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ABSTRACT

For 125 mm thick plate Fe E 350 tests were carried out with
notched and smooth round bars, flat tensile bars, Charpy - V-notcl
and CT-specimens in the L-T, T-L, and S-L orientation. The de-
crease in fracture properties is due to lamellar tearing cha-
racterized by sulfide accumulated terraces influencing the stres:
state at the crack tip and the void formation in the fracture
surface.
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INTRODUCTION

The necessity to establish the safety of structures operating

in a regime where the material behaviour is fully ductile has le
to an interest in the micromechanisms of ductile fracture and to
their relationships with fracture mechanics parameters such as
J-Integral or crack opening displacement CcTOD. As ductile frac-
ture is characterized by void coalescence the volume fraction,
shape and distribution of Mn-sulfides in the steel-matrix can
influence the fracture behaviour of structural steels.

Early studies (Dahl, 1977; Dahl and others, 1966; Fuchs and
others, 1975) have shown the influence of sulfur content on the
anisotropy of the fracture behaviour in notched bar impact bend
tests. With increasing volume fraction of sulfides the upper shel
values decrease especially in the S-L direction due to the loca-
tion of the elongated Mn-sulfides in the steel-matrix. This an-—
isotropy can be removed by lowering the sulfur content and have
demonstrated the influence of sulfide-distribution and sulfide-—
shape on the onset of stable crack growth and the J-Resistance-—
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Curve (Laintridou and Pineau, 1982). The values in the S-L
orientation are lower concerning crack initiation and the slope
of the R-curve. Green (1982) presented a quantitative model de-
scribing the influence of shape and distribution of sulfides on
the stress and strain field ahead of a crack tip. As anisotro-
pic material behaviour has been observed in sulfide-shape con-
trolled steel (Wilson, 1979) as well, deformation textures must
be therefore taken into account, too.

MATERIAL CHARACTERIZATION

In this paper the influence of specimen orientation on the de-
formation and fracture behaviour of normalized, 125 mm thick
plates of the steel Fe E 350 is investigated. In Fig. 1 -the
chemical composition, the heat treatment and the microstructure
is presented. The material is characterized by a ferritic-pearl-
itic microstructure with no pronounced banding. Grain sizes

are independent of specimen-orientation and not elongated in
the rolling direction. The mean ferrite grain size was determin-
ed to dp = 6 - 7 um. The microscopic pictures show Mn-sulfides
of Type II, but according to the plate thickness of 125 mm the
characteristic forms of elongated MnS-inclusions are missing.
Because of the lower hardness in the middle of the plate and be-
cause of some segregation bands at 1/5-th of the plate thickness
B all specimens were taken from the mid-thickness position.
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Fig. 1. Chemical composition and microstructure of
steel Fe E 350

TESTING CONDITIONS

In order to investigate the deformation- and fracture behaviour,
tests were carried out with notched and smooth round bars, flat
tensile bars, with Charpy-V-notch and CT-specimens. By the dif-
ferent tests the material behaviour is investigated under uni-
axial and multi-axial stress conditions. Fracture toughness prop-
erties are determined to characterize the crack initiation and
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propagation behaviour. The tests were carried out for the L-T,
T-L and S-L orientation.

Scanning electron microscope studies and statistical fracture
surface analysis were made to explain the material's anisotropic
behaviour.

RESULTS

In Fig. 2 the results of the Charpy-V-notch tests are presented.
The transition temperatures for 50 % upper shelf value do not
differ very much, but the influence of specimen orientation in
the ductile regime of upper shelf is very clearly to be seen.
From 168 J in the L-T direction, Charpy-energy decreases to

110 J for T-L specimens and 50 J in the S-L orientation. As the
differences are rather big in spite of the low grade of deforma-
tion, the texture was analysed and the deformation anisotropy
was investigated. Pronounced textures were not measured. The re-
sults of the flat tensile test bars according to DIN 50125 are
presented in Fig. 3. The anisotropy characterizing r-values wer:
determined in the x-, y and z-direction in the plate edge and
midness. All values are slightly lower than one and no differenc
es between the different directions can be seen.
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Fig. 2. Charpy-energy as a function of
temperature

In order to explain the differences in upper shelf energy val-
ues, fracture toughness parameters were determined to characte
ize the crack initiation and propagation behaviour.
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Fig. 3. R-values of steel Fe E 350 Fig. 4. Jrc-determination
according to ASTM E 813

The value of J1c was determined according ASTM E 813 using CT-25
specimens and the R-curve was derived from the multi-specimen
technique using CT-50 specimens. In Fig. 4 the results of the
ASTM E 813 procedure are presented. A strong influence of spec-
imen orientation on Jrc-values is to be seen. Jrc decreases from
415 kN/m for the L-T direction to 70 kN/m in the S-L direction.
Looking at the slopes of the R-curve in terms of J versus Aa in
Fig. 5 the same tendency can be observed. The crack resistance
in the L-T orientation is highest and lowest in the S-L direct-
ion in the region of J controlled crack growth. Thus the frac-
ture toughness properties are in accordance with the differences
in Charpy-energy values when ductile failure occours.
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Fig. 5. R-curves of steel Fe E 350 at
room temperature

In Fig. 6 the SEM-fracture surfaces of CT-50 specimens are pre-
sented for the three orientations at the transition from fa-
tigue crack to stable crack growth.

Steel: Fe E 350

normalized
fracture surface: CT-specimen

Fig. 6. Fracture surfaces of CT-specimen at the
transition from fatigue crack to stable crack
growth

In the S-L direction a typical lamellar fracture type is to be
seen. The single fracture terrace is characterized not by the
typical fibres but by a net-like structure of voids with Mn-sul-
fides accumulated. The deformation of the voids within the ter-
races is small compared to the other orientations. The steel-
matrix is heavily weakened by this fracture type being respons-
ible for the low energy-consumption when the crack advances.
Fracture can easily occur along the interface steel-matrix and
sulfides. For the L-T and T-L orientation fracture occurs trans-—
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verse and longitudinal to these sulfide terraces. Thus the de-
formation of the matrix is higher resulting in higher dJ/da-val-
ues. Detailed studies of the sulfide shape in these terraces
have demonstrated a prevailing globular structure of the non me-
tallic inclusions and sone platelets were observed parallel and
perpendicular to the rolling direction. The manganese-sulfides
show a very narrow spacing so that the proportions found in the
light microscope are not representing the fracture appearance

of S-L specimens. Not regarding the single non-metallic inclu-
sions, but the terrace itself, the statistical analysis of lengths
is presented in Fig. 7. The ratio of length in longitudinal and
transverse direction was determined to a/b = 1.76. Comparing this
result with the ratio of Jp-7/Jp-1, = 1.58 in the regime of J-
controlled crack growth the agreement is quite good.
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Fig. 7. Statistical analysis of Fig. 8. Effective plastic strain
fracture surface fo failure &P as a function of
stress state parameter om/a

In order to evaluate the influence of the terraces on the stress
state at the crack tip, tests with round notched bars were per-
formed according to MacKenzie(1977). The stress ratio op/3 is sup-
posed to characterize the multi-axial stress conditions with the
mean stress o .

1

Op =3 (94 * 0y * 03) (m

and the equivalent stress o

2 2 ﬁ' (%)

- 1
o =/5{(o1 = 0,)7 + (0, = 03)" + (o3 = Oy)
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The eguivalent plastic strain deP is given by

/ 2 2 2
=P _ /2 {(g.P_ 4q.P P_g.P_g.pP P_g.P -
det = V a‘h(de1 dsz) + (da2 dez d£3) + (d€3 de.l) (3,
Bridgman's stress analysis (1952) of notched round bars for g«
eral yielding conditions was used to calculate

(o)
m = o
(=) pax = 3 * In(d/2R + 1) (4

ith
radius of the notch

radius of the net section

Wt

w
R
a
and
eP = 2 1n(d _/a)
(]

with
do = initial radius
d = actual radius

In Fig. 8 the equivalent plastic strain at fracture is plotted
versus stress state parameter op/G. For all specimen orientati
the effective plastic strain decreases with increasing triaxia.
ty, which is predicted by Rice and Tracey (1969).

At constant values of om/a the strain at fracture is bigger fo
the L-T orientation than for the T-L and S-L direction. Thus t;
different grade of deformation in the fracture surfaces of Fig
characterized by the dimple size and the height of the dimple
can be understood in a more guantitative manner.

DISCUSSION

The SEM-studies have demonstrated that material properties suc
as Charpy-energy and fracture toughness properties strongly de
pend on specimen orientation. The influence of non-metallic in
clusions on the fracture behaviour is similar in impact bend a
fracture mechanics tests. The prediction of theory on the influ
of stress state on the effective plastic strains at failure is
confirmed.

The material properties which are responsible for the behaviou
in the ductile regime are determined therefore by the plastic
strains which have to be measured as a function of the state o
stress. The local processes ahead of the crack tip are influen
ed by the distribution of sulfides and are responsible for th
different energy consumption.
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