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Faktor mejne intenzitete napetosti pri pocasnem natezanju
navodicenega jekla z visoko trdnostjo

Threshold Stress Intensity Factor at Slow-Strain-Rate Tension of
High-Strength Hydrogen-Charged Steel

B. Ule', F. Vodopivec', L. Vehovar' and L. Kosec?

Konstrukcijska jekla z visoko trdnostjo in visoko na-
petostjo tecenja se vedno bolj uporabljajo celo za izde-
lave manj zahtevnih strojnih delov. Zaradi razmeroma
nizke Zilavosti tovrstnih jekel in siabo izraZenega preho-
da v krhko stanje postajajo toliko pomembnejse njihove
lomne znacilnost.

Na izgubo lomne duktilnosti mocno vpliva zlasti vo-
dik v jeklu, ¢eprav pri tem ne uéinkuje bistveno na nape-
tost tecenja. Poslabsanje lomne duktilnosti pa je izrazito
le pri po¢asnem natezanju navodicenega jekla, medtem
ko ga pri konvencionainem nateznem preizkusu skoraj
ne zaznamo. Male koncentracije vodika v jeklu z visoko
trdnostjo torej ne vplivajo na lomno Zilavost takénega je-
kla, pec¢ pa imajo za posledico pojavijanje faktorja mejh-
ne intenzitete napetosti.

1. UVOD

Ena od znanih oblik porusitve jekel z visoko trdnost-
jo je tako imenovani zapozneli lom stati¢no obremenje-
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Slika 1:

Tipi€en zapis pojava zapoznelega loma na nateznem preizku-
ancu 2 zarezo, obremenjenem s konstantno obremenitvijo. Za-
Pis velja za vodieno jeklo, vrisana pa je tudi trdnost ob zarezi
2a jeklo brez vodika (preizkusano na zraku) /lit. (1)/.
: Fig. 1:
Typical celayed-failure phenomenon for hydrogen-charged
notched tensile specimens at constant load.
The notch tensile strength of uncharged steel (measured in air)
is also shown (Ref. 1)

The use of structural steels with high-tensile and
high-yield strength is increasing even in the manufacture
of less demanding machine parts. Because of their rela-
tively low toughness and poorly expressed transition in-
to brittle state, their fracture properties are of major im-
portance.

The decrease in fracture ductility is in particular
strongly influenced by hydrogen content in steel, al-
though hydrogen does not essentially affect its yield
strength. However, the deterioration of fracture ductility
is distinctive only at slow-strainrate tension of hydrogen-
charged steel, whereas it practically cannot be detected
in a conventional tensile test. Consequently, the low
concentration of hydrogen in high-strength steel does
not influence its fracture toughness, but results in the
appearance of a threshold stress intensity factor.

1. INTRODUCTION

Delayed fracture caused by stress-induced hydrogen
segregation is one of the known types of fracture of
high-strength steel. This problem is characterised by the
nucleation of a microcrack, which then grows until it
achieves a critical size, resulting in an abrupt fracture
(Fig. 1). The incubation period, as well as the delayed
time to failure occurrence, are prolonged with the de-
crease in load until, at a sufficiently low load, the delayed
failure does not occur. Therefore, we can speak of
threshold of applied stress or threshold stress intensity
factor K., which can be considerably lower than the cri-
tical stress intensity factor or fracture toughness K- of
steel. In the case of hydrogen embrittlement the thresh-
old stress intensity factor is likewise denoted as K.

The threshold stress intensity factor is inversely pro-
portional to the hydrogen concentration in steel, which
leads to the idea that the mutual effect of hydrogen and
applied stress provokes the nucleation of microcracks.
It was also found that the incubation period strongly de-
pends on the hydrogen concentration in steel, while the
effect of the applied stress magnitude is coniderably
lower.

Since the effect of hydrogen on the mechanical pro-
perties of high-strength steel is manifested by the de-
creased fracture ductility at slow-strain-rate tension and
since such decrease depends on crack nucleation as
well as on crack propagation, it is therefore logical that a
slow-strain-rate tension test will by all means prove to
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nega jekla, ki je posledica napetostno induciranega se-
gregiranja vodika v jeklu. Pri tem pojavu pride najprej do
iniciiranja prve mikrorazpoke, ki nato pocasi raste, vse
dokler ne doseze kriticne velikosti, kar povzroéi hipno
porusitev (sl. 1)". Inkubacijski ¢as kot tudi cas do loma
se podaljsujeta z znizevanjem statiéno delujoce obreme-
nitve, vse dokler pri neki dovolj nizki obremenitvi zapoz-
neli lom izostane. Govorimo torej lahko o pragu delujoce
napetosti oziroma o faktorju mejne intenzitete napetosti
K, (threshold stress intensity factor), ki je lahko tudi ob-
&utno nizji od faktorja kriticne intenzitete napetosti, to je
od lomne Zilavosti jekla K,.. V razmerah vodikove krhko-
sti oznacimo faktor mejne intenzitete napetosti tudi kot
K-

Z znizanjem koncentracije vodika v jeklu se faktor
mejne intenzitete napetosti zvisuje, kar napeljuje na mi-
sel, da je porajanje mikrorazpok posledica vzajemnega
uéinkovanja vodika in delujoce napetosti. Ugotovili so tu-
di°, da je inkubacijski ¢as zelo odvisen od koncentracije
vodika v jeklu, le malo pa od velikosti delujoCe napetosti.

Ker se ucinek vodika na mehanske lastnosti visoko-
trdnega jekla manifestira z izgubo lomne duktiinosti pri
po&asnem natezanju in ker je lomna duktilnost jekla od-
visna tako od porajanja kot tudi napredovanja razpok, je
logi¢no, da bo pocasni natezni preizkus vsekakor pri-
mernejsi za ugotavljanje vpliva vodika na lastnosti jekla
kot pa konvencionalni natezni preiskus. Ce je hitrost de-
formacije pri natezanju tako velika, da pride do loma v
éasu, ki je krajsi od inkubacijskega ¢asa, u€inek vodika
na lastnosti jekla ne bo zaznaven.

Poleg statiénih preizkusov s konstantno obremenitvi-
jo (static delayed failure test) se za doloCevanje obcutlji-
vosti jekla za lom, induciran z vodikom, $e najve¢ upora-
blja natezni preizkus s cilindri¢nimi preizkusanci z zare-
zo po obodu. O tem pri¢a opis Pollockove metode v
reviji Metals Progress®, Pollock doloca obcutljivost jekla
za lom, induciran z vodikom, z merjenjem sile loma cilin-
driénih preizkusancev z zarezo po obodu pri hitrosti na-
teznaja 2 x 10 mm s~'. Trdnost zarezanega preizkusan-
ca je namre¢ v tak3nih primerih manjsa od trdnosti glad-
kega, kar neposredno odseva izgubo duktilnosti zaradi
ucinkovanja vodika.

V strokovni literaturi je opisanih Se vec¢ razliénih naci-
nov kvalitativnega dolocevanja ob&utljivosti jekla za lom,
induciran z vodikom, ki pa vsi temeljijo v glavhem na
enostavnem merjensju stopnje poslabsanja kontrakcije
pri natezanju jekla®".

Ker dolo¢evanje faktorja mejne intenzitete napetosti
K. le na osnovi rezultatov nateznega preizkusa v litera-
turi Se ni ustrezno obdelano, smo raziskali resitev tega
problema. Izkoristili smo merljivo poslabsanje lomne
duktilnosti jekla pri poéasnem natezanju kot nadomest-
ku za dolgotrajni staticni natezni preizkus pri konstantni
obremenitvi. Ob tem smo upos$tevali hipotezo, po kateri
poslabsanje lomne duktilnosti pri po¢asnem natezanju
dejansko potrjuje obstoj faktorja mejne intenzitete nape-
tosti, e se lomna Zilavost takSnega jekla - merjena pri
obicajnih hitrostih natezanja - le malo ali pa sploh ne
spremeni.

Razvoj in teoreticna utemeljitev te metode omogoca-
ta dolocanje faktorja mejne intenzitete napetosti kar na
osnovi rezultatov nateznega preizkusa, s tem pa je dolo-
éevanje obdutljivosti jekla za lom, induciran z vodikom,
bistvenc bolj objektivno, kot je pri sedaj uporabljanih
metodah

2. TEORETICNI DEL

Vodik je v Zelezu v atomarni obliki bodisi na intersti-
cijskih mreznih mestih bodisi vezan v vecji ali manjsi me-

be more convenient in determining the influence of hy-
drogen on steel properties than a conventional tension
test. If the deformation rate at tension is so iarge that
failure occurs in a period shorter than the incubation
one, the influence of hydrogen on the properties of steel
will not be cognizable.

Besides static test at constant load (static delayed
failure test), the tension test on cylindrical specimens
with a circumferential notch is more frequently used for
the determination of hydrogen induced fracture of steel
This is evident in the description of Pollock s method in
Metals Progress”. Pollock determines the sensitivity of
steel to hydrogen-induced fracture by measuring the
fracture load at a crosshead speed of 2x 10~ mm s’
using cylindrical notched tensile specimens. In this case
the strength of notched specimens is lower than that of
smooth specimens, which directly reflects the decrease
of ductility due to the effect of hydrogen.

Many more methods for qualitative determination of
hydrogen induced fracture of steel have been described
in professional literature. However. all of these are main-
fy based on the measurement of the decrease of reduc-
tion of area at tension test of steel® °. Since the determi-
nation of threshold stress intensity factor Ky, only on the
basis of the results of a tensile test has not been ade-
quately treated in literature, our attempts were aimed at
finding a solution to this problem.

Instead of a long-term static test at constant load,
we used the slow-strain-rate tension test for determin-
ing the measurable decrease in fracture ductility of
steel. We followed the hypothesis that the decrease in
fracture ductility at slow-strain-rate tension test actually
confirms the existence of a threshold stress intensity
factor if the fracture toughness of such steel - measured
at conventional strain rate - changes only slightly or
doesn’t change at all.

The development and theoretical justification of this
method prove its usefulness in determining the thresh-
old stress intensity factor on the basis of results at-
tained in a tensile test. In this way, the determination of
steel sensitivity to hydrogeninduced fracture is essen-
tially more objective than in currently used methods.

2. THEORY

Hydrogen is present in iron either at interstitial sites
at the lattice or bound as trapped hydrogen to different
discontinuities of the cristall lattice - “traps” - and thus
referred to as trapped hydrogen. Some hydrogen in mo-
fecular form is always found in the microvoids as weil.
The partial molal volume of hydrogen in iron as well as in
most other metals is surprisingly high (appr. 2 cm®*/mol
of hydrogen or 0,33 nm°/atom)®®. This resuits in a
strong interaction between hydrogen intersticials in the
cristal lattice and elastic-stress fields of the loaded me-
tal lattice.

A thermodynamic analysis of this process, based on
the assumption that hydrogen is a completely mobile
component, was performed by Li, Oriani and Darken®,
who found the following relation:

u — uo= o, E;av (1)

The distortion field around the hydrogen atom is de-
scribed by the deformation tensor E,; p, is the stress
tensor which determines the stress state originating
from external loads acting on cristal lattice. u, is the
chemical potential of hydrogen in the absence of exter-
nal stress, while u represents the chemical potential of
hydrogen under external stress. The difference between
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ri na razliéne diskontinuitete kristalne mreze, ki jih ime-
nujemo s skupnim imenom pasti in od tod v pasteh ujeti
vodik (trapped hydrogen). Nekaj vodika je v Zelezu ved-
no tudi v porah v molekularni obliki. Parcialni molski vo-
lumen vodika v zelezu in veéini drugih kovin je presenet-
livo velik (pribliZno 2cm®/mol vodika, oziroma
0,33 nm*/atom)®®. Posledica tega je mocna interakcija
med vodikovimi intersticijami v kristalni mrezi ter polji
elastiénih napetosti v obremenjeni kristalni mrezi kovin.

Li, Oriani in Darken®, so s termodinami¢no analizo te-
ga problema, pri ¢emer so vodik v Zelezu obravnavali kot
povsem mobilno komponento, prisli do izraza:

u—uy=o, Edv (1)

Deformacijski tenzor E, opisuje deformacijsko polje
okrog intersticijskega atoma vodika, puo, je napetostni
tenzor, ki opredeljuje napetostno stanje, izvirajoc¢e od
zunanje mehanske obremenitve kristalne mreze. Z y, je
v zgornjem izrazu (1) oznac¢en kemijski potencial vodika
v neobremenjeni kristalni mrezi kovine, u pa je kemijski
potencial vodika v mehansko obremenjeni mreZi kovine.
Razlika potencialov je zato enaka delu, ki je potrebno za
vgnezdenje intersticijskega vodika v polje delujocih na-
petosti,

Gradient napetosti torej povzroci gradient kemijske-
ga potenciala vodika, le-ta pa predstavija gonilno silo za
difuzijo intersticijsko raztopljenega vodika. Rezultat tega
je segregiranje vodika v neenakomernem polju napeto-
sti: vodik se zaradi reverzibilne dilatacije kristalne mreze
s pripadajo¢o pozitivho spremembo volumna, ki sprem-
lla vgnezdenje vodikovih intersticij, koncentrira v po-
dro¢jih previadujocih nateznih napetosti, medtem ko se
podrogja s previadujo&imi tlaénimi napetostmi z vodikom
osiromasijo. Prerazporejanje vodika v obremenjeni kri-
stalni mreZi poteka tolike Casa, dokler ni dosezena v
vseh toékah mreZe ravtezna koncentracija vodika, dolo-
¢ena z izrazom:

[H] = (H], exp ";:—J—Ti" 2)

pri ¢emer je [H], koncentracija enakomerno porazdelje-
nega vodika v neobremenjeni kristalni mreZi.

Ce upostevamo le volumsko spremembo v okolici
vrinjenih vodikovih atomov, lahko izraz (2) zapiSemo v
obliki: i

o Vi
[H]=[Hlo exp =5 (3)
kjer je z o,, oznaena hidrostatiéna komponenta nape-
tostnega tenzorja (o, = 1/3 (o, + o, +a;), V, pa je parci-
alni molski volumen vodika v Zelezu.

Z enacbo (3) je mogoce izracunati koncentracijo vo-
dika v lokaliziranem podro¢ju, na primer v zozenem vratu
nateznega preiskusanca, kjer deluje hidrostaticna nape-
tost a,,,. Ko koncentracija vodika [H] na tem mestu dose-
ze kritiéno vrednost [H].., ko je torej K,=Ky,, moramo
racunati z iniciiranjem mikrorazpok in zapoznelim lomom
jekla. Problem je analiticno resil Gerberich', ki je za fak-
tor mejne intenzitete napetosti izpeljal izraz:

Knu=aL in e gy, — T @)
aVy 2a

pri tem ima « eksperimentaino ugotovijeno vrednost
2/5mm'Z,

Odvisnost (4) je eksperimentalno dobro potrjena,
vendar pa pri napetostih teenja, ki so niZje od
1200 MPa, pogosto prihaja do neujemanja med enacbo
(4) in rezultati eksperimentov. To neujemanje lahko delo-
ma razlozimo z odvisnostjo razmerja [H]./[H], od nape-
tosti tecenja jekla. Farrell and Quarrell* sta namre¢ ugo-

the potentials is the work needed to place the hydrogen
into the active stress field.

The gradient of chemical potential of hydrogen is
therefore caused by the stress gradient and represents
the driving force for the diffusion of interstitially dis-
solved hydrogen, resulting in hydrogen segregation in
non-uniform stress field. Hydrogen concentrates in the
areas of predominantly tensile stresses due to the rever-
sible dilatations of the cristal lattice with the correspond-
ing volume changes accompanied by the insertion of hy-
drogen interstitials, while the compressively strained re-
gions become impoverished with hydrogen. The redis-
tribution of hydrogen in the strained cristal iattice takes
place until an equilibrium concentration of hydrogen is
achieved in all points of the cristal lattice. This is
expressed by:

[H]=[H], exp‘i,—ﬁar—"l’

where [H], is the concentration of hydrogen, uniformly
distributed within the unstrained cristal lattice.

If only the volume change around the inserted hy-
drogen atoms is considered, the equation (2) may be ex-
pressed as:

2

[H]= [H], exp ""”T‘;V“ (3)

where om is the hydrostatic component of stress tensor
.= 1/3 (o,+ 6,4+ 0.) and V,, is the partial molal volume
of hydrogen in iron.

Equation (3) may be used to calculate the concentra-
tion of hydrogen in a localised area, as for example in
the narrowed neck of tensile specimens with hydrostatic
stress o,

Microcracks nucleation and delayed fracture of steel
can be expected when the hydrogen concentration [H]
in this region achieves the critical value [H].,, i.e. when
K= Ky This problem was solved analytically by Gerber-
ich'®, who expressed the threshold stress intensity fac-
tor in the form of:

RT  [Hl. o
Ky=—s In"=5 ——22 4
"“aVy [H, 2a “
where factor a reaches the experimentally determined
value of 2/5 mm~'~.

The relation (4) is experimentally well confirmed, al-
though some discrepancies can often be observed be-
tween Eq. (4) and the experimental results at yield
strength below 1200 MPa. These discrepancies can be
partly explained by the dependance of the [H]. /[H], ra-
tio on the yield point. Namely Farrell and Quarrell* ascer-
tained that larger concentrations of hydrogen are
needed to produce embrittlement in steel with lower
yield strength, which they expressed with the reiation
[H]..0 1/0,,.

Kim and Loginow11 proved that the content of solu-
ble hydrogen in steel was proportional to the yield
strength, thus [H],0 a,.. If both statements are taken in-
to account this can be written as:

M B
T i

where [ is a constant for specific types of steel with de-
termined hydrogen concentration.

By substituting (5) for (4), we arrive at the well-
known Gerberich equation for threshold stress intensity
factor in its final form:

RYT, B o
Kyy=—=in ——
& aV, o, 2« ()
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tovila, da so ze doseganje krhkosti v jeklih z niZjo nape-
tostjo tecenja potrebne visje koncentracije vodika, kar
sta zapisala kot [H]., e 1/a,,. Kim and Loginow'' pa sta
dokazala, da se v jeklih z v:s]o napetostjo teéenja topi
ve¢ vodika, torej [H],=0,,. Z upostevanjem obeh nave-
denih ugotovitev lahko zapisemo:

M. B )
lHlO pvs
pri cemer je f} konstanta za posamicno vrsto jekla in za
doloceno vsebnost vodika v njem.
Ko substituiramo (5) v (4), dobimo znano Gerberic-
hovo enacbo za faktor mejne intenzitete napetosti v nje-
ni konéni obliki:

Krym DL i B Oe (6)
aV, o, 2a
Ker vodik v jeklu e najbolj vpliva na lomno duktilnost
jekla pri po¢asnem natezanju, je za nadaljnjo teoreticno
analizo smiselno poiskati soodvisnost med lomno Zila-
vostjo K- in parametri nateznega preizkusa. Taksno so-
odvisnost poznamo pod imenom Hahn-Rosenfieldova
korelacija’ ", ki ima naslednjo obliko:

005E, n‘Eo,
K)C - 3 (MPa m‘ 2) (7'

Pri tem je E. lomna duktilnost, ki jo izraunamo iz
znane kontrakcije jekla Z po formuli:

=In[1/(1—2)] (8)

medtem, ko eksponent deformacijskega utrjevanja n iz-
ratunamo iz enakomernega raztezka e, po formuli:

n=In(1+e) (9)

Ker pri obi¢ajnih hitrostih obremenjevanja, kakréne
uporabljamo pri merjenju faktorja kriti€ne intenzitete na-
petosti K., ne zaznamo opaznejSega poslabsanja duktil-
nosti jekla, ki bi ga sicer lahko pripisali vplivu majhnih
koncentracij vodika v jeklu (okoli 1 ppm)* ™, se zdi ute-
meljena hipoteza. da poslabsanje lomne duktilnosti jekla
pri poasnem natezanju dejansko odraza eksistenco
faktorja mejne intenzitete napetosti K-,..

V skladu s to hipotezo bi lahko Hahn-Rosenfieldovo
korelacijo (7) uporabili kar za izracunavanje faktorja Ky,
potem ko bi v enacbo (7) vstavili vrednosti, izmerjene pri
pocasnem natezanju. Ker pa je poznana tudi teoretiéno
izpeljana Gerberichova enacba za K, (6), v kateri je ne-
znana le vrednost f, je mogoce po izenacenju enacb (6)
in (7) vrednost B izraziti eksplicitno:

B av..”/oosl-:.n Eo P
f=0,,ex ]y 2“

Vizrazu (10) so veljavne vrednosti za o, E, ter n, kot
Ze reteno, izmerjene pri poéasnem nateznem preizkusu.

Verificiranje postavlijene hipoteze se bo torej reduci-
ralo na ugotavljanje konstantnosti veli¢ine . ki mora biti
neodvisna od napetosti tec¢enja jekla o, Konstantna
vrednost [} pomeni, da je postavljena hipoteza pravilna in
da s podatki po¢asnega nateznega preizkusa lahko izra-
¢unamo Ky, kar z enacbo (7).

3. EKSPERIMENTALNI DEL

Za eksperimentalno delo smo izbrali jeklo €.4751 2z
naslednjo kemijsko sestavo: 0,38% C, 0,99% Si, 0,38%
Mn, 0,012% P, 0,010% S, 5,19% Cr, 1,17% Mo ter 0,23%
V. Po homogenizacijskem Zarjenju in normalizaciji smo
iz kovanih palic s premerom 16 mm za natezni preizkus

Since hydrogen in steel mostly affects the fracture
ductility at slow-strain-rate tension, it would therefore
seem adequate for further analysis to determine the re-
lation between fracture toughness K- and the parame-
ters of tensile test. Such a relation, known as the Hahn-
Rosenfield correlation’ ", is given by:

005 EmEa,

K= 3 (MPam'?) {7)
where E, is the fracture ductility, calculated from the ac-
tual reduction of area Z using the equation:

=In[1/(1 — 2)] (8)

whereas the strain hardening exponent n can be calcu-
lated from the uniform elongation e, using the equation:

n=In(1+e,) (9)

Since the evident worsening of fracture ductility,
which may be attributed to the small amounts of hydrog-
en in steel (appr. 1 ppm), cannot be detected* ' by con-
ventional strain-rate used in measurements of critical
stress intensity factor K-, it therefore seems that the hy-
pothesis according to which the decreased fracture
ductility at slow-strain-rate tension reflects the exis-
tence of threshold stress intensity factor is justified.

In accordance with this hypothesis, the Hahn-Rosen-
field correlation (7) could be used for the calculation of
Ky, after the values measured at slow-strain-rate have
been inserted into equation (7). Since Gerberich s theor-
etically developed equation for K. (6] is also known (f}
being the only unknown value). it is therefore possible to
express the value of fi explicitly after the balance of Eq.
(6) and (7).

(10)

0,05 E, n“ Eo,
= o,.exp"v l _"—"}+-c—’l1

2ua

As already ment/oned. the relevant values of o,,, E,
and n in Eq. (10) are measured in a slow-strain-rate ten-
sion test.

The verification of the postulated hypothesis will thus
be reduced to the measurement of constancy of the [i
value, which has to be independent of the yield stress
o,. of steel. The constant [} value means that the hypo-
thesis is correct and that K., can be calculated using the
Eq. (7) on the basis of slow-strain-rate tensile test data.

3. EXPERIMENTAL

Steel C.4751 containing (wt-%) 0.38% C. 0,99% S,
0,38% Mn, 0,012% P, 0.010% S, 5.19% Cr, 1.17% Mo and
0.23% V has been chosen for experimental work. Cylin-
drical tensile specimens with a diameter of 10 mm,
gauge length of 100 mm and total length of 250 mm
were machined from the forged rod after it had been
homoneously annealed and normalized. Specimens
were thermally treated in a vacuum annealing furnace
They were austenitised at 980°C for a short period,
quenched in a flow of gaseous nitrogen and then tem-
pered at temperatures of 620°C, 640°C and 670°C re-
spectively. Thus. three separate and distinct classes of
yield strength - 1220 MPa, 1020 MPa and 900 MPa re-
spectively were achieved.

The cathodic charging of thermally treated tensile
specimens was carried out for 1 hour in 1 N sulfuric acid
al a current density of 0.3 mA/cm?. The experimental
set-up for cathodic polarisation of tensile specimens. as
shown in Fig. 2. is composed of a potentiostat and cor-
rosion cell with electrodes.
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izdelali 250 mm dolge cilindriéne preiskusance s preme-
rom 10 mm in dolZino 100 mm. Preiskusance smo toplot-
no obdelali v vakuumski Zarilni peéi, tako da smo jih po
kratkotrajni austenitizaciji pri 980°C kalili v toku plinaste-
ga dusika, nato pa popuséali pri temperaturah 620°C,
640°C oziroma 670°C. Na ta nacin smo dobili tri loéene
in dobro definirane trdnostne razrede z napetostjo teée-
nja 1220 MPa, 1020 MPa oziroma 900 MPa.

Toplotno obdelane preiskusance za natezni preizkus
smo navodicili z enournim katodnim polariziranjemv 1 N
raztopini zveplene kisline pri gostoti toka 0,3 mA/cm?.
Eksperimentalni sklop s katodnim polariziranjem preiz-
kusancev, sestavljen iz potenciostata in korozijske celi-
ce z elektrodami, je prikazan na sliki 2.

Natezne preizkuse smo opravili na nateznem trgal-
nem stroju INSTRON, potem ko smo natezne preizku-
Sance po koncéanem navodienju 24 ur zadrzevali na zra-
ku, da so se koncentracije vodika v jeklu priblizale resi-
dualnim vrednostim (priblizno 0,7 ppm), ki se nato éaso-
vno skoraj niso veé spreminjale.

Za hitrost natezanja smo izbrali tako hitrost 1 mm/
min, znacilno za obiéajni natezni preizkus, kot tudi hi-
trost 0,1 mm/min, znacilno za poéasno natezanje. Merili
smo napetost tecenja o,, (MPa), natezno trdnost o
(MPa), maksimalni enakomerni raztezek e, ( x 100%) ter
kontrakcijo jekla Z ( x 100%).

Lomno duktilnost E, in eksponent deformacijskega
utrjevanja n smo izracunali z enacbama (8) in (9).

Mikrofraktografske preiskave prelomnih povrsin vo-
di€enih in pri hitrosti natezanja 0,1 mm/min obremenje-
vanih nateznih preizkusancev smo opravili s scanning
elektronskim mikroskopom JEOL JSM-35 (SEM).

4. REZULTATI

Izmerjene mehanske lastnosti navodi¢enega jekla
kot tudi jekla brez vodika (pod 0,05 ppm) so zbrane v ta-
beli 1. V tej tabeli so zbrane 3e lomne Zilavosti K. jekla,
izracunane s Hahn-Rosenfieldovo korelacijo (7) na osno-
vi rezultatov obi¢ajnih nateznih preizkusov pri hitrosti na-
tezanja 1 mm/min ter nadalje Se faktorji mejne intenzite-
te napetosti K, vodi¢enega jekla, izracunani z isto enaé-
bo (7), vendar na osnovi rezultatov pocasnega natezanja
pri hitrosti 0,1 mm/min.

Slika 2:
Eksperimentalni sklop za vodiéenje nateznih preiskusancev s
katodnim polariziranjem.
(P-potenciostat, D-natezni preizkusanec, G-grafitni protielek-
trodi, K-kalomelova elektroda in R-rotometer)
Fig. 2:

Experimental set-up for hydrogen charging of tensile speci-
mens with cathodic polarisation.
(P-potenciostat, D-tensile specimen, G-graphite electrodes, K-
kalomel electrode. R-rotameter)

The tension tests were made on an INSTRON testing
machine, after hydrogen charging of specimens was
completed and the specimens exposed to air for 24
hours. This enabled the concentrations of hydrogen in
steel to approach the residual values (appr. 0.7 ppm),
which remained nearly time-independent.

The tension tests were performed at conventional
strain rate i.e. at a crosshead speed of 1 mm/min as well
as at lower-strain-rate i.e. at a crosshead speed of
0.1 mm/min. The yield strength o,. (MPa), tensile
strength o, (MPa), max. uniform elongation e, (x100%)
and the reduction of area Z (x100%) were measured. The
fracture ductility £, and the strain hardening exponent n
were calculated using equations (8) and (9) respectively.

The fracture surfaces of tensile specimens tested at
a crosshead speed of 0.1 mm/min were examined in the
scanning electron microscope JEOL JSM-35 (SEM).

Tabela 1: Mehanske lastnosti jekla brez vodika in istega jekla po navodicenju
Table 1: Mechanical properties of uncharged and hydrogen-charged steel

Lomna Faktor mejne Konstanta
i : t. Constant
Hitrost natezanja 1 min/min ;_.'Lac\g?; Hitrost natezanja 0,1 mm/min T'::::hgfge
Crosshead speed 1 mm/min toughness Crosshead speed 0,1 mm/min hae B
inten. factor
Napetost Enakomerni  Kontrakcija Napetost Enakomerni  Kontrakcija
tecenja raztezek K- tecenja raztezek ‘ Ky /En (10)/
Yield Uniform Reduction Yield Uniform Reduction /Eq. (10)/
strength elongation of area strength elongation of area
a,.(MPa) e, x 100% Zx100% MPa. m'? a,.(MPa) e, x 100% Z % 100% MPa-m'? MPa
Jeklo brez vedika, uncharged steel
524 87 52 1269 910 85 51
1010 74 513 1125 1027 6,5 50,3
1270 6.4 50 1075 1214 6.2 50,3
Navadiceno jekle, hydrogen charged steel
885 84 50,3 172 B99 8,1 477 1098 4005
1082 7.2 493 1101 1078 6.5 427 901 4223
1209 6.1 473 96.3 1226 6,0 273 674 4037
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V tabeli 1 so prikazane tudi vrednosti za konstanto [j,
izracunane s pomocjo enacbe (10) na osnovi rezultatov
pocasnega natezanja.

100

80

60

Sila (kN)

Lo

20}

l;llllLLLL‘ll
6 7 8 3§ 10N

Raztezek %l- 100 (')

A | B—1
12 13 % 15

Slika 3:

Diagram sila-deformacija pri po¢asnem natezanju jekla trdnost-
nega razreda 1300 MPa; a) brez vodika (pod 0.05 ppm) in b) 24
ur po vodicenju (ca. 0.7 ppm vodika).

Fig. 3:

Load-deformation diagram oblained at slow-strain-rate tension
test of steel with yieid strength of 1300 MPa.

(a) without hydrogen (less than 0.05 ppm) and (b} 24 hours af-
ter hydrogen charging (appr. 0.7 ppm hydrogen)

V diagramu sila-deformacija na sliki 3 je prikazana
odvisnost med silo in raztezkom pri pocasnem nateza-
nju jekla s trdnostjo ca. 1300 MPa. Odvisnost, oznacena
z a), velja za jeklo brez vodika (pod 0,05 ppm). 2z nape-
tostjo te€enja 1070 MPa, trdnostjo 1286 MPa, enako-
mernim raztezkom e, = 6% in kontrakcijo Z=49%, med-
tem ko velja odvisnost, oznacena z b), za jeklo istega
trdnostnega razreda, ki pa je bile natezano 24 ur po vo-
di¢enju (ca. 0.7 ppm vodika). V tem primeru smo nameri-
li napetost te€enja 1090 MPa, trdnost 1284 MPa, enako-
merni raztezek e, =5,6% ter kontrakcijo Z = 39%.

Mikrofraktografske preiskave prelomnih povrsin na-
vodicenih nateznih preizkusancev kazejo. da z vodikom
inducirani lom pri pofasnem natezanju taksnih preizku-
Sancev ne ostane povsem duktilnega tipa, celo pri preiz-
kusancih z relativno nizko napetostjo teéenja ne (sli-
ka 4). Pri vi§)i napetosti tecenja so prelomne povrsine
navodic¢enega ter pocasi natezanega jekla mesane nara-
ve; poleg kvazicepilnih ploskev najdemo na prelomnih
povrsinah tudi jamicasta duktilna podrocja ter Stevilne
grebene, nastale s trganjem (slika 5)

5. RAZPRAVA

Analiza rezultatov mehanskih preizkusov (Tabela 1)
kaze, da je lomna Zilavost K., s katodnim polariziranjem
navodi¢enega jekla z visoko trdnostjo, le malo manjsa
od lomne Zilavosti enakega jekla brez vodika, kot o tem
tudi sicer lahko sklepamo iz diagrama na sliki 1.

PocasnejSe natezanje pri jeklu brez vodika ne pov-
zroci kaksnih opaznejsih sprememb, medtem ko se pri

{ &
Slika 4:
Jamiéasta duktilna prelomna povriina s posameznimi kvazice-

pilnimi detajh {B) pri voditenem in potasi natezanem jeklu z
napetostjo te¢enja ca, 900 MPa

Dimpled ductile fracture area with some quasicleavage details
(B) in hydrogen-charged and siow-strain-rate tested steel with
yield strength of 300 MPa.

Slika 5:
Mesana oblika preloma vodi¢enega jekla z napetostjo tecenja
ca. 1070 MPa
Poleg cepilnih oziroma kvazicepilnih ploskev (B) |e na prelomni
povréini moc zaslediti tudi jamicasta duktiina podrocja ter $te-
vilne grebene, nastale s trganjem.

Fig. 5:
Mixed fracture mode on hygrogen-charged steel with yieid
strength of 1070 MPa
Besides cleavage and quasicleavage facets (B), dimpled ductile
areas and many tear ridges can also be observed
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navodi¢enem jeklu moéno poslabsa lomna duktilnost, t.j.
kontrakcija jekla, ne pa tudi enakomerni raztezek, trd-
nost in napetost tedenja taksnega jekla. Poslabdanje
lomne duktilnosti navodicenega jekla pri po¢asnem na-
tezanju dejansko kaze na obstoj faktorja mejne intenzi-
tete napetosti Ky (K.). S Hahn-Rosenfieldove korelaci-
jo (7) izraéunane vrednosti K, dajejo namreé, po substi-
tuciji v Gerberichovo enaébo (6), za konstanto [} vred-
nost priblizno 4100 MPa. Ta vrednost je neodvisna od
napetosti teenja jekla in zato v okviru eksperimentalne
natanénosti merjenja res konstantna koli¢ina, skladno z
Gerberichovim modelom.

Eksperimenti so nadalje pokazali, da je bila upora-
bliena hitrost natezanja 0,1 mm/min Ze dovolj majhna, da
smo lahko iz poslabsanja lomne duktilnosti navediéene-
ga jekla izracunali take vrednosti faktorja mejne intenzi-
tete napetosti K., za katere je [} konstanta.

Ce upostevamo, da velikost plastiéne cone v trenut-
ku loma navodi¢enega preizkusanca dosega velikost pri-
blizno polovice vratu preiskusanca (l=3 mm), dobimo za
E.. upostevaje hitrost natezanja v=16x10"mm s
(0,1 mm/min), vrednost E.=v/I=53x 10~ s7".

V strokovni literaturi™ navajajo za nerjavna jekla ne-
koliko visje vrednosti E_. priblizno 10"’ s~'. Raziskave Na-
kana in sodelavcev'®, opravljene s po&asnim natezanjem
vodi¢enega jekla z napetostjo te¢enja 500 MPa, pa kaze-
jo, da se pri zadostni koncentraciji vodika v jeklu kon-
trakcija jekla asimptotiéno pribliza neki zniZzani vrednosti
Ze pri kriticni hitrosti deformacije E, = 10 s, to pa je 2e
velikostni red nasih izmerjenih vrednosti. Ta hitrost de-
formacije je namre¢ ze dovolj majhna, da Cottrellovi
oblaki vodikovih atomov lahko potujejo skupaj z disloka-
cijami globoko v plastiéno cono nateznih preizkusancev.

Diagram na sliki 3 potrjuje, da vodik ne vpliva bistve-
no na mobilnost dislokacij v zgodnjih fazah deformacij-
skega procesa pri natezanju, saj skoraj ne ucinkuje na
napetost te€enja, trdnost in enakomerni raztezek jekla,
pac pa le na kontrakcijo jekla. Vodik torej spreminja obli-
ko diagrama sila-deformacija Sele od pojavljanja plasti-
cne nestabilnosti dalje, kar se dobro ujema z navedbami
iz razliénih literaturnih virov'’-*. Po teh navedbah vodik
ne vpliva niti na zgodnje nukleiranje mikropor, niti na go-
stoto mikropor, ko se stopnja deformacije priblizuje lom-
ni deformaciji. O¢itno je zato vpliv vodika zaznaven Sele
v fazi rasti mikropor in/ali fazi njinovega zdruzevanja. Do
pospesene rasti in koalescence mikropor v tej fazi pa
lahko pride tudi z mehanizmom lo¢evanja prostih povr-
$in, na katerih je adsorbiran vodik™. Na sliki 6 je shemat-
sko prikazana rast in koalescenca mikropor vzdolz meje
dveh kristalnin zrn. Mehanizem koalescence mikropor z
lo€evanjem prostih povrsin, na katerih je adsorbiran vo-
dik, pricne delovati, ko se oblikuje troosno napetostno
stanje v zoZzenem delu nateznega preizkusanca. Posledi-
ca tega je Ze opisano "zgoscevanje” zadnje faze plasti-
cne deformacije pri poasnem natezanju navodi¢enega
jekla.

Mikrofraktografske preiskave samo $e ilustrirajo
pravkar opisani mehanizem loma. Pojasnjujejo namrec
lome jami¢aste duktilne vrste. pri katerih pa kaZejo ste-
ne in dna jamic posamiéne mikromorfoloske znacilnosti
cepilnega oziroma kvazicepilnega loma. Res smo tudi pri
nasih raziskavah vodic¢enega in poéasi natezanega jekla
visjega trdnostnega razreda opazili poleg duktilnih jami-
Castih podrocij 5e trganja (tearing). ki so sicer znadilna
za jekla z zadostno duktilnostjo in dovolj majhno nape-
tostje teCenja, da do porusitve lahko pride s plastiéno
deformacijo. Poleg detajlov tak$ne vrste pa smo opazili
na prelomnih povrdinah tudi podroéja kvazicepilne nara-
ve, ¢esto na samem obrobju veéjih in globjih, lijakasto

4. RESULTS

The mechanical properties of hydrogen-charged as
well as hydrogen uncharged steel {less than 0,05 ppm)
are presented in Table 1. The fracture toughness of
steel K., calculated according to the Hahn-Rosenfield
correlation (7) on the basis of conventional tension tests
made at a crosshead speed of 1 mm/min, as well as the
threshold stress intensity factor Ky, of cathodic charged
steel, also calculated using equation (7), but on the ba-
sis of results oblained at a crosshead speed of 0,1 mm/
min, are also shown in Table 1.

The values of constant [} are aiso given in Table 1.
These were calculated using equation (10), on the basis
of slow-strain-rate tensile test data.

The load-deformation diagram (Fig. 3) shows the re-
lation between load and elongation at slow-strain-rate
tension of steel with a tensile strength of appr.
1300 MPa. Curve a) denotes the uncharged steel (less
than 0,05 ppm hydrogen), having a yield strength of
1070 MPa, tensile strength of 1286 MPa, uniform elonga-
tion e,= 6% and reduction of area Z= 49%, whereas
Curve b) denotes hydrogen-charged steel (appr.
0.7 ppm hydrogen) of the same strength class, being
tested 24 hours after it had been charged. in this case
the yleld strength of 1090 MPa, tensile strength of
1284 MPa, uniform elongation e,= 5,6% and reduction of
area 2= 39% were measured.

The microfractographic examinations of fracture sur-
faces of hydrogen-charged specimens confirm that hy-
drogen-induced fracture at slow-strain-rate tension
does not remain predominantly ductile, even in speci-
mens with a relatively low yield strength (Fig. 4). The
fracture surfaces of hydrogen-charged steel with higher
yield strength, stretched at slow-strain-rate tension, are
of mixed mode. In addition to quasicleavage details,
ductile dimpled areas and numerous tear ridges have al-
so been observed (Fig. 5).

5. DISCUSSION

The analysis of mechanical testing data (Table 1)
shows that the fracture toughness K,- of hydrogen-
charged high-strength steel is only slightly lower than
that of the uncharged steel, which can also be con-
cluded from the diagram in Fig. 1.

The slow-strain-rate tension of uncharged steel does
not provoke any noticeable changes, whereas that of hy-
drogen-charged steel strongly decreases the fracture
ductility, i.e. the reduction of area, but does not affect
the uniform elongation, tensile strength and yield
strength of such steel. The deterioration of fracture duc-
tility of hydrogen-charged steel at slow-strain-rate ten-
sion indicates the existence of the threshold stress in-
tensity factor Ky (K.c). Namely, the K, - values, calcu-
lated with the Hahn-Rosenfield correlation (7) after be-
ing substituted into Gerberich's equation (6), give an
approximate value of 4100 MPa for the fi-constant. With-
in the experimental error of the measure- ments, the ob-
tained value is constant and, in accordance with Gerber-
ich’'s model, independent of the yieid strength of steel.

The experiments further showed that the applied
crosshead speed of 0,1 mm/min was sufficiently low to
enable the calculation of K+, - values from the decrease
in fracture ductility of hydrogen-charged steel, ie. the
calculation of K,, - values for which [ is a constant.

Considering that the size of the plastic zone of a hy-
drogen- charged specimen is approximately half of the
neck diameter (I=3mm) at fracture, the crosshead
speedis v=16x 10~ mm s ' (0,1 mm/min), then a value
of bE.= v/I=53x 10~ s’ is obtained.



B Ule ot al. Faktor mepne intenzitéle napelost

2EZB 2511991 4

Troosno napetostno stanje
zaradi pojavijanja vratu
o

t0 fo '0 f 'd
I o Jo jo jo
A B C D

Slika 6:

Shematski prikaz nastajanja por, njihove rasti in koalescence
vzdolz meja zrn, na katerih je adsorbiran vodik /lit. (26)/.
Fig. 6:

Schematic representation of microvoid formation, growth and
coalescence along grain boundaries where hydrogen is ad-
sorbed (Rel. 26).

oblikovanin jamic (slika 4, detajl B), pa tudi kot povsem
samostojna plitvejSa podrocja.

6. SKLEPI

Na osnovi opravljenih raziskav smo ugotovili, da iz-
gubo lomne duktilnosti pri po¢asnem natezanju navodi-
¢enega jekla z visoko trdnostjo lahko uspesno izkoristi-
mo za kvantitativno dolo€evanje faktorja mejne intenzite-
te napetosti Ky, (K,;). Ugotovili smo namreé, da majhne
koncentracije vodika (pod 1 ppm) v jeklu. ki je bilo navo-
diceno s katodnim polariziranjem, ne vplivajo bistveno
na lomno zilavost, merjeno pri obi¢ajnih hitrostih nateza-
nja (1 mm/min). Po¢asno natezanje (0,1 mm/min) navo-
di¢enega jekla z visoko trdnostjo pa poslabsa lomno
duktilnost, kar nakazuje obstoj faktorja mejne intenzitete
napetosti K;.. Z izracunanjem faklorjev K;. s pomocjo
Hahn-Rosenfieldove korelacije (7) in vstavljanjem teh
vrednosti v Gerberichovo enacbo (6) smo ovrednotili pa-
rameter [} /enacba (10), tabela 1/. Dobili smo konstantno
vrednost okoli 4100 MPa, neodvisno od napetosti teCe-
nja jekla, kot to tudi zahteva Gerberichov model za K.

Mikrofraktografske preiskave prelomnih povrsin po-
¢asi natezanega vodicenega jekla z visoko trdnostjo ka-
¢ejo, da je prelom lokalno Se vedno tudi duktilne vrste,
Kljub detajlom kvazicepilne narave smo v vseh primerih
nasli Se duktilne grebene, nastale s trganjem, in jamica-
sta podrocja duktilnega tipa. Kvazicepilna oblika loma na
obrobju vegjih in globjih lijakasto oblikovanih jamic do-
kazuje, da so le-te rasie in se medsebojno zlivale tudi z
mehanizmom loéevanja prostih povrsin, na katerih je bil
adsorbiran vodik.

Professional literature” quotes somewhat higher E. -
values for stainless steels, approximately 10" s”'. How-
ever, the investigations performed by Nakano and co-
workers'® on hydrogen-charged steel with yield strength
of 500 MPa using slow-strain-rate measurements show
that at sufficient concentration of hydrogen in steel the
reduction of area asymptotically approaches the re-
duced value already at a critical deformation rate of
F.= 10~ s, whose magnitude is of the same order as
found in our investigations. This deformation rate is, in
fact, low enough to enable the Cottrell atmosphere of
hydrogen atoms pinned on dislocations to penetrate
deep into the plastic zone of tensile specimens.

The diagram on Fig. 3 confirms that hydrogen has no
essential influence on the mobility of dislocations in ear-
lier phases of the deformation process at tension. It has
almost no effect on the yield strength, tensile strength
and uniform elongation of steel, but only on the reduc-
tion of area. Thus hydrogen changes the shape of a
load-deformation diagram only after the appearance of
plastic instability, as already found by a number of au-
thors'™#. According to these sources, hydrogen has no
effect on the early nucleation of microvoids, nor on mic-
rovoid density, when the deformation approaches the
fracture deformation. Therefore, the effect of hydrogen
becomes obvious only at the stage of microvoid growth
and/or during their coalescence. The growth of micro-
void and their coalescence can also be accelerated by a
mechanism of separation of internal interfaces where hy-
drogen is adsorbed®™. The growth and coalescence of
microvoids along the grain boundary are schematically
shown in Figure 6. The mechanism of microvoid coales-
cence and the separation of internal interfaces due fo
adsorbed hydrogen becomes operative when the triaxial
stress state in the narrow neck of the tensile specimen
is formed, resulting in the previously described "conden-
sation” of the last stage of plastic deformation at slow-
strain-rate tension of hydrogen-charged steel.

The microfractographic investigations are an addi-
tional illustration of above-mentioned fracture mechan-
ism. They explain the ductile-dimpled types of fracture in
which the walls and bottoms of dimples exhibit individual
micromorphological characteristics of the cleavage or
quasi-cleavage type of fracture. It is true that our investi-
gations of hydrogen-charged high-strength steel at
slow-strain-rate also showed, in addition to ductile-dim-
pled areas, tearing regions typical for steels with suffi-
ciently high ductility and yield strength low enough that
the fracture may be the result of plastic deformation. Be-
sides the details of such ductile types. we also observed
quasicleavage areas on fracture surfaces, most often on
the very periphery of larger. deeper funnel-type dimples
(Fig. 4, detail B) and also as entirely independent shal-
low regions.

6. CONCLUSIONS

On the basis of the performed investigations, we
have ascertained that the loss of fracture ductility at
slow-strain-rate tension of hydrogen-charged high-
strength steel can be successfully used for the quantita-
tive determination of the threshold stress intensity factor
K:u (K.e). It was established that small concentrations of
hydrogen (less than 1 ppm) in cathodically-charged
steel have no substantial influence on the fracture
toughness, as measured at conventional strain-rate
(1 mm/min). However, the slow-strain-rate (0.1 mm/min)
of hydrogen-charged high-strengthsteel weakens the
fracture ductility, which refiects the existence of the
threshold stress intensity factor Ky, The parameter [}
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/Eq. (10), Table 1/ was determined by inserting the K, -
values, calculated using the Hahn-Rosenfield correlation
(7). into Gerberich s equation (6). We thus obtained a
constant value of about 4100 MPa, independent of the
yield strength of steel, as requested by Gerberich s
model for K.

Microfractographic investigations of fracture sur-
faces of highstrength hydrogen-charged steel tested at
slow-strain-rate indi- cate that, locally, the fracture is still
of ductile type. Despite the quasicleavage details, duc-
tile ridges as a result of tearing as well as ductile dim-
pled areas were found in all cases. The quasicleavage
type of fracture on the periphery of larger, deeper and
funnel-type dimples proves that the growth and coales-
cence of voids are also the consequence of the mechan-
ism causing the separation of internal interfaces where
hydrogen is adsorbed.
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