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ABSTRACT The reason for the scatter of fracture toughness in the ductile-to-brittle transition
i region has been investigated for the quenched and tempered pressure vessel steel 20MnMoNi55.
] Fractographic results confirm the weakest-link mechanism of cleavage initiation. Four different
;i' types of initiation sites could be classified. The initiation sites of cleavage fracture are located at
i the peak of the normal stress in front of the fatigue crack tip. One conclusion of this paper
indicates that a large part of the scatter of the fracture toughness results from the scatter of the
P distance between the initiation site and the fatigue crack tip. An estimation of the transition
: temperature using the cleavage fracture criterion postulated by Ritchie et al. is in agreement
with the measured toughness values. The results lead to the conclusion that the J integral is not

an appropriate parameter to give a specimen size independent characterization of cleavage frac-
ture.

Intreduction

I For the characterization of the ductile-to-brittle transition behaviour of a steel,
: the transition curve is normally determined by measuring the fracture tough-
ness as a function of temperature using small pre-cracked laboratory speci-
mens. With the determination of the transition curve, the following problems
generally arise.

— The fracture toughness (for the initiation of cleavage fracture) in the tran-
sitton rtegion exhibits high scatter, which increases with increasing tem-
perature. The scatter becomes very large in the upper transition region; that
is, the region where cleavage fracture is preceded by ductile tearing. Because
of the large scatter, many specimens must be tested in order to get a reliable
characterization of the material.

— The transition curve frequently depends on the size and geometry of the

' specimen, as well as on the loading rate used in the fracture test. As a conse-

: quence the test results measured on laboratory specimens are not directly

applicable to cracks in a structure, which may have a different constraint or

loading rate compared to the small specimen.
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In order to avoid extensive testing within the transition region various sta-
tistical models have been developed which are aimed at predicting the scat-
terband as well as the size effects from a relatively small set of test data (1){2).
The models seem to work well when cleavage fracture occurs at small scale
yielding during crack tip blunting. If cleavage fracture occurs after substantial
plasticity of the ligament or after initiation of ductile tearing, the models gen-
erally seem to fail. More research is obviously necessary, which may lead to a
better understanding of how ductile tearing and plastic deformation of the
ligament influence cleavage fracture.

In this paper the reason for the scatter of fracture toughness in the upper
transition region is investigated; this is the temperature region where cleavage
fracture is preceded by some ductile tearing, The mechanisms triggering cleav-
age will be discussed. The cleavage fracture criterion of Ritchie et al. (3) will be
used to estimate the transition temperature. Based on both the fractographic
observations and some finite element solutions taken from the literature, the
cleavage fracture behaviour of CCT (centre crack tension) and ECB (edge
crack bending} specimens will be discussed.

Material

The material used in this study was DIN 20MnMoNi55 steel from a forged
boiler bottom segment. The chemical composition of this steel is similar to
A533B; see Table 1. The heat treatment of the material is shown in Fig, 1, All
specimens were machined from 25 mm thick slices taken from one heat-treated
block. The orientation of the fracture surfaces was the same for all types of
specimens.

Experimental details

The specimens used in this study are shown in Fig, 2. For the determination of
the fracture toughness, pre-cracked side grooved CT specimens were used. All
specimens were pre-cracked at room temperature with a load ratio of
Proin/Paax = 0.1. The K, value for the final 1-2 mm of pre-cracking was
about 500-700 N/mm?>?2. All specimens were 20 percent side grooved after
pre-cracking. The J-integral was calculated according to ASTM T 813-81 (4)
using the analysis for the multiple specimen technique.

Table 1 Composition of 20MnMoNi5S in weight percent

C Si Mn P S Cr v
01y 02 129 0007 0008 002 002
Cu Al Ni Mo Sn Co As
011  00IS 08 053 0012 0014 003
Sb Ti Fe

G.03 0.05 bal
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Fig 1 Heat treatment of the forged material
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The blunt-notched specimens were machined and tested in four-point
bending as shown in the reference {8).

The displacement (crosshead) rate was 0.5 mm/min for the CT specimens
and for the bend bars. The tensile specimens were tested with a displacement
rate of 1 mm/min.

For cooling the specimens, a bath of ethanol cooled with liquid nitrogen or
a bath of pure liquid nitrogen was used, depending on the test temperature. In
either case, the temperature was monitored by a thermocouple attached to the
surface of the specimen or located within a small hole in the specimen. For
qualitiative analysis of the inclusions, an energy dispersive analyser combined
with a scanning electron microscope (SEM) was used.

Results

Fracture behaviour of the various specimens

CT specimens .
A total of 30 specimens was tested in the temperature range of —45°C to
—9%0°C. All specimens failed by cleavage fracture. For each specimen the critical
J value, J_, for cleavage fracture was calculated according to the reference (4).

In order to determine the scatter-band of J_ in this temperature range, a
number of specimens was tested at —60°C and —90°C, respectively. The
resulting data, Fig. 3, show that the scatter in J, significantly increases with
increasing temperature. In the diagram J, indicates the initiation of ductile
tearing. This J; level was determined at —60 and —90°C by fractographic
investigation of the fracture surface. At J;, dimples first appear at the blunted
crack tip.

Blunt notched bend bars
The finite element solutions of reference (5) are only valid for loads below net
section yielding. For this reason all bend bar tests were conducted at the rela-
tively low temperature of —196°C. At this temperature all tested specimens
failed by cleavage fracture below the limit load.

Tensile specimens
The lower yield strength, R,;, and the ultimate tensile strength, R,,,, were mea-
sured as a function of temperature, Fig. 4(a). Because of the assumption that
the yield strength of the material is an important parameter for the cleavage
fracture behaviour of the material, the scatter of the yield strength was mea-
sured carefully at temperatures where the ductile-to-brittle transition of the
CT specimens occurs, Fig, 4(b).

At temperatures below — 178°C all tensile specimens failed by cleavage frac-
ture; al higher temperatures they failed by ductile tearing, At — 196°C cleav-
age {racture of the specimens occurred without, or with little, necking of the
specimens.
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Fig 3 Fracture toughness, J_, of the material in the upper transition region

Fractographic examination

The fracture surfaces of the specimens were investigated using a SEM. The
objective was to find evidence for the microstructural mechanisms leading to
cleavage fracture.

At low magnification, the fracture surfaces of each type of specimen
exhibited macroscopic river patterns which originate at one small area on the
fracture surface, see Fig. 5(a). Examinations of the centre of the macroscopic
river patterns at high magnifications revealed fine river patterns. In all speci-
mens, these river patterns could be traced to a single area which contains one
cleavage facet, or sometimes a few. These areas are referred to as initiation
sites. Four types of initiation sites were found by SEM examination.

Type F {facets}
One or sometimes 2 few cleavage facets are arranged at the initiation site, The
size of the facets is about 50 to 90 um, Fig. 5(b). No particles can be observed
at the initiation site. This type appears mainly at low temperatures because in
all the CT specimens tested at —90°C as well as in all bend bars tested at
—196°C this type was found.

—
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T " : Type I (inclusion)
N _ Features similar to type F but one large inclusion or a few small inclusions are
located on the facet. Fig. 5(c). The size of the inclusions ranged from 2 to 8 um.

1000

Type K (cluster)
In two of 26 CT specimens and in all tensile specimens tested at —196°C a
cluster of large inclusions was found at the centre of the river pattern, see Fig.
( 3(d). The energy dispersive analysis of the various inclusions show mainly the
: elements Mn and S and traces of Si, Ti and Cu. This indicates manganese
sulphide inclusions.

’ 1
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/ 20 Mn Mo Ni 55 Type L (local tearing)
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For J, values higher than J,, the specimens had ductile tearing along the crack

1

200 _160 0 _ ' front followed by cleavage fracture. In many of these specimens the initiation
: site is located close to a local ductile tearing zone. This zone is always con-
T,°C - nected with the main crack, see Fig. 5(e).

Fig 4(a) Tensile strength, R , and lower yield strength, R, , versus temperature

Location of initiation sites
The centre of the river pattern was assumed to be the cleavage initiation site.
For all CT specimens and blunt-notched bend bars the location of the initi-
ation site was determined. The distance, r_, between the initiation site and the
fatigue crack tip was measured; this distance does not include the stretched
. , i , . . . , zone. In addition, the distance between the centreling of the specimen and the
initiation sites was measured; this distance is designated as z. The results of
these measurements and the results of the fractographic examinations are
600+ 20 Mn Mo Ni 55 1 shown in Fig. 6 and Table 2. In Fig. 6 it can be seen that with increasing

- | = 30mm . temperature the distance between the initiation site and the fatigue crack tip
3

_ increases.
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ca.r1% °¥ SR & | Many investigations on cleavage fracture (5)(9) have shown that the normal
o ( stresses in a material have a good correlation with the cleavage fracture behav-

iour of the material. This is based on the assumption that Griffith-cracks exist
in the material which become unstable if a critical normal stress level is

! . : . reached.

-40 0 L0 The fact that the cleavage initiation sites can be localized in all tested speci-
mens provides the opportunity to investigate this assumption. In the following

section the correlation between the normal stress in the ligament and cleavage
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Fig 4(b) Scatter of the lower yield strength, R,,, within the transition regime of the CT specimens fracture is considered.
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CT specimens

It has been shown by finite element calculations (10)12) and by the slip line
theory {13} that for a blunted crack the normal stresses g, have a maximum at
a certain distance ahead of the crack tip, see Fig. 7. The solutions shown in
Fig. 7 are based on a power law hardening material, N is the strain hardening
exponent and o, the yield strength of the material,

The location and magnitude of the stress maximum depends on the strain
hardening and slightly on the ratio of yield strength to Young’s modulus. At
the test temperatures, the material used in this study has a strain hardening
exponent N of about 0.1 (see explanations below) and the ratio o4/E is about
0.0025 as it is assumed in Fig. 7. Therefore, as an approximation according to
Fig. 7 the maximum of ¢, for the material used in this study is assumed to be
located at the normalized distance of 4 = 4, = 0.0027. (Figure 7 does not
directly support the choice of 0.0027 but later it will be shown that the o,
stress peak seems to control cleavage fracture of the specimen and the choice
of 0.0027 is needed to calculate a transition temperature which is in agreement
with the experimental results.) The normalized distance is defined as

_rag(l — v

A £J (1)

For a sharp crack, Schwalbe (14) has derived an analytical solution for o,
which is in agreement with these finite element solutions for the distances
A > A, that is the range beyond the maximum of the stress peak. In order to
estimate the normal stress distribution in the ligament of the CT specimens the
results from the literature will be used as follows: For the range at and beyond
the maximum which is characterized by 4 > 4, = 0.0027 Schwalbe’s solution
was used

03 [004\ViN+1
"Y={A ol (7) } 7o @)

For the range A < A,, Schwalbe’s solution leads to an over-estimation of the
normal stresses because it does not account for crack tip blunting. In order to
get a reasonable estimation of the normal stresses the shape of the slip line
solution (13) was adopted within that range.

(see facing page)

Fig 5 (a) Fracture surface of 2 CT specimen showing macroscopic river pattern which emanates
from ome small area on the fracture swrface in front of the fatigue crack tip
(b)) Different types of cleavage initiation sites: (b) Type F: a cleavage facet is lecated at
the centre of the river pattern; {c) Type I: an inclusion is located at the centre of the river
pattern; (d) Type X: a cluster of large inclusions in the centre of the coarse river pattern; a
number of single cleavage initiation sites form the centre of the fine river pattern at the
border of the cluster; (¢) Type L: cleavage fracture initiation at a lecal zome of ductile
tearing
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Fig 6 Location of the initiation sites in the ligament. The location of initiation sites depends on the
test temperature

The hardening exponent N of the material was determined by fitting a
power law through the true stress—strain curve of the uniaxial tensile data. For
this purpose the true stress and true total strains were plotted on logarithmic
axis. N was then determined by taking the slope of a straight line which was
pinned at the following two points: the true stress referring to the maximum
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Table 2 Fractographic results

Specimen J T Initiation T, z o

number (N/mm) {°C} type (mm) (mm} (N/mm)
CT specimens
EP7 184 —90 F 04 1 1988
EP10 180 —90 F 0.27 2.5 1924
EP1 170 —90 F 0.3 22 1970
EP6 157 —90 F 0.28 50 1970
ELi1 124 —-90 F 09 4.5 1700
EL12 180 -85 I 0.77 0.3 1822
EL4 100 -70 F 0.16 22 1800
EMS6 150 -70 H 034 3 1900
EL3 500 -7 H 1.68 2.3 1825
EP12 60 —60 I 0.25 G 1750
EP8 120 —60 K 149 65 1450
EQ3 124 —60 1 0.21 390 1800
EP4 168 —60 ¥ 048 0.5 1822
EL7 195 - 60 I 0.74 2.1 1744
EP9 215 —60 1 1.08 2 1716
EQ4 286 —60 F 0.7 2.5 1866
EP2 304 —60 F 0.96 1.5 1808
EQ2 340 —60 L 0.8 3 1830
EPi4 434 —60 L 1.28 1.2 1866
EPi15 448 —60 L 176 1 1760
EP3 518 —60 L 1.23 0.5 1860
EQ1 560 —60 L 178 1.5 1805
Ell6 630 —60 F 148 1.1 1855
EPi1 190 —55 F 031 5 1755
EL10 250 - 55 K 23 2.7 1560
ELS 455 —55 F 1.3 24 1817
Bend bars
22 —196 F 0.59 1980
23 —196 F 0.33 1950
25 —196 F 0,28 1750
24 —196 F 021 1665

load and the yield point R, ;. This method of fitting the stress—strain curve is
outlined in detail in reference (15). Within the temperature range used in this
study (—90 to —50°C) this procedure gives a hardening exponent of N == 0.1
which is only slightly influenced by the temperature. As an estimation of a,
the lower yield strength of the material, R, ,was adopted for the calculations.

Using this approach, the fracture stress o, for each CT specimen was calcu-
lated using equation (2) by introducing r,, the lower yield strength R, and the
hardening exponent of N = 0.1. The fracture siress values are tabulated in
Table 2.

In Fig. 8 the location of the cleavage initiation sites of the CT specimens in
relation to the normal stress distribution is shown. It can be seen that the
initiation sites are located close to the normal stress peak. In addition the
distribution of the initiation sites has a shape very similar to the shape of the
stress distribution.
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Fig 7 Normal stress o, in front of the blunted crack tip. The maximum was assumed to be at
A, = 0.0027. For the estimation of o, in front of the maximum, for 4 > A, Schwalbe’s
solution (14) was used. For the range A4 < 4_ the shape of the slip line solution (13) was
adopted .

Blunt-notched bend bars

For the notched bend bars the fracture stress o, was calculated using the small
scale yielding finite element solution given in (5). In these numerical calcu-
lations the normal stress is only available for discrete numbers of loading
steps. In order to get the normal stress distribution for the actual failure loads
of the bend bars, the numerical results were interpolated (dotted lines in Fig.
9). For four specimens the fracture stress was then estimated by determining
the normal stress at the location of the initiation site as shown in Fig. 9 (see
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Table 2). Also in this type of specimen initiation of cleavage fracture occurs
close to the maximum of the normal stress.

Tensile specimen

At —196°C cleavage fracture of the tensile specimens occurred without signifi-
cant necking. Therefore, the stresses in the specimens were considered to be
uniaxial. Using this approach the fracture stress was determined by
F,
g, =
£ 8
F, is the failure load of the specimen and § indicates the area of the cleavage
fracture surface. In Fig. 10, the fracture stresses of the various types of speci-
men at various temperatures are summarized. Figure 10 reveals the following
facts:

— Different types of specimens have approximately the same fracture stress.

— Concerning the calculated critical stress, the data in Fig. 10 can be divided
in two groups, A and B. Group A is created by the initiation types F, I, L
(facet, inclusion, local tearing). Group B is formed by the initiation type K
(cluster). Compared to initiation types F, I, L the cluster have significantly
tower fracture stresses. Each data group seems to have its own ‘lower bound
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Fig 10 Fracture stress of the various specimens for the various types of specimens
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fracture stress’ that is o, and oy. Below these stress levels the initiation of
cleavage fracture seems to be very unlikely,

— For each group there is no significant influence of temperature on the ‘lower
bound fracture stress’,

The fact that a lower bound of fracture stress seems to exist in the material is
in agreement with the cleavage fracture criterion postulated by Ritchie et al.

3.

Scatter of the fracture toughness

Figure 11(a) and 11(b) plots the J_ values versus r, values for the CT specimens
tested at —90 and —60°C, respectively. Two lines indicate the range in which
the normal stresses in front of the crack tip is about 90 percent of the
maximum-normal stress value o,,,,, . This range is approximately determined
by 0.002 << 4 < 0.004. Most of the r ~J_ data points fall into this range; only a
few are located slightly in front of the stress maximum.

These results show that the scatter of J, values is essentially controlled by
r., the distance between the cleavage initiation site and the fatigue crack tip.
The distance r, obviously characterizes how far the normal stress peak must
move into the ligament in order to find the cleavage initiation site.

Some aspects of the lower bound fracture toughness and the transition
temperatire

The approach discussed above does not explain the existence of a lower bound
fracture toughness. In principle, a cleavage initiation site may be located very
close to the fatigue crack tip. Considering the correlation between r, and J_,
this would lead to a vanishing J_ as r, approaches zero. In all tests conducted
in this study, no r, values smaller than 210 um have been found. This indicates
that the initiation of cleavage fracture close to the crack tip is very unlikely.
An interpretation of these results can be made by the RKR fracture criterion
which postulates that cleavage fracture can only occur if the fracture stress is
reached or exceeded over a critical distance. Due to the relationship between J
and the shape of the normal-stress peak, the RKR fracture criterion can only
be satisfied when J is large enough to provide a normal ‘stress-peak-width’
larger than the critical distance. Because with increasing J the peak moves
away from the crack tip, the condifion of having a stress peak of sufficient
width is only possible at a certain distance in front of the crack tip. This means
that the initiation sites must always be located at a certain distance in front of
the fatigue crack tip. The experimental findings seem to support this model
which is able to explain the existence of a lower bound fracture toughness.

The magnitude of the normal stress peak is directly correlated with the yield
stress of the material. Using three quantities: the lower bound fracture stress,
{ogLp), 2s discussed in the preceding section (Fig. i0), the normal stress
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' J T maximum as estimated with equation (2) using the value 4 = 0.0027 and the |
temperature dependence of the yield strength (Fig. 4), the RKR criterion leads |
Ty max to a definition of a transition temperature, called Ty, This temperature is char- |
range acterized by the situation where the value of the stress peak is equal to the

lower bound fracture stress
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The result of this approach is shown in Fig. 12, The predicted transition tem-
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ously successful application of this model the main problem using this
approach is the relatively low temperature dependence of the yield strength.
This low temperature dependence of the yield strength has the consequence
O Typ F that small changes in the quantities used for the prediction lead to large varia-

0 1 ; 1 _ , tions in the predicted transition temperature. The hatched bar in Fig. 12 gives
0 I 0.5 10 }'5 an impression how strong a very slight'cil.ange of the yield strength or lower

’ ’ o bound fracture stress influences the prediction.

fe min fc ,Mmm The present work indicates that cleavage fracture behaviour of the specimen
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{a) t is strongly correlated to the normal stress peak at the crack tip. McMecking
' and Parks (12) have investigated the influence of loading mode and ligament ‘
length on the normal stresses at a blunted crack tip by finite element calcu- 3
lations, Applying the model for the prediction of T; as discussed above to the
T T . T finite element calculations of reference (12) some conclusions concerning the
transition behaviour of CCT (centre crack tension) — and ECB (edge crack
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FE calculations
plane strain
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Fig 13 Behaviour of the normal stress peak under tension and bending load for plane strain taken
from the numerical calculations of reference (12)

bending} — specimens can be drawn. As an extraction of the two dimensional
plane strain finite element calculations the value of the normal stress peak as a
function of both, the ligament length, I., and the J integral is shown in Fig. 13
(L is the width minus the crack length of the specimen.) It can be seen that
there are substantial differences between the two types of specimens. With
increasing J the maximum of the normal stress peak of a CCT specimen
(tension loading) decreases steadily whereas for the ECB specimen (bending
loading) the maximum of the stress peak stays constant up to Lay/J = 25.
This means that even for a situation were the stress state does not change with
increasing load the J integral does not have a size independent correlation to
the normal stress peak. Using the findings of this paper which indicate that
cleavage is cobtrolled by the normal stress peak, it can be concluded that the
J integral is obviously not able to provide a geometry independent character-
ization of cleavage fracture. This means that the J integral is not an appropri-
ate fracture parameter for cleavage fracture.

Ceonclusions

The fractographic results confirm that within the transition region cleavage
fracture is triggered in one small volume in front of the fatigue crack tip that is
the cleavage initiation site. This is in agreement with the ‘weakest-link’
hypotheses.
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Four different types of cleavage initiation sites could be characterized. The
type and the location of initiation site is influenced by the test temperature.

The initiation sites are tocated close to the maximum of the normal siresses
in the ligament,

In the transition region a large part of the scatter of the fracture toughness
J is due to the scatter of the distance between the crack tip and the initiation
sites.

The fractographic results and the stress calculations confirm the RKR frac-
ture criterion: In order to initiate cleavage fracture a ‘critical stress’ acting
over a ‘critical’ distance must be reached or exceeded.

The RKR criterion was used to predict the transition temperature Ty,

According to the numerical calculations of McMeeking and Parks there is
no specimen size independent correlation between the J integral and the
normal stress in the ligament. Applying that result to the findings of the
present paper it can be concluded that the J integral cannot provide a speci-
men size independent characterization of cleavage fracture.
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