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Parameters of linear fracture mechanics can be a useful measure for selection of steel with various 
strength and yield stress (in limits 200 to 1000 MPa). They determine also influence of purity 
(non-metallic inclusions) and of thermal or thermomechanical treatment. 
These parameters are effective only if they are measured in the conditions when the plastic 
deformation at the initial crack growth is limited to minimal value. This happens in corrosion media 
by measuring K j c and especially in impact loading by measuring I\'fc. These parameters are 
closely connected with the microstructure and structure of steel. They are suitable for designing 
structures resistant to brittle fracture if operational (destruction) conditions of those structures are 
seized, since they occur at high preceeding plastic deformations. 

V članku razpravljamo o načinih zboljšanja efektivnih parametrov linearne mehanike loma, ki so 
merilo kvalitete gradbenih jekel in osnova za izračun konstrukcij odpornih proti krhkemu prelomu. 
Predmet raziskave je bila skupina maloogljičnih in malolegiranih jekel z napetostjo tečenja 200-1000 
MPa. Po kemični sestavi spadajo ta jekla v štiri skupine: maloogljična, mangan silicijeva, 
manganova mikrolegirana jekla in kompleksno legirana jekla z 0.2-0.6% Mo. 
Po trdnosti lahko omenjena jekla razdelimo v tri skupine: v skupino z napetostjo tečenja do 290 
MPa (normalna trdnost); v skupino z napetostjo tečenja do 390 MPa (povišana trdnost) in v skupino 
jekel z napetostjo tečenja več kot 390 MPa (visoka trdnost). 
Lomne karakteristike smo raziskovali pri statičnih in dinamičnih obremenitvah ter v korozijskem 
mediju. Raziskave smo opravili v skladu z GOST in mednarodnimi standardi, pa tudi po originalni 
metodiki. Največ smo uporabljali epruvete z ekscentrično obremenitvijo (CTS) (si. 1), dvojno 
konzolno vpeto klinasto epruveto (si. 2) in cilindrične preizkušance s koncentrično krožno zarezo z 
utrujenostno razpoko kot koncentratorjem napetosti (si. 3). Pri statičnih obremenitvah smo ugotovili 
pomembne posebnosti v rasti vrednosti I\1C s trdnostjo jekla takrat, ko je imelo valjano jeklo 
"racionalno" mikrostrukturo. Ugotovili smo tudi, da raste vrednost I<lc v jeklih s povišano in visoko 
trdnostjo s čistostjo jekla. Istočasno pa ti parametri niso zelo tesno povezani z mikrostrukturo jekla. 
Njihova uporaba v inženirskih izračunih pa omogoča oceniti velikost nevarnih napak v konstrukcijah. 
V članku je tudi pokazano, kako je moč z omejitvijo obsega plastične deformacije (pri dinamičnih 
preizkusih ali v korozijskih medijih) povečati občutljivost parametrov linearne mehanike loma od 
mikrostrukture jekla. Te parametre je moč privzeti kot efektivne, kar je na koncu članka prikazano s 
primerom izračuna primarnega dela plinovoda iz malolegiranega jekla. 

1 Introduct ion 

In steel s t ructures good weldable low-carbon and low-
alloyed steel wi th yield stress 200 to 800 MPa are used. 
In the recent t ime the res is tance of those steels to brittle 
fracture is m o r e f requent ly cs t imated by parameters which 
caracterize the crack s tab i l i ty 1 , 2 . Steel resistance to brit-
tle f racture is h ighly dependan t on its microstructure. Thus 
the mechanica l proper t ies of steel, especial ly the parameters 
determining the crack stability, are use fu l in est imating the 
resistance to brit t le f rac ture . Th i s is especial ly valid when 
the value of those parameters is micros t ructura l ly a highly 
sensitive value. 

It is very advan tageous if those parameters are applica-
ble in des igning structures. This condi t ion is fulfi l led the 

more comple te ly the better deser ip t ion of f rac ture condi-
t ions is achieved in this way. 

Paper deser ibes the decis ive e f fec t ive parameters of 
crack stability which are highly dependen t on micros t ruc-
tures as a measure of u se fu l proper t ies of structural steel, 
and they can be also s imply appl ied in engineer ing design 
of structures vvhich rnust be resistant to brittle f rac ture . 

2 Testing of Steel 

Plates of ali structural steel types being used in fo rmer So-
viet Union were invest igated wi th a special emphas i s on 
those s tandardized in G O S T 27772-88 . Steels d i f fe r by 
their composi t ion , s trength, and way of manufac tu r ing . 



Stee l s vvith y ie ld s t resses 2 3 0 to 285 M P a are cha rac te r -
ized as steel vvith s t a n d a r d s t r eng th , wh i l e h ighe r - s t r eng th 
s tee l s h a d y ie ld s t resses 2 9 0 to 375 M P a , and h igh- s t r eng th 
o n e s a b o v e 3 9 0 M P a . A c c o r d i n g to c h e m i c a l c o m p o s i t i o n 
the t r ea ted s tee l s c a n b e d i v i d e d in fou r g r o u p s : 

• lovv-carbon s tee ls vvith u p to 0.22% e a r b o n , 
• l o w - a l l o y e d s teels , m a i n l y m a n g a n e s e - s i l i c o n o n e s 

( 1 2 G 2 S , 0 9 G 2 S , 14G2) , 
• m a n g a n e s e m i c r o a l l o y e d s teels ( 1 4 G 2 A F , 09G2FB, . . . ) , 
• c o m p l e x m o l y b d e n u m - a l l o y e d s teels ( 1 2 G N 2 I F A J U ) . 

C l a s s i l i c a t i o n a n d c o m p o s i t i o n of those s teels is par t ic -
u la r ly d e s e r i b e d in r e f . 2 . T h e g u a r a n t e e d va lue s of y ie ld 
s t r e s ses of the d i s c u s s e d s tee ls a f t e r s t andard vvorking or 
h e a t - t r e a t m e n t p r o c e s s e s are d e s e r i b e d in Table 1. 

Table I. Guaranteed values of yield.stresses of investigated 
structural steels 

Stee l 

G u a r a n t e e d y ie ld s t ress ( M P a ) 

S tee l 

H o t ro l led N o r m a l i z e d 

H ar de n e d 

and 

t e m p e r e d 

Lovv-ca rbon 

M a n g a n e s e - s i l i c o n 

M a n g a n e s e m i c r o a l l o y e d 

C o m p l e x m o l y b d e n u m 

a l loyed 

2 3 0 - 2 8 5 

3 3 5 - 3 7 5 

2 3 0 - 2 8 5 

3 3 5 - 3 7 5 

3 9 0 ^ 1 4 0 

285 

390 

4 9 0 

5 9 0 - 7 4 0 

1 VT
 = ' K j e 

a r 

a n d in the čase of p l ane - s t r a in s ta te equa l to: 

1 Ki 
rT = 

6ir U T 

( 1 ) 

(2) 

In the c o n d i t i o n s of ae tual s t ress and strain s tates dur -
ing the tes t ing , the s ize of p las t ic d e f o r m a t i o n z o n e is be -
tvveen the tvvo e x t r e m e s . T h e cond i t i ons in ou r test ing cor-
r e s p o n d e d to the fol lovving s ize of p las t ic d e f o r m a t i o n zone : 

(-) due to lovv resistance to brittle fracture, the steel is not 
used in sueh a state 

S tee l s of the th i rd g r o u p (e.g. 0 9 G 2 F B ) are u sed e i ther 
as c o n t r o l l e d b y ro l l ed , o r l ike s o m e o the r s of that g r o u p as 
t h e r m o m e c h a n i c a l l y t r ea ted by v a r i o u s p roces se s de ta i l ed 
d e s e r i b e d e l sevvhere 2 . 

3 I n v e s t i g a t i o n M e t h o d s 

E s t i m a t i o n of the c r a c k s tabi l i ty in due t i l e s t ructura l steel 
h a s s o m e spec ia l t i es . I nc r ea se of n o m i n a l s t ress can e x c e e d 
the y ie ld s t ress o n the c r a c k f ron t in these steels. In ali 
c a s e s it h a p p e n s b e f o r e the s t ress in tensi ty fac tor r e aches 
its c r i t ica l va lue . 

At that t ime p las t ic d e f o r m a t i o n t akes p lače at the c rack 
tip in the z o n e of r j s ize (Fig . 4) . T h e s ize of z o n e is 
fo r the č a s e of p l a n e - s t r e s s e d s tate equa l to: 

vt « 0.1 A7c 
(Tj 

Figure t . CTS test probe (type 3 according to GOST 25.506-85) for 
determining crack stability parameters in structural steel. 

I = (0 .45 to 0 . 5 5 ) S , ( = 0 . 5 B , C = 1 . 2 5 S , d = 0 . 2 5 B , 
K < 0 . 0 5 B , F = 0 . 5 5 B , H = 1 . 2 B 

Slika 1. Epruveta CTS (tip 3 po G O S T 25.506-85) za merjenje 
parametrov stabilnosti razpoke v jeklih za gradbene konstrukcije. 

I = (0 .45 do 0 . 5 5 ) B . t = 0 . 5 B , C = 1 . 2 5 B , d = 0 . 2 5 B . 
K < 0 . 0 5 B . F = 0 . 5 5 S , H = 1 . 2 B 

C o r r e c t d e t e m i i n a t i o n of the f r a c t u r e t o u g h n e s s va lue 
(s t ress in tens i ty f ac to r ) is p o s s i b l e on ly if the size of r j 
p las t ic d e f o r m a t i o n z o n e is e s sen t i a l ly s m a l l e r t han the c rack 
length and e f f e c t i v e test p r o b e c ros s see t ion . In s t ruc-
tural steel sueh a ra t io ( i ' t / 1 ) c a n n o t b e eas i ly a c h i e v e d 
s ince they h a v e lovv y i e l d s t r e s ses a n d h i g h f r a c t u r e t ough-
nes se s K j e - B a s e d o n n u m e r o u s tes ts de t a i l ed d e s e r i b e d 
elsevvhere 2 s o m e g e n e r a l r e c o m m e n d a t i o n s fo r se lee t ion of 
t e s t -p robes fo r s tat ic t es t ing d e p e n d i n g o n p la te t h i ckness 
and steel s t reng th vvere g i v e n . F o r 4 0 to 6 0 m m pla tes of 
l ow-a l l oyed steel the K j e p a r a m e t e r c a n be co r rec t ly de-
t e r m i n e d at t e m p e r a t u r e s belovv — 4 0 ° C vvith C T S p robes 
(Fig . 1). Fo r 20 to 4 0 m m pla tes the c o n t o u r e d doub le -
can t i l eve r d o u b l e a x i a l l y n o t e h e d p r o b e (F ig . 2) g i ve s good 
resul ts s ince plas t ic d e f o r m a t i o n at c r a c k f r o n t is h ighly 
r e d u c e d in it. In m a n y cases , e s p e c i a l l y in indus t r ia l test-
ing , the cyl indr ica l p r o b e s vvith c o n c e n t r i c pe r iphe ra l no teh 
(Fig. 3) g a v e g o o d resul ts . 

M e a s u r e m e n t s vvere m a d e c o r r e s p o n d i n g l y to G O S T 
2 5 5 0 6 - 8 5 s t anda rd ( D e t e r m i n a t i o n of cha rac te r i s t i c s of 
c rack s tabi l i ty in s tat ic l o a d i n g ) a n d to A S T M s tandards . 
R u p t u r e c o n d i t i o n s w e r e in t ens i f i ed b y d y n a m i c load ing and 
us ing c o r r o s i o n m e d i a . D y n a m i c tes ts vvere m a d e accord-
ing to A S T M s t a n d a r d s 5 and to R D 5 0 - 3 4 4 - 8 2 ins t ruc t ions 
fo r m e t h o d se lee t ion ( D e t e r m i n a t i o n of cha rac te r i s t i c s of 
f r ac tu re t o u g h n e s s in d y n a m i c load ing) . Test vvere made 
bo th vvith C T S and C h a r p y p r o b e s vvith f a t i g u e c r a c k ac-
co rd ing to G O S T 9 4 5 4 - 7 8 . I n f l u e n c e of c o r r o s i v e m e d i u m 
o n the c rack s tabi l i ty w a s s tud ied vvith p r o b e s a c c o r d i n g to 
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Figure 2. Contoured double-canti lever double axially notched probe. 
Slika 2. Dvojno konzolno vpela klinasta epruveta z dvema osnima 

zarezama. 

UD 

0Dk 

Figure 3. Cylindrical probe vvith concentric fatigue crack—(type 2 
according to G O S T 25.506-85). L = length betvveen the clamped 

parts of probe in llie tensile testing machine. L = 5 D ; 
d = (0.6 to 0.7)D: Li > 7D; /0 = 0.5(D - d) > h + 1.5 mm; 

/o > 3.71 g a; DK = D - 2h = (0.65 io 0.85)D. 
Sl ika 3. Ci l indrična epruveta s koncentr ično utrujenostno 

razpoko—(lip 2 po G O S T 25.506-85). L = razdalja med deloma 
epruvete, ki se vpneta v trgalni stroj L = 5D\ d = (0.6 do 0.7)D; 

L\ > 7D: /0 = 0.5(D - d) > h + 1.5 mm; (0 > 3.7 tg a\ 
DK = D - 2h - (0.65 do 0.85)D. 
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Figure 5. Fracture toughness of structural steel plate. Dependance of 
1\ i c on temperature, plate thickness 2 0 m m . Probe f rom Fig. 2. 1) 
Hardened and tempered molybdenum-al loyed steel: 0 .12% C, 0 .54% 
Si. 1.05% Mn, 0.5% Cr, 1.47% Ni, 0 .12% V, 0 .24% Mo, 0 .011% Al, 

0 .022% N, 0 .025% S 2) The same steel, plate thickness 40 m m , 
Rp = 7 1 0 MPa 3) Hardened and tempered manganese-s i l icon steel 

(0.1% C, 1.48% Mn, 0 .9% Si, 0 .031% S, 0 .021% P); Rp = 4 3 5 MPa 
4) Steel above, rolled; Rp = 3 5 0 MPa 5) Hot rolled low-carbon steel 

(0.16% C, 0 .24% Si, 0 . 6 5 % Mn, 0 .025% S. 0 .025% P); 
Rp = 2 6 5 MPa. 

Slika 5. Lomna žilavost pločevine iz jekla za gradbene konstrukcije. 
Odvisnost / \ / c od temperature, debelina pločevine 20 mm. Fpruveta 
slika 2. 1) Pobol jšano legirano jek lo z mol ibdenom: 0 .12% C, 0 .54% 
Si, 1.05% Mn, 0 .5% Cr, 1.47% Ni, 0 .12% V, 0 .24% Mo, 0 .011% Al, 

0 .022% N, 0 .025% S 2) Isto jeklo, debelina pločevine 40 m m , 
Rp = 7 1 0 MPa 3) Pobol jšano mangan-si l ic i jevo jek lo (0.1% C, 

1.48% Mn. 0.9% Si, 0 .031% S, 0 .021% P); Rp = 4 3 5 MPa 4) Jeklo 
(3) valjano; Rp = 3 5 0 MPa 5) Vročeval jano maloogl j ično jeklo 

(0.16% C, 0 .24% Si. 0 .65% Mn, 0 .025% S, 0 .025% P); 

265 MPa. 

Figure 4. Scheme of crack tip vvith the zone of plastic deformation. 

Sl ika 4. Shema razpoke s cono plastične defomiaci je . 

G O S T 9 4 5 4 - 7 7 in d i s t i l l e d vva te r a n d i n 3 % N a C l vva te r 
s o l u t i o n a c c o r d i n g t o R M S E V n i e t h o d ( C o r r o s i o n p r o t e c -
t i o n in b u i l d i n g e n g i n e e r i n g . C o r r o s i o n c r a c k i n g o f h i g h -
s t r e n g t h a r m a t u r e s t e e l . I n v e s t i g a t i o n m e t h o d s , 1 9 8 6 ) . 

M o v i n g r a t e o f t h e t e n s i l e - t e s t e r c l a m p i n g j a v v s vvas 
2 • 1 0 " 8 m m / m i n vvh ich vvas s u f f i c i e n t f o r c o m p l e t i n g t e s t 
in o n e d a y . A l s o i m p a c t t o u g h n e s s vvith U a n d V - n o t c h e d 
p r o b e s ( a c c o r d i n g t o G O S T 9 4 5 4 - 7 8 ) vvas m e a s u r e d s i m u l -
t a n e o u s l y vvith t h e u n i a x i a l l y l o a d e d t e n s i l e t e s t s a c c o r d i n g 
t o G O S T 1 7 9 7 - 8 4 vvith ( la t p r o b e s o f t h e s a m e t h i c k n e s s a s 
i n v e s t i g a t e d p l a t e . 

4 R e s u l t s o f T e s t s 

S t a t i c t e s t i n g g a v e a s e r i e s o f r e l a t i o n s v a l i d f o r t h e c r a c k 
s t a b i l i t y in s t r u c t u r a l s t e e l ( F i g s . 5 t o 8 ) . It s h o v v s t h a t i n 
s t e e l o f s t a n d a r d p u r i t y a n d r a t i o n a l m i c r o s t r u c t u r e t h e f r a c -
t u r e t o u g h n e s s v a l u e i n c r e a s e s vvith t h e i n c r e a s e d s t r e n g t h 
a n d vvith t h e t r a n s i t i o n f r o m f e r r i t e - p e a r l i t e m i c r o s t r u c t u r e 
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Figure 6. Fracture toughness and the size of plastic deformation 
zone in normalized steel (0.17% C, 1.56% Mn, 0.4%, Si, 0.11% V. 

0.015%. N, 0.008%- S. 0 .07% P). Sulphide inclusions are modified by 
addition of RF., curve (1) vacuum treated steel; R,, = 460 MPa. 
Slika 6. Lomna žilavost in velikost cone plastične defomiaci je v 
normal iz i ranem jeklu (0.17% C, 1.56% Mn, 0.4% Si, 0.11% V, 

0.015%. N, 0 .008% S. 0 .07% P). Sullidni vključki so modificirani z 
dodatkom RZ, (1) jek lo vakuumirano; R p = 4 6 0 MPa. 

5 600 650 680 

T ( ° C ) 
Figure 7. Dependance of fracture toughness and the size of plastic 

deformation zone on tempering temperature for molybdenum-al loyed 
steel (0.10% C, 0 .37% Si, 1.16% Mn, 3.1% Cr, 1.0% Ni. 0 .34% Mo. 

0 .016% S. and 0 .04% P), plate thickness 20 m m . probe type f rom 
Fig. 3. 

Slika 7. Odvisnost lomne žilavosti in velikosti cone plastične 
deformacije od temperature popuščanja za j ek lo legirano z 

molibdenom (0.10% C. 0 .37% Si, 1.16% Mn, 3.1% Cr. 1.0% Ni. 
0.34% Mo, 0 .016% S in 0 .04% P) debelina pločevine 20 mm. 

epruveta si. 3. 

to micros t ruc tures obta ined by hardening and temper ing 
(Fig. 5). 

Plate th ickness reduces the A ' / e value (Fig. 5) due to 
the r educed plastic de fo rma t ion zone (? ' r ) . The investiga-
tion results also indicate that f racture toughness of high-
s t rength steel depends on type, amount and distribution of 
non-meta l l ic inclusions, main ly sulphides (Fig. 6). Pure 
steel (0 .008% S) excel ls the steel vvith standard amount of 
su lphur both in the respect of f racture toughness and in size 
of plast ic de fo rma t ion zone at crack tip ()••/•)• This conf i rms 
the inf luence of inclusions, on vvhich decohes ion takes plače 
( fo rmat ion of voids) , on the condi t ions of crack initiation *. 

In heat- t reated steels the fracture toughness A ' / c is 
abrupt ly reduced if t emper ing temperature is reduced f r o m 
650 to 6 0 0 ° C (Fig. 6). The reason is in changed mech-
an ism vvhich cont ro ls the crack initiation. The tvvo-stage 
process connec ted to fo rmat ion of microvoids is substi tuted 
by an energy u n d e m a n d i n g m e c h a n i s m of local destruetion 
vvhich is deta i led deser ibed elsevvhere4 . 

T h e reduced temper ing tempera ture reduces the I\ j <• 
value measu red by static loading (Figs. 6 and 7) vvhich is 
in cont rad ic t ion vvith the hi therto ideas, especially vvith the 
changed size of plast ic de fo rma t ion zone r j . 

Th i s can be expla ined by applied testing methods vvhich 
did not allovv a suitably h igh microstructural sensitivity of 
pa ramete r s deser ib ing the crack stability in ducti le steel vvith 
rat ional micros t ruc ture . This is conf i rmed vvith tvvo ad-
di t ional cases of unsuf i ic ient microsh-uctural sensitivity in 
es t imat ing A ' / c va lue vvith static tests. Table 2 presents 
the relat ion betvveen the f racture toughness of manganese-
si l icon steel and the chemica l contposi t ion and the harden-
ing tempera ture . Steel santples vvith various chemical com-
posi t ions vvere ha rdened at opt imal temperature of 9 3 0 ° C , 
and at 1050°C. Th i s tempera ture vvas chosen in order to 
de te rmine the inf luence of overheat ing. In ali the cases the 
steel samples vvere t empered at 650° C. 

Invest igat ion results indicated that concent ra t ions of al-
loying e lements had a small inf luence o n mechan ica l prop-
erties. Overheat ing of steel h ighly deter iora tes the Charpy-
test values, transition the impact toughness value vvhich vvas 
practically halved. K k; va lue is not extra h ighly influenced 
by overheat ing; the obta ined d i f fe renc ies vvere belovv 5% 
and they are in the region of measur ing errors. 

The second čase is connec ted to the seleet ion of thermo-
mcchanica l t reatment in manufac tu r ing 50 m m plate vvith 
yield stress Rp > 4 5 0 M P a m a d e of microa l loyed man-
ganese steel (Table 3). Steel vvas quenched f r o m the rolling 
temperature and tempered at 6 5 0 ° C . Initial and final rolling 
temperatures , and the quench ing tempera ture (i.e. interval 
betvveen ftnished rolling and quench ing in vvater) vvere var-
ied. Specif icat ions T M T 1, 2, 3, and 4 in the ment ioned 
table represent var ious regintes of t he rmomechan ica l treat-
ment . 1\ j c va lues vvere measu red vvith C T S probes (Fig. 
1) having plate thickness. T h e highest t empera tu re at vvhich 
the A ' / c value vvas correct ly measu red vvas —40° C. Table 
gives the dissipat ion of results of three tests. Table also 
suggests the seleetion of opt imal r eg ime of t reatment vvhich 
enables the yield stress above 4 9 0 M P a at s imul taneously 
the highest toughness transit ion tempera ture , i.e. TMT-1. 

Simul taneously it is evident that f racture toughness val-
ues ( A ' / c , - 4 0 and A " / c , - 7 o ) do not enable to j u d g e vvhich 
thermomechanica l t reatment is opt imal . These measure-
ments only reliably indicate that T M T - 4 t rea tment (hot 
roll ing) is the mos t unus i tab le one. The men t ioned cases 
shovv that parameters of l inear f rac ture m e c h a n i c s are mi-
c r o s t r u c t u r a l ^ not enough sensi t ive to enable the regarding 
seleetion of tested steels. 

The most probable reason is the high ductil i ty of struc-
tural steel; in this čase the ducti l i ty of high-s t rength steel 
vvhich have overs ized plasticity zone at crack tip in static 



P.D. O d e s s k i j . N . K u d a j b e r g e n o v , L. K o s e c . F. Krž ič : R e s i s t a n c e of S t ruc tu ra l S tee l to C r a c k F o r m a t i o n a n d P r o p a g a t i o n 

Table 2. Some parameters of bnttle-fracture resistance of manganese-silicon steels with yield stress Rp > 390 MPa, plate thickness 20 mm 

Chemica l compos i t ion of steel 

% 
Quench ing 

temperature 

( °C) 

Mechan ica l proper t ies Chemica l compos i t ion of steel 

% 
Quench ing 

temperature 

( °C) 
Rv 

(MPa) 

KCV~ , u 

( J / c m 2 ) ( °C) 

T ' — ' UXJ" JXIC 
( M P a m 1 / 2 ) C M n Si S P 

Quench ing 

temperature 

( °C) 
Rv 

(MPa) 

KCV~ , u 

( J / c m 2 ) ( °C) 

T ' — ' UXJ" JXIC 
( M P a m 1 / 2 ) 

0 .09 1.42 0 .28 0 .030 0 .022 930 429 64 -20 165 
0 .09 1.42 0 .28 0 .030 0 .022 1050 432 29 +20 160 
0.09 1.30 0 .60 0 .022 0 .019 930 417 84 180 
0.09 1.30 0 .60 0 .022 0 .019 1050 414 41 +20 175 
0 .09 1.42 1.03 0.030 0 .023 930 435 69 -20 175 
0 .09 1.42 1.03 0.030 0 .023 1050 445 41 +20 170 

j—Toughness transition temperature determination was based on 50% tough fracture 
n — P r o b e in Fig. 2. —70°C was the higliest temperature on which A ' / c could be estimated 

Table 3. Mechanical properties of 50 mm thick plate of microalloyed manganese steel (0.19% C. 1.58% Mn. 0.48% Si, 0.07% V, 0.024%. S) 

Steel t reatment Rv (MPa) 
XXX 

(°C) 

7^50 

<°C) 

K C V"70 

( J / cm 2 ) 

A - 4 U 
ic A ' " ™ I c Steel t reatment Rv (MPa) 

XXX 

(°C) 

7^50 

<°C) 

K C V"70 

( J / cm 2 ) ( M P a m1 / ' - ' ) 
Hot rolled 420 -70 -20 4 9 5 5 - 7 6 4 2 - 5 5 
Hardened and tempered 500 -60 +20 31 6 1 - 8 2 5 2 - 6 7 
T M T 1 520 -100 -40 92 6 7 - 1 0 3 5 2 - 6 4 
T M T 2 570 -60 -20 38 5 2 - 9 1 4 2 - 6 4 
T M T 3 620 0 32 6 4 - 1 0 6 3 9 - 6 7 
T M T 4 635 -20 +20 28 4 5 - 6 4 2 7 ^ 8 

i n — D e t e r m i n e d by impact toughness criterion .39 J 

loaded p robes though ali the testing condi t ions descr ibed by 
corresponding s tandards were fulf i l led. 

Micros t ruc tura l depcndance of investigated parameters 
becomes m o r e p ronounced in m o r e severe testing condi-
tions vvhich r educe the extent of plastic de format ion and 
the size of plast ic de fo rma t ion zone at the crack tip. This 
occurs dur ing test ing in corros ive media (Fig. 7). In these 
tests the K \ c value increases vvith the increased temper ing 
temperature of steel. The obta ined result is the consecjuence 
of a h igh dens i ty of d isordered dis locat ion loops. Such a 
structure is essent ia l ly less resistant to stress cor ros ion 2 , 
especially if hyd rogen embri t t lement is developed. In steel 
vvith such a s t ructure , the KCJC value is essential ly lovver 
than the A ' / c o n e (Fig. 8). 

Behaviour of ha rdened and tempered steel dur ing load-
ing is charac te r ized by its substructure vvhich is fo rmed in 
recovery of ferr i te and in the beginning of recrystall ization. 
Materials vvith such a structure are not sensitive to stress 
corrosion; the re fo re there it is valid: A ' / c — ^ / c (Fig. 8). 

Another w a y to increase the structural sensitivity of 
A'/C 3 1 6 the impact tests vvhere loading rates are increased 
for six orders of magn i tude . In this čase the extent of plas-
tic deformat ion is r educed to sui table amount , also size of 
plastic de fo rma t ion zone at the crack tip is abruptly reduced, 
and it b e c o m e s dependan t on steel microstructure. This 
finding can be conf i rmed vvith the invest igat ions of steel of 
big pipelines vvhich measu red A " / c values vvere close to the 
K i c values de te rmined by static test ing (Table 4). 

In static loading the C T S probe vvas appl ied vvhile for 
impact tests Charpy test probe vvith fa t igue crack vvas used. 

Steels vvith equal A " / c va lues exhibit the same sequence 

£ 
<2 

Figure 8. Dependance of fracture toughness and the size of plastic 
defonmation zone on tempering temperature for microalloyed 

manganese steel (0.14% C, 1.64% Mn, 0.52% Si, 0.07% V, 0.007% 
N, 0.031% S, 0.013% P). K c

I C — f r a c t u r e toughness for tests in 
corrosive medium. 

Slika 8. Odvisnost lomne žilavosti in velikosti cone plastične 
deformacije od temperature popuščanja za mikrolegirano manganovo 
jeklo. (0.14% C, 1.64% Mn, 0.52% Si, 0.07% V, 0.007% N, 0.031% 

S. 0.013% P). K ' f j—lomna žilavost pri preizkusih v korozijskem 
mediju. 



Table 4. Fracture toughness and the size of plastic deformation zone on crack tip 

Steel t rea tment Plate 
thickness 

Chemica l 
composi t ion 

Grain 
size 

RP /Oc rT K f c rd 
T 

( m m ) C S (pm) M P a M P a 1 / 2 m m M P a 1 / 2 m m 

Microa l loyed M n steel, 
ha rdened vvith A1N, 12 0 .17 0 .012 9 4 1 8 80 4 .2 13.7 0 .15 
normal ized 
Microa l loyed M n steel, 
ha rdened vvith VN, 12 0 .13 0.011 6 425 80 4.1 22.6 0 .14 
normal ized 

M n steel a l loyed vvith small • 
amoun t s of M o and N b , 16 0 .13 0.011 4 590 84 3.1 37 0 .29 
contro l led rol led 

af ter impact testing. Invest igat ions also showed the advan-
tage of cont ro l led rol led plates. Microstructural sensit ivity 
of f rac ture pa ramete r s vvas also essentially increased, espe-
cially the K j c and va lues vvhich are in a good correla-
t ion vvith the grain size. 

5 Analys i s of Resul t s 

T h e descr ibed testing results shovv that the A ' / c va lue m e a -
sured at static loading is not sufficiently microstructural ly 
sensi t ive proper ty (Figs. 6 and 7, Tables 2 and 3). The 
needed sensi t ivi ty can be achieved by increased test sever-
ity or vvith m o r e d e m a n d i n g tests applying corrosive media 
or impac t loads (Fig. 7, Table 4). Microstructural sensitiv-
ity vvas increased if the extent of plastic de format ion vvas 
reduced . As a rule , at least three of the follovving con-
di t ions mus t fulf t l led in that čase: temperature belovv 0 ° C , 
d y n a m i c tensile load, stress raisers must be present in struc-
ture, d imens iona l fac tor (great cross section, and the like), 
and unsui tab le steel micros t ructure . In these cases the pa-
ramete r s of crack stability measured in the condi t ions of 
h ighly l imited plastic de fo rma t ion give good descript ion of 
f rac ture condi t ions . 

T h e s e pa ramete r s vvere vvell appl ied in engineering de-
sign of s tructures. As an example , the crack propagat ion 
in the vvall of m a i n pipel ine will be described. Crack vvas 
initiated in the vveld on the line of fus ion penetrat ion inside 
the pipel ine , and then it propagated tovvards the extemal 
surface . T h e I \ ' / c va lues and the critical crack lengths l r 

in the heat a f fec ted zones for var ious steel are revievved in 
Table 5. 

Crit ical size of de fec t vvas calculated by express ion 3 : 

vvhere p is pressure , R pipe radius, and t vvall thickness. 
T h e ob ta ined resul ts shovv that crack in manganese-

si l icon steel b e c o m e s uns table at low temperatures , and it 
starts spon taneous ly to propagate in the axial direct ion at 
relat ively smal l penet ra t ion into the pipe vvall. At those tem-
pera tures the use of p ipes m a d e of the ment ioned steel is not 
allovved. Af t e r cont ro l led rolling the critical size of crack 
b e c o m e s greater than the vvall thickness. Thus the stable 
crack vvhich reaches the pipe sur face hinders the sponta-
neous propaga t ion of crack. At the given temperature the 
p ipe m a d e of the third steel (cited in Table 5) is safe. 

Table 5. Fracture characteristics of steel in heat affected zone of 
pipeline vveld 

Steel t reatment Plate 
th ickness 

,.<*<-(30) 
IC 

,(-60) ' C 

( m m ) ( M P a m 1 / 2 ) (mm) 

Mn-Si steel, normal ized 12 24 3 

Microal loyed (V) M n steel, 
control led rolled 17 81 24 

M n steel, microa l loyed vvith 
V and Nb, control led rolled 14 97 32 

Fatigue crack vvas normal to the plate surface 

Determinat ion the f rac ture toughness at static load at -
6 0 ° C ( A / c > 100 M P a n r / 2 ) for manganese - s i l i con steel 
indicates the safety of that steel, but unfor tuna te ly the prac-
tical exper iences d id not conf i rm it. Thus the parameters 
of linear f racture mechan ic s measu red in the condi t ions of 
very limited plastic de fo rma t ion d id not exhibi t only high 
structural sensit ivity but they are also use fu l in engineering 
design of br i t t le-fracture res is tance in the cases vvhen they 
enough accurately descr ibe the m e c h a n i s m and condit ions 
for brittle f racture of certain steel. 
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