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Abstract 

 

In this study there are presented the Small Punch Test (SPT) experimental results of reactor 

pressure vessel (RPV) materials which were tested in the frame of Mochovce Surveillance 

Specimen Program (MSSP-34) applied to Mochovce nuclear power plant (NPP) units 3 and 4. 

Herein the results of mechanical properties in the initial state related to the following types of 

different materials can be found. These materials include base material (BM) of a RPV - steel 

15Ch2MFA, welding filler metal of Sv-10ChMFT type, weld joint No.5/6 heat-affected zones 

(HAZ) for both NPP units. MSSP-34 is specially designed for monitoring of the neutron 

irradiation effects on RPV materials’ mechanical properties that change due to the operational 

influence. Project MSSP-34 meets the requirements of the national supervisory by Nuclear 

Regulatory Authority of the Slovak Republic (NRASR), IAEA’s recommendations and the need of 

Slovak NPPs operator running nuclear power reactors of the VVER-440/213 type. During the 

MSSP-34 realization there will be the irradiation induced changes compared with the results in the 

as-received state (initial state) and after planned stages of radiation exposure. The presented results 

will serve as a base for upcoming comparison with the results after exposure to evaluate the 

neutron irradiation damaging processes. 
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1. Introduction 

 Mochovce surveillance specimen 

programme (MSSP-34) [1] represents one of the 

most important chapters to an initial completion 

project of the NPP Mochovce units 3 and 4 and 

its final safety report [2]. A draft of the MSSP-

34 programme is based on long-term experience 

in the field of monitoring radiation degradation 

to VVER-440 type RPVs not only in Slovakia 

but also in the world and represents the sixth 

generation of surveillance specimen 

programmes (SSP) in Slovakia. The philosophy 

of this program is based on the need to 

continuously monitor trends in changes of the 

properties of RPV structural materials 

throughout their planned life. A very important 

factor is that the MSSP-34 program is currently 

completely ready to be launched in both RPVs 

of the EMO 3 and 4 units. 

Reactor pressure vessel is the most important 

part of the design in terms of operational safety 

of NPP. The original-design lifetime for light 

water reactors is 40 years. The current objective 

for the majority of nuclear power plants is the 

extension of its service life up to 60 years [3]. 

For such a long period of operation is vital to 

know how the mechanical properties of RPV 

materials change and to what extent. For that 

purpose there was originally designed standard 

surveillance specimen programme (SSSP), 

replaced by the MSSP-34 in both units. 
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There are two important goals of MSSP-34 

monitoring programme. One is to acquire 

reliable technical argumentations for the power 

plant long-term operation over formerly 

designed project life-time. The other goal of the 

new designed monitoring programme is to 

monitor the RPV materials irradiation 

embrittlement trends and thereby to assure the 

safe and reliable reactor operation. 

The effect of irradiation depends not only on 

the type and state of the crystal lattice of an 

irradiated material, but predominantly, on the 

characteristic parameters for the actual 

irradiation environment. These parameters 

include the quantities describing the ionizing 

radiation. In terms of the nuclear reactor 

radiation there are the reasons for assessing 

irradiation effects to the structural materials of a 

RPV only due to the interaction of the neutrons 

where the most important parameters are [4, 5]: 

- neutrons energy (the energy spectrum), 

- neutron flux, 

- integral neutron flux or neutron fluence, 

- and irradiation temperature. 

Mentioned important parameters and irradiation 

induced changes in materials’ mechanical 

properties during MSSP-34 implementation will 

be measured and evaluated. Acquired changes, 

as for materials analyzed, will then be compared 

with the results in the as-received state (initial 

condition), and after the planed stages of 

irradiation exposure. The aim of this paper is to 

present the results of the initial mechanical 

properties as-measured, evaluated by SPT 

method and to bring comparison between the 

results of both SPT and standard methods. 

2. Materials 

The specimen types used in this paper are 

prepared from three main experimental material 

types of safety relevant NPP components. These 

materials include as follows [6]: 

- base metal (BM) of the VVER-440 

RPVs, 

- weld metal (WM) with an electrode rod 

filler metal of the Sv-10ChMFT type, 

- and heat affected zones (HAZs) from 

critical weld No.5/6 of both reactor 

pressure vessels. All the samples were 

taken from the RPV control segments. 

The representative microstructures of the 

above mentioned materials can be seen in the 

next Fig. 1. The microstructure of RPV BM is in 

a quenched-and-tempered state that consists in 

most of tempered bainite and carbides of 

alloying elements. Weld metal microstructure is 

formed by a mixture of, as seen in Fig. 1 b), 

acicular ferrite and grain boundary ferrite and 

stable carbides of alloying elements. The 

microstructure of HAZ has two very distinctive 

regions described as coarse- and fine-grained 

(HAZ I, HAZ II) wherein heat-affected BM has 

correspondingly very different properties. 

Therefore is very important to test and evaluate 

HAZ’s areas, at least for the HAZ I, HAZ II by 

using the SPT sampling technique. 

Typical standard required mechanical 

properties of materials being studied can be 

found in the next table 1 [2]. 

 

(a) 
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Fig. 1 a) Microstructure of BM 15Ch2MFA,

 b) Microstructure of WM 

 

Fig. 1 c) Microstructure of weld with HAZs 

 

Table 1 Standard required mechanical properties [2] 

Material Mechanical properties at room temperature 

 
Rm 

(MPa) 
Re / Rp0.2 (MPa) 

A 

(%) 

Z 

(%) 

15Ch2MFA 539 - 735 
min. 

431 

min.  

14 
min. 50 

Sv-10ChMFT 
min. 

539 

min. 

392 

min. 

12 

min. 

50 

3. Experimental methods 

In the MSSP-34 programme two different 

types of specimens to analyze and monitor RPV 

steel radiation degradation are being used. They 

are as mentioned below: 

- Insert-type specimens for reconstitution 

to the original standard specimens to 

assess static fracture toughness and 

Charpy-V impact toughness of materials, 

- Small punch test specimens (SPT). 

MSSP-34 programme includes in addition to 

RPV material radiation damage monitoring, the 

measurements of irradiation temperature and 

neutron fluence inside of irradiation capsules as 

well. Irradiation capsules are filled with samples 

made of the original material with specified 

geometry and also melting monitors as well as 

neutron fluence activation monitors (see Fig. 2). 

 

Fig. 2 SPT irradiation capsule with samples, 

detectors, and all other related structural parts 

(b) 

(c) 

WM 

HAZ I 

HAZ II 
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The design of irradiation chains, measuring 

of irradiation temperature and neutron fluence is 

based on the experience from the realized 

surveillance specimen programs. The 

innovations in this project are [6]: 

• besides the standard tests of mechanical 

properties there was included in the 

material degradation monitoring also the 

new testing method - Small Punch Test, 

all the SPT samples are inserted into the 

special capsules, as can be seen in 

Fig. 2 above, and which are structural 

parts of irradiation chains, 

• the separation of RPV material samples 

into four sets by sampling through depth 

of the base metal and weld metal, this 

idea will give us the results across a RPV 

wall, and helps to find where is the most 

sensitive part of the RPVs as well as to 

minimize results scattering in future 

compare. 

The standard tests need relatively high 

amount of the original RPV material and after 

irradiation, the samples must be tested in the 

special hot laboratories due to their very high 

induced activity. In order to study irradiation 

damage, small samples are preferred because 

there are limitations of sample size in irradiation 

channels and great lack of original RPV 

materials. SPT practice requires a small volume 

of tested materials what substantially reduces 

the total activity of the individual irradiated 

specimen. Testing of the irradiated SPT 

specimen does not need special hot cells, a 

simple lead brick shielding of a testing machine 

is adequate [7, 8]. 

Because there is a lack of RPV experimental 

materials, the great advantage is using the SPT 

methods for evaluation of their basic 

mechanical properties [9]. 

The principle of SPT testing procedure used 

in VUJE, a.s. is penetration of a disk specimen 

by a hemispheric rod. The small punch 

experimental configuration is presented in the 

Fig. 3. The disk shaped specimen is 8 mm in 

diameter and 0.5 mm in thickness. The 

specimen holder consists of a lower and upper 

die and holder body. Using this specimen 

holder, the specimens are prevented from 

cupping upward during punching, and therefore, 

plastic deformation is concentrated in the region 

below the punch rod. Using relatively simple 

system with recorders of the load and deflection 

values, we can obtain the following data of 

basic mechanical properties [7, 8]: 

• The yield stress and ultimate tensile 

strength, which are well correlated with 

the parameters Py, Pm, and dm which is 

displacement at maximum load Pm 

(see Fig. 4). 

• Ductile-to-brittle transition temperature 

(DBTT) measured by using the Charpy-V 

impact test is determined as the fracture 

appearance transition temperature (FATT 

at a 50-% of shear fracture portion). 

FATT50% can be estimated from the 

results of temperature dependence of 

small punch energy determined from the 

area under the load-deflection curve up to 

the fracture load or displacement, d*, 

corresponding to the specimen fracture. 

The FATT50% correlates to transition 

temperature of SPT tests, FATTSPT, 

according to the following equation: 

FATTSPT = α × FATT50% 

where α is a correlation coefficient of 

approximately of 0.4, or, in the range of 

0.35 upto 0.45. The α-coefficient is an 

empirically derived constant to a very 

particular tested material.      

A sufficiently large number of SPT 

specimens (approx. 20 pcs) from reference 

materials allowed also evaluating a transition 

temperature of ferritic steels. The testing 

procedure, parameters, and the estimation of 

transition temperature were performed in 

accordance with [10]: 
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• type of puncher - rod or ball of a diameter 

of 2 mm, 

• punch displacement velocity: 

0.5 mm/min for tensile tests,  

2 mm/min for tests performed at low and 

high temperatures, 

• SPT specimen geometry: 

diameter 8.00 - 0.05 mm,  

thickness 0.500 ± 0.005 mm,  

• total number of SPT specimens used to 

determine transition temperature - 20 pcs 

per SPT energy-temperature curve. 

To prepare SPT samples the method of an 

electrical discharge machining (EDM Cutting) 

followed by wet grinding on abrasive paper with 

a grit size of P320 unto P1200 is used. By this 

way the VUJE, a.s. laboratories have prepared 

several thousands of SPT specimens. 

 

 

Fig. 3 a) Schematic of the setup for the SPT, 

b) SPT specimen geometry with allowed 

tolerances [9] 

 
Fig. 4 Typical SPT load-deflection curve [9, 10] 

The testing is usually performed on a 

standard tension test machine, equipped with 

load and crosshead feed gauges and a data 

recorder for the registration of load-deflection 

curves. Special testing rigs, depending on the 

testing temperature, are used for the realization 

of SPT tests. Tests at low temperatures are 

carried out in a special thermo-insulated 

chamber. The specimen is cooled using liquid 

nitrogen vapors or directly by liquid nitrogen. 

The temperature of the specimen is measured by 

a calibrated thermocouple. For tests at elevated 

temperatures a special furnace is used. The SPT 

method is also used for such evaluation of 

mechanical properties for lifetime predictions of 

service components by the authors [11, 12, 13]. 

4. Results 

In the following part of the paper, there are 

summarized results of the SPT evaluation 

applied to the initial state of materials in the 

frame of the MSSP-34. For the MSSP-34 

project there were prepared 1125 pieces of SPT 

samples per reactor unit totally and of that 

number there will be tested in an irradiated state 

700 pieces of different types of RPV materials. 

The materials’ list includes as follows: 

• BM of RPV – 15Ch2MFA, 

• WM of RPV – wire filler Sv-10ChMFT, 

• HAZ I and II, 

In this place there is a comparison between 

the results from standard tests of the base 

mechanical properties and the results from SPT 

(a) 

(b) 



6 

 

as well. Table 2 summarizes tensile testing 

results obtained from SPT tests for all the 

evaluated materials. For the base RPVs’ 

materials there are presented the results from 

standard tensile tests for both units as well. 

Specimens of base RPVs’ materials were 

taken from different sampling layers of a RPV 

wall cross-section. The results are given so that 

a comparison among different layers can be 

done. These layers represent the sampling depth 

and the 1st layer means a depth of 40 mm, the 

2nd a depth of 55 mm, the 3rd a depth of 70 mm, 

and the 4th layer it’s a depth of 85 and 90 mm 

for weld metal and heat affected zone, 

respectively. Typical SPT load deflection curves 

for all the materials are shown in next Fig. 5. 

Table 3 shows the values of the fracture 

appearance transition temperatures (FATT) 

evaluated as a temperature dependence of the 

SPT energy obtained from SPT tests at various 

test temperatures. An example of the 

temperature dependencies of fracture energy for 

the BM and all the BM layers tested in the 

initial state are presented in the following Fig 6. 

In Fig. 6a one can see the dots in the graph that 

represents energy calculated values based on the 

real experimentally measured data. Transition 

temperature energy curve is then superimposed 

on the graph as a regression energy curve. This 

curve is the transition energy curve attained for 

the 1st sampling layer of BM. All the 

experimental data of other BM layers and other 

experimental materials were evaluated in the 

identical way. The final regression curves for 

comparison with Fig. 6a are clearly displayed in 

Fig. 6b.

Table 2 Results of materials tensile properties in the initial state, NPP Mochovce, units 3 and 4 

Type of material 

Unit 3 Unit 4 

SPT Standard SPT Standard 

Rm * 

(MPa) 

Re * 

(MPa) 

Rm 

(MPa) 

Re 

(MPa) 

Rm * 

(MPa) 

Re * 

(MPa) 

Rm 

(MPa) 

Re 

(MPa) 

Base material of RPV 

15Ch2MFA 
569 470 601 478 600 457 547 395 

Weld metal of RPV 

wire Sv-10ChMFT 
620 485 606 490 609 509 590 467 

Heat affected zone I. 

(weld No.5/6 of RPV) 
645 551 613 494 662 548 615 495 

Heat affected zone II. 

(weld No.5/6 of RPV) 
607 471 613 494 623 531 615 495 

* Note: the average values of SPT tests 

 

Fig. 5 Typical load-deflection curves for tested RPV structural materials 
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Table 3 Transition temperature values for experimental materials in the initial state - NPP Mochovce, unit 3 

Type of material 

Transition temperature FATT (°C) 

SPT SPT * Charpy V-test 

Base material of RPV 

15Ch2MFA 

1st layer -5.0 

-15.0 -24.7 
2nd layer -0.2 

3rd layer -8.4 

4th layer -20.2 

Weld metal of RPV 

wire Sv-10ChMFT 

1st layer -2.1 

-16.3 -16.0 
2nd layer -18.0 

3rd layer -4.1 

4th layer -5.6 

Heat affected zone I. 

(weld No.5/6 of RPV) 

1st layer 7.8 

+3.3 

+10.8 

2nd layer 19.0 

3rd layer 8.1 

4th layer -7.6 

Heat affected zone II. 

(weld No.5/6 of RPV) 

1st layer -15.8 

-12.5 
2nd layer -8.9 

3rd layer -33.5 

4th layer -1.9 

* Note: the average values of SPT tests 

 
 

  

Fig. 6 a) Regression SPT energy curve in the 4th BM layer, b) SPT energy curves for all BM layers, unit 3 

5. Discussion 

By comparing the SPT experimental results of 

materials tensile properties with the values of 

mechanical properties as-tested by standard 

methods given in [14, 15, and 16]; it can be 

discussed in the following to unit 3 that: 

 the average values of tensile and yield 

strengths for base material correlate well 

with a value given by standard test, 

 the average values of tensile strength and 

yield strength for heat affected zone I. are 

slightly higher than that given by standard 

test, 

 the base material tensile strength is lower 

than for weld metal and heat affected zone 

I., but still well comparable to strength 

values of heat affected zone II., 

 the average values of strength determined 

by SPT method are very well comparable 

for all the types of materials, 

(b) 
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 all the values of transition temperature for 

layers of base material are higher than a 

value given by standard Charpy V-test,   

 the minimal value of transition 

temperature for the 2nd layer within weld 

metal is very well comparable to a value 

given by standard Charpy V-test, 

 the transition temperature for the 4th layer 

within samples made of HAZ I is rather 

below a value defined by standard Charpy 

V-test, 

 all the values of transition temperatures 

for layers within samples made of HAZ II. 

are below a value given by standard 

Charpy V-test, 

 the transition temperature curves are very 

close each other for all the types of 

materials and the established differences 

seen in presented tables and figures  are 

caused by the minor microstructural 

inhomogeneities of tested materials that 

changes layer by layer and even between 

two close heat affected zones, 

 the average values of transition 

temperature determined by SPT method 

are in a good consistency with a 

standardly acquired value except for 

material of heat affected zone II., 

 

As can be seen curves’ positions are very close 

each other. The average figures of fracture 

appearance transition temperature correlate very 

well for the weld metal and relatively well for the 

heat affected zone I and base metal. Much better 

correlation amongst values of mechanical 

properties would have been expected at the use of 

the same separation into the sets of layers for all 

the specimens before tested by standard 

testing techniques. 

6. Conclusions 

 the obtained results from both testing 

methods are in a good agreement. 

 the experimentally acquired results using 

both SPT and standard methods meet the 

design required values,  

 in general, the tensile properties are 

higher for HAZ I. then for other material 

types tested, 

 the average SPT transition temperature 

value for HAZ II. has poor correlation 

with the value given by standard method 

because of samples placement in the 

whole HAZ, samples were taken in 

higher distance from HAZ I., however, 

from the transition temperature point of 

view it has revealed the better result in 

comparison to HAZ I. 

 the average transition temperature values 

for experimental materials BM, WM, 

and HAZ-II. are very well comparable 

each other, the most sensitive part of 

RPV is HAZ-I. with a positive transition 

temperature of +3.3°C, 

 the published results achieved in the 

evaluation of the initial materials states 

will be an essential part of the MSSP-34 

program of which continuously 

generated results will have then also 

been used as the input data in the 

calculation so as to determine the 

residual lives of both RPVs. 

 the MSSP-34 project is approved by the 

NRASR according to IAEA’s 

recommendations, and is ready to be 

launched in both RPVs of the NPP 

Mochovce units 3 and 4. 
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