig. 9).
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Figure 9: Spots in the shape of i
Slika 9: Pege v obliki clipse v (F4P jeklu

2. Conclusions

intiuence of dil

The mvestigations clearly show the

ferent oxide or sulphide inclusions on h

1 uptaken m m

croalloyed structural steels with fermite-bainite or ferrite-pearlite

microstructure, Tests performed electrochemically by cathodic

polarization have shown that ferrite-bainite microstructure has a

high resistance to hydrogen embnittlement. despite of moderat

guantity of oxide particles. On the contrary ferrite-p ite mi

crostructure showed a high degree of susceptibility, This lower

g of susceptibility could be attributed 10 varous oxide. sul

phide and vanadiom carbide particles, hable 10 occur guasi
cleavage fractures

In the vicimity of oxide or sulphide inclusions acting as traps
for hvdrogen, characterisnic brittle spots took place. which in the

are considerably

case of the less resistant fermite-pearhite s
ous. The final fracture of the
|

ICCO

more pronounced and more nume
prestressed steel occurs along the plane where the greatest
imber of

hezion is present due to the presence of the greatest
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