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DETERMINATION OF THE FRACTURE TOUGHNESS CHARACTERISTICS OF S355JR STEEL

The article presents the results of tests carried out on S355JR steel of ferrite-pearlite and ferrite-bainite microstructures. The
strength properties and fracture toughness were determined. The critical value of fracture toughness was determined at the moment
of crack initiation by measuring of the stretch zone width, and in the moment of reaching a subcritical crack growth of 0.2 mm.
Determination of fracture toughness characteristics was carried out in accordance with the procedures of ISO and ASTM standards.
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1. Introduction

Low carbon steels of the ferritic matrix, including steel
S355JR are commonly used to perform various kinds of engi-
neering elements and constructions. Products manufactured in
steel mills typically have a microstructure of ferrite-pearlite and
ferrite-bainite-pearlite [1,2]. Elements made of these steels are
often joined by various welding methods, which leads to the
formation of ferritic-bainitic or bainitic types of microstructures
in heat affected zones [3,4].

To evaluate the strength of the structural elements is
necessary to know the characteristics of strength and fracture
toughness of the material. While the level of conservative assess-
ment depends on quality of the possessed characteristics of the
material, regularity of selected research methods and accuracy
of their implementation [5].

Procedure for determining the fracture toughness charac-
teristics in the case of subcritical development of crack is quite
complicated [6]. The development of subcritical crack in this
case is not realized at one time, and is a process, that consists
of several steps (Fig. 1). In the first step, as a result of the load
applied, tip of the fatigue pre-crack becomes blunt and the banks
of crack opened to the certain critical size d7¢. In the next stage,
which is considered to be the initiation moment, subcritical crack
starts to propagate. The characteristics of fracture toughness, at
this moment determined, are designated as J;, o7¢ [7].

The ASTM standard suggests to determine the critical value
of fracture toughness, Jj, at the subcritical crack increment
Aa = 0.2 mm. In the case of obtaining the fracture toughness
critical value for materials with a high ductility additional dif-

ficulties arise, connected with the fact that the subcritical crack
initiation begins firstly in the middle of the specimen thickness,
and gradually extends to the sides. Also, in the middle part of
the specimen, the increase of the subcritical crack is much larger
than at the sides. Such process of subcritical crack growth is
related with a reduction of the plane strain state part at the tip
of the crack with increasing plastic properties of the material.
This article presents the results of research related to the
appointment of the characteristics of fracture toughness of the
S355JR steel of ferrite-pearlite and ferrite-bainite microstruc-
tures, significantly differing in the levels of strength and ductility.
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Fig. 1. Diagram of ductile sub-critical crack extension [8]
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2. Material and methods

The analysis of fracture process was carried out on the
specimens of low-alloy steel of middle strength S355JR, made
according to the standard [8].

Semi-finished products with dimensions of 12.5x25x120 mm
were subjected to the laboratory heat treatment, according to the
scheme shown in Figure 2.

bainite (FB) (Fig. 3b). S355JR steel strength characteristics
with two types of microstructure were determined as a result
of a uniaxial tensile test [9]. Tests were carried out on standard
specimens with an initial diameter of 5 mm and the extensometer
base of 25 mm.

The specimens were loaded until failure. Based on data
obtained during the test, nominal value of stresses and strains
until the necking on a specimen, were determined the true values
of stresses and strains according to the relation:
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Fig. 2. The heat treatment regimes of S355JR steel

In a result of the heat treatment were obtained two types
of microstructures: ferritic-pearlitic (FP) (Fig. 3a) and ferrite-

strength, oy, and ultimate strength, o7, are listed. The values
of Young’s modulus, E, and material hardening exponent, , from
the Ramberg-Osgood equation obtained from true stress-strain
dependences are presented also. All of these characteristics
would used following during obtaining of the fracture tough-
ness critical values.
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Fig. 3. Microstructure of the S355JR steel: a) ferritic-pearlitic, b) ferritic-bainitic

TABLE 1
The mechanical properties of S355JR steel of P and FB microstructure types
. Oyss MPa 00.25 MPa OyuTS, MPa E, GPa n
Microstr. . | . . | . As, HV10
type LYS UYs LES UYS Nom. True Nom. True True True %
Nom. True

FP 367 | 386 378 | 396 — — 495 613 197 7.77 36 144
FB — — 463 466 679 771 206 8.25 24 194
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Fig. 4. The stress-strain curves of S355JR steel

3. The fracture toughness of S355JR steel according
to ASTM standard

S355JR steel is a material with a middle strength level and
high plasticity, therefore the critical value of fracture toughness
was determined by the critical value of integral J, J;c. The test
for estimation of the critical value of fracture toughness was
carried out using the technique of changing compliance. During
the test on the testing machine UTS/Zwick (100 kN) recorded
signals are: load (P), opening the crack mouths (d,,) and the dis-
placement of the point of load application (Au,,,). Two types of
specimens with single-edge-notched- bend (SENB) of S355JR
steel with dimensions: W =24 mm, B = 12 mm, ay/W = 0.55
and with side grooves of Imm depth along the crack propaga-
tion (denotation of FP, FB), and notched to a depth of 1 mm
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by lateral grooves along the plane of crack propagation, with
side grooves (indicated as FPg,, FB,,) were tested. Because the
tested steel is of highly plastic, so acceptance for testing variants
of specimen with side notches was to create in the cross-section
of the tested specimen the stress-strain state similar to the plane
strain state.

In order to determine the characteristics of fracture tough-
ness, the several different methods suggested in the standards
were used. In the first approach determination of the critical value
of J-integral conducted in accordance with ASTM [10]. Due to
the high flexibility of the tested steel, during the execution of the
procedure to determine the critical value of fracture toughness,
according to the change of compliance methods were shown
differences between the subcritical crack extension, Aa, obtained
from calculation by this method, and the one received by using
of the microscopy measurement of Aa, directly on the fracture
surface of the specimen breakthrough. Taking into account the
differences in these values, an adjustment was made to increase
the subcritical crack length to the formula:

Aa,,,,
Aaiicor = Aaiical _— (3)
Aacal
where:
Aa; .o — mext i increments subcritical growth crack obtained

during the calculations;

Aa., — total increase in the crack growth obtained as a result
of the nomination procedure for assessment of the
critical value of fracture toughness;
total increase in growth crack obtained by measuring
the fracture surfase of tested up specimen.

Determined critical value of the J-integral, J;., based on the
increase in subcritical crack length obtained during the calcula-

Aames -

tions and after the correction. Data marked FP, FB, FP,, FB,,

and FP.y,, FB.o, FPgy cop, FBgq oo accordigly.
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Fig. 5. Graphs of the S355JR steel with FP microstructure: a) load — displacement, b) resistance curves, Jg
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4. The fracture toughness of S355JR steel at the moment
of sub-critical crack initiation

As a result of blunting the fatigue pre-crack tip before ini-
tiation of the subcritical crack is formed a stretch zone. Some
of the norms recommend calculation the critical value of the
J-integral at the moment of initiation of the subcritical crack,
J;, on the basis of the determined width of stretch zone (SZW or
Aagzy) [7,11,12]. On the fracture surface of the broken specimen,
the stretch zone can be observed between the area of fatigue
crack and the area of the subcritical crack extension (Fig. 7).
It should be noted that the critical value of fracture toughness
at the moment of initiation, J;, is less than the critical value of

Zone

' Fatigue pre-Crack
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Fig. 6. Graphs of the S355JR steel with /B microstructure: a) load — displacement, b) resistance curves, Jp

J-integral, Jc, that is particularly noticeable at ductile growth
of the subcritical crack. This difference is a consequence from
the fact that the critical value of the J-integral, J, is determined
for the average growth of the subcritical cracks, Aa = 0.2 mm,
when the fracturing process occurred.

Measurements of the width of the stretch zone were made
based on the recommendations published by the European
standards ESIS [7], GKSS [11] and ISO-12135:2002 [12]. In
accordance with the recommendation the width of stretch zone
performed by using an electron scanning microscope. Deter-
mination of fracture toughness at the moment of initiation of
cracking with measurements width of stretch zone was carried
out in two stages. At the first stage, were made the pictures of the

Crack Extension
Zone

Sefch Zone
Width (Aaszw)

Fig. 7. Profile of the fracture surface of S355JR steel with ferritic-pearlitic microstructure
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stretch zone with the help of scanning electron microscope JEOL
7100F field emission at a magnification of x300 and a working
distance of 25 mm. The measurement area of 1 mm in length is
situated in the axis of the specimen breakthrough because of the
dominance of plane strain state in this area.

The distance between the center points of the measurement
areas was 300 pm, and the determinant of the breakthrough
axis was a fatigue crack tip (Fig. 8). To determine the sampling
points was used the microscope software, that allows to keep
the constant coordinates of the nearest 0.001 mm. The width of
the stretch zone, Aag,y, was obtained by measuring the surface
area of the stretch zone of 3 measurement places. To determine
Aagzy from the SEM pictures of surface area was used public
program “Makroaufmassprogramm” [13].

LN CHTR S s
racture Surfaceh“& ]
Axis ]

heplace of SZW
mesurement

Fig. 8. Macro view of the fracture surface of S355JR steel with ferritic-
pearlitic microstructure

The borders of stretch zone are not clear. It has of irregular
waveform (Fig. 9a-d). This is caused by some problems precise
determination of the start and end points during measurement
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of stretch zones width. Experience in the analysis of a fracture
surfaces is required from the microscope operator performing
this test. Determination of the width of the stretch zone based
on an evaluation of the surface area allows to get more accurate
value. Critical value of fracture toughness at the moment of
initiation of subcritical crack propagation, J;, calculated on the
base of the average value of the SZW, Aag,y. The calculations
are based on the relation proposed by Shih for materials with
high plasticity [14]:

J; = d_YA;SZW 4)

where:
oy — 1is equal oy = 0.5(oys + oyrs), oys is a yield strength,
oyrsis ultimate strength;
d, — is a factor that depends on material hardening expo-
nent, n, from the Ramberg-Osgood equation [14-16].
The values obtained during the calculation using the equa-
tion (4) with the average values of the SZIW are summarized in
Table 3.

5. Conclusions

In this study tried to compare the characteristics of strength
and fracture toughness of S355JR steel with two different types
of microstructure, obtained as a result of a laboratory heat treat-
ment. S355JR steel with a ferritic-bainitic microstructure was
characterized by higher level of strength and hardness, while the
steel with a ferritic-pearlitic microstructure has higher plasticity
and fracture toughness.

Due to the high level of plasticity of S355JR steel with
ferrite-pearlite microstructure the condition of plain strain state
was not provided on the SENB smooth specimens without side-
grooves during determination of the critical value of fracture
toughness according to the ASTM procedure. The condition
of plain strain state in the plane of subcritical crack growth

TABLE 2

The critical values of the fracture toughness J, Jjc, extension
of sub-critical crack Aa and required values of the critical
specimens thickness B¢

Microstructure Jo Jic Adary Adtyes B,
N/mm mm mm mm

P — 0.71 —

1.13

FPcar 364* 1.09 24.05
FPy 250* 1.16 a7 16.52
FPsg cor 194* 1.44 ’ 12.82
FB 200 2.72 38 10.79
FBcor 171 3.7 ’ 923
FBsg 159 38 49 8.58
FBsgicor 146 4.2 ’ 7.88

* — for this data the requirement on specimen thickness, B > B, is not

performed
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Fig. 9. SEM photographs with estimated SZW of S355JR steel: a) FP, b) FPg, ¢) FB, d) FB,,.

was obtained on specimens with notches side-grooves. On the
specimens with the side-grooves were obtained lower values of
fracture toughness in comparison with smooth specimens (Ta-
ble 2), namely for the specimens of ferritic-perlitic microstructure
reduction of fracture toughness level is almost two-fold.

The fracture toughness level at the moment of subcritical
crack initiation J; is significantly lower, than the J;- obtained
according to the ASTM standard procedure for crack extension
for Aa = 0.2 mm. Because at the determining values of J; were
included the width of the stretch zone only in the axis of the

TABLE 3
Data of the SZW measurement and J; calculation
Microstructure Adszy, Ji

pm N/mm

FP 101.53 249.46

FP, 100.93 250.05

FB 24.44 59.34

FB,, 24.93 60.60

specimens, results obtained from smooth specimens and side
grooved are similar to each other (Table 3). In the case if stretch
zone width is determined over the entire width of the specimen,
reducing of the average value of the area is observed, and ac-
cordingly the received characteristics of the fracture toughness
are lower [17].
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