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ABSTRACT

Fracture toughness determination shall be performed by standard test methods using specimens with valid geometry.
Frequently, required specimen size can not be obtained from the material thickness to be characterize so in this case is
possible to obtain fracture parameters from small specimens fracture mechanics techniques or these ones using indirect
methods from Charpy-V impact energy obtained by means of standard or subsize V-notch specimens. This paper presents a
side grooved Charpy-V subsized specimen in order to correct ductile to brittle transition curve and transition temperature. At
the same time, a comparative evaluation has been made between fracture defect assessment methods applied to pressure
vessel where the material fracture parameter was obtained either Charpy standard specimens or small ones. The results are
evaluated with actual values of pressure vessel fracture failures induced by pressurized cycle test. The analysis verifies an
acceptable agreement in terms of engineering determinations.

INTRODUCTION

The structural integrity assessment of nuclear reactor pressure vessels, conventional pressure vessels, pipe lines and
associate systems might be evaluated according to fracture mechanics methods such as CEGB R6, BSI 6493, WES 2805 and
ASME XI. This methods are based on deterministic approach where the fracture toughness parameter is an essential input
value to structural integrity or fitness for purpose flaw evaluation.

The fracture toughness parameters are obtained by means of standard test methods using specimens with a recommended
or valid geometry. Frequently, specimen size requirements can not be obtained from the material to be characterized due to
the actual thickness of the pressure retaining component is thinner than the minimum required one by the standard fracture
toughness test methods. Examples of these cases can be pointed out when archive material is not available or small samples
corresponding to reactor pressure vessels surveillance programs should be tested. Furthermore, the modern TM and HSLA
steels, applied to pressure components, allow selecting thin plates less than 10 mm in thickness, which are under standard
specimen size criteria.

Therefore it is possible to obtain the fracture toughness parameters, in terms of J, CTOD, or Kc values, such from small
specimens fracture mechanics techniques as it may be using indirect methods from Charpy-V impact energy. The last one
may be carried out by means either standard or subsize V notch specimens.

This paper presents a side grooved Charpy-V subsized specimen in order to correct ductile to brittle transition curve and
transition temperature. At the same time, a comparative evaluation has been made between fracture defect assessment
methods applied to pressure vessel where the material fracture parameter was obtained either Charpy standard specimens or
small ones. The results are evaluated with actual values of pressure vessel fracture failures induced by pressurized cycle test.

MATERIAL AND METHOD

In order to make a comparative evaluation four kind of steels were used. One type corresponds to well known hot rolled
fine grain C-Mn steel widely applied on pressure retaining components (NCG Steel) which chemical and mechanical
properties are showed in Tables | and 2. The other ones are AISI 1045, API 51. X60 and ASTM A533 Cl 1 respectively.

Charpy-V impact tests to several temperatures have been made according to standard specification ASTM E23 in order to
obtain the ductile to brittle transition curve. Charpy —V tests were made with three size of specimen thickness: standard
B=10mm (B=1T), B=5mm (B=1/2T) and B=7.5mm (B=3/4T).

The fracture toughness values, in terms of KIC or K, have been determined by indirect methods from the results of
Charpy-V impact tests using Eq. (1) ASME/PVRC [3,4], Eq. (2) BSI PD6493 [3,5] and Eq. (3) Barsom [3].

Kir=1.333 exp(0.026 1(T-RTxpyr + 88.9)) +29.18 {MPa\m} (1

Where:
RTnpr= Neil ductility transition temperature in °C according to ASME.



Kic=1.333 exp(0.0261(T- T(40J) + 88.9)) + 29.18 {MPaVm} 2)

Where:

T(40J)= transition temperature in °C at 40J Charpy-V impact energy.

Kic=45.1 (Cy'?) {MPaVm} (3)
Where:

C,= impact energy (J).

For subsized Charpy-V (B=1/2T and 3/4T) no side grooved, a transition temperature correction suggested by Wallin[6]
was used and which is expressed as Eq. (4).

AT=51.4 In(2 (B/10)*% —1) {°c} )

Where:
B=thickness in mm.

On the other hand for steel A533 Cl 1 a correction making 10 % side grooved (SG 10%) on B= 1/2T Charpy-V specimens
has been proposed.

The fracture mechanics defect assessment has been evaluated taken into consideration a circumferential crack, which was
detected and measured on pressure vessel, undergoes to pressurized cycle testing, an schema of the evaluated case is showed
in Figure 3.

For defect assessinent two criteria were applied, one of them correspond to limit load analysis according to relationships
given by Chell and Kastner [7] so the other one is the well known CEGB R6 method (Option 1 — Category 1)[8] ongoing the
fracture toughness input from the value calculated by indirect method according to BSI [3].

RESULTS

In Figure 1 a complete scatter band of Charpy-V impact energies are showed, it is presented in terms of impact energy
(CVN) in function of temperature for the tested specimens. In this figure is possible to observe the collection of Charpy-V test
values corresponding to AISI 1045, X60 and NGG steels with several specimen thicknesses.

Figure 2 shows the impact energy values in function of temperature for B= 1T and 1/2T corresponding to A533 CL 1 steel.
Table 3 allows observing fracture toughness values obtained by indirect methods from several assessment criteria (ASME,
BSI and Barsom) and transition temperature defined by Wallin, ASME and BSI.

Figure 4 shows the results of defect assessment calculated by limit load and R6 method while in Figure 5 a validation of
fracture assessment analysis on R6 method is showed such to Kc from small specimens as from standard ones.

Table 1: Chemical Properties of NCG Steel.  Table 2: Mechanical Properties of NCG

Steel.
Element % Yield Tensile
Stress Strength
C 0.34 {MPa} {MPa}
St | - 624 721
Mn 1.47
P 0.019
S 0.012

DISCUSSION AND CONCLUSIONS
The results of fracture toughness parameters, in terms of Kc, such as it is showed in Table 3 allows to observe that those
K¢ values calculated from Cv energy corresponding to subsized

Specimens (B=1/2T and 3/4T) are lowers than ones obtained from standard 1T specimens.
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The response of this behavior can be explained by differences in constraint between small and large specimen thickness. In
this sense Eq. (4) allows to correct toughness parameters from small Charpy-V specimens through an increasing of the
transition temperature, defined as the temperature corresponding to the 28 J of impact energy or its equivalent of 35J/cm?
(To3s)/em2). Therefore, for NCG Steel Eq. (4) gives a correction of 20 °C (Acapcutaed) at temperature Tossyenz, Table 3. Following
this methodology it is evaluated the applicability of Wallin’s correction to transition temperatures values defined according to
ASME and BSI PD6493 such is showed in Table 3. The differences between T0ssyem2 and Toggyemz for AISI 1045 transition
curves obtained with specimens B=1T and 1/2T are respectively 24'C and 29°C. Therefore a first conclusion would be
indicating that Eq. (4) correction shows a higher difference with the measured AT for impact energy level closer to upper
shelf of the transition curve.

Table 3: Fracture Toughness Values from Indirect
Method, and Transition Temperature Values.

Steel Kir | Kicsst | Kics | To ssyemz | Tevesy | Tosor | RTnpr
[MPaVm] (20° C) [°C]
1045 1/2T - 39 212 16 - 32 -
1045 1T 34 63 40 = 61
1045 1/2T(To+AT) - 35 - - - — ---
X60 base 1/2T 262 - - - -56 --- -89
X60 base 3/4T 383 --- -—- --- -72 - -105
X60 base 1T 422 - -—- --- -76 --- -109
X60base 1/2T(To+AT) 422 --- - - 276 — -109
X60base 3/4T(To+AT) | 454 | — 79 112
C-Mn NCG 12T 111 139 107 =77 -49 -60 ---
C-Mn NCG 12T(To+AT) | — 05
ASTM AS533 1T - 63 --- -21 - -15 -—-
ASTM A533 AT --- 61 - -22 --- -13 -

On the other hand for X60 steel the transition temperatures Teyesy values corresponding to B=1/2T and 3/4T, that were
corrected by Eq. (4), show a good agreement with the 1T transition temperature value, considering the same impact energy
level at material transition curve. According to these results the correction in transition temperature for subsized Charpy-V
specimens by means of Eq. (4) could be applied on transition temperatures obtained by ASME or BSI PD6493.

The scatter band of impact energy values for specimens 1T, 1/2T and 3/4T corresponding to all evaluated steels, Figure 1,
shows a span reduction on the temperature range of the lower shelf of transition curve. Therefore, the Kc parameters using
indirect methods could directly be determined from small specimens for lower shelf temperature range.

Table 3 shows that K¢ value obtained from indirect method for NCG Steel, using Charpy-V specimens B=1/2T, given by
Eq. (3) is more conservative than the ones calculated according to ASME, Eq. (1) and BSI, Eq. (2). On the same form K¢
value obtained according to BSI with its transition temperature corrected by Eq. (4) it has the same magnitude of the one
obtained by Eq. (3).



The same correction of transition temperature according BSI applied to 1045 steel for B=1/2T specimens allows to obtain
a Kjc value that is very close to the one calculated for B=1T specimens.

In the case of A533 Cl. 1 steel is possible to observe (Figure 2) that making 10% side grooved correction on Charpy-V
notch specimens with thickness B= 1/2T results acceptable in order to obtain transition temperature values. Which ones show
a good agreement with those values corresponding to standard specimens (B= 1T). Furthermore, is possible to see that the
coincidence of impact values verifies in the transition region, specially in direction of the lower shelf on the ductile to brittle
transition curve. This correction can be explained in terms of restoring constraint effect on subsized B=1/2T side grooved
specimens in relation with standard ones.

The fracture toughness defect assessiment, Figure 4, shows a good agreement between limit load analysis and CEGB R6,
taken into consideration that in the last one the fracture toughness input has been calculated by BSI indirect method (2) with
transition temperature corrected by Eq. (4) (Table 3). In the curves of Figure 4 an acceptable safety margin it can be observed
respect of the point that indicates the actual defect size (such as it is described in Figure 3) on failure condition of pressurized
component. Therefore, it is possible to obtain an acceptable result in defect assessment, for engineering purpose, using
fracture toughness value obtained by indirect method from Charpy-V test using small subsized specimens.
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Figure 1: Charpy —V impact values corresponding to materials AISI 1045,API X60 and NCG
steel for several thickness specimens.
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Figure 2: Charpy —V impact values corresponding to A533 CI. 1 steel with specimens B=1/2T side grooved and 1T.
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Figure 3: Actual Defect Geometry on Failure Condition of Pressurized Component.
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Figure 4: R6 and Limit Load Structural Integrity Assessment for
Pressure Component of NCG Steel under Pressurized Test.
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Figure 5: Validation of the Defect Assessment Using R6 Method.
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