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ABSTRACT

This paper presents the results of author’'s investigations on
toughness and CTOD of normei St41=-A and higher strength 15G2ANbL-
EH3 and  15GZANL-E460T =teel plates end structures. The wida
variety of nonmetallic inclusions and microstructures within HAT
and tested weld metals were responsible for the variation of
machanical properties and effects in  the crack Lip cpening
displacement [CTDD] hehaviour. The [racture events within che
plastic =zone occured at the matrix-particles decohesion stross
at the critical distance ahead of the crack tip. The brittle
fractures were not caused by the inclusions.

INTRODUCT [ONR

The application of higher strength steels in commercial
shipbuilding has, until relativaly recentily, been limited to the
longitudinal elements of decks and bottoms of large vessals such
as tankers, container ships and LNG carriers. Hore recencl? S
Structures of large tankers e.g. have been built with very high
percentages of higher strength steels in the carga tank area
including the shell envelaope, longitudinal= and main Transvarse
webs.  These vessels have been built with steels of either 315
MFa or 355 MFa or 400 MFa wleld strengths,

The offshore  industry has tended to make wide use aof higher
strength =steels in  the range of 400-630 MPa. In general,
fracture toughress testing is performed to evaluate lawer bound

fracture toughness and ta salect welding procedures or materials

and consumak | as in order ta avoid unacceptably low
toughness rones in we | ohered structure. Thesea procedures
narmal ly incorporate both Charpy V notch testing and fracture

mechanics tests such as the CTOD test [3].
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MATERIALS

The investigations of the normal St41-A and higher strength

15G2ANb-EH36 and 15G2ANb-E460T steel plates and structures have

been carried out [1,2]. The chemical composition of the tested

steels is presented in Table 1.

Table 1. The chemical composition of the St41-A and 15G2ANb
steels in pct.

Steel C Mn Si P S Nb

St41-A 0.22 0.26 0.81 0.011 0.031 =
15G2ANb|.14-.16|1.22-1.35|.30-.49|.011-.016|.018-.022|.28-. 35

The nonmetallic inclusions were analysed by image analysis

technique with the wuse of the quantimeter QTM-360B type. The

confidence level as follows

0.067-0.132%,

results varied on the 95%

inclusion area fraction, AA

particles per sq. mm, N, 195-955, mm~2,
mean size of inclusion, L2 2,85-6,62 um,
max length of inclusion, Ly 3-250 pm.

The examples of the inclusion contents in tested plates are
Table 2.

(15G2ANb-EH36

given in The steels were prepared in the BOF process

and normalized steel) or quenched and tempered
(15G2ANb-E460

normalized (St41-A).

steel), and melted (electric process) and

Table 2. The nonmetallic inclusion contents of the St41-A and

15G2ANb steel plates

Steel/ Max. particles|Aver. area|Mean Inclusion type
thickness | length persq. ,mm fraction, |size, L2
mm Lyum N, mm A, % pum

Y A A
15G2ANb 5 9, 52 0,0100 2,64 sulphides and
12 mm 250 19, 52 0,0137 2,62 silicides

20 181,17 0,1741 1, 80
15G2ANb 20 31, 41 0,0394 2,49 sulphides and
28 mm 20 34,51 0,1208 2,35 oxides

20 38,93 0, 0481 2,29
St41-A 50 16, 87 0, 1596 14, 47 silcides and
12 mm 125 31.5T 0, 0964 5;: 23 oxides

50 30, 82 0, 11.5T 3,13

Any particular feature of interest can be affected by small

variations in welding procedure and joint geometry. There were

investigated examples of two welds, each with a straight sided

heat affected =zone (HAZ) and one with 'K’ preparation and the
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second one with ’half V’- using two different welding methods
and 12-28 mm-steel plates.

The weldments of the St41-A steel plates were made by~using
EB1.46 electrodes. Experimental submerged arc welding (SAW) and
(MMAW)

steel plates at various combinations of consumable wires,

manual metal arc welding were applied on the 15G2ANb
fluxes
and electrodes. The welding conditions are given in Table 3.
From the parent material and from the welded plates the fracture
taughness and Charpy impact test square pieces and tensile round
ones (which included both weld metal and HAZ) were machined.

Table 3. The welding conditions and filler metals for the

15G2ANb-EH36 and 15G2ANb-E460T steel plates

Steel Filler Current|Voltage|Welding| Heat Weld metal
metal A \'/ speed input |designation
cm/min kJ/cm
15G2ANb- | SpG4N+ 550-650| 2T7-29 43-35 |19-31.4 SA
EH36 TASt1/

EB1. 46 130-240| 22-23 - 12.4-30 S
15G2ANb- | SpG4N+ 500-650| 27-29 43-35 |19-31.4 SA
E460T TASt1/

EB3.50Ni2|130-240| 22-23 - 12.4-30 SNi

CTOD and J-INTEGRAL TEST PROCEDURES

CTOD tests were conducted according to BS 5762:1979 'Methods

for Crack Opening Displacement Testing"

The three-point bend specimens of the preferred geometry (B

by W=2B by S=8B) were used exlusively. They were fabricated from
the St41-A, 15G2ANb, 10G2AVNb-EH36 and 15G2ANb-E460T steels. The

100 kN universal closed-loop fatigue testing machine type MTS

310.12 was used. Knife edges for the clip-gauge were machined

into the specimens in every case. Load and clip-gauge

displacement as well as load and line displacement signals were

transmitted directly from the test machine to a X-Y1-Y2 plotter.

LLow temperature tests were carried out inside a cool ing tank

mounted on the hydraulic actuator. As a heat transfer medium

alcohol was wused. Below - T73°C, liquid nitrogen was circulated
through copper coil submerged in alcohol. Above-T3°C, solid
carbon dioxide was used. There are currently no specific

standards for fracture mechanics testing of weldments.
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The wide of micrastructures within HAZ and wald
15GZANE

properties and effects

variatiaons

matal of welded joints of S5t41-4 and steals were

respansible for a variation an mechanical

in the crack tip plastic zone and of CTOD behaviour.

The through thickness CTOD specimens for weld mete]l and HAZ
toughness evaluations wares praparad according to the
recommandat ions of the Comission X of the International
Institute of Welding (IIW). Critical CTOD wvalues are
reported below according toe the type of failure. Brittle

initiation and fracture propagation are calculated as &fc valuss
at the Vo displacement.

Fractures occured in a ductile fibrous “thumbnail™ fol lawed
by brittle cleavage or mixed mode propagation are calculated as
du values at the Yu displacemant.

Far

valuas are

5T6Z: 15378

Upper  shelf ductile fractures the CTOD

calculated sz & values ag VH displacement, BS

praovides the Following formula for analyzing the load clip-gage
displacement record te obtain the critical CTOD value
_ K2(1-v%)  0.41W-a) Vv,
5 = + [1]
Zoye E 0, 9W + 0, Ba

where variable used in this equation are

crack tip cpening displacement {CTOD), mm
crack length, mm

specimen thickness, mm

specimen depth, mm

modulus of zlasticity, MPa

Foisson' s ratio

SLrass intensity factor ae max imum load, MFa [m
¥ield stress, HPa

plastic component of clip-gage displacement, mm,

A< MEDA &
Ll Fng

Ty
Vp

For Sc and Bm critical CTOD values, the crack length is taken

as the wnd of the Fatigue crack. Test preperation,

specimen machining and fatigue cracking were made at tha ratio

of afw=0,35 and dimensions BsW=10+20 and 1428 mm for the
materials as in Takle 7,
The ch Integral velues ware calculated according to
FR=-88/H-04336 from the following equation
fi B "———2." (2]
[W=-a) B
where "A" is the area under thae load ws. load = line

displacement record [4].

A .

s  ——

CTOD AND Jy - FRACTURE TEST RESULTS

The resultes of CTOD Cesting af thrae materials and weldments

are shown in Figs. 1 and 2 and in Table 4. All the CTOD vs,
temperature transition curves have roughly the came shapa
and for the purpose of description these can ba divided into the

fallowing four regions 1) lower shelf, 2) lower transition,

i3] upper ctransition, and 4) upper shelf. The |ower transition

region is characterized by & brittie fracture with no visible

evidence of prier Stable cracking characterizad by &c values.

The development of the plastic the hingas transiticn region

indicates an elastic=plast ¢ fracturs beheviour., In the upper

transition region, the failure Initiates by stable ductile
tearing recognizable by coarse fibrous “thumbnail™. which
is followed by fast brittle claavage or mi wed mode

propagation characterized by  Bu values, The wpper shelf region

characterizes itselr by fibrous ductile tearing aver the entire

surface and &m values [6].
Table 4. Hesults of the CTOD testing af the Sta1-4,
19GZANB-EHIG and 13GZANL-E460T steels and weldments

and

Steel Filler Spe=|lUpper |Lower| &m =0, 1 Jic
type/ meta ] cimen|trans. | trans| mm mm -1
heat temp. Temp. temp. MNm
treat. "G °c 2
Std41=-4 - 4RW -4} -90]0. 115 -45 0. 370
normal . - 4RP =2} -80(0Q. 160 -55 0_19¢
NODT==25% EB1. 46 45 —40 =90{0. 11D =87 0D.Z2258
=30 1-Zmm HAZ| 4C =80 =T5|0, 14T -65 D. 309
15G2ANE- - 15W =11H <=120| 0. 16R =110 0. 443
EH36 EB1. 45 SN —Z0 =-50|0,15 =20 =
normal o 0. 1mm HAZ| SC =80 =a510. 45 =TH -
NOT=-45 SPGaN/ A =20 =30{0.15 =20 0. 222
=80 TASE1
2 mm HAZ HZC i 1] =900, 15 -T5 -
1 5G2ZANE— 15UW =11 <-110{0.206| ¢=11( 0. 4563
E460T 1BUF| <-110)<=-110 0.202| <-110 0. 290
quenched |1 mm HAZ Ui -80 =95]0. 171 =75 0.361
and temp—|31 mm HAZ UIC |<<=110]<=110 0. 201 | €c-110 -
red 5 mm HAZ | USC | <-1po|é-11g 0.225| ¢=-11pD 0. 347
HOT=T5°C |EBJ. 50N S5SNI =30 -80/0.178 <=80 0. 332
SPGAN/ SA =20 0.0T75 <{-50 0.222
TASE1 | |
W.P - longitudinal and transverse Spacimens,

The c<change from the brittle fracture of the

the

lower transitien

reglon to visible fibrous “"thumbnail™ of the upper

fransition region occcurs at au approximate |y O, 07 mm for 15G2ANL
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~teel and at 0,10 mm for St41-A steel.

l Convenient criterion of CTOD=0,10 mm for offshore quality

hﬁﬁ /}&df ntructural steels [3] indicated that low toughness of the weld

Eqﬁ /” metals is followed by the HAZ’s and by that of parent metals of

g / the normalized and quenched and tempered steels toughness of the

Q Qe ﬁngLL LL/ ) 15G2ANb The recommended minimum 15% grain coarsed HAZ at low

,f 4/"7 45 TOD (<0.03 mm) of the fatigue crack tip of the through

L/ /’ : thickness CTOD test was partly controlled. From the other hand,

1 / / because KIC determined the linear elastic plane-strain

J/’ J 1 behaviour, and JIC integral determines the initiation of stable

// cracking, CTOD is the only fracture parameter in this lower

/ transition region [6]. Analysis of the fracture micromechanisms

on the CTOD specimens showed that voids are nucleated within the

) plastic zone around inclusions and second phase particles. The

'ﬁﬂ'& 'é’;’, 7;,% 233 m 253 2:53 zysT EE} fracture events within the plastic zone occurred at the

Fig 1. CTOD versus temperature curxgs_f?gn;?iugfgélA ggggimgg? matrix-particles decohesion stress (the change of three - to two

xglgmgggﬁsvg§§§;mgggc}g?g?.gg ImﬁeginggCheS machined 1-2 mm from dimensional stress state around inclusions and second phase
fusion zone s -we metal, . s

particles) at the critical distance (X/S®2) ahead of the crack
tip [5]. The CTOD values and plastic zone radiouses were

I
0.74 ‘b
22 )

correlated with the distances between inclusions above the

L

—

- E460T
e (UP) specimens, U3C/U5C HAZ, 15G2ANb-
ggéel?ndnggggzger:acéined 3 mm (U3C) and 5 mm (U5C) from FZ,
SNi - weld metal, EB3.50Ni, SA - weld metal, SPG4N/TASt1.

1 ductile-brittle fracture transition temperatures. The LY length
g0 4 i
Eom V,, | and the shape of inclusions along the crack were more effective
|
ggz H k than AA volume parts for the initiation and growth of brittle
s U
s ! R | j fractures. These fractures were caused by critical stress at the
(! | | . . . . s
Qg HAZ i 1 plastic zone of the sizes one order higher than characteristic
on f i N distances between the inclusions. The dimples size were one
auy . y’ |
00 A ;44{ order lower than the characteristic distances. The dimples with
zg Z' ] | i the inclusions characterized the quenched specimens and the
o7 / \ 1 dimples with the inclusions and second-phase particles (mainly
ﬁ; / — } ! f carbides) characterized the quenched and tempered 15G2ANb steel.
O 7 [ i :
of 1 “ ‘ -+t i ‘ l'he brittle fracture were not caused by inclusions. j:
0 L #
N -20 i
it '33 1‘; '%oz 988 253 m ml’emnsz 7{
Fig 2. CTOD versus temperature curves of the 15GZANb- EH;B and § §
15G2ANb E460T steels and weldments. Specimen 14+28+112 mm :
NW - normalized 15G2ANb-EH36 steel, longitudinal specnmenﬁ,Z H
N2C - 15G2ANb-EH36 steel HAZ, notches machined 2 mm from %1 i b
UW/UP - quenched and tempered 15G2ANb-E460T steel, longitudina %i
é‘
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CORCIISIONS

An investigation of CI0D behaviour of the two normalized
Stdi=-A and 15G2ZANb-EHI6 ship steels and high strength
quenched and tempered 15GZANE—-E4GDT steel o Study the
relationship among several toughnes parameters resulted in the
following conclusions
1. CTOD is the only fracture parameter applicable in the region
betweon the plang=strain linear elastic behaviaur
(determined Ly ch} and ductile tearing initiaticon behaviour
[determined byw Jlﬂ}

2. The tempered martensite microstructure showed higher 5m
values and lower upper transition temperestures than normal ized
microstructure af the 15GZAND steel at determined
inclusions limits,

4. The role of inclusions is significant in the plastic zone
ahead of the crack tip.

4. Brittle fractures were not caused by inclusions.
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