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Abstract

It was attempted to estimate the fracture toughness transition curves of reactor pressure vessel (RPV) steels from the

ball indentation and tensile test data using the indentation energy to fracture (IEF) model and the relationships de-

scribing the e�ect of stress state on fracture. In the IEF model the fracture toughness is expressed as a function of the

ball indentation test parameters and critical mean contact pressure. From the relationships among the stress compo-

nents the fracture stress is derived as a function of stress triaxiality and ¯ow property. In this approach the fracture

stress calculated for the stress triaxiality of indentation deformation is assumed as the critical mean contact pressure.

Indentation and tensile tests were performed on six RPV steels at transition temperatures of ÿ160±25°C. The values of

critical mean contact pressure were in the range 2500±2800 MPa. The temperature dependence of the estimated fracture

toughness, KJC, agreed well with that obtained by the master curve method of ASTM E 1921 using three-point bend

(TPB) specimens. In addition, the critical fracture stresses were obtained by considering the stress triaxiality for the

crack tip. All test materials revealed the values of the critical fracture stress ranging from 2100 to 2500 MPa. Ó 2000

Elsevier Science B.V. All rights reserved.

1. Introduction

Many theories and models have been developed to

measure the mechanical properties of materials from

ball indentation tests [1±8]. The current status is that

many fundamental mechanical properties replacing the

tensile test data can be measured using ball indentation

test technology [4±6]. However, since ball indentation

on the ductile metals does not induce cracking even at

very low temperatures, the estimation of fracture

toughness using the indentation test has been rarely

attempted for ductile metals [5]. Recently, the indenta-

tion energy to fracture (IEF) model was proposed to

estimate the fracture toughness of ferritic steels from the

ball indentation test data by the same authors [7,8]. The

IEF model is based on the assumption that the inden-

tation deformation energy per unit contact area up to a

critical mean contact pressure is equal to the plastic

energy portion of the fracture energy per unit area. In

the model an imaginary fracture should be imposed to

the indentation deformation because most ductile met-

als do not reveal cracking during indentation. The cri-

terion for the imaginary fracture is that fracture occurs

when the maximum contact pressure reaches the frac-

ture stress of the material [7]. In the practical applica-

tion of the IEF model, how to evaluate the fracture

criterion has been the key procedure for obtaining

correct fracture toughness values [9]. This study is aimed

at the development of a methodology to evaluate the

critical mean contact pressure, as a fracture criterion,

from tensile test data.
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In Ref. [7] it was shown that similar fracture tough-

ness values were obtained from the standard fracture

mechanics test and the IEF model. This result was ex-

plained by the fact that the indentation deformation

reveals a very similar degree of stress triaxiality to the

deformation ahead of the crack tip. The e�ect of stress

state on the fracture behaviors of SA508-3 reactor

pressure vessel (RPV) steel in the transition region has

been investigated using notched round tensile specimens

of various notch root radii [10]. The test results showed

that the fracture stress and fracture strain are strongly

dependent on the stress state (stress triaxiality); the

fracture stress increases with the stress triaxiality, while

the fracture strain decreases with the stress triaxiality. In

the present work the fracture strain is expressed as an

exponential function of stress triaxiality based on the

experimental results [9±11] and the fracture stress is

modeled as a function of stress triaxiality and ¯ow

property based on the relationships among the stress

components. Then, the value of the critical mean contact

pressure is evaluated using the fracture stress versus

triaxiality relationship from the tensile test results

and the stress triaxiality values in the indentation

deformation.

This paper also includes the application results for six

RPV steels including one SA533-B-1 steel and ®ve

SA508-3 steels. The stress triaxiality was evaluated for

the indentation deformation. With the evaluated stress

triaxiality, the critical mean contact pressure, fracture

toughness, and transition (or reference) temperature

were estimated for those RPV steels from the ball in-

dentation test and tensile test data. In addition, the

fracture stress was evaluated for the crack tip and dis-

cussed with relation to the e�ects of stress triaxiality.

2. Modeling

2.1. The IEF model

The mechanical properties measured from a speci-

men might be in¯uenced by the strain rate and test

temperature as well as by the specimen geometry and

loading pattern, determining the stress state within the

specimen. At a given strain rate and test temperature

similar stress states might result in similar values of

fracture toughness. Thus the agreement between the

fracture toughness values obtained by the IEF model

and the conventional fracture toughness testing was

explained by the analogy of stress states in the two de-

formations [7,9].

Theoretically, the stress triaxiality, the ratio of mean

stress to equivalent stress, is close to 0.4 at the moment

of contact between the ball and the sample surface [2].

However, a FEM calculation showed that the stress

triaxiality in the RPV steels reached about 2 at very

small strain and increases to about 3 as the indentation

depth increased [7]. It saturates nearly at an indentation

depth of about 10% of the ball radius, which corre-

sponds to about 9% plastic strain. FEM simulations and

theoretical calculations on the deformation around the

crack tip showed that the values of stress triaxiality were

also in the range 1.9±3.3 [12±15]. In the IEF model it is

postulated that the indentation energy per unit contact

area to a critical point is related to the fracture energy of

the material. The indentation energy to fracture was

de®ned by Byun et al. [7]:

WIEF � 4

pd2
f

Z hf

0

P dh; �1�

where P is the applied load, h the indentation depth, hf

the critical indentation depth, and df is the critical

chordal diameter of the indentation impression. This

equation is easily integrated using a linear indentation

load±depth (P±h) curve: P�Sh, where S is the slope of

the curve. Using the de®nition of critical mean contact

pressure and the Meyer law [3]:

pf
m �

4Pf

pd2
f

; �2�

Pf

d2
f

� A
df

D

� �mÿ2

; �3�

where A is the material yield parameter, m the Meyer

index, and D is the ball diameter, the IEF is expressed as

a function of indentation parameters:

WIEF � 2A2D2

pS
ppf

m

4A

� ��2mÿ2�=�mÿ2�
: �4�

WIFE takes into account only the elastic±plastic defor-

mation energy. However, the toughness parameters,

such as Charpy impact energy and fracture toughness in

the transition region, KJC, have non-zero lower shelf

values [16,17]. Thus in the transition regime the IEF

model assumes that the fracture energy per unit area,

Wf , is given by the two terms: the lower shelf, W0, and

the indentation energy to fracture [7]:

Wf � W0 � WIEF: �5�
In addition, using the generalized Gri�th theory under

plane strain condition and the de®nition of fracture

toughness for a crack in an in®nite plate [18], the rela-

tionship between fracture energy and fracture toughness

becomes

Wf � K2
JC

2E= 1ÿ m2� � ; �6�

where E is YoungÕs modulus (E� 207 000±57T MPa,

where T is the test temperature in °C) and m is PoissonÕs
ratio. Therefore, the fracture toughness, KJC, is given by
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KJC � 2E
1ÿ m2

W0

("
� 2A2D2

pS
ppf

m

4A

� ��2mÿ2�=�mÿ2�)#1=2

:

�7�
In this equation the values of A and S are known from

indentation tests and the value of m can be obtained

from the plastic ¯ow curve; m is approximately equal to

n + 2, where n is the work-hardening exponent of a

Hollomon-type ¯ow curve [3]. Also, since the lower shelf

of fracture toughness is 30 MPa
p

m [16], Eq. (7) gives a

value of 1975 J/m2 as the lower shelf energy, W0, with

E� 210 GPa, m� 0.28, and WIEF� 0. The following

sections suggest a methodology for calculating the value

of pf
m from tensile test results.

2.2. Fracture stress as a function of stress triaxiality

In the cracked or notched specimens a local con-

straint force would characterize the stress and strain

®elds around the crack tip (or notch root). The e�ects of

a constraint or stress state on fracture have been em-

phasized by many authors [10±15,19±22] because it has

been known that the fracture toughness decreases with

increasing degree of constraint. The degree of constraint,

or stress concentration, is often measured by the ratio of

maximum principal stress to equivalent stress (denoted

as C) [15,20] or more frequently by the stress triaxiality t

[10±14,19±22]. In the present model it is intended to ®nd

a consistent relationship between the fracture behavior

and the stress triaxiality and to apply it to di�erent de-

formations. A symmetrical geometry of a round tensile

specimen is used for simplicity in testing and for simple

relations between stress components. The stress triaxi-

ality is usually de®ned as the ratio of mean stress, rm, to

the equivalent stress, req, [11,21]:

t � rm

req

; �8�

where the equivalent stress and mean stress are de®ned,

respectively, as

req � 1���
2
p �r11

h
ÿ r22�2 � �r22 ÿ r33�2 � �r33 ÿ r11�2

i1=2

;

�9�

rm � r11 � r22 � r33

3
: �10�

Here, r11, r22, and r33 are the principal stress compo-

nents in the radial, circumferential, and axial directions,

respectively. From the force equilibrium equations

Bridgman and Miannay [23,24] derived the stress dis-

tributions in the axisymmetric notched specimens under

a tensile force. This analysis hypothesizes that the strain

distribution is approximately uniform across the mini-

mum neck section. This hypothesis was drawn from the

experimental observations and was also adopted in this

model. Additionally, when plastic deformation is dom-

inant, the strain components obey the incompressibility

rule; e11 � e22 � e33 � 0. Therefore, with a load applied

in the axial direction (33-direction), the relation between

strain components is

e33 � ÿ2e11 � ÿ2e22: �11�
With this relation, the equivalent strain becomes

eeq �
���
2
p

3
�e11

h
ÿ e22�2 � �e22 ÿ e33�2 � �e33 ÿ e11�2

i1=2

� e33: �12�

For the above strain state, the relation between the two

transverse stress components can be derived from the

constitutive equations based on the total strain compo-

nents as [10]

r11 � r22: �13�
Then, the equivalent stress and mean stress are given by

req � r33 ÿ r11 � r33 ÿ r22; �14�

rm � r33 ÿ 2

3
req: �15�

The mechanical parameters that can be measured from a

round bar specimen are the equivalent stress at fracture,

rf
eq, the fracture stress in the axial direction, rf , and the

fracture strain, ef . Using these parameters and Eqs. (8)

and (15), the stress triaxiality at fracture can be ex-

pressed as follows:

tf � rf

rf
eq

ÿ 2

3
: �16�

Here, the value of the equivalent stress at fracture can be

calculated from the ¯ow curve of the material;

rf
eq�K(ef )

n, where K and n are the strength coe�cient

and work-hardening exponent of the Hollomon-type

¯ow curve.

For a failed round bar specimen, the fracture strain,

ef , and fracture stress, rf , are calculated by the following

relationships, respectively:

ef � 2 ln
d0

df

� �
; �17�

rf � 4Pf

pd2
f

; �18�

where d0 and df are the initial diameter and the mini-

mum diameter at fracture, respectively, and Pf is the

fracture load. The fracture strain is known to decrease

with increasing stress triaxiality. Many experimental

results [9±11,21] implied that the variation of fracture
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strain with stress triaxiality was described by an expo-

nential function:

ef�tf� � aeÿktf ; �19�
where k is a material constant determining the stress

triaxiality-dependence of fracture strain. According to a

theoretical model [11], the value of k is close to 3/2 for

ductile fracture. However, the present model uses an

empirical value obtained from the notched tensile bar

specimens. a is a temperature-dependent parameter and

therefore should be determined for each temperature

using Eq. (19). In the present study the value of a is

calculated from the test results of smooth tensile speci-

mens, ef and tf .

Eq. (16) indicates that the fracture stress is also a

function of stress triaxiality. Since the fracture stress is

de®ned as the maximum principal stress at fracture, it

increases with constraint force (or stress triaxiality).

Using Eqs. (16) and (19) and the Hollomon ¯ow curve,

the fracture stress is given as a function of stress

triaxiality:

rf�tf� � tf

�
� 2

3

�
rf

eq � tf

�
� 2

3

�
Kaneÿkntf : �20�

Note that all constants and variables in this equation

can be obtained from tensile tests. Therefore, when the

stress state of the deformation can be evaluated by a

method, we can evaluate the fracture stress from a ten-

sile test only.

2.3. Critical mean contact pressure in the ball indentation

deformation

In the present model the critical mean contact pres-

sure is adopted as a fracture criterion for the indentation

deformation of ductile metals. The most important

reason for this is that the parameter can easily be

evaluated from empirically measurable values and well-

known models without knowledge of detailed deforma-

tion ®elds under the indenter. From Eqs. (2) and (3) the

critical mean contact pressure can be derived as follows:

pf
m �

4A
p

df

D

� �n

: �21�

According to the relation between the equivalent strain,

or the representative strain for the indentation defor-

mation zone, and the ratio d/D [3], the fracture strain is

given by

ef � 0:2
df

D
: �22�

Since the relationships between stress components,

Eqs. (13) and (14), can be applied to any axisymmetric

loading conditions, the stress triaxiality for ball inden-

tation deformation, tID
f , is de®ned by the same rela-

tionship as Eq. (16) with substituting the fracture stress

in the axial direction, rf , with the critical mean contact

pressure, pf
m. Therefore, using the Hollomon equation

and Eq. (22), the stress triaxiality for the indentation

deformation is expressed by

tID
f �

pf
m

rf
eq

ÿ 2

3
� 4A5n

pK
ÿ 2

3
: �23�

Then, from Eq. (20) the critical mean contact pressure

becomes

pf
m � tID

f

�
� 2

3

�
KaneÿkntID

f : �24�

3. Experimental

The test materials comprise ®ve SA508-3 RPV steels

and one SA533-B-1 RPV steel. The chemical composi-

tions of the steels are listed in Table 1 and the steels are

in a quenched, tempered, and simulated post-weld heat-

treated state. The JRQ and JFL are the reference ma-

terials of the International Atomic Energy Agency

(IAEA) supplied for round robin testing [25], and the

KFY3, KFY4, KFY5, and KFU4 are Korean RPV

steels manufactured by Hanjung (Korea Heavy Industry

and Construction).

The tensile tests for the smooth round bar specimens

were conducted at temperatures of ÿ160°C to room

temperature (RT) to obtain the ¯ow properties, which

are needed for calculating the critical mean contact

pressure and fracture toughness from ball indentation

test data. The diameter of the gage section of the smooth

Table 1

Chemical compositions of RPV steels

Material C Mn Si Al Ni Cr Mo P S Cu V Re.

JRQ (SA533-B-1) 0.18 1.42 0.24 0.014 0.84 0.12 0.51 0.017 0.004 0.14 0.002 Rolled

JFL (SA508-3) 0.17 1.44 0.25 0.016 0.75 0.20 0.51 0.004 0.002 0.01 0.004 Forged

KFY3 (SA508-3) 0.17 1.39 0.08 0.004 0.77 0.04 0.49 0.007 0.003 0.05 0.005 Forged

KFY4 (SA508-3) 0.20 1.42 0.07 0.005 0.79 0.15 0.57 0.007 0.003 0.06 0.005 Forged

KFY5 (SA508-3) 0.21 1.24 0.25 0.008 0.88 0.21 0.47 0.007 0.002 0.03 0.004 Forged

KFU4 (SA508-3) 0.19 1.35 0.08 0.009 0.82 0.17 0.51 0.006 0.002 0.03 0.002 Forged
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tensile specimen was 5 mm and the gage length was

30 mm. For the KFU4 steel, the tensile tests using the

notched round bar specimens were also performed in the

same temperature range to obtain the relationships be-

tween mechanical properties and stress triaxiality. In the

notched specimens the diameter of the smooth section

was 8 mm and the diameter of the notched section at a

position of minimum cross-sectional area was 4 mm.

The notch root radius varied from 0.25 to 3 mm for

introducing various stress triaxiality values. This varia-

tion in the notch root radius resulted in the stress

triaxiality range 0.6±2 at the point of initial deformation

and 0.8±1.3 at fracture. The details about these tensile

tests are described elsewhere [10].

For ABI tests, Charpy-sized rectangular bars (10

mm ´ 10 mm ´ 55 mm) were cut from the 1/4 thickness

location of RPVs. Continuous indentation tests were

performed in an automated ball indentation (ABI) test

system of the Advanced Technology Corporation

(model: PortaFlow-P1). In the ABI tests, the indenter

used was a tungsten carbide (WC) ball having 0.508 mm

diameter. The test temperatures were controlled in a

double-walled bath by the injection of liquid nitrogen

with an accuracy of �2°C. The indentation tests were

performed at temperatures of ÿ160°C to RT (25°C) with

an indentation speed of 0.01 mm/s (0.0004 inch/s).

4. Results and discussion

4.1. Tensile deformation and fracture

Table 2 contains the coe�cients of ¯ow curves, which

are used for evaluating Eqs. (7), (20), and (24). Since the

strength coe�cient, K, is strongly dependent on tem-

perature, the values for the RPV steels are given as linear

functions of temperature, T (in °C). Meanwhile, the

work-hardening exponent, n, is given as a constant for

the test temperature range.

For the smooth tensile specimens, the values of

fracture strain are calculated by Eq. (17) from the values

of the initial and ®nal diameters. Fig. 1 shows the tem-

perature-dependence of fracture strain. All RPV steels

reveal apparent ductile-to-brittle transitions at relatively

low temperatures ranging from ÿ160°C to ÿ100°C.

Although the amount of data is insu�cient for a detailed

conclusion, the transition temperature seems to be ma-

terial-dependent. Above ÿ100°C, however, the fracture

strain shows a moderate dependence on temperature;

actually, this temperature region can be regarded as an

upper shelf region showing ductile fracture.

Also, the values of fracture stress were calculated for

the smooth specimens by Eq. (18) and the results are

represented in Fig. 2. This ®gure indicates that the

fracture stress is nearly independent of temperature as in

other ferritic steels [26±28]. Fig. 2 also illustrates that

most of the values of fracture stress are in the range of

Table 2

Coe�cients in the ¯ow curves of RPV steels

Material K (MPa) n (average) Temperature

JRQ 983±2.90T 0.162 ÿ160°C < T < 0°C

JFL 971±2.72T 0.160 ÿ160°C < T < 0°C

KFY3 897±2.62T 0.168 ÿ160°C < T < 0°C

KFY4 893±2.49T 0.142 ÿ160°C < T < 0°C

KFY5 1008±1.99T 0.156 ÿ160°C < T < 0°C

KFU4 969±2.34T 0.153 ÿ160°C < T < 0°C

Fig. 1. Variation of fracture strain with temperature in the

smooth tensile specimens.

Fig. 2. Variation of fracture stress with temperature in the

smooth tensile specimens.
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1200±1500 MPa, even though they are obtained from

the tests of six di�erent RPV steels in the large temper-

ature range from ÿ160°C to 25°C. This result means

that the values of fracture stress from smooth tensile

specimens are much less than those evaluated at a crack

tip, usually over 2000 MPa for similar steels [20,28,29].

This discrepancy between the fracture stresses in the

di�erent kinds of deformation may come from the e�ect

of stress state. As will be discussed in detail later,

the values of stress triaxiality at tensile fracture are in the

range 0.33±0.72 and those at the crack tip are in

the range 1.9±2.8. For the elastic plastic deformations

in the RPV steels, the larger the stress triaxiality, the

higher the fracture stress.

It is also noted that in the lower temperature region

of around ÿ150°C, the values of fracture stress reveal

somewhat larger scatters. This temperature region is

included in the transition temperature region of fracture

strain as indicated in Fig. 1. It is a well-known fact that

failure in the transition region is subjected to the

cleavage fracture initiated in a probabilistic manner, and

consequently the fracture parameters measured in the

region reveal larger scatter [16,30,31].

4.2. Stress triaxiality in the tensile and ball indentation

deformations

For uniaxial tensile testing, the value of stress

triaxiality is evaluated to be 1/3 within uniform defor-

mation range. After the initiation of necking, however,

the neck constrains the deformation like a notch, and so

the stress triaxiality at the necked section might increase

to a higher value. Fig. 3 presents the values of stress

triaxiality at fracture calculated using Eq. (16). In this

plot, the stress triaxiality at fracture increases with in-

creasing temperature, from 1/3 to 0.72. The minimum

value of stress triaxiality, 1/3, appears frequently at

temperatures lower than ÿ100°C, which indicates the

failure of the specimen before the initiation of necking.

In the relatively high temperature region of ÿ20°C to

25°C most of the values are in the range 0.6±0.7. In the

notched bar specimens, a root radius of about 2±3 mm

can induce this level of stress triaxiality [10].

From the ball indentation and tensile test results the

values of stress triaxiality in the indentation deforma-

tion, averaged over the contact area, are calculated using

Eq. (23) and presented in Fig. 4. When compared to the

uniaxial tensile deformation, much higher stress triaxi-

ality is evaluated for the indentation deformation. In the

indentation deformation case, the stress triaxiality is

insensitive to temperature, and thus the values averaged

over a low temperature range from ÿ160°C to ÿ80°C

are used for calculating the critical mean contact pres-

sure. Table 3 contains the average values of stress

triaxiality for the six test materials with the values of

constraint (CID
f � tID

f � 2=3). Table 3 indicates that all

Fig. 3. Stress triaxiality at fracture in the tensile deformation.

Fig. 4. Stress triaxiality in the ball indentation deformation.

Table 3

Stress triaxiality and critical mean contact pressure in the ball

indentation deformation (average values in the temperature

range of 6ÿ80°C)

Material tID
f CID

f pf
m (MPa)

JRQ 2.87 3.54 2671

JFL 2.88 3.55 2765

KFY3 3.00 3.66 2539

KFY4 2.95 3.62 2541

KFY5 2.86 3.53 2693

KFU4 2.94 3.61 2657
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RPV steels reveal similar values, ranging from 2.86 to

3.0. It is also noted that these values are slightly higher

than the values ahead of the crack tip; the ®nite element

simulation for RPV steel showed that the stress triaxility

at the crack tip was less than about 2.8 [7,13±15,19].

4.3. Fracture strain versus stress triaxiality relationship

The e�ect of stress triaxiality on fracture strain is

illustrated in Fig. 5, in which the data are from KFU4

steel. Since the fracture stress of ferritic steel is nearly

constant over the transition temperature region and the

fracture toughness is dependent mainly on the fracture

stress and fracture strain, the transition behavior of

fracture toughness can be characterized by that of the

fracture strain. Here, as seen in Fig. 5, the temperature-

dependence of the fracture strain is described by the

hyperbolic tangent curve [10]:

ef � A 1

�
� tanh

T ÿ TTR

B

� ��
; �25�

where 2A is the upper shelf value, TTR is the transition

temperature de®ned at ef �A, and 2B� transition tem-

perature span. Table 4 contains the values of these pa-

rameters as well as the maximum stress triaxiality at

fracture. Fig. 5 and Table 4 state that the fracture strain

decreases and the transition temperature, TTR, increases

with increasing the stress triaxiality. There also exists a

decreasing trend in the transition temperature span (or

transition temperature region) as the stress triaxiality

increases.

As stated earlier, to evaluate the critical mean contact

pressure as a criterion for fracture, the relationship

between the fracture strain and the stress triaxiality,

Eq. (19), should be known for the test materials. The co-

e�cients of the relationship were obtained from the

experimental data of 2A (� upper shelf value of fracture

strain), as seen in Fig. 6, in which the coe�cient of the

exponent, k, is about 1.2. This value is similar to the

theoretical value of 1.5 [11]. In the present calculation,

the experimental value for k, 1.2, is used for all tem-

peratures and materials and, using Eq. (19), the value of

a is calculated for respective temperatures and materials

from the tensile test data. For the present RPV steels, a
revealed values in the range 0.5±4 and increased with

temperature.

4.4. Critical mean contact pressure

The values of critical mean contact pressure, pf
m, were

calculated by Eq. (24) and the results are illustrated in
Fig. 5. E�ect of stress triaxiaity on the transition behavior of

fracture strain in the KFU4-SA508-3 forging steel.

Table 4

Fitting parameters of fracture strain versus temperature curves

and stress triaxiality at fracture

R (mm) tf (at upper

shelf)

2A (�upper

shelf value)

B TTR (°C)

0.25 1.26 0.628 59 ÿ75

0.5 1.06 0.792 59 ÿ81

0.75 1.10 0.756 40 ÿ107

1.0 1.05 0.786 36 ÿ119

1.5 0.97 0.939 50 ÿ133

2.0 0.89 0.952 49 ÿ140

3.0 0.87 1.025 33 ÿ150

1 0.65 1.283 30 ÿ152

Fig. 6. Relationship between fracture strain and stress triaxi-

ality.

T.S. Byun et al. / Journal of Nuclear Materials 277 (2000) 263±273 269



Fig. 7. This ®gure shows that the critical mean contact

pressure is insensitive to the test temperature. Since the

ratio between the local stress at the center of the im-

pression and the mean contact pressure can be given as a

constant of about 1.1 [7], the local fracture stress esti-

mated at the center of the impression will be also tem-

perature-insensitive. This result agrees with the fact that

the critical fracture stress is nearly temperature-inde-

pendent in the ferritic steels, and thus it is regarded as a

material constant in many critical stress models on

cleavage fracture [28,29].

On the other hand, since the transition temperature

range changes with the stress triaxiality, as illustrated in

Fig. 5 and Table 4, the transition temperature measured

from the deformation and fracture at the crack tip or

from the indentation deformation will be higher than

that measured from uniaxial tensile testing. Fig. 1 states

that the temperature range of ÿ160°C to ÿ80°C is evi-

dently a transition region for both the tensile deforma-

tion and the ball indentation deformation. For these

reasons, the values of critical mean contact pressure are

averaged over the temperature range of ÿ160°C to

ÿ80°C and the average value is regarded as a material

constant; i.e., a fracture criterion of the material in the

indentation deformation. Table 3 contains the average

critical mean contact pressure estimated for the six RPV

steels, ranging from 2500 to 2800 MPa.

4.5. Fracture toughness transition curves

The fracture toughness, KJC in Eq. (7), was estimated

from the results of ball indentation and tensile tests at

various temperatures and the calculated values of critical

mean contact pressure. According to the ASTM master

curve method [16,32], the transition behavior of fracture

toughness can be described by one parameter curve. For

ferritic steels, the median curve is given by

KJC � 30� 70e0:019�TÿT0� MPa
����
m
p

; �26�

where T0 is the reference temperature and is regarded as

a key material constant in determining fracture tough-

ness in the transition region. Here, the transition curve

of a generalized form is obtained by regression of the

estimated KJC data over a range of ÿ160°C to ÿ10°C:

KJC � K0 � PeQT MPa
����
m
p

: �27�

From this relationship the reference temperature is cal-

culated to be

T0 � Ln�P=70�
Q

: �28�

With a ®xed value of K0 (� 30 MPa
p

m) the values of P,

Q, and T0 are calculated for each steel and are listed in

Table 5. As shown in the previous work [7], most of the

Q values are very similar to the coe�cient in Eq. (16),

0.019, which is suggested by ASTM.

The parameter Q determines the shape of the fracture

toughness transition curve, and the reference tempera-

ture, T0, determines the position of the curve in the

temperature axis. Since the calculated values of Q are

similar for the six RPV steels, the estimated KJC data of

the steels will be located around the ASTM master curve

if the fracture toughness is plotted as a function of the

temperature relative to T0: TÿT0. Fig. 8 illustrates this

prediction; most estimated KJC data are located between

the 5% and 95% con®dence curves.

Furthermore, the reference temperatures were eval-

uated for the same materials by the methodology of

ASTM E 1921 using the Charpy-size three-point bend

(TPB) specimens [16,25]. In Fig. 9, the estimated T0 is

compared with the data by TPB specimens. The di�er-

ence between the two methods is less than 10°C. This

result means that the present method can predict the

reference temperature, a key parameter in the charac-

teristics of fracture, with su�cient accuracy.

Fig. 7. Temperature dependence of critical mean contact

pressure.

Table 5

Estimated fracture toughness transition curves of RPV steels

Material K0

(MPa
p

m)

P

(MPa
p

m)

Q

(°Cÿ1)

T0

(°C)

JRQ 30 236.9 0.0197 ÿ61.9

JFL 30 360.7 0.0184 ÿ90.1

KFY3 30 239.6 0.0194 ÿ63.4

KFY4 30 410.8 0.0288 ÿ61.4

KFY5 30 325.7 0.0191 ÿ80.5

KFU4 30 318.5 0.0207 ÿ73.1
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4.6. Fracture stress at crack tip

In Section 2.2 we derived the fracture stress for the

axisymmetrical geometry as a function of stress triaxi-

ality. Similarly, the fracture stress can be derived for

the cracks in the standard fracture specimens, such as the

compact tension (CT) and TPB specimens. Under the

plane strain condition, Eq. (20) is changed to

rf�tf� � tf

�
� 1���

3
p
�

Kaneÿkntf : �29�

In micro-fracture mechanics modeling the knowledge of

critical fracture stress, rc
f , is important for a low-tem-

perature application. Therefore, it is attempted to eval-

uate the stress triaxiality ahead of the crack tip as an

approximate function of fracture toughness; subse-

quently, the critical fracture stress is evaluated using

Eq. (29). In the deformation around a crack tip, the

stress triaxiality increases with the work-hardening of the

material, and the maximum stress triaxiality is deter-

mined by the strain-hardening capability [4,5,7]. Thus

the lower bound of stress triaxiality can be derived from

the stress ®elds before the initiation of plastic deforma-

tion. An analytical solution about elastic ®elds gives

[7,33]

tmin � 2�1� m�
3�1ÿ 2m� : �30�

Since PoissonÕs ratio, m, is about 0.28 for steels, tmin is

calculated to be 1.94. Also, ®nite element simulations

showed that the maximum stress triaxiality at a peak

stress point ahead of the crack tip was about 2.8 for

RPV steels [13]. This value is obtained when the defor-

mation ahead of the crack tip reaches a fully plastic

regime and the value of J-integral is greater than the

fracture toughness of the material. On the other hand,

the lower shelf and upper shelf values of fracture

toughness are regarded as the minimum and maximum

values of fracture toughness corresponding to the min-

imum and maximum values of stress triaxiality, respec-

tively. The lower shelf of fracture toughness is 30

MPa
p

m as in Eq. (26) and the upper shelf of the present

RPV steels is roughly 300 MPa
p

m [10]. Then, we can

combine two points: (KJC, tf )� (30, 1.94) and (300, 2.8).

From these data the stress triaxiality ahead of the crack

tip is obtained as a power-law function:

tf � 1:13 KJC� �0:16: �31�

With this equation and the values of estimated KJC, the

critical fracture stress is evaluated for respective RPV

steels and the results are presented in Fig. 10. It is noted

again that the critical fracture stress is nearly tempera-

ture-independent in the transition region. Also, the

values of critical fracture stress are averaged over the

temperature range of ÿ160°C to ÿ80°C and are listed in

Table 6. All test materials revealed values of critical

fracture stress ranging from 2100 to 2500 MPa. A sim-

ilar range of critical fracture stress, 2100±2900 MPa, was

evaluated for similar quenched and tempered steels [29].

Especially, by a micro-fracture model the critical frac-

ture stress of SA533-B-1 steel was predicted to be 2250

MPa [34]. The present method predicted a similar value

of 2375 MPa for the SA533-B-1 steel (JRQ).

Table 6 also illustrates that the critical mean contact

pressure is 1.12±1.16 times higher than the critical frac-

ture stress. As assumed for the derivation of Eq. (31), the

Fig. 9. Comparison of measured and estimated reference

temperatures.

Fig. 8. Estimated KJC versus (TÿT0) data.
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stress triaxiality for a crack tip is in the range 1.94±2.8.

The stress triaxiality in the indentation deformation

ranges from 2.7 to 3.2 at the moment of the imaginary

fracture. A simple analysis using Eq. (20) can show that

the fracture stress increases by increasing the stress

triaxiality in the work-hardening exponent range

0.14±0.17 (see Table 2). Furthermore, the constant in

Eq. (20), 2/3, is higher than that in Eq. (29), 1/
p

3. For

these reasons, the critical mean contact pressure, pf
m, is

calculated to be higher than the critical fracture stress, rc
f .

5. Summary and conclusions

This paper proposed a methodology for estimating the

fracture toughness of ferritic RPV steels in the transition

region based on the IEF model and the relationships

between the stress state and the fracture parameters. In

this model, the fracture stress was expressed as a function

of stress triaxiality and ¯ow property; also, the fracture

strain was given as an exponentional function of stress

triaxiality, in which the constants were determined from

smooth and notched tensile tests. The proposed method

was applied to six RPV steels; the stress triaxialities at

tensile fracture and indentation deformation, critical

mean contact pressure, and critical fracture stress were

evaluated using the function. The KJC±T curves in the

transition regime were also obtained for the six RPV

steels and compared with the results from the standard

testing with TPB specimens. From the application, some

valuable results were obtained, as follows:

1. In the uniaxial tensile deformation, the fracture strain

of the RPV steels revealed apparent ductile-to-brittle

transition at relatively low temperatures, while the

fracture stress was nearly independent of test temper-

ature.

2. The stress triaxiality at the fracture of a smooth ten-

sile bar was in the range of 1/3 to 0.72 depending on

its ductility (or temperature). However, much higher

stress triaxiality, in the range 2.86±3.0, was calculated

for the indentation deformation.

3. The fracture strain obtained from the notched tensile

specimens revealed that the fracture strain decreases

and the transition temperature increases as the stress

triaxiality increases.

4. The critical mean contact pressure of the RPV steels

was also nearly independent of test temperature. For

tested materials, the values at ÿ160°C to ÿ80°C were

averaged and the average values were used for evalu-

ating the fracture toughness using the IEF model.

They were in the range 2500±2800 MPa.

5. In the plot of KJC versus TÿT0, most estimated KJC

data were located between the 5% and 95% con®-

dence lines. Also, the estimated values of T0 were

compared with those from the TPB specimens; the

di�erence between the measured and estimated T0

values was less than 10°C. These results suggest that

the present method can be used for practical applica-

tions when the amount of the sample for standard

fracture testing is restricted.

6. Finally, the fracture stresses estimated for the crack

tip were in the range 2100±2500 MPa for the test

materials.
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