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ABSTRACT

An extensive investigation has been carried out on the sensitivity parameters determination describing the
fracture behaviour of body with crack with respect to the character change of true stress-strain curve with dominant
region of Lueders deformation. Consequently, its convenient substitution has been tested. This paper presents the
consideration on the change judgement of J-integral and constraint as the base parameters of two-parameters
fracture mechanics. The Weibull stress model for cleavage fracture of cast steel requires calibration of two
micromechanics parameters (m, c,). Weibull stress seems to be a parameter for prediction of cleavage failure of
cracked bodies and the study is focused on the assessment of the effects of constraint loss on cleavage fracture
toughness (J.). To quantify the effects of constraint variation on the cleavage fracture toughness the form of the
toughness-scaling model based on the Weibull stress o, is investigated. Local material parameters have been
calculated arising from Beremin approach and calibration is based on various approaches. Methods are based on
weakest link assumption and incremental fracture probability, which depends not only on the maximum principal
stress, but also on the equivalent plastic strain. The fracture resistance has been assessed using data from static tests
of there point bend specimens.

KEY WORDS: static tests of the three point bend specimens, constraint, Weibull stress, local approach, Ramberg-
Osgood, cleavage fracture.

INTRODUCTION

In the ductile-to-brittle transition region of ferritic steels, transgranular cleavage fracture initiated by slip-induced
cracking of grain boundary carbides often triggers the brittle fracture which results in catastrophic failure of
structural components. As the results of localized character of failure mechanism and microstructural
inhomogeneity, the cleavage fracture toughness is very sensitive to the local stress and its scatter is very high.
Determining of static fracture toughness on SE(B) specimens is one of the basic fracture mechanics test. It must be
emphasised that the most important values are critical K-value, in case of using linear-elastic fracture mechanics and
critical value of J-integral, in case of using elastic-plastic fracture mechanics. Subsequently we confine our
investigation to elastic-plastic material behaviour.

Laboratory measurements on the specimens with varying crack length (changing the relation a/W) and with the
same ligament showed increasing values of fracture toughness expressed using J. versus decreasing crack length.
This problem was studied in recent works of Sumpter [1], Kirk and Dodds [2] who investigated several possibilities
of J-integral and CTOD estimation for SE(B) specimens with shallow crack. Generally this problem can be solved
on the base of two-parameter fracture mechanics, which expresses the constraint ahead the crack tip; in our case Q-
parameter is critical. Several approaches exist: (i) On the base of experimentally determined dependence J. on a/W
the Q calculation comes from numerically given stress fields received by FEM for every analysed body separately.
(i1) Statistical approach using so called local approach [3]. We limit our focus to a stress controlled, cleavage
mechanism for material and adopt the Weibul stress (o) as the local parameter to describe crack-tip conditions.
Unstable crack propagation occurs at a critical value of (o) which may be attained prior to or following some
amount of stable, ductile crack extension.

The aim of the paper can be seen in fracture toughness transfer and correction from pre-cracked specimens to
small scale yielding (SSY) represented by 1T (SENB) specimens and their precise computation using FEM. Some
approaches were tested (see [4, 5, and 6]) and obtained results were compared. The fracture resistance has been
assessed using data from static tests of the three points bend specimens with varying crack length and temperature.
The Beremin model is used for the calculation of the Weibul stress (o). The standard finite element method
package Abaqus was applied and the manganese cast steel was selected as an experimental material.
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WEIBULL FITTING OF DATA

Within this framework, it seems to determine first if the weakest link assumption for the local approach
application is valid or not. Weakest link concept is the key assumption and postulates that failure of the body of a
material containing a large number of statistical independent volumes is triggered by the failure of one of the
reference volume [3]. Fractography is indispensable for an appropriate interpretation of the applied model and also
to ensure that basic assumption of the model with respect to the fracture mode is justified. The following assumption
characterizes the microstructural and statistical model [7]:

- There is a large population of weak spots in the material.
- The failure of the material starts from and is triggered by the most dangerous weak spot.
- The weak spots are randomly distributed within the material.
- The weak spot became active within the onset of plastic deformation.
- The statistical effects of specimen size on K¢ in the transition range are treated using weakest link theory applied
to the three—parameter Weibull distribution of fracture toughness. A limit on Kjc values, relative to the specimen
size, is specified to ensure high constraint condition along the crack front of fracture [8].

The three—parameter Weibull model is used to fit the relationship between K;c and cumulative probability of
failure, pr. The term p¢ is the probability for failure at or before K- for an arbitrary chosen specimen from the
population of specimen. This can be calculated from the following:

Py :l_exp{_[(KJC _Kmin)/(KO _Kmin )]b} (1)

where b is shape parameter, which is assumed at given temperature to be close 4. Scale parameter, K, is data fitting
parameter. On the base of above mentioned philosophy two sets of fracture toughness for melt I and melt II has been
tested using the maximum likelihood method (see Figure 1 and 2). Data points are converted to Weibull coordinates
using:

Y, —In{ln[1/(1- p ()]}
where

p()=31—-03)/(N+0.4) 3)
N is number of test and K,,,;,=20 MPam'?.
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Fig. 1 Weibull plot for melt I, tolerance bounds are for 95% for reliability, temperature range <-160, -90>°C

Fig. 2 Weibull plot for melt II, tolerance bounds are for 95% for reliability, temperature range <-160, -90>°C

MATERIAL, EXPRIMENTAL AND CALCULATION PROCEDURES

To investigate the constraint effects on 3D crack-front fields, detailed finite element analysis were performed and
as an experimental material C-Mn cast steel was used. This material was modelled as homogenous and isotropic
with elastic constants E=2,05.10° MPa and v=0.3. The values of yield stress can be seen from Figure 3 and 4. In
case of using incremental theory of plasticity the curve 6—& was modelled by 23 points, which were connected to
linear parts. These points belong to experimental measured stress-strain curve. In case of using deformation theory
of plasticity material was described by Ramber-Osgood relation:
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where n is hardening exponent, a is hardening coefficient, g, is yield strain and o is yield stress.

All computations are based on 3D elastic-plastic analysis using FEM, in the concrete by Abaqus version 6.1 3D
model is shown in Figure 5 and Figure 6, where only one quarter of real body is thinking over because of two
symmetry planes. Standard eight-node hybrid elements included in Abaqus were used, for example in Figure 5 and 6
(a/W =0.1) 15 680 of elements (type C3D8H) (17884 nodes) were utilized. Figure 6 shows enlarged area around the
crack. As can be seen a very fine mesh is required. Element size is increased when the radial distance is retreated
from the crack front. Outer radius of the area was 0.1 mm and the crack tip radius was 0.0lmm. Twelve elements
were used for dividing this radius. Thus, the characteristic element length was 8,3.10 mm; at least ten layers of
elements in the direction of thickness were used.
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Fig. 4 True stress-strain curve for melt 11
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Fig. 6 Detail of crack tip

Fig. 5 FEM mesh for a/W=0.1



a/W=0.1 | a/W=0.2 | a/W=0.5| Pre-
cracked
Charpy
Table 1. Test specimen geometry L 120 140 250 55
B 25 25 25 10
\\ 26 30 50 10
1 104 120 200 40

WEIBULL STRESS MODEL

The local approach for cleavage fracture is based on the weakest link concept that postulates that failure of the
body of a material containing a large number of statistically independent volumes is triggered by the failure of one
of the reference volume [3]. The Beremin cleavage model is phrased within a two-parameter Weibull description of
the failure probability by

(5)
P, (cW>=1—exp{— (‘;W)f"}.

u

The volume integral over the fracture process zone is denoted G, and is termed the Weibull stress. This stress is
conventionally defined by
1/m
1 m
G, {Vjcl dV} ,

0

Q)

where m is so-called Weibull slope, V is a reference (or characteristic) volume, the integral is computed over the
plastic zone, and o, is the maximum principal stress. The parameters ¢, and m of the Weibull stress o, at fracture
are material parameters, i.e. independent of the stress state of materials, but may depend on the temperature.

TOUGNESS SCALING METHOD
Non-calibrated Approach

The first method of transferability of the fracture toughness was tested on the pre-cracked Charpy specimens and
standard specimens with various a/W. Koppenhoefer and Dodds [9] proposed to quantify the relative effects of
constraint variation on the cleavage fracture toughness in the form of toughness-scaling model (TSM). The method
demonstrates the dependence of Weibull stress o, on the crack-tip stress triaxility and the transfer diagram o,
versus computed value of J is constructed. The idea of TSM is to use to same value of probability of failure for both
specimen geometries, schematic diagram can be seen in Figure 4. The TSM created against the laboratory data
generated from tensile notched specimens can be seen in the following Figure 7.
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Fig. 7 TSM diagram uses m-value =18 generated on the notched tensile specimens for melt I at -100°C



TSM Generated Using Boundary Layer Method

Local Approach parameters for Beremin model were calibrated against laboratory data using two and three
dimensional large strain elastic-plastic FEM analysis (2D for SSY condition, 3D for three point bending tests). The
steps of calibration procedure used for TSM are following:

-Rank probability diagram (P¢ versus J.) for two geometries is generated.
-FEM computation for tested specimens and for SSY conditions (BLM).
-Weibull stress determination for tested specimens and for SSY conditions.
-Constraint correction according to weakest link based thickness correction procedure of E-1921. Results of this
transformation can be seen in [6].
-Determine 3. Assume that constrain corrected toughness values obey Weibull distribution with fixed exponent of 2,
where 3 defines toughness value at a 63.2 percent failure probability. Equating failure probabilities leads to

Ly =Gy ™
B Gll

The plane-strain, boundary layer model [6] simplifies the generation of numerical solution for stationary cracks
under SSY conditions with varying levels of constraint (for both approximation), where the reference volume V,
equals (100 um)’ for convenience in all calculations. For the material considered in this paper Pssy=0.064 MPam
was determined according data presented in Figure 8. Calibrated m-values were found out for numerical FEM model
based on the incremental theory of plasticity m=24.1, for numerical model based on the deformation theory m=28.3.
Size and constraint corrected data can be seen in Figure 9.
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Fig. 8 Determination of calibrated m-values for melt I at -100°C

Fig. 9 Size and constraint corrected data for melt I at -100°C

Calibration Procedure for Weibull Modulus Utilizes Only One Set of Data

The last procedure described in [4] is going out from weakest link statistics for J integral from the Equation (1).
A central feature emerging from this model is that, under SSY condition, the scatter in the cleavage fracture
toughness data is characterized by b=2 for J. values.
- Cleavage fracture toughness values measured from one set of high constraint standard specimens (configuration A)
diﬁne Jo of statistical distribution given by Equation 1 (for J.) as the basis for calibration; this parameter is denoted
Jo™.
- Consider now a different constraint crack configuration (configuration B) at the same temperature and loading rate.
Because m is assumed to be independent of specimen geometry, the calibrated Weibull modulus is the m-value that



corrects the toughness for configuration A to its equivalent characteristic toughness for configuration B, (J,* to J,°
correction), denoted Jo® sy .

- By using a thickness correction based on weakest link statistics, parameter J," is simply scaled to the characteristic
toughness value for configuration B (with different thickness), denoted Jo°.ywiy given by:

Jowir = min +(BA/BB)(1/b)(J0A ~Jnin) ®
where Ba and By denote the specimen thickness.
-The calibrated m-value for the material is defined as the value at which Jo2 1sv= JoEwim.

Figure 10 provides a Weibull diagram of measured toughness values for -130°C for SE(B) and pre-cracked
Charpy for melt II. The strait line indicates the three-parameter Weibull distribution obtained by maximum
likelihoood analysis of the data set with J;;,=0,0018 MPam (K,,;,=20 MPam" 2). The characteristic toughness value
for SE(B) is J,=0,0557 MPam and for PCVN J=0,138 MPam.
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Fig. 10 Weibull plots of experimental toughness values at -130°C for melt II
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Fig. 11 Weibull stress o, for SE(B) at -130°C for melt II



Calibrated m-value was found to be very close to m=16. The principle of calibration procedure can be seen in Figure
11 and 12, in the following Figure 13 one can see the result of above mentioned procedure, the solid symbols in this
plot indicate the received data and the constraint influence. The dashed line indicates only the size corrected data.
The Weibull stress prediction for SE(B) specimen using m=16 agrees well with the experimental data as can be seen
in Figure 14.
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Fig. 12 Weibull stress o, for PCVN at -130°C for melt II
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Fig. 13 Corrected data (PCVN to SE(B)) according to Weibull stress for m=16 at -130°C for melt 11

CONCLUSIONS

This paper describes three procedures, which can be used for TSM generation. First procedure is procedure
without m calibration and it is not too accurate. It is well known that a direct application m-values generated on the

notch specimens is controversial.
Procedure based on the SSY solution gives very good results, but it is necessary to have a large amount of data

and carry out a lot of FEM computations.



The last procedure is outgoing from master curve approach and it seems to be modified version of procedure
number two and to generate the Weibull stress trajectories is needed to scale J, values. This approach is giving
valuable data for the small experimental data set. According to the author recommendation the accuracy of this
procedure is dependent not on the thickness ratio but the configuration A and B must have substantially different c,,
vs. J histories computed for the same m-values.
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Fig. 14 Cleavage fracture prediction for the tested PCVN specimen, data transformed to SE(B) specimen
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