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FRACTURE TOUGHNESS OF THE HIGH-STRENGTH STEELS
WITHIN THE DUCTILE TO CLEAVAGE TRANSITION
TEMPERATURE RANGE — MASTER CURVES

A. NEIMITZ,I. R. DZIOBA

Kielce University of Technology, Poland

Fracture toughness of high-strength ferritic st@athin the ductile to cleavage transition
temperature range was analyzed. Two steels S9601@CHardox-400 were tested. The
experimental results were compared with those vedeby the standard Master Curve
(MC) equation. It turns out that the MC equatiom ¢e adopted to predict the fracture
toughness of the high-strength steels after sondifitetions. The shape of the formula
can be preserved, but some coefficients shouldhbeged. The relation between the frac-
ture toughness and the element thickness whiahcladed in the MC formula does not
exist in the case of the high-strength steels. formaula for the MC for the tested steels
cannot be proposed, in contrast to the steelsawikld stress below 825 MPa.

Keywords: fracture toughness, Master Curve, high-strengthelstethickness effect,
ductile to brittle transition.

The classical Master Curve (MC) establishes tregiceiship between the fracture
toughness and temperature within the cleavage d¢tleldransition temperature range
for ferritic steels with a yield stress in the rang75...825 MPa. The method of
determining the transition temperatufig, and the technique of finding these curves
was presented in a series of works [1-6], in th ME 1921-05 standard [7] and in
the FITNET procedure [8]. The classical MC in exted by Wallin and Nevasmaa [9]
and Bannister [10] form can be written as follows:
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where AT =13(0.5- P; ); P is the probability of fractureB; andB, are the thick-

nesses of the specimens or structural elementsusndlly B, is considered as the
reference thickness which is assumed to be equ8 tam;Kp, = 20 MPam2 andT

is the test temperature. At the reference tempeaaly, the critical stress intensity
factor is assumed to b6, = 100 MPan*2 If P;= 0.5 andB,= B,= 25 mm the MC
can be written in a simpler form:

Kmat = K 25@ ) = 30+ 70 exp[OOlgl( _TO } (2)

The fracture toughness data obtained for the @igipecimen thicknesses should
be converted to 25 mm thickness according to egufi, 8]:
Kmat =K min + (KB -K min)(B/25)0'25- (3)

During recent years new ferritic steels have beesigihed and produced which
are characterized by their high yield stress valgesater than 825 MPa (e.g. S960QC,
Hardox-400 [11, 12]). To achieve such a high stifettgese steels are subjected to thermo-
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mechanical treatment. The first tests made on #6©QC showed that the MC obtained
according to the ASTM E 1921-05 procedure did itothke experimental results pro-
perly [13]. There are several reasons for this biehaOne of these is due to the rolling
and heat treatment technologies which are aimpbdtcing a yield stress, > 960 MPa

for each plate thickness. This results in smafledifinces in the microstructure for dif-
ferent plate thicknesses. These differences legtdedracture toughness changing in
such a way that the influence of the plate thickr@sthe fracture toughness cannot be
uniquely established [13, 14].

The microstructure of the high-strength ferritieeds is tempered bainite-marten-
site. The microstructure of the ferritic steelshwjtield strength less than 825 MPa is
ferrite-pearlite-bainite or ferrite-bainite. Theesigth and fracture toughness of the bai-
nite-martensite steels are considerably higher tharierrite-pearlite-bainite or ferrite-
bainite steels [15, 16]. This is one reason thatftacture toughness at the ductile to
brittle transition temperature is also higher [13]. In the case of the S960QC steel,
the cleavage fracture is observed at’€58@nd at this temperatukg, =~ 165-170 MPam*2
As a result of the research program the followiragified formula for the MC for this
steel was proposed [13, 14]:
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f
whereTyans= —50C; A= 20;B = 15;C = 145;D = 0.016.

This paper presents the results of experimenth@mé¢termination of the MC for
high-strength Hardox-400 steel. The aim was to iconbr to reject the conclusions
following from the tests carried out on the S9608€xI.

Materials and tensile properties.The specimens for fracture toughness tests were
cut out from 30 mm thick plates made of Hardox-4@€el. The plates were produced
using a controlled thermo-mechanical treatmentaAssult of this treatment the hard-
ness distributions through the thickness as wethasensile properties are not uniform
(Fig. 1). In the middle part of the plate the hasmlevel is ~350 HV10 and near the
surface it iSC400 HV10. The microstructure of the Hardox-400 Isie¢empered base
metal (BM). The grain sizes are within the rangeZ® um (Fig. 2). Numerous precipi-
tates of sizes 50.300 nm and separate large inclusions (1105 um) are observed.
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Fig. 1. Fig. 2.

Fig. 1. Hardness distribution through the thickniashe plates of Hardox-400 steel.
Fig. 2. Microstructure of Hardox-400 steg§000.
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The tensile tests were performed on a cylindritamidard specimen with a diame-
ter equal to 5 mm and length of 25 mm (Fig. 3). Yhedd and ultimate stresses dec-
rease linearly with the test temperature for HardloR steel (Fig. 4). The regression
lines for tensile test data as a function of terapge were determined and later during
fracture toughness results analysis.
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Fig. 3. Scheme of cutting tensile and SEN(B) spensrfor T-S directionlj
and T-L directionZ).

Fig. 4. Yield stress, and ultimate stressrsvs. temperature data for the Hardox-400 steel:
o, = —0.96 + 955.46andoyrs= —0.96 + 1207.14.

Fracture toughness testsThe Hardox-400 steel was available in plates off®®
thickness (Fig. 3). The single etch notched (SEN&BEcimens with transversal-short-
transversal (T-S) orientation were machined in suetay that the crack fronts were
always located in the middle of the plate. Thus;rostructure and tensile properties
were always the same for the specimens of diffdiécknesses. The thicknesses of the
specimens of T-S orientation wde= 4; 8; 12; 16; 20; 24 mm amdWV = 0.5. The tests
on the specimens of transversal-longitudinal (Tetigntation were performed on the
specimens with a thickness of 6; 8 and 12 mmaid= 0.5. They were carried out to
compare the results with those obtained for singfgcimens of the S960QC steel [13,
14]. In the case of the S960QC steel the specifioerigacture toughness tests, SEN(B),
were machined in the T-L direction only, because rtfaximum plate thickness was
8 mm and selection of the T-S orientation, to avb&non-uniform hardness distribu-
tion, was not possible.

Fracture toughness was measured within the temperatinge [-10€20°C]
using thel-integral definition and the standard recommendat{d7, 18].

The fatigue pre-cracking of the specimens madeeftteels tested in the research
program was performed according to the ASTM Stachd&k820 09, point 7.4. The
ductile to cleavage transition (reference) tempeeats not denoted by, as in the
Standard E1921 but bi. It is so because the requirements concerninggkeimen
thickness were not satisfied; namdy: W or 2B #W and B # 25 mm. However, in
Eq. 1 the thickness correction according to FITNBJTwas introduced and the plane
strain requirement was always satisfied.

The reference temperatufg was computed when the fracture toughness reached
100 MP4m"2 However, this fracture toughness was always ehel very low tem-
peratures, when the fracture process was totavelge. Thus, the transition tempera-
ture in Eqg. (4),Tyans Was assessed differently but not arbitrarily.eAfeach test the
fracture surface was examined by a scanning micpescWhen the cleavage was
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preceded by ductile fracture, covering the arealmut 50...80um in length, the
fracture toughness and the temperature were coasides reference values. All fractu-
re toughness results presented in this paper ameeded to the stress intensity factor

units using the well-known formuIaKJC=\/EDJ|C/(1—v2), whereJ. is a critical

value ofJ-integral,E is Young's modulusy is Poisson'’s ratio.

The fracture toughness vs. temperature dependéorcése specimens with T—L
orientation for the specimen thicknes&s 6; 8 and 12 mm are shown in Fi@.5
These results converted to the 25 mm referencemspechickness (Eq. (3)) are pre-
sented in Fig. B The solid lines were obtained using the classi@l (Eq. (1)) with
the failure probabilityP;s = 0.5. The dashed lines represent the exponartigéssion
function for experimental data according to thekhess.
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Fig. 5.K;c vs. temperature, results presented for the ofigimecimen thicknesses)(
(® —-B=12mm,A —B =8 mm,O —B =6 mm) anK,,;Vs. temperature,
results after conversion to 25 mm thickndss (

These results confirm the observations obtainedHerS960QC steel [13, 14].
The classical MC runs higher than the experimemtitits for the temperature in the
rangeT > —3C°C. It was also shown that for the specimens with @rentation there is
no clear dependence between the fracture touglmesthe specimen thickness. It was
observed earlier [13, 14] and it is confirmed ndwttthe microstructure and tensile
properties variation through the specimen thickrémsinates the expected fracture
toughness — thickness relationship.

To eliminate the supposed microstructure influeanethe fracture toughness —
thickness relationship, the fracture specimens Wit} orientation were used in the
tests. Results were obtained for the specimensthiitkness varying from 4 to 24 mm.
First results on this subject were presented irepf9]. It turns out that when the
specimens with T-S orientation are used, the fradinughness — specimen thickness,
K. —f(B), dependence is observed; however, it does nowfdtq. (1) exactly (Fig. 6).
All results and the exponential regression linesfch thickness are shown in Fig. 6

The dependence of the fracture toughness on tbknégs can be clearly seen in
Fig. &. The most pronounced dependence between theridotughness and the spe-
cimen thickness can be observedigs;= 0°C. It becomes weaker for lower tempera-
tures (Fig. 6). The data points in Fig.béwere approximated by regression power
functions. The data points in Figo @an be also approximated by Eq. (3)Kifi, =
= 60 MPam'instead oKin = 20 MPam"?.

The MC computed for the TS specimens accordinggta B runs higher than the
experimental points folf > -3CC and lower forT < —6CC. It is very different from
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the exponential regression line (Fig).7According to the MC concept, the fracture
toughness data, when recalculated to the referdnmdamessB = 25 mm, should con-
verge. However, this is not the case for the speeinmade of the Hardox-400 steel
with TS orientation (Fig. ). After converting the results to the referenciekthess
25 mm theKyz values do not converge. They increase with theispn thickness.
The data points in Fig.b7have been received in two steps. In the first Egp(3) was
used to plot the curd€ma(T) for each specimen thickness. Then the MC equéiign(2))
was plotted and from these curves the data pant&gd. b were computed. This is
opposite to the observations made for steels vidld gtrengths lower than 825 MPa.
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Fig. 6. Fracture toughness as a function of tentpexaa — all data pointsK;; T}
and exponential regression lines for different spens’ thicknesseB
(O =4 mmA —8 mm;$& — 12 mm;V — 16 mm;x — 20 mm;1 — 24 mm);
b — K. values vs. specimen thickness for different temzpees
(setl — for —80C; set2 — for —60; seB — for —40; sett — for —20; seb — for C°C).
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Fig. 7. Experimental data after conversion to #fenence thickness 25 man:- K, vs. T,
solid line is MC obtained according to Eqg. (1) alaghed line is exponential regression line;
b —Kna Values vs. specimen thickneBs for various temperatures.
(Symbols are the same as in Fig. 6).

Another observation following from the experimentasults obtained using the
specimens with TS orientation is that the curvest@d for the original thicknesses of
the specimen are closer to each other than afterecsion to the reference thickness of
25 mm (Eq. (1)). The values of the reference teatpeesTo computed for different
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thicknessedB, and after conversion to the reference thickr@ss25 mm, are presented
in the Table. According to MC concept the referetereperatureslo, after conversion
to the reference thicknesB,= 25 mm must be similar (theoretically). The date-p
sented in the Table show a different behavior.

Reference temperature;To, computed for different specimens thicknesses

ThicknessB, mm 4 8 12 16 20 24

To, data forB mm —60.22| -48.2% —4541 -54.96 -49|89 -52.74

To dataforB=25mm | 5, .5| 3334 _3028 -47.54 —-4709 -56.29
(Eq. (1))

It follows from the discussion in this section thié classical shape of the MC
(Eq. (1)), derived for the ferritic steels with thield strengtho, < 825 MPa, is not
directly applicable to the high-strength Hardox-408el. The results obtained for the
Hardox-400 steel are similar to those for the SI%B&Rel [13, 14].

i o For the Hardox-400 steel, the change of
the fracture mechanism from ductile to
cleavage was observed for fracture toughness
values equal toK;= 165:-170 MPam>
These values are similar to those obtained
for the S960QC steel. Accordingly, the tem-
perature of the ductile to brittle transition,
Tyans for the S960QC steel was established
about Tyans= -5CC [13, 14] and for the
Hardox-400 steel it was estimated as

: : & - N . B o - -I—transz —10)C (Flg. 8).
Fig. 8: Transition mechanism from ductile Two MC, for all data of the Hardox-400
to cleavage fracture @t = —10C and of the S960QC steels are shown in Fig. 9.
for the Hardox-400 steel. They are computed according to Eq. 4 FPer

= 0.5 (curvel), for P; = 0.05 (curved) andP;
= 0.95 (curvel3). For the S960QC steel the coefficients are simdathe Hardox-400
steel, but not the sama:+B = 35;C = 145:D = 0.016 [14, 15]. For the Hardox-400
steel these coefficients are as followstB = 30;: C = 145:D = 0.013. For both steels
the modified MC for the probability of failurig = 0.5 run very close to the regression
exponential lines (curva).
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Fig. 9. Modified MC:a — for the Hardox-400 stedd;— for the S960QC steel.
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CONCLUSION

It was shown that the classical MC formula (Eq.),(1yhich was derived for
ferritic steels withoy < 825 MPa, should not be used for the high-strestshls tested
under this research program. The classical MC ftanused for the high-strength
ferritic steels S960QC and Hardox-400 does notigeoa satisfactory approximation
of the experimental data. As a result of the themazhanical treatment and due to the
microstructure variation through the plate thiclmethe effect of thickness on the
fracture toughness is not observed as it is incdse of the ferritic steels with yield
strength less than 825 MPa.

It should be noted that the limit fracture toughnealue 100 MP&a"? assumed
for low- and medium-strength steels is not a siétanmber for the two high-strength
steels S960QC and Hardox-400. If this value wasd us¢he MC formula for the high
strength steels, the transition temperature woalebeen about —80. Such informa-
tion would be misleading for a customer. It wasabkshed that the transition from
ductile to cleavage fracture mechanism takes atiee fracture toughnes =165+
+ 170 MP4am'? and the transition is observedTat.s= —1C0C for the Hardox-400 steel
and Tyans = —5C0C for the S960QC steel. It was proposed that timerged shape of the
MC formula should be preserved for the high-strerfgtritic steels, but the coeffi-
cients entering it should be slightly changed aatkmnined separately for each steel

(Eq. (4)).

PE3FOME. TIpoaHani3oBaHO TPIIMIMHOCTIHKICTh BUCOKOMIITHUX (DEpUTHUX CTajiell B iHTep-
BaJIi TemIeparyp KpHxko-B'si3koro mepexony. Jlocmimkeno nsi crami S960QCi Hardox-400.
ExcrniepuMenTaTbHI pe3ynbTaTH IIOPIBHSAHO 3 OTPHMAaHIMU 3a CTaHIapTHOIO dopmynoro Master
Curve MC). Busisiieno, 110 1110 GopMyiny MOKHa BUKOPHCTATH JUTS OI[IHFOBAHHS TPilMHOCTI M-
KOCTI BHCOKOMIITHUX (DepHTHUX CTAJIeH IMiCIsA BIMOBITHUX Moaudikamiii. 30epexeHo CTPyKTy-
py dopmymu MC, ane 3MiHEHO Koe(ilieHTH. 3aIeKHICTh MK TPIIHHOCTIHKICTIO 1 TOBIIMHOIO
€IIEMEHTa, SIKy MICTUTh B cTaHAapTHa (opmyna MC, He MiITBEpPKYETHCS IS BUCOKOMIITHIX
¢bepuTHEX cTaneil. He Bramocst BukopucTatr ofHy hopmyiry MC mias pi3HEX BUCOKOMIITHUX (e-
PUTHHX CTayel, Ha BiIMIHY CTaJIsIM 3 MEXKEIO MIlTHOCTI, HIK4I0K0 Big 825MPa.

PE3FOME. TlpoaHamm3upoBaHa TPEIIHHOCTOHKOCTh BBICOKOIPOUYHEIX (DePPHUTHEIX CTaJICH
B WHTEpBaJle TEMIIEpaTyp XpyHmKo-Bs3koro mepexoma. Mccienosansl e cramun S960QCu
Hardox-400. DkcriepuMeHTalIbHbIe Pe3yIbTaThl CPaBHEHbI C IOJTYYEHHBIMH O CTaHIAPTHON
dopmyne Master CurveNIC). O6HapyxeHo, 4To 3Ty GOPMYITY MOXKHO MCIIONB30BATh VISl OLICH-
KI TPEIMHOCTOHKOCTH BBICOKOIIPOYHBIX (DEPPUTHEIX CTajell Mocie COOTBETCTBYIOIINX MOJIH-
¢ukammit. Coxparena ctpykrypa ¢opmynst MC, HO u3MeHeHHBI K03 UIHEHTH. 3aBHCHMOCTD
MEX]y TPEIMHOCTOHKOCTBIO M TOJIIMHOM 3JIEMEHTa, KOTOPYIO COACPXKHUT CTaHAapTHAs hopMy-
1ma MC, He moATBepxK/ieHa TS BEICOKOIPOYHBIX (peppUTHBIX craneil. He ymanock ncrons3oBars
oy (opmyny MC s pa3HBIX BBICOKOIPOYHBIX (DEPPHTHBIX CTaNeH, B OTIMYHE CTAIAM C
rpaHuIel npogHocTH HiIke 825MPa.
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