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Abstract

The fracture toughness of two high copper reactor pressure vessel welds having low upper shelf energy was evaluated

in accordance with the master curve method of ASTM E1921. The resultant data were correlated to the metallurgical

factors involved in the brittle fracture initiation to provide a metallurgical-based understanding of the master curve.

The tests were performed using pre-cracked Charpy V-notched specimens and the master curve was made with an

average of T0 values determined at different temperatures. In all specimens, the cleavage fracture initiated at non-
metallic inclusion ranging from 0.7 to 3.5 lm in diameter showing a scatter with the specimens and testing tempera-

tures. Temperature dependency of the triggering particle size was not found. The fracture toughness (KJC ) was inversely

proportional to the square root of the triggering inclusion diameter (di) at respective temperatures. From this rela-

tionship, we determined median KJC values which correspond to the average value of triggering inclusion diameter of all

tested specimens and defined them as a modified median KJC ðK 0
JCðmedÞÞ. The obtained K 0

JCðmedÞ values showed quite

smaller deviation from the master curve at different temperatures than the experimental median KJC values. This

suggests that the master curve is on the premise of a constant dimension of key microstructural factor in a material

regardless of the testing temperature. But the inclusion size at trigger point played an important role in the absolute

position of the master curve with temperature and the consequent T0 value. � 2002 Elsevier Science B.V. All rights

reserved.

PACS: 81.40.Np; 81.70.Bt; 81.05.Bx; 62.20.Mk; 81.20.Vj; 61.72.Qq

1. Introduction

The master curve method, as introduced by Wallin

and co-workers, well describes the fracture toughness

transition behavior of ferritic steels including reactor

pressure vessel (RPV) steels [1,2]. The method is based

on Weibull statistical treatment of empirical data and

includes the concept of a weakest-link failure for brittle

fracture. Large sets of test data accumulated support

the validity of the single shape of master curve with

temperature, independent of alloy types, provided

the material possesses a bcc structure, independent of

metallurgical processes and even of irradation [3–7].

Along with this empirical build-up, there have been ef-

forts to physically rationalize the universal applicability

of the single curve shape. Wallin et al. explained it

through the similarity between the temperature depen-

dences of plastic energy and fracture toughness ðKJCðmedÞÞ
[7]. Natishan, Kirk and Wagenhofer indicated that the

short-range barriers for dislocation movement uniquely

determine the curve shape and they tried to get the curve
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shape through combining the constitutive equation for

flow behavior with the plastic work considering the

volume over which the work is performed [8–10]. All

these empirical confirmations and physical understand-

ings on the single curve shape have been widening the

consensus on using master curve technology in the nu-

clear industry and regulatory bodies.

Meanwhile, as mentioned previously, master curve

method includes the concept of the weakest-link failure

for brittle fracture that assumes the existence of the

microstructural defects such as grain boundary, car-

bides, inclusions, etc. [1,11–14]. But it has not been

clearly explained how the single shape of the master

curve is maintained regardless of those microstructural

defect variables. An explanation for this issue would

provide a profound understanding of the master curve

concept in view of the fracture micromechanism and

further give a base for dealing with the material un-

certainty in the use of the master curve method. Un-

fortunately, the key microstructural factors controlling

fracture process in the transition region are specific to

materials and a key factor in a certain material may not

operate in another. So, a metallurgy-based understand-

ing of the master curve should be undertaken from a

material base.

This paper intends to provide a key microstructural

factor involved in the fracture process in the two high

copper RPV welds having low upper shelf energy (USE)

and correlate it to fracture toughness data and the

master curves.

2. Materials and experimental procedure

The materials investigated were WF-233 Linde 80

weld (Mn–Mo–Ni/Linde 80 submerged-arc weld) and

the HSST 72 weld, which was primarily made for

simulating the low USE Linde 80 welds by the Heavy

Section Steel Technology (HSST) program at ORNL.

The chemical compositions for the welds are listed in

Table 1.

The fracture toughness of the welds was evaluated by

the master curve method in accordance with the ASTM

standard E1921-97 using pre-cracked Charpy V-notched

(PCVN) specimens. The initial crack on the PCVN

specimens was located along the weld center-line. The

procedure in ASTM E1921 yields a median master

fracture toughness curve

KJCðmedÞ ¼ 30þ 70 expð0:019ðT � T0ÞÞ;

where T is temperature and T0 is a reference tempera-
ture.

The master curve incorporates the following rela-

tionship on the specimen size effect

KJCð1TÞ ¼ 20þ ðKJCðXÞ � 20Þ
BX
B1T

� �
;

where KJCðXÞ and KJCð1TÞ are the measured toughness

values for a given specimen and the equivalent tough-

ness value for 1T size, respectively and BX and B1T are
the thickness values of a given specimen and 1T size,

respectively.

Fractography was performed on the fractured spec-

imens using a scanning electron microscope equipped

with energy dispersive X-ray spectroscopy (EDS).

Quantitative analysis of the inclusions was conducted by

measuring the particles on the ductile fracture surfaces,

because the inclusions in the voids on the ductile frac-

ture surface reveal their whole appearances while the

metallographically polished surface only shows the cut

image of the inclusions. The images of ductile fracture

surface were taken at a magnification of 2000� and 12

images per each weld were used for particle count.

3. Fracture toughness of the welds

Fig. 1 shows the Charpy impact test curves for 72W

and WF-233 welds exhibiting very low upper shelf

Fig. 1. Charpy curves for the two welds.

Table 1

Chemical compositions of the welds in this study

Welds Ni C P S Mn Si Mo Cu

WF-233 0.66 0.076 0.018 0.016 1.60 0.44 0.47 0.22

72W 0.60 0.093 0.006 0.006 1.60 0.44 0.58 0.23
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energies. The Charpy index temperatures are similar in

the two welds. Fig. 2 represents the KJCð1TÞ curves for

WF-233 and 72W welds. The resulting reference tem-

perature (T0) for 72W weld was obtained by averaging

the T0 values at three different testing temperatures of
�75, �100 and �120 �C. The T0 value for WF-233 weld
was determined from the data at �90 �C only because of
the limited number of specimens. Table 2 lists the T0
values from the master curve method and the index

temperatures from the Charpy impact tests for the two

welds. The T41 J value from the Charpy impact test is

higher in WF-233 than 72W, while the T0 value from the
PCVN test is reversed.

4. A key metallurgical factor controlling brittle fracture

From the fractography, all specimens in the transi-

tion region were found to have a trigger point that ini-

tiates brittle fracture and all the trigger points contained

inclusions, an example of which is shown in Fig. 3. Fig.

3(c) shows the representative chemical analysis result for
Fig. 2. Fracture toughness test results of the two welds mea-

sured by the PCVN specimens.

Table 2

The data for fracture toughness test in accordance with ASTM E1921 and Charpy impact test in the two welds

Welds Testing

temperature (�C)
KJC ;med

(MPam1=2)

KJCð1TÞ;med
(MPam1=2)

T0 (�C) Charpy impact test

T41 J (�C) USE (J)

72W �75 110.7 91.9 �68.5 �28 136

�100 97.5 81.4 �83.7
�120 66.0 56.4 �68.7

Average �73.6

WF-233 �90 91.6 �83.0 �15 91

Fig. 3. Fracture surfaces showing brittle fracture initiation at the inclusion ((a) and (b)) and the representative EDS analysis result

for the inclusion in WF-233 tested at �90 �C.
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the particles using an EDS. Most particles in the two

welds were Mn–Si–Al type inclusions containing O and

S, which is consistent with the reports by Lawless [15,

16]. Figs. 4 and 5 show the inclusions located at the

trigger points of all PCVN specimens tested in this

study. Regarding the weakest link failure theory gov-

erning brittle fracture, this finding confirms that the key

microstructural factor determining fracture toughness in

these welds should be the inclusion. Fig. 6 represents the

measured inclusion size at the trigger points with the

testing temperature. Although the value is lower at

the middle testing temperature of �100 �C than the

others, the temperature dependency of the triggering

inclusion size is not totally found.

Fig. 4. The inclusions at trigger points in the specimens of 72W weld (a–i: �120 �C; j–o: �100 �C; p–w: �75 �C).
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The total (global) inclusion size distributions in the

two welds are given in Fig. 7. The population in the WF-

233 weld is higher than 72W weld, but becomes similar

in the size range of over 1.5 lm. On the other hand, the
relative frequency of the inclusion size found at the

trigger point of the PCVN specimens is plotted in Fig. 8.

The frequency distributions in the two welds are inter-

estingly quite similar in spite of the large difference in the

total inclusion size distribution. From these two figures,

the susceptibility for fracture ðPfðiÞÞ of each inclusion

sized within a certain range (i) can be obtained by di-

viding the relative frequency of the triggering inclusions

in that size range by the relative amount of the total

inclusion per unit volume in that range

PfðiÞ ¼
StðiÞ=NiPn

i¼1ðStðiÞ=NiÞ
;

where StðiÞ is the relative frequency of triggering inclu-
sions sized in an i-range and Ni is the ratio of the

Fig. 6. Inclusion diameter with respect to the testing tempera-

ture for the two welds.

Fig. 7. The inclusion size distribution in the two welds.

Fig. 5. The inclusions at trigger points in the specimens of WF-233 weld (a: �140 �C, b: �120 �C, c–i: �90 �C, j–k: �75 �C, l: �60 �C).
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inclusions sized in the i-range to the number of the total

inclusions per unit volume. Fig. 9 shows the plot of PfðiÞ
as a function of the inclusion diameter. It linearly in-

creases with the inclusion diameter beyond a certain

critical size. This means that a tendency toward fracture

of each inclusion increases with size. But Fig. 8 shows

that the frequency of triggering inclusions decreases with

size after some maximum point. This can be explained

by supposing a critical or optimum volume in front of

crack-tip to initiate a cleavage fracture that has been

mentioned by many researchers [17–19]. If the number

of inclusions drops off rapidly with inclusion size, then

no large inclusion may be available to initiate fracture in

the critical volume. We do not go into further detail

about this at the present work, but further work would

enable quantitative determination of the crack-tip criti-

cal volume for brittle fracture related to the inclusion

distribution.

5. Relationship between inclusion and the master curve

When the tests are performed at different tem-

peratures, different T0 values may be obtained at each
temperature. In this case, based on the ASTM E1921

standard procedure, the average value of all measured

T0s is determined as the reference temperature of the
material. Fig. 2 presents the master curve for the average

T0 value and the KJC values at the three testing temper-

atures. The difference among the T0 values obtained at
the respective testing temperatures was about 15 �C. The
deviation might fall in the general scattering range in

large data set. However, regardless of whether the de-

viation is the generic data scatter or not, the assessment

of this deviation in relation to the microstructure would

provide a clue to understanding how metallurgical fac-

tors affect the master curve.

In the preceding section we suggested that the key

microstructural factor in the high copper Linde 80 type

welds was the inclusion. Fig. 10 shows the KJC as a

function of the triggering inclusion size for all tested

specimens. There exists a meaningful relationship be-

tween the inclusion size and fracture toughness and in-

terestingly the slope of the curves of the KJC versusffiffiffiffiffiffiffiffiffi
1=di

p
was quite similar in spite of the different testing

temperatures and materials. The fitting lines in Fig. 10

were drawn with a common slope of all data, passing

through the point positioned by the KJCðmedÞ andffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=diðmedÞ

p
at respective temperatures where diðmedÞ is the

median diameter of the triggering inclusions in the

specimens tested at the same temperature. As already

indicated in Section 4 referring to Fig. 6, it was uncertain

whether triggering inclusion size depends on the testing

temperature or not. So, in the present work, with the

assumption of a constant triggering inclusion size inde-

pendent of the testing temperature, we newly determined

KJCðmedÞ values corresponding to the average value of

Fig. 8. The relative frequency of triggering inclusion with re-

spect to the size.

Fig. 9. The change of the susceptibility for fracture of the in-

clusion with respect to the size.

Fig. 10. Fracture toughness versus inclusion size at trigger

points.
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diðmedÞ at all testing temperatures ðd tiðmedÞÞ from the rela-

tionship in Fig. 10. This process may eliminate the effect

of the triggering inclusion size on fracture toughness of

the material. Fig. 11 compares the newly determined

KJCðmedÞ values through this procedure with the original

KJCðmedÞ values in the 72W weld. The new values well

match with the master curve, showing quite smaller

deviation from the master curve than before at three

testing temperatures. This suggests that the single master

curve shape is on the premise of a constant dimension

of key microstructural factor in a material regardless of

the testing temperature. In other words, the key micro-

structural factor can vary with material, but as far as its

dependency on the temperature does not exist, it would

not have influence on the single shape of the master

curve. This finding confirms the idea of Natishan et al.

that the temperature dependency of the master curve

depends only on the short-range barriers to dislocation

motion in the atomic scale but not on the athermal long-

range barriers including inclusion in this work [9,10].

On the other hand, the inclusion size at the trigger

point played an important role in the absolute position

of the master curve with temperature and the conse-

quent T0 value. Fig. 12 shows an evident relationship
between T0 values and the median inclusion size for the
different testing temperatures and materials.

A large part of fracture toughness scatter in the

transition region is related to the inhomogeneous dis-

tribution of the microstructural features contributing to

cleavage fracture. In the preceding section, a linear re-

lationship between the KJC versus
ffiffiffiffiffiffiffiffiffi
1=di

p
was found. So,

it can be discovered what portion of the scatter in the

transition region comes from the difference in triggering

inclusion size. From the linear relationship between the

KJC versus
ffiffiffiffiffiffiffiffiffi
1=di

p
in Fig. 10, we normalized the KJC

values by the inclusion size with the following equation:

Ki
JCð1TÞ ¼ KJCð1TÞ þ Aðd�1=2

iðmedÞ � d�1=2
i Þ;

where Ki
JCð1TÞ ¼ the fracture toughness normalized by

the triggering inclusion factor, KJCð1TÞ ¼ Ad�1=2
i þ b, b ¼

KJCð1TÞ where di ¼ 0, di ¼ inclusion diameter at trigger
point, diðmedÞ ¼ median inclusion diameter at trigger

point.

The Ki
JCð1TÞ data set in the same temperature implies

the inherent scatter range when the same inclusion size is

assumed in all specimens. Fig. 13 shows the deviation of

the Ki
JCð1TÞ values from the median values at respective

temperatures. The bounding lines are from the reported

large amount of data sets [5]. The width of the deviation

Fig. 11. A comparison of the median fracture toughness values

with and without modification by the triggering inclusion size.

Fig. 12. A relationship between median inclusion size at trigger

point and T0 value adjusted to 1T-CT test specimen.

Fig. 13. The change of the fracture toughness data scatter from

the median toughness values with a modification by the con-

tribution of the inclusions which trigger a brittle fracture and

induce a ductile crack growth.
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becomes about 35% smaller than that before normal-

ization and the rate of width reduction is not so different

with temperature. Fig. 14 shows the weibull plots of

these normalized fracture toughness values. The Weibull

slopes become steeper by the normalization, which

means smaller scatter and higher uniformity of the

fracture toughness data in the transition region.

The inclusion can also affect the fracture toughness

scatter in the transition region through promoting stable

crack growth before brittle fracture initiation (Fig. 15).

Stable crack growth by coalescence of the voids formed

at the inclusions relaxes the applied stress in the crack-

tip region and delays the stress to exceed local cleavage

fracture stress of the material. It inevitably increases the

measured fracture toughness value and induces fracture

toughness scatter. Table 3 shows the amount of stable

crack length (Da) at the various testing temperatures.
Some experimental data reported [20] supported the

relation of Jc / Da or KJC / ðDaÞ1=2. We normalized the
Ki

JCð1TÞ by the stable crack length with the following

equation

Kiþc
JCð1TÞ ¼ Ki

JCð1TÞ þ P ðDaÞ1=2med
�

� ðDaÞ1=2
�
;

where, Kiþc
JCð1TÞ ¼ the fracture toughness normalized by

both the triggering inclusion size and stable crack length,

Ki
JCð1TÞ ¼ P ðDaÞ1=2 þ q.
Fig. 13 also shows the fracture toughness data nor-

malized by both the inclusion size at the trigger point

and stable crack length for the two welds. The scatter

becomes smaller at �75 �C in 72W weld, but is little

affected at the lower temperatures. This is reasonable

because the stable crack growth becomes important with

rising temperature.

A series of these normalization processes for the

fracture toughness data by the microstructural factors

would minimize the data scatter in the transition region.

Of course, the scatter from the testing variables such

as specimen dimension and fatigue pre-crack must be

unavoidable. Nevertheless, knowledge about the rela-

tive contribution of the metallurgical variables on the

toughness data scatter is important in understanding

the fracture properties specific to the materials and in

Fig. 14. Weibull plots of the fracture toughness data before (a) and after (b) the normalization by the triggering inclusion size.

Fig. 15. Initial ductile regions on the fracture surfaces of the tested PCVN specimens of the WF-233 and 72W welds tested at �75 �C:
(a) WF-233 weld and (b) 72W weld.
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further developing the materials that have superior

fracture properties.

6. Comparison of the two welds with different inclusion

density

Comparing the two welds at testing temperatures of

�100 �C for 72W and �90 �C for WF-233, the T0 values
are quite similar (Table 2). This is consistent with the

similarity in the measured triggering inclusion size in

the two welds. However, the total inclusion density in the

two welds is different especially for the small inclusions

as shown in Fig. 7. Regarding this, it is found that the

triggering inclusion size was not influenced by the den-

sity difference of small inclusions. This may beexplained

in terms of the critical distance or volume for fracture in

front of the crack-tip as referred to in the previous sec-

tion. According to the weakest-link theory governing

brittle fracture and the observation in this work, fracture

toughness is determined by only one inclusion to satisfy

the fracture condition. If the critical volume for fracture

were large enough to contain the inclusions of a certain

size to initiate cleavage fracture, different inclusion

density in that volume in the two welds may be not

important any more. In Fig. 7, the density difference in

the two welds is large for small inclusions while it be-

comes similar for inclusions greater than 1.5 lm. So, it is
supposed that the critical distance (or volume) in the

welds is related to the spacing of the inclusions greater

than about 1.5 lm. But, it is still uncertain whether the
critical distance quantitatively corresponds with the in-

clusion spacing. Because the other factors such as grain

size containing the triggering inclusion and the presence

of defects adjacent to the triggering inclusion can affect

cleavage initiation at inclusion, the real critical distance

may be several times greater than the inclusion spacing

only regarding size. This idea needs further work in the

future as mentioned in the preceding section.

7. Conclusions

The fracture toughness of two high copper RPV

welds having low USE was evaluated in accordance with

the master curve method of ASTM E1921 and the re-

sultant data was correlated to the metallurgical factors

involved in the brittle fracture initiation to provide a

metallurgical-based understanding of the master curve.

The conclusions are as follows.

A key microstructural factor controlling cleavage

initiation in Linde 80 weld and its simulated weld was

the non-metallic inclusion of the Mn–Si–Al type con-

taining O and S.

The measured KJC was inversely proportional to the

square root of the inclusion diameter at the trigger

point. With the assumption of a constant triggering in-

clusion size, the newly determined median KJC values

which correspond to the median triggering inclusion di-

ameter of all tested specimens showed smaller deviation

from the master curve than the experimental median KJC

values. This suggests that the master curve is on the

premise of a constant dimension of a key microstructural

factor in a material regardless of the testing temperature.

The inclusion size at the trigger point played an im-

portant role in the absolute position of the master curve

with temperature and the consequent T0 value. Fur-
thermore, a substantial portion of the data scatter in the

transition region came from the difference in the trig-

gering inclusion size and the stable crack growth before

brittle fracture promoted by the inclusions.
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