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An experimental program was developed to characterize the transition region of an
A508 cl3 steel. Some fracture mechanic specimens were tested in the transition
region using three geometries with thickness B < 1T ÇT, SENB and pre-cracked
Charpy). Fractographycal observations were made in the fracture surfaces to identify
the weak-links and to measure their distances to the crack-tip. These distances are
compared with the theoretical values that come from a deterministic methodology.
The results are presented and discussed in terms of the obtained Jc values, the
reference temperature values, To, associated with each geometry and test
temperature, and the measured rwi distances and the theoretical ones

Introduction

In the transition region of the ferritic steels it is difficult to establish a single parameter
to characterize the stress state near the crack tip due to the great scatter presented
by the measured Jc values. So, it is very difficult to transfer these values, obtained
with standard specimens, to the actual structures. The scatter is greatly influenced by
the test temperature T and by the geometry and size of the specimens. It increases
with the temperature and due to the crack-tip loss of restriction it is bigger when small
specimens (usually B < 1T=25.4 mm) are used.

The weak-link is the point ahead of the crack-tip where the stress field presents a
value greater than a material critical value: the cleavage stress, ac- This situation
triggers the cleavage when the material works in the transition. In the lower shelf the
cleavage also occurs but by another triggering mechanism.

In the two parameter theory J-Q [O'Dowd & Shih, 1993], the J-integral is associated
with the applied loading and the Q parameter is associated with the level of the
plasticity constraint in the crack-tip which depends on the cracked geometry, its size
and the applied loading. The distance from the weak-link to the crack-tip, rwi, can be
associated to a material property [Landes, 1992]. This assumption allows its
association to the scatter observed in the transition measured Jc values. Landes



oooo
[1995] suggested a determinist procedure to obtain the theoretical distance rwi
associated with an experimental Jc value (obtained from a given geometry and
temperature) and how to use it to predict the associated cleavage toughness value
for another geometry and temperature. This is an iterative procedure that uses the J-
Q theory, the weak-link principle, and the cleavage stress ac concept, and it is
described in details elsewhere [Miranda & Landes, 1997].

From the use of the three parameter Weibull distribution Wallin [1991] proposed an
expression, the Master Curve, to describe the median behavior of the Jc values
measured in the transition region, associated with an unit thickness and expressed
by the equivalent stress intensity factor Kjc (MPaVm). This Master Curve is
established from a unique parameter: the reference temperature, To (°C) that
positions the Master Curve. It is defined as the test temperature where KJC median
(Kjcmed) = 100 MPaVm. So, the transition curve does not change its shape due to the
material irradiation in an nuclear reactor and its shift can be indicated by a change in
the To value. The procedure to obtain this To value was standardized by the ASTM
[ASTM 1921, 1997] and it allows the use of small specimens like the pre-cracked
Charpy geometry.

The scope of this work is to characterize the transition region of an A508 cl3 steel
using small specimens, the Master Curve approach, and its reference temperature,
To, and to identify the weak-links and measure their characteristic distances, foi to
compare them with their respective theoretical values. A set of 63 cleavage
toughness values Jc (Kjc) were obtained from some 1/4T CT, SENB (B=9mm x
W=18mm) and pre-cracked Charpy specimens respectively with a/W=0.6, 0.5 e 0.5.
The tests were performed at four temperatures. The J^ and the respective Kjc values
were already presented elsewhere [Miranda, 2000]. After the testes, at least one of
the fracture surface of every specimen was observed to identify the point where
cleavage was triggered (the weak-link) and its rwi distance was measured.

Material Characterization

Firstly, some tests were performed to characterize the material. The chemical
analysis of the tested material is presented in table 1. The tests to obtain the room
temperature stress-strain curve, the yielding point (0ys) and the ultimate strength
(outs), give the following average values: oys = 530 MPa and outs = 630 MPa.

For the fracture mechanics tests the following approximated values were adopted: oys

= 560 MPa and o\,ts = 720 MPa. Also, it was adopted: v = 0.3 (Poisson's coefficient)
and E = 210 GPa (Young modulus).

c
0.18

Mn

1.32

Ni

0.76

Table '

Mo

0.51

I: Chemical composition (weight %)

Si

0.35

Cr

0.05

Cu

0.023

Sn

0.012

AI

0.009

P

0.008

Co

0.005

S

0.001
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Jc Prediction in the Transition

The methodology proposed by Landes [1995] to predict Jc values in the transition
assumes that the distribution of the weak-link values is responsible for the scatter
observed in the Jc values and can be associated with a material property which is
temperature independent. Other assumptions are: the material cleavage stress oc

also is temperature independent; and the level of stress that produces cleavage is
modified by the constraint level ahead of the crack tip, which is associated with the Q
parameter. Using this methodology it is possible to predict a set of cleavage
toughness values, JL for a given geometry and temperature from a set obtained from
another geometry at another temperature.

To apply this methodology it is necessary to known the Q curves associated with the
involved geometries, curves Q x Log(J/(bo0)), the material Ramberg-Osgood
exponent ip), the normalized stress fields ahead of the crack tip, ayy/a0 x r/(J/o0), and
the material cleavage stress, oc. In these expressions b is the remaining ligament, o0

is a normalization stress and 0yy is the stress normal to the crack plane. This
methodology is depicted in figure 1 with three application phases. This methodology,
its limitations and some application examples are presented in details elsewhere
[Landes, 1996, Miranda & Landes, 1997].
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Figure 1 : Landes methodology flow chart to predict Jc in the transition

For the scope of this work it is necessary to apply only the 1 s t phase of this
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methodology where, from the direct use of the J-Q theory, for each value Jc (Jci)
measured with a given geometry Q at temperature ~Fi, the respective foi value is
obtained.

In another work [Miranda, 1999] it is shown that, using a characteristic of this
methodology, it is possible to use itself to obtain the material cleavage stress from a
given set of wt values which should be representative for the material. For the tested
material the average cleavage stress value was found to beoc = 1850 MPa.

Results

Toughness at Cleavage. Table 2 shows the test matrix. The obtained J integral
values at cleavage (Jc) were converted to equivalent stress intensity factors (Kjc)
considering the plane stress hypothesis and are presented in fig. 2.

Table 2: Test matrix

Geometry
Test Temperature (°C)

Quantity

1/2T CT
-75
12

-100
12

SENB
-75
9

-106
8

Charpy
-75
6

-90
10

-106
6
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Figure 2: Fracture mechanics results - Kjc (MPaVm)

AW Distances - Theoretical Values. The theoretical wi values associated with the
measured Jc values were obtained directly from the 1 s t phase of the Landes
methodology (fig. 1). For the tested geometries it was adopted the O'Dowd & Shih
[1993] Q curves associated with the SENB geometry once there is no practical
differences among these curves and those partial ones associated with the CT
geometry [Gullerud & Dodds, 1995]. The obtained rwi theoretical values are presented
in fig. 3 as triangles.

Distances - Experimental Values. At least one fracture surface, for every tested
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specimen, was examined to identify the weak-link position and its distance rwi to the
crack-tip. To control this identification process, and for some of the fracture surfaces,
the examination was repeated and for some specimens the examination was
performed in both surfaces.

All measures presented the same difficult to identify the weak-link and presented the
same scatter. In those specimens where there were more difficulty to identify the
weak-link the indicated distances give the region where the weak-link was supposed
to be. Due to these facts the obtained distances rwi for each specimen are
represented by the minimum and the maximum values found (fig. 3).

300

0.5 1.0/0. 0.5 1.0/0. 0.5
r«i (mm) - V V V :theoretical

1.0

Figure 3: rwi theoretical (V) and experimental values

Fractographycal Observations. Figures 4 to 7 present some of the performed
fractographies. Some lines were put in fig. 4 to show the typical topographical aspect
indicating the region where the cleavage was triggered. Fig. 5 shows small regions
(=10 |a.m) ahead of the weak-link region which indicates void coalescence probably
due to some imperfections in the material matrix. Fig. 6 shows, in zoom, the position
of the weak-link.

Reference Temperature, To

The Master Curve eq. (1), is a "median" curve, associated with 50% of accumulated
probability of fracture by cleavage (Kjc,med) indexed to the Reference Temperature,
To. The ASTM E1921 [1997] standard gives the procedure to obtain To from a set of
experimental Jc results that should be transformed to equivalent Kjc values and
associated with an "unit" thickness, B = 1T = 25.4 mm.

K (1)



Figure 4:1/2T CT, Jc=121 Figure 5: Charpy, Jc=67 kJ/m ,
T = -106°C

Figure 6: SENB, Jc=45 kJ/nT,
T = -106°C

Figure 7:1/2T CT, Jc=47 kJ/m^,
T = -100°C

The ASTM E1921 standard defines the minimum quantity of valid results to apply the
procedure, the restrictions and limits to consider the experimental values as "valid"
ones, etc. It also gives some expressions, similar to but associated with 1%, 2%, 3%,
4%, or 5% and with 95%, 96%, 97%, 98% or 99% of fracture probability. With these
curves it is possible to define a range of Kjc values, associated with a given
probability of fracture, at a given temperature, that encompass the scatter of the
results. From the application of the ASTM E1921 procedure for each group of
specimens and test temperature the average reference temperature of the tested
material is To - -93.1 °C (table 2).

Multi-Temperature Approach. By the ASTM E1921 standard, the set of KJC values
used to calculate To should be obtained at one single test temperature, T. However,
there is an alternative procedure that allows the (iterative) To determination from
results obtained at different test temperatures. When the KJC values come from one
single test temperature this new procedure is equivalent to the E1921 one. The To

values obtained by this procedure are presented in table 2 where they can be
compared with the ones obtained with the E1921 procedure.

The To values between brackets were obtained from sets with less than the minimum
of 6 valid results and, so, they can not be used for any purpose.
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Table 2. To values

Geometry

1/2T CT

SENB

Charpy

All

# valid
tests

11
12
23
3
8
11
1
8
6
15
49

T (°C)
-75
-100

2
-75

-106
2

-75
-90
-106

3
7

To
ASTM

(°C)
-90.7
-94.8
sets

M 12.21
-90.5
sets

f-109.61
-92.9
-99.4
sets
sets

E1921/97
average (°C)

-92.7

-90.5

-96.1

Multi-temperature
(°C)

-89.7
-94.4
-92.0

[-107.5]
-90.0
-101.6
[-127.7]
-91.2
-98.8
-100.9
-98.0

Discussion and Conclusions

Màntylà et al. [1999] already mentioned the difficulty and the subjectivity to identify
the weak-link position. In the present work this difficulty was increased once the tests
were performed at the lower part of the transition due to the use of small specimens.
The difficult above mentioned explains why the correlation among the Jo values and
the measured foi values are not a good one. This fact agrees with the conclusion of
other authors (see Sokolov et al. [1997]) that mention other cleavage triggering
mechanisms that prevail over the weak-link in the lower portion of the transition. To
obtain a good correlation the tests should be performed at higher temperatures,
where the cleavage triggering mechanism is weak-link dominated. This, however,
implies a great risk to obtain too much invalid Kjc values to calculate the material To,
one of the main goals of the work for the material transition characterization.

From the results presented in table 2, the material reference temperature is between
-90 °C and -100 °C with a average value of -93 °C. In a previous work [Miranda,
1999] it was established that, for 50 tested specimens (i.e.: 50 valid results) tested at
T=T0, there is «98% confidence that the calculated To value is within +/- 5 °C around
the actual material To value. So, we can say that, for this material, the reference
temperature is -93 °C.
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