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J-integral in morfologija preloma mikrolegiranih
drobnozrnatih jekel Nionicral 70 ter Niomol 490

J-Integral and Fracture Morphology of
Micro-Alloyed Fine-Grained Steels Nionicral 70
and Niomol 490

J. Vojvodié-Gvardjanéié*, §. Strojnik*, B. Ule**, A. AZman***

Opisano fe merjenje lomne Zilavosti mikrolegiranih
drobnozrnatih jekel z metodo J-integrala. Rezultati kaZe-
Jo, da je poleg standardnih kriterijev, nanasajocih se na
zahtevano velikost preizkusancev, potrebno zaradi moc-
ne strizne deformacije na bokih preizkusancev uposte-
vati tudi Se nekatere druge empiriéne kriterije.

Frakturne povrsine preizkusancev so v vseh primerih
Jamicaste, duktilne, velikost jamic pa je v dobri soodvis-
nosti z izmerjenimi J,- vrednostmi.

1. UVOD

Dolga leta so bila edina variva konstrukcijska jekla le
normalizirana C-Mn jekla s feritno-perlitno mikrostruktu-
ro. Zaradi zahtev po izboljSanju meje plasti¢nosti, varivo-
sti ter Zilavosti so bila pred desetletji razvita prva mikro-
legirana drobnozrnata jekla. Tovrstna jekla so legirana s
Ti, Nb, V, Zr oz. Mo, bodisi posami¢ bodisi v kombinaci-
jah, pri ¢emer je povecanje meje plasti¢nosti doseZeno
deloma z izloCevalnim utrjevanjem ferita, predvsem pa
— in to velja e posebej za termomehansko predelana
jekla — z zmanjsanjem velikosti feritnih zrn. Slednje vpli-
va ugodno tudi na Zilavost, ker pomakne temperaturo
prehoda v krhko stanje k niZjim vrednostim.

Danes od mikrolegiranih drobnozrnatih jekel zahte-
vamo mejo plasti¢nosti vsaj 500 MPa, ob tem pa mora
biti Charpy-V Zilavost visoka $e tudi pri temperaturi
—60°C. Vsebnost ogljika v novih vrstah mikrolegiranih
jekel je zato nekoliko nizja, obi¢ajno med 0,03 in 0,12 %,
pri éemer veljajo nizje vrednosti za termomehansko pre-
delana jekla.

Lom konstrukcijskih jekel s povisano mejo plasti¢no-
sti je praviloma Zilav in le redko polkrhek. Ker pa se tak-
Sna jekla uporabljajo za varjene konstrukcije, moramo
upostevati tudi moznost pojavijanja mikrorazpok v to-
plotno vplivanih conah varov, zato postane $e kako po-
membna izbira primernega porusitvenega kriterija. Pri
kvazistaticno obremenjenih konstrukcijah s planarnimi
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Measuring of fracture foughness by J-integral meth-
od is described for micro alloyed fine-grained steels.
The results show that it is not enough to consider only
some standard criteria related to the demanded speci-
men size but that some other empirical criteria must be
taken into account because of a severe shear strain on
the sides of the specimen.

The fracture surfaces on the specimens are in all
cases of ductile type with dimples and the size of dim-
ples are in a good correlation with the measured J,- va-
lues.

1. INTRODUCTION

For many years the only weldable structure steels
have been the normalized C-Mn steels with a ferritic-
pearlitic microstructure. Some ten years ago the first
micro-alloyed fine-grained steels were developed be-
cause of demands for better yield point, weldability and
toughness. These steels are alloyed, separately or in
combinations, with Ti, Nb, V. Zr and Mo. The better yield
strength is partly obtained by precipitation hardening of
ferrite but primarily by the reduction of ferrite grain size
what is specially true for thermomechanically treated
steels. Smaller grain size shows a favourable influence
on toughness too, shifting the transition temperature
towards lower values.

Nowadays it is required that the yield strength of
micro-alloyed fine-grained steels should be at least
500 MPa and the V-notch Charpy toughness high even
at the temperature of — 60°C.

The carbon content in these new micro-alloyed
steels is therefore somewhat lower, commonly between
0.03 and 0.12 %, the lower values are valid for ther-
momechanically treated steels.

The fracture of structural steels with the increased
yield strength is nearly always tough and very seldom
semi-brittle. Since such steels are used for welded
structures, the possibility of microcracks in the heat-af-
fected weld zones must be considered, too. Therefore
the selection of an appropriate fracture criterion appears
even more important.

In quasi-statically loaded structures with planer dis-
continuities, I. e. with cracks in the bearing cross-sec-
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diskontinuitetami, t. . razpokami v nosilnem preseku,
lahko naceloma izbiramo med dvema skupinama poru-
Sitvenih kriterijev'. Prva skupina teh kriterijev (koncepti
K, COD, J-integral, Tearing Modulus) temelji na elasto-
oziroma elasto-plastomehaniki loma ter predpostavija
napredovanje nestabilne razpoke vse do loma konstruk-
cije. Druga skupina pa vkljucuje le kriterij plasti¢nega ko-
lapsa?®, ki privzema, da do porusitve pride po plastiéni
deformaciji neto preseka kot celote 5e pred napredova-
njem razpoke.

Za nase raziskave smo tokrat izbrali dve razli¢ni mi-
krolegirani drobnozrnati jekli, namre¢ jeklo Nionicral 70
ter jeklo Niomol 490. Obe jekli sta proizvod Zelezarne Je-
senice, v pogojih eksploatacije pa se, vse do nizkih tem-
peratur, obnasata izrazito elasto-plasticno. Za Studij
njunih lastnosti smo zato izbrali metodo J-integrala, ki je
na Institutu za metaine konstrukcije v Ljubljani osvojena
do prakti¢ne rabe.

2. TEORETICNI DEL

Pri nizkih temperaturah, velikih hitrostin deformacije
ter v pogojih ravninskega deformacijskega stanja, t. j. pri
zadostni debelini preizkusanca, je lom jekla praviloma
krhek. V taksnih primerih je velikost plasticéne cone ob
korenu planarne diskontinuitete, namre¢ inicialne mikro-
razpoke na preizkusancu, zanemarijivo majhna, napre-
dovanje razpoke do loma pa lahko popiSsemo z linearno
elastomehaniko. Pri polkrhkem ali pa pri Zilavem lomu pa
je velikost plastitne cone znatna ter je nikakor ne
smemo zanemariti. Lom moramo v takdnem primeru
obravnavati z nelinearno, takoimenovano elastoplasto-
mehaniko.

Merilo za Zilavost, in s tem tudi merilo za porusitev
materiala s planarnimi diskontinuitetami v nosilnem pre-
seku je v primeru, ko pri lomu ni potrebno upos$tevati
vpliva velikosti plasticne cone, kar kritiéni faktor intenzi-
tete napetosti ali loma Zilavost materiala K., kot se tudi
imenuje. Merjenje lomne Zilavosti K. je ze dlje ¢asa
standardizirano® ¢,

Pri elastoplasticnem obnasanju materiala ob planarni
diskontinuiteti pa zaradi u€inkovanja znatne plastiéne
cone koren diskontinuitete najprej nekoliko otopi ob so-
¢asnem odpiranju ustja diskontinuitete. Kriticna velikost
odpiranja ustja neposredno pred lomom je — ob znani
geometriji problema — izkljuéno lastnost samega mate-
riala.

Na merjenju kriticnega razmika povrsin razpoke je
zato osnovana metoda merjenja Zilavosti materiala (me-
toda COD). Gliha® v svojem preglednem ¢&lanku navaja,
da je kriticna velikost odpiranja ustja razpoke parameter,
ki se nanasa samo na plasti¢éno cono ob korenu le-te.
Lastnosti znotraj plastitne cone pa se spreminjajo, zato
pri merjenju kritiéne velikosti razmika povrsin razpoke
prihaja do znatnega razsipanja rezultatov.

Parameter, ki ne zajema le vpliva plasticne cone, je
kriti€na vrednost krivuljnega integrala J vzdolz poljubne
poti, ki objame konico razpoke. Za ravninski primer, ko
ima preizkudanec edini¢no debelino, velja:

J= - fway— [T gs, (1
da 7 r ox

pri ¢emer smo z dU,/da oznadili spremembo potencial-
ne energije na enoto podaljanja razpoke, W je deforma-
cijska energija na enoto volumna, u je vektor pomika v
smeri delovanja zunanje sile T na konturo I". Clen T(éu/
@x) ds daje torej deleZ vioZenega dela iz napetostnega

tions, it is principally possible to choose between two
groups of fracture criteria’. The first group (concepts K,
COD, J-Integral, Tearing Modulus) is based on elasto- or
elasto-plastomechanics of the fracture and presumes an
unstable crack propagation to the final fracture of a
structure. The second group includes merely the criteri-
on of plastic collapse?, supposing that fracture occurs
after the netto cross-section has been plastically de-
formed as a whole immediately before the crack propa-
gation commenced.

Two different micro alloyed fine-grained steels, i. e.
Nionicral 70 and Niomol 490 were chosen for our investi-
gation. Both are manufactured by Jesenice Ironworks
and they both exhibit pronounced elasto-plastic behav-
iour down to low temperatures during exploitation. To
study their properties we therefore decided for the J-in-
tegral method which is practically applied in the Institute
of metallic structures in Ljubljana.

2. THEORY

At low temperatures, at high deformation rates, and
in plane-strain conditions, i. e. with sufficiently thick
specimens, the fracture of steel is regularly brittle. In
such cases the size of plastic zone at the root of plane
discontinuity, i. e. at the initial microcrack on the speci-
men, is negligibly small and the crack propagation to the
fracture can be described by linear elastomechanics.
With semi-brittle or even tough fracture the size of plas-
tic zone is considerably greater and therefore it should
not be neglected by any means. In such cases the frac-
ture must be analyzed by the non-linear, so-called elas-
to-plastormechanics.

When the influence of the plastic zone size needs
not be considered, the toughness criterion and thus the
criterion for fracture of material containning plane dis-
continuities in the bearing cross-section is represented
by the critical stress intensity factor, also called the ma-
terial fracture toughness K. The method of K. mea-
surement has been standardized” * for quite a long time.

When material with plane discontinuities behaves
elasto-plastically, the root of the discontinuity is initially
blunted due to the influence of a considerable plastic
zone and the crack starts simultaneously to open. The
critical size of the crack opening displacement immedi-
ately before fracture occurs is — at the known geometry
of problem — exclusively a material property.

Material toughness measurement (COD method) is
therefore based on the method of measuring the critical
displacement of the crack surface. Gliha® quotes in his
review paper that the critical size of a crack opening dis-
placement is a parameter related only to the plastic zone
at its root. The properties within the plastic zone are
changing and thus we have to do with a considerable
scatter of results when the critical size of the crack sur-
face displacement is measured.

The parameter which does not include only the influ-
ence of plastic zone is the ciritical value of the curved
J-integral along any arbitrary path, enclosing the crack
tip. For the case that the specimen has unit thickness, it
can be writen as:

J= =% ( way—§ T as, (1)

da 7r oK
dU,/da stands for the change of potential energy per un-
it crack propagation, W is deformation energy per unit
volume, u is the displacement vector in the direction of
external force action T on the contour I". The term T(cu/
¢x) ds represents the rate of work input form the stress
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Slika 1
Integracijska pot krivuljnega integrala J je kontura I, ki objema
plastiéno cono ob korenu razpoke
Fig. 1
Integrating path of the curve J-integral is the contour I', sur-
rounding the plastic zone at the crack root.

polja v podrocje, obdano s konturo I', Veé o J-integralu
najde bralec v zelo razsirjeni tozadevni literaturi®’, po-
men simbolov v enacbi (1) pa je sicer razviden tudi s sli-
ke 1.

Metoda J-integrala je torej zasnovana na energij-
skem modelu loma, pri Eemer je kriti¢na vrednost J- de-
finirana kot vrednost J integrala tik pred lomom. Rice® je
dokazal, da je J-integral od poti neodvisen, zato lahko za
njegovo izraCunavanje, t. . za vrednotenje elastoplastic-
nega spros¢anja energije namenoma izberemo taksno
konturo, ki vklju¢uje le bremena s pripadajocimi elastic¢-
nimi pomiki. Obi¢ajno je takdna kontura kar obris preiz-
kusanca, za katerega so bremena in pomiki poznani,
namrec¢ izmerjeni,

Kako pa eksperimentaino dolo€imo kritiéno vrednost
J-integrala? V ta namen izdelamo vecje Stevilo takoime-
novanih CT preizkusancev, kakrsen je prikazan na sliki 2.
Ti preizkudanci imajo to posebnost — za razliko od po-
dobnih CT preizkuSancev za dolofevanje K vrednosti
— da lahko merilec hoda tzv. clip-gauge pozicioniramo
natanéno v linijo delovanja obremenitve. Zato, da dobi-
mo dovolj oster koren razpoke, preizkusance predhod-
no pulzirajoe obremenjujemo z doloceno, ne preveliko
obremenitvijo.

Dolo¢evanje J. vrednosti nato izpeljemo v pogojih
kontroliranega pomika, t. j. pogojih kontroliranega odpi-
ranja ustja razpoke, kar daje stabilno napredovanje raz-
poke. S so¢asnim beleZenjem obremenitve P ter odpira-
nja ustja razpoke & dobimo opravijeno delo U enostavno
s planimetriranjem zapisa P-6. Ob tem merimo 3e dolzi-
no razpoke a, kot tudi njeno napredovanje Aa, kar pred-
stavlja doloéen eksperimentalni problem. Vsakokratne-
mu napredovanju razpoke Aa ustreza odgovarjajoce
opravljeno delo oz. energija U, s pomocjo katere izracu-
namo pripadajo¢o J vrednost v skladu z enacbo:

__2u
B(w-a)

pri éemer je funkcija f (a/w) odvisna od neto preseka
preizkusanca. Najdemo jo v ustreznem standardu®.

f (a/w), (2)

B=05W
H=06W
W=125W
“F———" F=2E-055W
D=025W
a=045=055W

Slika 2
Compact Tension {CT) preiskusanec za doloc¢evanje J integrala

Fig. 2
A compact tension (CT) specimen for determination of J-inte-
gral.

field into the area enclosed by the contour I'. Detailed in-
formation about J-integral can be found in references®’”
and while the meaning of symbols used in equation (1)
evident from Fig. 1.

This J-integral method is based on the fracture-ener-
gy model, the critical value J. being defined as the value
of J-integral immediately before the fracture sets in.
Rice® proved that J-integral is independent of the path.
For its calculation, i. e. for the evaluation of elasto-plas-
tic release of energy it Is therefore possible to choose
intentionally a contour including only loads with corre-
sponding elastic displacements. Such a contour is
usually represented by the very outline of the specimen
for which loads and displacements are known, that is
measured.

How can the critical J-integral value experimentally
be defined?

In order to define it experimentally a great number of
the so-called CT specimens (Flg. 2) was prepared. The
peculiarity of these specimens is that the clip gauge can
be positioned exactly in the line of load action in which
they differ from the CT specimens used to determine K-
values. In order to get a sufficiently sharp crack root the
specimens are cycle loaded with a certain but not too
heavy load.

The J. values are then determined under conditions
of controlled displacement, i. e. under the conditions of
controlled crack opening displacement, providing a
stable crack propagation. By recording in the load P and
the crack opening displacement &, the work done U is
obtained by planimetric treatment of the record P-6 plot.
Simultaneously the crack length a and its propagation A
a are measured, which represents some experimental
problem. Each crack propagation step A a corresponds
to an adequate work done or energy U. With the help of
U it is possible to calculate the corresponding J-value
according to equation:
2l

B (w—a)
The function f (a/w) depends on the netto cross-section
of ag specimen and can be found in an adequate stand-
ard”.

The first measured J value is applied to determine

the conditional J, value which must meet the following
conditions:

J f(a/w), 2

B and also (w— a)> 25 J. (3)

To
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Slika 3
Odvisnost J integrala od napredovanja razpoke pri doloéevanju
J. vrednosti

Fig. 3
Relationship between the J-integral and the crack extension in
determining the J,. values.

Prva izmerjena vrednost J sluZi za doloCevanje po-

gojne J, vrednosti, ki mora zadostiti zahtevam:
B, kot tudi (w-a)>2: 4 (3)
o
pri ¢emer smo s o, oznacili napetost te¢enja, ki je tu do-
loena kot srednja vrednost med mejo plasti¢nosti o,
ter natezno trdnostjo o,.. S tako definirano napetostjo
te¢enja zajamemo namre¢ tudi deformacijsko utrjevanje
materiala.

Minimalna debelina CT preizkusanca B>25 J/o, za-
gotavija, da bo daljSanje razpoke Aa opravljeno pod po-
goji ravninskega deformacijskega stanja, minimalna dol-
Zina ligamenta b= (w—a) > 25 J/o, pa prepreduje »teCe-
nje« neto preseka preizkusanca.

Postopek dologevanja veljavne J,; vrednosti je prika-
zan na sliki 3. Postopek vklju¢uje takoimenovano »blun-
ting line procedure«, ki je uvedena za oceno navidezne-
ga napredovanja razpoke zaradi otopitve njenega kore-
na. To navidezno napredovanje razpoke, merjeno z odpi-
ranjem njenega ustja &, bo manjse ali kveéjemu enako
otopitvenemu radiusu korena, ki pa je enak polovici od-
piranja, torej: Aa=0,5 5. Upostevaje odvisnost 6=J/a,,
dobimo konéno za enacbo linije otopitve naslednji izraz:

J=20,Aa=(0,,+0,,) Aa (4)

Omenimo naj $e pomen obeh mejnih linij na sliki 3. Lini-
ja, oznacena kot 0,15 mm — mejna linija, zagotavija, da
bo napredovanje razpoke Aa vsaj 0,15 mm, da ga lahko
dovolj natanéno izmerimo. Linija, oznaéena kot 1.5 mm
— mejna linija, pa zagotavija, da bo Aa v splosnem
manjsi od 6 % preostale dolzine ligamenta (w —a), saj do
te vrednosti ostane v veljavi enacba (2).

Veljavne vrednosti med obema linijama povezemo z
regresijsko premico, katere presecis¢e z linijo otopitve
daje Jovrednost. Tako dologena pogojna J, vrednost je,
ako sta izpolnjena pogoja (3), Ze tudi J; integral.

3. EKSPERIMENTALNI DEL Z REZULTATI
3.1 Dologevanje Jc-integrala

Za preiskave smo izbrali dva kosa jeklene plocevine,
in sicer plocevino, debeline 40 mm, izdelano iz jekla Nio-
nicral 70, ter plocevino, debeline 25 mm, izdelano iz jekia
Niomol 490.

a, indicates the yield stress, defined as the mean value
of the yield point o,, and the ultimate stress oy Yield
stress defined in this way includes the strain hardening
of the material, too.

The minimal thickness of a CT specimen B> 25 J/a,
guarantees that the crack propagation Aa will proceed
under plane strain conditions and the minimal length of
ligament b= (w— a)> 25 J/o, prevents the yielding of the
netto cross-section of the specimen.

The method to determine the valid J,- value is shown
in Fig. 3. It includes the so-called »blunting line proce-
dure« which has been Introduced in order to estimate
the apparent crack propagation due blunting of its root.
This apparent crack propagation measured by the crack
opening displacement & will be smaller or at least equal
to the blunted root radius which itself is equal to one half
of the opening: Aa< 0.5 6. Considering that 6= J/o,, the
following expression is obtained for the blunting line
equation:

J=20,Aa= (0,,+ O,rs) Aa (4)

The meaning of both offset lines in Fig. 3 should spe-
cially be eyplained. The 0.15 mm offset line guarantees
that the crack propagation Aa must be at least 0.15 mm
in order to enable accurate measurement. The 1.5 mm
offset line, on the other hand, guarantees that Aa will on
the whole be less than 6 % of the remaining ligament
length (w—a) because equation (2) is only valid up to
this value.

The valid values between both lines can be connect-
ed by a regression straight line. Its intersection with the
blunting line represents the J, value. In a case that both
conditions (3) are fulfilled, the J, represents the J,- inte-
gral as well.

3. EXPERIMENTS AND RESULTS
3.1 Determination of Jic integral

For our investigation two pieces of steel sheet were
chosen: a 40 mm thick sheet of Nionicral 70 and a
25 mm thick sheet of Niomol 490,

Nionicral 70 is a micro-alloyed steel applicable for dy-
namically loaded structures on low temperatures, con-
taining 0.15% C, 1.2 % Cr, 26—2.8 % Ni, 0.3 % Mo and
007 % V. With an ultimate tensile strength of
740—940 MPa, the yield strength of this steel with tem-
pered martensitic microstructure achieves the value of
at least 690 MPa. At a temperature of —60°C the
V-notch Charpy toughness in longitudinal direction is
still 94 J and in transversal direction 47 J. In welding con-
vvem;ional thicknesses, this steel must be preheated to
120°C.

Niomol 490 is of more recent date and it belongs to
the group of micro alloyed steels which needn't be pre-
heated in welding. It contains up to 0.10 % C, 1.2 % Mn,
0.3 % Mo and 0.04 % Nb and has a bainitic microstruc-
ture with a yield strength of at least 490 MPa at an ulti-
mate tensile strength of 560—740 MPa. The V-notch
Charpy toughness measured at — 60°C is somewhat
lower than in Nionicral, being at feast 39 J in longitudinal
and 31J in transversal direction,

Of both steels a greater number of CT specimens
was made with the characteristic dimension w= 36,50 or
100 mm in longitudinal as well as in transversal direction.
Besides, some cylindrical specimens were made for de-
termination of conventional machanical properties. The
results of tensile tests are shown in plots in Figures 4
and 5. In Nionicral 70 the yield strength of 748 MPa and

B —
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Slika 4
Zapis nateznega preiskusa jekla Nionicral 70
Fig. 4
Record of the tensile test for Nionicral 70
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Slika 5
Zapis nateznega preiskusa jekla Niomol 430
Fig. 5§

Record of the tensile test for Niomol 490.

Nionicral 70 je mikrolegirano jeklo, uporabno za dina-
mi¢no obremenjene konstrukcije pri nizkih temperatu-
rah. Vsebuje od 0,15% C, 1,2% Cr, od 2,6 do 2,8 % Ni,
0,3 % Mo ter 0,07 % V. Pri trdnosti 740 do 940 Mpa dose-
ga meja plastiénosti tega jekla z mikrostrukturo popu-
s¢enega martenzita vsaj 690 MPa. Zilavost Charpy-V je
pri temperaturi —60°C v vzdolzni smeri $e vedno 94 J
ter v preéni Se vedno 47 J. Pri varjenju obiéajnih debelin
moramo 1o jeklo predgrevati do temperature 120°C.

Jeklo Niomol 490 je novej$ega izvora ter spada v
skupino mikrolegiranih jekel, ki jih pri varjenju ni potreb-
no predgrevati. Vsebuje do 0,10 % C, do 1,2 % Mn, 0.3 %
Mo ter 0,04 % Nb. Ima bainitno mikrostrukturo z mejo
plasticnosti vsaj 490 MPa pri trdnosti od 560 do
740 MPa. Zilavost Charpy-V, merjena pri temperaturi
—~B80°C, pa je nekoliko slabsa kot pri Nionicralu. V
vzdolzni smeri dosega vsaj 39 J, v precni pa vsaj 31 J.

Iz obeh kosov plo¢evine smo izdelali ve&je Stevilo CT
preizkusancev s karakteristitno dimenzijo w =36, 50 ozi-
roma 100 mm, in sicer tako v vzdolZni kot tudi v preéni
smeri. Poleg teh smo izdelali $e tudi nekaj cilindriénih
preizkusancev za dologevanje konvencionalnih mehan-
skih lastnosti. Rezultati nateznih preizkusov so prikazani

Slika 6
Preiskusevalni stroj INSTRON 1343

Fig. 6
~INSTRON 1343« testing machine.

the ultimate tensile strength of 823 MPa were measured.
The corresponding values for Niomol 490 were 533 MPa
and 618 MPa respectively.

J-integral was determined with the help of the static/
dynamic testing machine INSTRON 1343 with the capac-
ity of 500/250 kN, controlled by a HP 9000/310 compu-
ter. The testing machine shown in Flg. 6 is used at Insti-
tut za metaine konstrukcije in Ljubljana and is of a hy-
draulic type with a closed control system.

For specific testing requirements a series of clip
gauges was made to measure the crack opening dis-
placements. In Fig. 7 a 15 mm clip gauge is shown. Its
accuracy is 0.5 %. It is mounted on a CT specimen in the
line of load action.

The fatigue crack was initiated in all specimens by a
dynamic load of a sine shape in the range of stress in-
tensity factor AK= 1000 Nmm~37 by 850 cycles per mm
of crack propagation increment. All measurements were
made at 20°C.

J-integral was determined in two ways, either with
several specimens or with a single one. In the case of
several-specimens method the crack extension was
marked by thermal etching. In the case of a single speci-
men, however, the crack length was determined from
the deflection of the specimen at partial unloading. The
deflection of the specimen determined from the unioad-
ing line slope is directly related to the length of the
crack.

Not fulfilling the size criterion (3) CT specimens with
characteristic dimension w= 36 mm were found unsuit-
able. Results obtained on specimens with w= 50 mm
were much better. Specimens with we 100 mm are test-
ed now.

Piot in Fig. 8 shows the results for Nionicral 70 mea-
sured by the method of unloading of a single specimen
in transversal direction.

After a series of repeated measurements the follow-
ing values were obtained:

Jic (kJ/n7)

Nionicral 70 in longitudinal direction 810— 1020
in transversal direction 290 460

Niomol 490  in longitudinal direction 1570— 1680
in transversal direction 700— 990
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v diagramih na slikah 4 in 5. Pri jeklu Nionicral 70 smo
namerili mejo plasticnosti 784 MPa ter trdnost 823 MPa,
pri jeklu Niomal 490 pa mejo plastiénosti 533 MPa ter
trdnost 618 MPa.

Za doloc¢evanje J-integrala smo uporabili statiéni/di-
namiéni preizkudevalni stroj INSTRON 1343, zmogljivosti
500/250 kN, upravijan preko racunalnika HP 9000/310.
Preizkusevalni stroj, prikazan na sliki 6, je montiran na
Institutu  za metalne konstrukcije v Ljubljani in je
hidravliénega tipa z zaprtim kontrolnim sistemom.

Za specifiéne potrebe preizkudanja smo izdelali seri-
jo merilcev hoda (clip gauge) za merjenje odpiranja ustja
razpoke. Na sliki 7 je prikazan merilec hoda 15 mm toé-
nosti 0,5 %, montiran na CT preizkusancu v liniji delova-
nja obremenitve.

Vnasanje utrujenostne razpoke je pri vseh preizku-
Sancih potekalo z dinamiéno obremenitvijo sinusne obli-
ke v obmocju faktorja intenzitete napetosti
AK = 1000 Nmm 32 z 850 cikli na mm prirastka razpoke.
Vsa merjenja so bila opravijena pri temperaturi 20°C,

J-integral smo dolocali na dva nacina, bodisi z vec
preizkusanci, pri katerih smo nato napredovanje razpoke
markirali s toplotnim jedkanjem, bodisi z enim samim
preizkusancem, kjer smo dolzino razpoke doloéili iz po-
dajanja preizkusanca pri delnem razbremenjevanju. |z
naklona razbremenilne linije dolo¢ena podajanost preiz-
kusanca je namre¢ v neposredni zvezi z dolZino raz-
poke.

CT preizkusanci karakteristicne dimenzije w=36 mm
s0 se Ze po prvih testih izkazali za neuporabne, ker ne
zadovoljujejo velikostnega kriterija (3). Boljsi so bili re-
zultati, dobljeni na preizkuSancih s karakteristicno di-
menzijo w=50 mm, v teku pa so preizkusi na preizku-
Sancih s karakteristi¢éno dimenzijo w= 100 mm.

V diagramu na sliki 8 so zbrani rezultati merjenja z
metodo enega preizkuSanca z razbremenjevanjem, ve-
ljajo pa za jeklo Nionicral 70 v preéni smeri.

Po velikem Stevilu ponovijenih merjenj imamo koné-
no:

Je (KJ/m?)

Nionicral 70 vzdolzno 810—1020
pre¢no 290— 460

Niomol 430 vzdolZno 1570— 1680
preéno 700— 990

Na sliki 9 je prikazana serija uporabljenih CT preizkusan-
cev razliénih debelin. Za polkrozno utrujenostno razpo-
ko je moZno na vsakem preizkuSancu opaziti s toplotnim
jedkanjem obarvano temnej$o frakturno povrsino, ki
oznacuje med preizkuSanjem napredovalo razpoko.
Preseneca pa mocna lateraina kontrakcija bokov preiz-
kusancev ter s tem povezana strizna ustnica na fraktur-
nih povrdinah celo najve¢jega od uporabljenih preizku-
Sancev, kar govori v prid domneyvi, da je velikost plasti-
¢éne cone znatna v primerjavi z dimenzijami preizkusan-
cev. Literatura'® '" navaja, da pri merjenju odvisnosti lom-
ne Zilavosti (dolo¢ene preko J-integrala) od temperature
preizkusanja doseZzemo doloéeno Zilavost, ki jo pri vi§jih
temperaturah preizkusanja ni¢ ve¢ ne presezemo, pac
pa Zilavost le Se pada. Govorimo o takoimenovanem pla-
toju Zilavosti, ki pa je odvisen od debeline CT preizku-
Sanca. Plato se pojavi, ko postane velikost plasti¢ne co-
ne ravninskega napetostnega stanja r, primerljiva z de-
belino preizkusanca B. V teh pogojih pride do moéne
plasti¢ne deformacije pred korenom razpoke in merjenje
Zilavosti ni veé veljavno.

Slika 7
Obremenjen CT preiskusanec z montiranim merilcem hoda v li-
niji delovanja obremenitve
Fig. 7
Loaded CT specimen with a clip gauge mounted in the line of
load action.

Specimen - 10

J1C Single Specimen

Test NIONICRAL70 ol
900 B . .
800f £ D
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. / _—"
35 S00f / e /
= - /
= 400 £ /
300 '// /
200 // //
100 1/ /
o0 es 015 20

Napredovanje razpoke , Crack extension [mm)

Slika 8
Diagramski prikaz dolo¢evanja J,- vrednosti za jeklo Nionicral 70
v preéni smeri
Fig. 8
Diagramatical presentation of determining J,- values in transver-
sal direction for Nionicral 70
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Slika 9
Serija uporabljenih CT preiskudancev razli¢nih debelin. Na sliki
|e za primerjavo Se 3katlica vZigalic.
Fig. 9
A series of used CT specimens of various thicknesses. For
comparison's sake there is & box of matches.

Velikost plastiéne cone za ravninsko napetostno sta-
nje dologimo z enacbo:

?
fp= .._1._ (.K_’Q) (5)
2n \Oy
Ker je med faktorjem intenzitete napetosti ter J-integra-
lom naslednja zveza:

(6)

pri cemer je: E’'=E za ravninsko napetostno stanje
ter E'=E/(1—V*) za ravninsko deforma-
cijsko stanje, dobimo konéno rezultat, da pri meji plasti-
&nosti 600 MPa, ki je na primer zgornja vrednost za Nio-
mol 490, ter debelini preizkusanca 25 mm, lahko pravilno
izmerimo le Zilavost v obmoédju do najveé 240 MNm~—72,
kar ustreza J,; vrednosti najve¢ 260 kdm—?. Celo pri vzor-
cu dvojne debeline bi e vedno lahko pravilno merili le
do 370 kdm~2.

Milne in Chell'®'* sta na primer pokazala, da testi s
CT preizkusanci, ki sicer zadovoljujejo velikostne kriteri-
je (3), lahko dajajo rezultate K, (torej lomno Zilavost izra-
¢unano preko J integrala), ki so tudi za faktor 2,5 vec;ji
od dejanske K,. vrednosti.

Omenimo naj $e empiriéno dolocen kriterij, ki so ga
Bergerjeva in sodelavci™ nasli za minimalno debelino CT
preizkusancev za merjenje J-integrala. Kriterij v obliki:

2
B>0,35 (ﬁ)
6"
predpisuje $e dosti vecje debeline preizkusancev, kot pa
je to dolo¢eno s standardnim kriterijem (3).

Na osnovi povedanega lahko zakljuéimo, da so bile v
okviru opravijenega eksperimentalnega dela izmerjene le
okvirne vrednosti J- in da je pri korektnem merjenju J-in-
tegrala potrebno upostevati poleg s standardom predpi-
sanih kriterijev (3), nanasajocih se na debelino preizku-
Sanca ter dolzino ligamenta, Se tudi nekatere druge bolj
ali manj empiriéne kriterije’ ™.

3.2 Mikrofraktografske preiskave

Mikrofraktografske preiskave prelomnih povrsin CT
preizkusancev so bile opravlijene s scanning elektron-
skim mikroskopom na Metalur§kem inStitutu v Ljubljani,

7

Fig. 9 shows several CT specimens of various thick-
nesses. For a semicircular fatigue crack it is possible to
note a darker fracture surfase coloured by thermal etch-
ing which denotes crack extension. Surprising is a se-
vere lateral contraction of the sides and the shear lip on
fracture surfaces even on the greatest specimens. It
speaks in the favour of the hypothesis that the size of
plastic zone is considerably great in comparison to the
dimensions of specimens.

As cited in references™ "', a certain toughness is ob-
tained when measuring the fracture toughness in rela-
tion (determined over a J-integral) to the testing temper-
ature. At higher temperatures this toughness is not ex-
ceeded, it even tends to be reduced. We have to do with
the so-called toughness plateau, depending on the
thickness of the CT specimen. This plateau occurs when
the size of plastic zone in the plane stress r, becomes
comparable to the thickness of the specimen B. Under
these conditions a severe plastic deformation takes
place in front of the crack root, making all subsequent
toughness measurements non-valid.

The plane-strain plastic-zone-size-factor can be de-
termined by the equation:

1 (Ke\?
f‘,-?—
T\ Oy

There is the following connection between the stress in-
tensity factor and the J-integral:

(5)

. (6)

where E'=E for plane stress and
E'=E/(1— tP) for plane strain

Thus it becomes evident that with the yield strength of
600 MPa, which is e. g. the peak value for Niomol 490,
and with the sample thickness of 25 mm it is only possi-
ble to measure correctly the toughness values within the
range up to 240 MNm~*%, which corresponds to a J,- va-
lue of utmost 260 kJm~—*. Even with a specimen of a two-
fold thickness it could be measured correctly only up to
370 kdm—=2.

Milne and Chell? '* have shown that tests with CT
specimens which actually satisfy all size criteria (3) can
give results for K, (i. e. for fracture toughness calculated
from J-integral being even 2.5 times higher than the ac-
tual K- values.

Let us mention here the empirically defined criterion
for minimal thickness of CT specimens, found by Berger
and his colleagues', which is suitable for measuring the
J-integral. According to the criterion in the form of:

8> 0.35 (5-)’ 7)
Oys

far greater thicknesses are demanded than those deter-
mined by the standard criterion (3).

It can be concluded that only approximate J,- values
were measured. For correct measuring of J-integral it is
necessary to consider not only the standard criteria (3)
referring to the thickness of a specimen and to the
length of the ligament but also some other more or less
empirical criteria’" *.

3.2 Microfractographic investigations

The fracture surfaces of CT specimens were investi-
gated by a scanning electron microscope at the Institute
of Metallurgy in Ljubljana.

In Fig. 10 there is a dimpled fracture surface (Niomol
490) which corresponds to a ductile type of fracture. The
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Slika 10
Jamicasta frakturna povrsina CT preisku3anca iz jekla Niomol
490, sicer znacilna za duktilno obliko loma
Fig. 10
Dimpled fracture surface of a CT specime of Niomol 490, nor-
mally characteristic for a ductile fracture

Na sliki 10 je prikazana jamicasta prelomna povrsina
pri jeklu Niomol 490, ustrezna duktilnemu tipu preloma.
Premer jamic se giblje v mejah od 1,3 do 5 um. Zelo po-
dobna je prelomna povrsina pri jeklu Nionicral 70, prika-
zana na sliki 11, Eeprav je premer jamic v tem primeru
nekoliko manjsi, vsega 0,5 do 3,5 um. Ti podatki se do-
bro ujemajo z rezultati merjenj J,. vrednosti, Premer ja-
mic na frakturni povrsini je namre¢ v dolo¢eni soodvis-
nosti z volumnom plastiéno deformiranega materiala ne-
posredno ob frakturni povrsini, torej tudi v soodvisnosti
Z izmerjeno Zilavostjo jekla. Vendar pa ta soodvisnost ni
trdna, ker k Zilavosti jekla, merjeni z metodo J-integrala,
prispeva prvenstveno energija, nakopi¢ena v plastiéni
coni, in le v manj§i meri energija, potrebna za neposred-
no formiranje novonastalih frakturnih povrsin. Vsekakor
je velikost plastiéne cone pred korenom razpoke za veé
velikostnih redov veéja od velikosti jamic na frakturnih
povrsinah.

4. ZAKLJUCKI

Merjenja J. Integrala drobnozrnatih mikrolegiranih
jekel Nionicral 70 ter Niomol 490 kaZejo, da je Zilavost
Niomola, merjena pri temperaturi 20°C, znatno bolja od
Zilavosti Nionicrala, ¢eprav so bile lahko izmerjene le ori-
entacijske vrednosti. Mo¢na lateralna kontrakcija bokov
preizkudancev ter s tem povezana strizna ustnica na
frakturnih povrsinah celo najveéjih CT preizkusancev
namreé pomeni, da je velikost plastiéne cone primerljiva
z debelino preizkusancev ter so zato izmerjene vredno-
sti vpra$ljive. Ceprav preizkusanci zadovoljujejo stan-
dardne velikostne kriterije (3), pa je pri korektnem mer-
jenju potrebno upostevati tudi $e kriterij na osnovi veli-
kosti plasticne cone (5), kot je to opisano v €lanku, pa
tudi empiri€ni kriterij Bergerjeve' (7), ki se zdi e ostrejsi.

Mikrofraktografske preiskave potrjujejo rezultate
merjen] Zilavosti. Frakturne povrsine so v vseh primerih

Slika 11
Podobna kot na sliki 10 je tudi frakturna povrdina CT preisku-
Sanca iz jekla Nionicral 70
Fig. 11
The fracture surface of a CT specimen of Nionicral 70. similar to
that shown in Fig. 10.

diameter of dimples ranges within 1.3 and 5um. The
fracture surface for Nionicral 70 shown in Fig. 11 is very
similar to the previous one although the diameter of dim-
ples was slightly smaller — 0.5 to 3.5 um. These resuilts
are in a good agreement with results obtained by J.
measurements. The diameter of dimples on a fracture
surface is namely to some extent related to the volume
of plastically deformed material in the surrounding of the
fracture surface and therefore also to the measured
toughness of a steel too. But this relation is not fixed, as
the energy accumulated in the plastic zone contributes
much more to the steel toughness measured by J-inte-
gral method than to the energy needed for direct forma-
tion of newly initiated fracture surfaces. In any case the
size of plastic zone in front of the crack root is for sever-
al orders of magnitude greater than the size of dimples
on fracture surfaces.

4. CONCLUSIONS

Measurements of J-integral in fine-grained micro-al-
loyed steels Nionicral 70 and Niomol 490 indicate that
the toughness of Niomol 490 measured at 20°C is much
better than that of Nionicral, although only approximate
values could be measured. A severe lateral contraction
of the sides of specimens and the corresponding shear
lip on the fracture surfaces of even the greatest CT
specimens mean that the size of plastic zone is compar-
able to the thickness of a specimen, thus the measured
values are questionable. Although the specimens satisfy
the standard size criteria (3) it is necessary for obtaining
correct results to consider the criterion based on the
size of plastic zone (5) as described in the paper, as well
as the empirical Berger's criterion™ (7) which seems
even more rigid.

Microfractographic investigations confirm the results
of toughness measurements. Fracture surfaces are in all
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jamicaste, duktilne, vendar pa je volumen jamic pri Nio-
molu opazno vecji od volumna jamic pri Nionicralu, Zve-
za med velikostjo jamic na frakturnih povrsinah ter iz-
merjeno Zilavostjo pa ni prevec trdna zaradi dominantne-
ga prispevka plasti¢ne cone — slednja je za ve¢ redov
velikosti vecja od velikosti jamic — k izmerjeni Zilavosti
jekla.

cases of ductile type with dimples, though the volume of
dimgples in Niomol is notably greater than that in Ninicral.
The relation between the size of dimples on fracture sur-
faces and the measured toughness is no very reliable
due to the dominating contribution of the plastic zone —
the latter is for several orders of magnitude greater than
the size of dimples — to the measured steel toughness.

LITERATURA/REFERENCES

-t

Aurich, D.: Arch. Eisenhuttenwessen 53, 1982, 479—483

2. Dowling, A. R.: Townley, C. H. A.: Internat. J. Pressure Ves-
sels Co. Piping 3, 1975, 2, 77—107

. ASTM E 399—74; Standard Method of Test for Plane Strain
Fracture Toughness of Metallic Materials, ASTM Standards,
Part 10, str. 505—524

. BS 5447: Methods of Test for Plain Strain Fracture Tough-
ness (K-) of Metallic Materials, British Standards

. Gliha, V.. Strojniski vestnik, 1979, 1/2, 5—11

. Ewalds, H.L.: Wanhill, R.J. H.: Fracture Mechanics, Ed-
ward Arnold Publishers Ltd. 1984, Delft

. Dieter, G. E.: Mechanical Metallurgy, Mc Graw-Hill, 1986

; ;ice, J.R.: Trans. ASME, Ser. E.. J. Appl. Mech,, 90, 1968,

79—386

w

o~ oo i

9. ASTM Standard E 813-81: Standard Test Method for Jo, A

Measure of Fracture Toughness, ASTM Standards, Part 10,
str. 822840

10. Scarlin, R, B.: Shakeshaft, M.. Metals Technology, 1981, 1,
1—-9

11. Stahlberg, R.: Stahl Eisen, 1977, 20, 986

12. Miine, |.; Chell, G. G.: CERL Report RD/L/N10/78

13. Milne, I.; Chell, G. G.: Effect of size on the J fracture criteri-
on, STP 668, 1979, 359377, American Society for Testing
and Materials

14, Berger, C.; Schieferstein, U.; Wiemann, W.: 9th Meeting of
Working Group on Fracture Processes, Deutscher Verband
fur Materialprufung, Berlin, 11—12. Oct., 1977



SLOVENSKE ZELEZARNE

ZELEZARNA
STORE

STORE

PROIZVODNI PROGRAM

Toplo valjani profili

— kvalitetno in plemenito ogljikovo
jeklo ter

— kvalitetno in pfemenito nizko
legirano jeklo v okrogli, plo&éati
in kvadratni obliki

— specialni profili po nacrtih

Hladno oblikovani profili

— vleceno in bruseno jeklo v vseh
kvalitetah v okrogli, plosc¢ati in
specialni izvedbi

Livarski proizvodi

— ulitki iz sive litine,

— ulitki iz nodularne (KGR) litine,
— kontinuirno liti profili,

— litozelezni valji,

— jeklarske kokile,

— priklopna sedia,

— mehanski sklopi,

— strmoramenska platis¢a

Industrijska oprema

— industrijski gorilniki, industrijske
peci za ogrevanje, zarenje itd.,

— indukcijske peci,

— rekuperativna toplotna tehnika,

— plinski oskrbovalni sistemi za ZP
in zamenljive mesanice

Viecene
palice
kakovostnega
jekla




