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EXECUTIVE SUMMARY 

 
 

 
Small specimens are playing the key role in evaluating properties of irradiated materials. The 

use of small specimens provides several advantages.  Typically, only a small volume of material can 
be irradiated in a reactor at desirable conditions in terms of temperature, neutron flux, and neutron 
dose. A small volume of irradiated material may also allow for easier handling of specimens. Smaller 
specimens reduce the amount of radioactive material, minimizing personnel exposures and waste 
disposal. However, use of small specimens imposes a variety of challenges as well.  These challenges 
are associated with proper accounting for size effects and transferability of small specimen data to the 
real structures of interest.   

Any fracture toughness specimen that can be made out of the broken halves of standard 
Charpy specimens may have exceptional utility for evaluation of reactor pressure vessels (RPVs) 
since it would allow one to determine and monitor directly actual fracture toughness instead of 
requiring indirect predictions using correlations established with impact data.  The Charpy V-notch 
specimen is the most commonly used specimen geometry in surveillance programs. 

Validation of the mini compact tension specimen (mini-CT) geometry has been performed on 
previously well characterized Midland beltline Linde 80 (WF-70) weld in the unirradiated condition. 
It was shown that the fracture toughness transition temperature, To, measured by these Mini-CT 
specimens is almost the same as To value that was derived from various larger fracture toughness 
specimens. Moreover, an International collaborative program has been established to extend the 
assessment and validation efforts to irradiated Linde 80 weld metal. The program is underway and 
involves the Oak Ridge National Laboratory (ORNL), Central Research Institute for Electrical Power 
Industry (CRIEPI), and Electric Power Research Institute (EPRI).  The irradiated Mini-CT specimens 
from broken halves of previously tested Charpy specimens of Midland beltline weld have been 
machined and just arrived to ORNL as part of this international collaboration.  The ORNL will 
initiate tests of the irradiated Linde 80 weld in FY2017 and results of this international program will 
be reported in FY2018. 
  
 
  



  
 

x 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This page intentionally left blank 
 
 



 

 1 

1. INTRODUCTION 

 
 

Small specimens are playing the key role in evaluating properties of irradiated materials. The use 
of small specimens provides several advantages.  Typically, only a small volume of material can be 
irradiated in a reactor at desirable conditions in terms of temperature, neutron flux, and neutron dose. A 
small volume of irradiated material may also allow for easier handling of specimens. Smaller specimens 
reduce the amount of radioactive material, minimizing personnel exposures and waste disposal. 
However, use of small specimens imposes a variety of challenges as well.  These challenges are 
associated with proper accounting for size effects and transferability of small specimen data to the real 
structures of interest.   

Any fracture toughness specimen that can be made out of the broken halves of standard Charpy 
specimens may have exceptional utility for evaluation of reactor pressure vessels (RPVs) since it would 
allow one to determine and monitor directly actual fracture toughness instead of requiring indirect 
predictions using correlations established with impact data.  The Charpy V-notch specimen is the most 
commonly used specimen geometry in surveillance programs.  

A few years ago, the Central Research Institute of Electric Power Industry (CRIEPI) had 
developed the test technique for the miniature compact tension [C(T)] specimens (Mini-CT), whose 
dimensions are approximately 4 x 10 x 10 mm. A round robin program had been organized with the 
participation of Japanese and International academia, industries and government institutes, including 
Oak Ridge National Laboratory (ORNL). The round robin program aimed to verify the reliability and 
robustness of experimental data of the Mini-CT among different laboratories.  The ORNL results for the 
Mini-CT round robin contribution are summarized in [1].   It was shown that the Mini-CT specimens 
were offering a very attractive opportunity to derive the same fracture toughness transition temperature 
values, To, as those derived by larger fracture toughness specimens. Yet, the advantage of this Mini-CT 
specimen technique is that multiple specimens can be machined from one half of a broken Charpy 
specimen, used in a standard surveillance capsule of a reactor pressure vessel.   

Based on the outcome of the ORNL contribution to the international round robin program [1], it 
was decided to extend such research to provide further assessment and validation of the Mini-CT test 
specimen geometry using a typical US reactor pressure vessel steels. A three steps plan has been adopted 
to address these needs. The first phase was aimed at performing fracture toughness characterization of a 
typical US reactor pressure vessel steel for which a very well characterized database has been already 
established by using various types of fracture toughness specimens larger than Mini-CT. This step has 
been completed last year using A533B Plate 13B testing [2].  The second phase should address the 
applicability of Mini-CT specimens for a typical reactor pressure vessel weld material. The final step 
would be validation of the Mini-CT specimen for irradiated material. 

This report summarizes the results of the second phase of assessment and validation of Mini-CT 
test specimen geometry.  In this study, Mini-CT specimens were used to perform fracture toughness 
characterization of low upper-shelf Linde 80 weld, designated WF-70, in the unirradiated condition. This 
weld was utilized in the Midland Reactor Unit 1 beltline weld and has been previously well 
characterized at the ORNL with various fracture toughness specimens [3-7]. The report is prepared in 
satisfaction of Milestone M2LW-17OR0402015– “Complete report on the development of Mini-
Compact Tension test methods for determining fracture toughness Master Curves for reactor pressure 
vessel steels.” 
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2. MATERIAL DESCRIPTION 

 
In the 1990’s, the Heavy Section Steel Irradiation Program at ORNL performed a very wide-

ranging characterization program of the beltline weld from Midland Nuclear Power Plant Unit 1 in the 
unirradiated and irradiated conditions.  The Unit 1 had been canceled and large pieces of various parts of 
the beltline and nozzle course welds from the RPV were removed and used for that study.  The current 
study deals with the unirradiated beltline weld of this reactor which was a double-V submerged-arc (WF-
70) weld made with Heat No. 72105 weld wire and lot 8669 Linde-80 flux.  

The goal of that original program was to perform a very comprehensive characterization of 
chemical composition, Charpy impact toughness, drop weight nil-ductility, tensile, and fracture 
toughness properties of the beltline and nozzle course welds before and after irradiation in test reactors.  
For example, a total of 230 Charpy specimens were tested for impact toughness characterization of the 
beltline weld in the unirradiated condition.  Fourteen 0.5T, thirty-five 1T, fourteen 2T, and two 4T 
compact tension and 19 precracked Charpy specimens were used to perform transition region fracture 
toughness characterization of the beltline weld in the unirradiated condition, see Figure 1.  Based on the 
results of such a large number of conventional fracture toughness specimens, the reference transition 
fracture toughness temperature, To, was determined to be -54oC for the unirradiated beltline weld.  The 
detailed results of this program can be found in these publications [3-7].  

 
Figure 1. Unirradiated Midland beltline weld KJc data normalized to 1T equivalence; the master 

curve and 2% tolerance bound and KJ-R curve limit curve [5]. 

 
The availability of such an ample data bank of the unirradiated properties by means of 

conventional fracture toughness specimens was one of the reasons for selecting this beltline material to 
perform validation of Mini-CT specimens for fracture toughness characterization of a lower upper-shelf 
weld material.  Additionally, the irradiated Midland beltline weld was selected for a joint EPRI-CRIEPI-
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ORNL program for validation of Mini-CT specimens for irradiated weld material.  Thus, this study 
would complement the future irradiated portion of the work on validation of Mini-CT specimens. 

 
3. TEST RESULTS AND ANALYSIS PROCEDURE 

Mini-CT specimens, see Figure 2, were machined from broken halves of Charpy impact 
specimens.  While it is common to get four Mini-CT from one broken Charpy specimen of a base metal, 
only two specimens were possible to machine out of broken half of Charpy specimens containing the 
beltline weld.  A slightly modified version of Mini-CT specimen is being used at ORNL.  The main 
modification is related to use of grooves to allow an “outboard” clip gage with sharp razor blades to be 
placed such that load-line displacement can be directly measured for J-integral calculation rather than 
front face gage placement to avoid subsequent recalculation to load-line displacement.  Moreover, from 
previous experience at the fracture mechanics laboratory at ORNL, it was determined that razor blades 
improved reliability and sensitivity as compared to integrated front-face cut-off notches like the one 
suggested in CRIEPI round robin specimen design [8-11].  Another advantage of this set-up is simplicity 
of handling such a small specimen and clip gage in the hot cell or other remote conditions.  All 
specimens were fatigue precracked to the target a/W value of 0.5, where a is crack length and W is a 
specimen width.  

 
   

 

 
 

Figure 2. Layout of Mini-CT within broken Charpy half and overall dimensions of Mini-CT 
specimen. 
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The testing was performed under carefully controlled conditions in accordance with ASTM 
E1921 such that the values can be compared to the fracture toughness performance of previously tested 
large specimens.  The results are summarized in Table 1.  A total of 11 specimens were tested in this 
study.  Test temperature ranged from -105oC to -75oC.  The highest test temperature was selected to be 
20oC lower than the To = -54oC, derived from substantial number of larger fracture toughness specimens 
as described above.  This was based on the relatively small thickness of the Mini-CT specimen, 4-mm.  
One of the specimens, 9BK304, tested at -75oC did not cleave.  All other specimens cleaved and all 
measured KJc values were within the validity limit of E1921 as per equation: 

 

𝐾𝐾𝐽𝐽𝐽𝐽 (𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)   =   �𝐸𝐸(𝑊𝑊−𝑎𝑎𝑜𝑜)𝜎𝜎𝑌𝑌𝑌𝑌
30(1−𝜈𝜈2)

        (1) 

 
For specimen 9BK304, the stress-intensity factor that corresponds to the final J-integral, KJmax, is 

reported in Table 1 instead of the stress-intensity factor at the cleavage instability, KJc.. as for the rest of 
the specimens.  This result was censored and To was analyzed according to the ASTM E1921 procedure 
for a dataset with censored values. 

Table 1. Fracture toughness of Midland beltline weld as measured by Mini-CT specimens. 

Specimen ID Test T, oC KJc, MPa√m To, oC 
9B1102 -75 77.4 -53 
9B1103 -75 122.9 
9B1104 -90 91.0 
9BK303 -90 59.7 
9BK305 -90 117.1 
9BK306 -90 79.1 
9BK307 -90 73.2 
11B1101 -90 102.8 
11B1103 -75 121.5 
11B1104 -105 67.0 
9BK304 -75 234.8 

 
Note, that the first round of calculations yielded a To value of -52oC.  Since specimen 11B1104 

was tested outside the To-50oC range, this specimen was excluded for final To calculation.  Figure 3 
presents the fracture toughness data of the Mini-CT specimens tested in this study together with 
corresponding Master Curve, 2% and 98% tolerance bounds. 
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Figure 3. Fracture toughness of Midland beltline weld determined by Mini-CT specimens. 

 
4.  DISCUSSION 

The To value derived from a relatively small number of Mini-CT specimens in this study is in 
remarkable agreement with the To value previously reported for a much larger number of conventional 
fracture toughness specimens.  This again verifies the ability of such a small Mini-CT specimen to 
determine the reference fracture toughness temperature of a reactor pressure vessel material that is the 
same as that derived from tests of larger, more conventional type of fracture toughness specimens.  
These results also emphasize the need for testing an extra number of such small specimens.  For 
example, in this study, a total of 11 Mini-CT specimens were used for fracture toughness 
characterization.  However, this was not a “blind” test and selection of the test temperature was based on 
a large dataset of previously tested conventional specimens.  The initial test temperature was selected to 
be around 20oC below To and, yet, one specimen did not cleave. It forced performance of testing at even 
lower temperature.  As a result, the specimen that was tested at the lowest temperature had to be 
excluded from To calculation because it was outside the applicability window.  Thus, in cases when the 
expected To value is less defined than here, even more specimens might be lost due to strict validity 
requirements of the ASTM E1921 standard before the final To is determined. 

 
 

5. SUMMARY 

The ability of a small number of Mini-CT specimens to determine the fracture toughness 
reference temperature, To, of a low upper-shelf material has been examined on the unirradiated Linde 80 
WF-70 weld.  These Mini-CT specimens were machined from broken halves of previously tested Charpy 
specimens as part of the Midland beltline weld characterization.  The To value derived from a relatively 
small number of Mini-CT specimens in this study is in remarkable agreement with the To value 
previously reported from a much larger number of conventional fracture toughness specimens.  At the 
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same time, this study indicates that in real practice it is highly advisable to use a much larger number of 
specimens than the minimum amount prescribed in ASTM E1921. 
 .    
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