
EMEUT Of TENSILE AND FRACTURE TOUGHNESS 
PROPERTIES USING SMALL PUNCH TEST 

by 
S. Chat ter jee a n d Priti Kotak S h a h 

Post Irradiation Examinat ion Division 

BARC/2005/Ê/012 J j 
23 Q 
ro 
8 

Government of India 

B h a b h a A t o m i c R e s e a r c h C e n t r e 
M u m b a i - 4 0 0 0 8 5 , <mz Ind ia 

2 0 0 5 



BARC/20O5/E7O12 

GOVERNMENT OF INDIA 
ATOMIC ENERGY COMMISSION 

MEASUREMENT OF TENSILE AND FRACTURE TOUGHNESS 
PROPERTIES USING SMALL PUNCH TEST 

by 
S. Chatterjee and Pria* Kotak Shah 
Pott Irradiation Examination Division 

BHABHA ATOMIC RESEARCH CENTRE 
MUMBAL INDIA 

2005 



BARC/2O0VE/OI2 

B I B L I O G R A P H I C DESCRIPTION SHEET FOR TECHNICAL REPORT 
( u pw I S : M M • I 9 M ) 

Ol Security classification : Unclassified 

02 Distribution : External 

03 Report status : New 

04 Series : BARC External 

03 Report type : Technical Report 

06 Report No. : BARC/2OOS/E/012 

07 Part No. or Volume No. : 

08 Contract No. : 

JO Title and subtitle : Measurement of tensile and fracture toughness properties using small 
punch test 

II Collation : 26 p.. 8 f igs. , 11 tabs. 

13 Project No. : 

20 Personal authorfs) : S. Chatterjee; Priti Kotak Shah 

21 Affiliation of author(s) : Post Irrnclintion Examination Division, Bhabha Atomic Research 
Centre, Mumbai 

22 Corporate authoifs) : Bhabha Atomic Research Centre, Mumbai - 400 085 

23 Originating unit : Post Irradiation Examination Division 
BARC, Mumbai 

24 Sponsor(s) Name : Department of Atomic Energy 

Type : Government 

Contd.. 



BARC2OOVE/012 

30 Dai* ofsubmission April 2003 

il Publication/Issue date : May 2005 

40 Publisher/Distributor : Head, Scientific Information Resource Division, 
Bhabha Atomic Research Centre, Mumbai 

42 Form of distribution Hard copy 

SO Language of text . English 

31 Language of summary : English, Hindi 

52 No. of references : 6refs. 

53 Gives data on 

ÖD Abstract : Small punch test was carried out at room temperature on five different steels using 10 

mm by 10 mm specimens of 0.4 mm thickness in a universal testing machine. The tensile and frecfre toughness 

properties of the five steels obtained from small punch test were compared with those obtained from the 

standard test method. The results (except in one steel) show that the tensile propeities obtained from small 

punch test are in close proximity to those obtained from uniaxial tension test. The results also show that 

fracture toughness ( I K ) properties obtained from small punch test are within ±20% of the corresponding 

values obtained usin^ standard test procedures. 

70 Keywords/Descriptors : STAINLESS STEEL-403; TENSILE PROPERTIES; YIELD STRENGTH; 

FRACTURE PROPER PIES; PRESSURE VESSELS; ELONGATION; CHARPY TEST, STRESSES; 

CRACK PROPAGATION; NUCLEAR INDUSTRY 

71 1N1S Subject Category : S36 

99 Supplementary elements : 



20%%3trl% t I 



M e a s u r e m e n t o f t e n s i l e a n d f r a c t u r e t o u g h n e s s 

p r o p e r t i e s u s i n g s m a l l p u n c h t e s t 

S. Chatterjee and Priti Kotak Shah 
Post Irradiation Examination Division 

Bhabha Atomic Research Centre 
kotakpriti@rediffmail.corn 

ABSTRACT 

Small punch test was carried out at room temperature on five different steels using 10 
mm by 10 mm specimens of 0.4 mm thickness in a universal testing machine. The tensile 
and fracture toughness properties of the five steels obtained from small punch test were 
compared with those obtained from the standard test method. The results (except in one 
steel) show that the tensile properties obtained from small punch test are in close 
proximity to those obtained from uni-axial tension test. The results also show that 
fracture toughness (Jic) properties obtained from small punch test are within ±20% of the 
corresponding values obtained using standard test procedures. 

KEYWORDS 
Small punch test, yield strength, ultimate tensile strength, percent uniform elongation, 
fracture toughness 

INTRODUCTION 

Detailed mechanical property data may not be available for structures approaching the 
end of their designed lives or for components required to undergo structural integrity 
evaluation at various stages of their designed lives. In order to revalidate these structures 
for further use, or for use in a subsequent changed environment dictated by economics of 
operation, overall re-assessment of the structural integrity would be called for. Such 
assessment often would require the knowledge of tensile and fracture toughness 
properties in their 'as is and where is' condition. Removal of material required for 
fabricating standard specimens to generate these properties may leave the structures with 
unacceptable flaws for its further use, unless the specimen size is rnirürrüzed to affect 
permissible quantity of (non-disruptive) material removal. 

The assessment of nuclear pressure vessel integrity requires, among other properties the 
knowledge of vessel material fracture toughness, J* / KjC. Presently the fracture toughness 
property (K*) is derived from transition temperature obtained from impact test of reactor 
surveillance Charpy specimens. The excessive conservatism associated with the use o f 
lower bound estimate of K« from the transition temperature so obtained prohibits full 
utility o f the safe life of the vessel. Non-disruptive removal of small amount of material 
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mav he permitted for fabricating m:niature fracture toughness spécimens for direct 
estimation of repTsentative vessel fracture toughness. 

Irradiation of specimens to cumulative neutron flux (fluence) corresponding to life time 
application of reactor structural components (e.g. coolant channel components of 
pressurised heavy water reactors) often require many years of exposure in research 
reactors, lite nonavailability of suitable materia! reactor test beds for material irradiation 
to achieve damage levels characteristic of life time service of such components may be 
circumvented by alternative use of ions to simulate equivalent neutron irradiation damage 
in an accelerated time frame, provided the specimen thickness is brought down to 
fractions of a millimeter 

Thus, scooping out small amount of material from operating components (with out 
compromising the structural integrity) to fabricate miniature specimens and development 
of test techniques using the specimens will significantly supplement the ongoing efforts 
towards the derivation of the required mechanical properties. The development will also 
lead to enhancement of data bank of irradiated mechanical properties of materials used in 
fabricating the components. 

From the point of view of interpretation of experimental results, scaling down the 
specimen geometries of the existing standard specific test methods apparently seems to 
be promising (such as miniaturized tensile and fracture toughness specimens). However 
difficulties encountered in the fabrication and in testing such specimens limit the extent 
of miniaturization. Therefore a number of different approaches have been used in 
developing miniature specimen test techniques. Some of these techniques involve loading 
a supported/ clamped coupon with a suitable shaped penetrator punch, deforming it to 
failure and analyzing the resulting load-deflection data. Among the tests attempted, one 
of the methods. Small Punch Test has been used for evaluating the effects of irradiation 
on material properties under nuclear breeder and fusion programs'. 

Small punch test specimens use regular geometries, which can be easily fabricated upto 
thicknesses of 0.5 mm and below. Optimization of specimen thickness to approximately 
0.4 mm would also assure the minimum number of grains in the three principal directions 
of the specimen (particularly through the thickness) is available to permit bulk properties 
to be obtained from nüniaturized specimens. The method utilizes the multi-axial 
deformation of very small specimens in a punch-and-die arrangement, the specimen 
being punched by a small ball. The load deflection plot obtained can be analysed either in 
terms of elastic-plastic finite element method or can be utilized to derive empirical 
correlations, so as to finally extract useful engineering information viz the tcivile and 
fracture toagh^eu properties. 

This report describes the small punch test set-up and some of the experiments designed 
and the results obtained there-front to develop understanding of the relationship between 
the tensile properties and fracture toughness determined from small punch test, and those 
determined in uni-axial tensile load (viz uni-axial tensile test and uni-axially loaded 
compact tension fracture toughness test). 
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EXFERI MENTAL PROCEDURE 

The small punch lest (SPT), which was essentially a punch-and-die loading test involved 
punching a 10 mm by 10 mm specimen of 0.4 mm thickness. The punch and die 
arrangement is shown in Fig. 1. The die assembly consisted of an upper die and a lower 
die clamped using four clamping screws When the specimen was placed in the die, a 
slight clearance between the bottom surface of the upper die and the top surface of die 
specimen was maintained to obtain a stress-free state prior to loading. Clamping of the 
dies prevented specimens from cupping upwards during punching and thus concentrating 
the plastic deformation of the specimens in the region below the punch. The bore 
diameter of the lower die was optimized to minimize the frictional forces arising from the 
contact of the specimen with the inner wall of the lower die. The specimens were 
punched using a ball of 2.4 mm diameter. A computer controlled screw driven universal 
testing machine was used to drive the load train. A load cell mounted on the load train 
above the punch-die assembly and a clip gauge mounted in close proximity with the 
specimen were ujed to measure the load and central deflection respectively as 
encountered by the specimen during the test. The tests were carried out under 
displacement control at a displacement rate of 0.2 mm/min. which corresponded to an 
effective strain rale of approximately 10"2-10"3/sec. The test was programmed to stop 
with-in 20% load drop after the maximum load was attained. Loads and deflections were 
digitally recorded for maximum resolution. The tests were carried out at ambient 
temperature. 

Load-deflection response of the specimens so obtained from SPT were used to evaluate 
the yield strength, Y.S (Sy), ultimate tensile strength, U.T.S (Surs ), uniform elongation 
(U.E) and fracture toughness (J K ) of the specimen material using the following 
correlations: 

S Y - 0.466PY/to 2 

where Py is die load as illustrated in Fig. 2 and to is the initial thickness of the specimen 

Strre-KOtrexpt-n) 
Where n and K are the material constants in the power law equation o = KleV (refer 
Table 10) 

U.E - exp{0.002(o lrrs/oYs)" V E > H 

where oyrs and Oys are true ultimate tensile strength and true yield strength respectively 
and £(U.E) is true uniform strain. 

J i c - k s f - J o 
where £f L effective strain and k and Jo are empirical constants. 

Specimens were prepared from five types of ferritic steels. These steels were previously 
characterized for mechanical properties under various programs. The characterization 
included determination of tensile properties following ASTM-E-8 2 procedures, 
detennination of impact properties following ASTM-E-23 3 procedures and determination 
of fracture toughness properties following ASTM-E-1820 4 procedures. The chemical 
analysis and the tensile and fracture toughness data obtained for these steels are given in 
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Tables I and 2. The yield strength, ultimate tensile strength and uniform elongation of 
the steels varied in the range 100 MPa to 650 MPa, 450 MPa to 770 MPa, and 8% to 24% 
respectively, whereas the fracture toughness J* was in the range 150 kJ/m2 to 400 kJ/mJ. 

The broken Charpy-V-noteh halves of the impact tested specimens were used for 
preparing the small punch test specimens. Oversized (in thickness) specimen blanks were 
cut using slow speed cut-off wheel, bach specimen was progressively lapped with 240, 
400 and 600 grid paper to achieve final thickness of 0.4±0.005 mm. 

The tensile and fracture toughness properties of the five steels obtained from SPT were 
compared with those obtained from the standard test method. 

RESULTS 

Table 3 depicts the results of yield strength of steels evaluated from SPT. Table 4 depict* 
the results of ultimate tensile strength of steels evaluated from SPT. Tabic 5 depicts die 
results of percent elongation of steels evaluated from SPT. The results (except in one 
steel) show that the tensile properties obtained from SPT are in close proximity to those 
obtained from uni-axial tension test. Table 6 depicts the results of fracture toughness (Jic) 
of steels evaluated from SPT. The results show that fracture toughness (Jic) properties 
obtained from SPT ate within ±20% of the corresponding values obtained using standard 
test procedures. 

DISCUSSION 

A typical load-deflection curve obtained from SPT can be characterized by four distinct 
regions (Fig. 3). Region I depicts a linear response. Region 11 is also primarily linear but 
with a reduced modulus. The boundary between Region II and Region III is characterized 
by an inflection point in the curve followed by increasing slope. Region IV depicts 
decreasing slope followed by sudden drop in load. 

Region I represents bulk specimen response in elastic regime (even though there is 
localized yielding in the specimen at location under the punch). This region is primarily 
governed by Young's modulus. The fracture behaviour, if happens to occur in this region 
would be brittle. 

The initial portion of Region II, which exhibits departure from linearity is representative 
of spread of the yield zone through the specimen thickness, and then outwaiù radially. 
This region is governed by yield stress and strain induced hardening. The fracture 
behaviour corresponding to this region would be predominantly brittle. Both the regions 1 
and II experience deformation under bending load. 

In Region III membrane stretching regime is dominant in most region of the specimen. In 
this region the load bearing capacity increases as a result of increase in contact area. The 
fracture, if happens to occur in this region would correspond to ductile-brittle transition 
behaviour. 
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la CTHT of fully ductile specimens fracture would occur mmewnere in region IV due to 
through thickness thinning near the punch tip and crack initiation followed by 
circumferential crack propagation. Thus, whereas the load-deflection response of a 
material in fully ductile condition would exhibit all the four regions prior 10 failure, with 
increasing extent of embri,tlernent of the matf-ial, the failure point would change 
gradually fron region IV to region I. 

There exists some similarity in nature of curves for regions I, II and IV vis-è-vis the 
nature of curve obtained from uni-axial tension test, which is conventionally used to 
measure the tensile properties (yield strength, ultimate tensile strength and ductility). 
Thus SPT method has the potential to provide reliable estimates of material uni-axial 
tensile properties. The reproducible nature of the curves (Fig. 4) further enhance!; the 
extent of reliability. 

Yield strength 

Somewhere in region II, af er the yielding in the specimen is initiated at the surface and 
has spread radially through its thickness, full plastic behaviour would have developed. 
The representative point in the curve, where fully plastic behaviour takes over from 
mixed elastic-plastic behaviour would define the yield load (Fig. 2). However the load 
obtained from the curve needs to be empirically related with experimentally obtained 
yield strength from conventional uni-axial tension test, as illustrated in Fig. S. This is 
required to normalize the SPT results where complex stress-strain consisting of bending 
stresses, tensile stresses associated with specimen clamping, and circumferential stresses 
are in interplay. 

The results in Table 3 depict that the correlation utilized to evaluate the yield strength 
fro.n SPT could predict the uni-axial yield strength (except the steel having yield strength 
of 300 MPa) for steels in the range of 470 MPa to 650 MPa, the later value being 38% 
higher. Thus, SPT method adopted would have the capability of monitoring neutron 
irradiation induced increases in yield strength of structural materials made of ferritic 
steels. 

Ultimate t ensile strength 

Results in Table 7 show that the correlation co-efficient defined as the ratio of peak load 
attained in SPT of a material to the corresponding UTS has tendency to decrease as UTS 
increases. This implies that the correlation co-efficient is not material imlependenL This 
is also illustrated in Table 8. It can be readily seen as a specific case, that whereas the 
UTS of steel RTV is 1.15 times that of steel JG, the correspomliftg peak load ratio is only 
0.99. Using empirical correlation between experimentally measured normalized peak 
load (Pom/to2) and experimentally measured uni-axial UTS of the five steels (assuming 
thereby that the correlation to be valid for all materials) it was observed that steel JG of 
relatively lower uni-axial UTS (633 MPa) and steel RPV of relatively higher uni-axial 
UTS (725 MPa) would yield same value of UTS (666 MPa and 662 MPa respectively). 
Therefore a different rnethodology was adopted for the evaluation of the UTS. 
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The results Tank 4 clearly show that the respective UTS values obtained using the 
niethodology elaborated below are typically within 10% of the uni-axial UTS. 

As elaborated earlier, the SPT load-deflection curve can be classified into four regions. In 
this methodology it was assumed that by extending the linear regime of region il into 
Regions III and IV, hypothetically one can obtain the load (pseudo) response under 
bending load configuration for respective deflections in these regions. Load values so 
obtained for a typical specimen are shown in Table 9. True strains (e) for the 
corresponding deflections (f) values are also shown in Table 9. A constitutive e<|uatJon 
obtained from uni-axial tension test of this specimen material (shown in Table 9) was 
used to calculate true stress (a) for the corresponding e values (shown in Table 9). The o 
so obtained was used to calculate f« using the following equation: 

o - (0.466P/toJ) f. 

The set of data points (f, f») obtained from this specimen along with all other specimens 
of two steels (Table 1 ) were used to derive the expression: 

f.»0.302-O.242ln(f); 

This is graphically depicted in Fig. 6. 

Thus o and corresponding s were calculated using : 

a - (0.466P/toJ ) •{ 0.302-O.2421n(f)} 

e " tof7(a2+f*), where a is a constant derived for the die assembly. 

(o.e) data points in the linear regime of region II were used to obtain a power law fit : 

o - Kx'and UTS was calculated as 

UTS-KM'/expfn) 

UTS calculated for a typical specimen is illustrated in Table 10. 

The results in Table 4 also depict mat the correlation utilized to evaluate die ultimate 
tensile strength from SPT could predict the uni-axial ultimate tensile strength (except the 
steel having ultimate tensile strength of 450MPa) for streb in the range of 629 MPa to 
770 MPa, later value being 22% higher. This would imply that SPT method adopted 
also have the capability of momtoring neutron irradiation induced increases in ultimate 
tensile strength of structural materials made of ferritic steels. 

Heanjarfca 

A realistic estimation of elongation from k^-de flection plot of SPT encounters several 
limitations. The relationship derived from classical elastic theory and ennmaod at • • 
tofV+f*) » applicable only to specimens failing at small deflections where s*»-<a**bcnj 
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strain fields are small. In addition this expression has not been found suitable in the 
membrane stretching region (this region starts at deflections approximately equal to the 
specimen thickness, which would correspond to e of 0.03). Therefore the deflection value 
at the peak load can not be related with uniform elongation for materials exhibiting 
relatively high ductility. 

It may be mentioned that constitutive equations in the form of power law : a • Ks", 
derived from true stress (a) and true strain (e) obtained from SPT, as illustrated in Table 
10, could be fruitfully utilized for estimation of uni-axial UTS of the five steels even 
though the exponent n in a few cases was not in conformity with the corresponding 
uniform elongation value. 

It was observed that except for the steel SA333, which has uniform elongation of 24%, 
all other four steels having uni-axial elongation upto about ~'0%, could be fartlnasttiri 
using the expression : 

a u n / OYS " (SUE/0.002) *Œ 

where the respective values were obtained from conventional uni-axial tension teat (Table 
2). 

Table S depicts the uniform elongation values for the steel derived using die 
corresponding UTS and YS values obtained from SPT. 

The results show the proximity of elongation values evaluated by SPT method and those 
obtained from uni-axial tension test for steels of yield strength 470 MPa to 650 MPa, and 
ultimate tensile strength of 630 MPa to 770 MPa. Thus SPT method adopted would also 
be able to follow neutron irradiation induced decreases in uniform elongation of 
structures made of ferritic steels. 

Fracture toughness 

Presently adopted practice3 in SPT method recommends the use of a single pararnctrr 
namely effective strain (er) to co-relate fracture toughness (Jfa) as: 
J ic -kEf -Jo 

where k and Jo are co-relation constants in the above empirical relationship. 

However, as is an energy based definition, the correlation constants would be expected 
to depend on strength parameters of materials in addition to die ductility parameter (er). 
Hence the constants are not expected to be material independent. The work of Bayoumi 
and Bassim6 using the strength dependent relationship between iK and critical crack 
opening displacement supports the conjecture. 

More-ever the constants k and J 0 have been obtained frosn er, winch is a measure of 
strain at peak load. In reality, fracture initiation in ductile materiell is exmfirmed to begin 
significantly before the peak load is attained. Further, the M a j a iaitiates at bulge 
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surface where the local strain is significantly higher than u (which is defined as strain 
averaged over the specimen thickness), as illustrated in Fig. 7. 

Table II depicts the total eneigy consumed by specimens of different steels prior to 
fracture. Even though most of the total energy is used in plastically deforming regions 
away from the local region of fracture, both the local energy and total energy 
monotonically increase with increase in loading. It would be expected that, if e< was 
primarily responsible for crack initiation, the total energy that was consumed to attain Cf , 
should also incease/deercase with increase/decrease of total strain energy. The absence 
of such a trend (depicted in Table 11) indicates that the correlation constants are unlikely 
to be material independent 

The % deviation (A%) in iK observed in the specimens from the five steels (Table 6 and 
Fig. 8) also depict a distinct trend. The steels with relatively lower strength values 
(effective strength, defined as average of YS and UTS) under-predict J* , whereas steels 
with relatively higher strength values over-predict iK . It is worth noting that J* was 
estimated using empirical correlation with only strain parameter (er) . This observation 
also indicates that correlation constants would be function o f stress parameters i.e would 
not be material independent. 

However, the results depicted in Table 6 illustrate the possibility of determining the 
fracture toughness from SPT with in a scatter band of ±20%. The findings are 
encouraging as it demonstrates the possibility of measuring fracture toughness using very 
small specimens. The likelihood of the dependence of strength in the correlation 
equation used, may lead to difficulties in interpreting irradiation effect on fracture 
toughness, as the tensile strength values increase with irradiation. 

CONCLUSION 

A small punch test set up capable of accurate measurement of load and central deflection 
of 10 mm by 10 mm square specimens has been designed and developed in house. The 
set up has been installed in a universal testing machine for the measurement of tensile 
and fracture toughness behaviour of materials. 

The set up is capable of generating reproducible load-deflection curves of materials 
tested. 

Empirical relationships between small punch test data and uni-axial tensile data have 
been explored. Reasonable proximity between tensile data generated from small punch 
test and uni-axial tension test could be attained. 

Empirical relationships between small punch test data and fracture toughness, Jic 
(following standard test procedures) were also explored. A scatter of ±20% between Jic 
derived from small punch test and those obtained from standard srjecimens was observed. 
Enhanced analytical and experimental input is needed to refine die empirical c o l l a t i o n s 
to make them suitable for the accurate quantification of irradiation induced degradation 
of fracture toughness properties. 
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Table 1 : Chemical compositions of the steels (wt%) 

Steel C Si Mn P S Cu Ni Cr Mo V Al 
A333B 
(JQ) 

0.16 0.24 1.35 0.017 0.003 0.13 0.8 0.12 0.49 0.002 0.012 

A533B 
(JO) 

0.16 0.27 1.45 0.017 0.001 0.16 0.82 0 15 0.55 0.01 0.013 

SA333 0.14 0.25 0.9 0.016 0.018 0.05 0.05 0.08 - <0.01 -

SS403 0.10 0.40 0.60 0.020 0.025 - 0.45 12.0 0.60 - -

Pr. 
vcaad 

0.15 0.30 0.35 0.015 0.005 0.06 0.75 2.95 0.66 0.25 0.05 

Table 2 : Tensile and fracture toughness data of the steels 

Material Y S 
(MPa) 

UTS 
(MPa) 

UE 
(%) 

Jic 
(kJ/mJ) 

A533B 
(JG) 

531 633 9.9 295 

AS33B 
TO 

470 630 10.2 300 

SA333 300 450 24.0 375 

SS403 6S0 770 9.2 182 

Pr. vessel 610 725 8.0 337 
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Table 3 : Yield strength of steels evaluated from Small Punch Test 

Material Spn. No. Yield load 
(N) 

Y.Ssrr 
(MPa) 

YS 
Tmioami 
(MPa) 

A 
(•/•) 

Y.Ssrr 
(average) 

(MPa) 

Aaverage 
<%) 

A533B JG-06 191 557 +5 
JG-05 159 465 -12 
JG-01 191 557 531 +5 525 -1 
JG-07 179 521 -2 

A533B JQ-03 164 477 ' +2~ 
JQ-04 155 452 -4 
JQ-06 162 471 470 0 468 0 
JQ-05 162 473 + 1 

SA333 333-04 131 381 +27 
333-03 125 364 1 + 2 f 
333-01 131 381 300 +27 373 +24 
333-05 125 365 1 +22 

SS403 403-06 204 593 -9 
403-05 209 610 -6 
403-07 191 558 650 -14" 597 -8 
403-08 215 627 -4 

Pr. vessel RPV-01 239 6% + 14 
RPV-04 180 523 ""1 610 -14 614 0 
RPV-05 215 627 +3 

AH-{ (Y.S.SPT- Y . S H ^ t a . « y Y - S . ^ « . } * ^ 
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Table 4 : ultimate tensile strength of steels evaluated from Small Punch Test 

Material Spn. No. UTSsrr UTS J m m m A UTS sr, Aaverage 
(MPa) 

(MPa) 
(*) (average) 

(MPa) 
<%> 

A533B JG-06 820* 30 
JG-05 666 5 
JG-OI 658 633 4 677 +7 
JG-07 707 12 

A533B JQ-03 648 3 
JQ-04 617 -2 
IQ-06 626 630 -1 630 0 
JQ-05 863* 37 

SA333 333-04 459 2 
333-03 471 5 
333-01 502 450 12 504 +12 
333-05 585 30 

SS403 403-06 789 2 
403-05 777 1 
403-07 793 770 3 794 +3 
403-08 816 0 

Pr. vessel RPV-01 740 2 
RP\ -04 731 725 1 745 +3 
RPV-05 764 5 

* not considered for computing average values 
&%'( (U.T.S.spr- U . T . S . ^ ^ V I'.T.S . ianJonKMl'lOO 
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Table S : Percent ekmgation of stecb evaluated from Small Punch Test 

Material Spa No. YSsrr UTSsn UE(%) Y.Ssn ÖTSsrr UE 
(MPa) (MPa) (average) 

(MPa) 
(average) 

(MPa) 
average 

(%) 
(%) 

A533B JG-06 557 820 12.4 
JG-05 465 666 U.7 
JG-01 557 658 6.7 525 «77 9.0 9.9 
J3-07 521 707 10.4 

A533B JQ-03 477 648 10.4 
JQ-04 452 617 10.5 
JQ-06 471 626 9.8 468 630 10.2 10.2 
JQ-05 473 863 17.4 

SA333 333-04 381 459 7.2 
333-03 364 471 9.1 
333-01 381 502 9.6 373 504 10.2 24.0 
333-05 365 585 14.4 

SS403 403-06 593 789 9.9 
403-05 610 777 8.7 
403-07 558 793 11.5 597 794 9.1 92 
403-08 627 816 9.3 

Pr. vessel RPV-01 6% 740 3.4 
RPV-04 523 731 11.1 614 745 7.4 8.0 
RPV-05 627 764 7.5 
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Table 6 : Fracture toughnesa(JK) of Meets evaluated from Small Punch Test 

Material Son. No. 6 f (kJ/m2) (kJ/ro2) 
A 

(%) 

* JiCSTT 
(«vg) 

( k W ) 

A 
(•vg) 
O ) 

S f T 

(kJ/m2) 

A 
(%) 

k J i c 
srr 

(•vg) 
(ld/m 2) 

A 
(«vg) 
(%) 

A533B JG-06 0.98 225 

295 

-24 
-3 

245 -17 

225 -24 

250 -15 

A533B 
JG-05 1.20 286 

295 

-24 
-3 

245 -17 
301 +2 

250 -15 

A533B 

JG-01 1.05 244 295 -17 245 -17 249 -16 250 -15 

A533B 

JG-07 0.98 225 
295 

-24 
245 -17 

225 -24 
250 -15 

A533B JQ-03 1.20 286 

300 

-5 

255 -15 

301 0 

262 -13 

A533B 
JQ-04 1.12 264 

300 
-12 

255 -15 
273 -9 

262 -13 

A533B 

JQ-06 0.98 225 300 -25 255 -15 225 -25 262 -13 

A533B 

JQ-05 1.05 244 
300 

-19 
255 -15 

249 -17 
262 -13 

SA333 333-04 1.49 367 

375 

-2 

339 -10 

401 +7 

367 -2 

SA333 
333-03 1.29 311 

375 
-17 

339 -10 
332 -11 

367 -2 

SA333 

333-01 1.39 339 375 -10 339 -10 367 -2 367 -2 

SA333 

333-05 1.39 339 
375 

-10 
339 -10 

367 -2 
367 -2 

SS403 403-06 0.92 208 

182 

+14 

225 +24 

204 +12 

226 +24 

SS403 
403-05 1.05 244 

182 
+34 

225 +24 
249 +37 

226 +24 

SS403 

403-07 0.98 225 182 +24 225 +24 225 +24 226 +24 

SS403 

403-01 0.98 225 
182 

+24 
225 +24 

225 +24 
226 +24 

SS403 

403-01 0.98 225 

182 

+24 

225 +24 

225 +24 

226 +24 

Pr. 
vessel 

RPV-01 1.39 339 

337 

+1 

345 +2 

367 +9 

374 +11 

Pr. 
vessel RPV-04 1.39 339 

337 
+1 

345 +2 
367 +9 

374 +11 

Pr. 
vessel 

RPV-05 1.39 339 337 +1 345 +2 367 +9 374 +11 

Pr. 
vessel 

RPV-06 1.49 367 
337 

+9 
345 +2 

401 +19 
374 +11 

Pr. 
vessel 

RPV-07 1J9 339 

337 

+1 

345 +2 

367 +9 

374 +11 

AS -{(Jicsrr - Jic^y J i c ^ } • 100 

• .•Jfc«28O£f-50 

b:Jjc-345£f-113 
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Tabic 7 : Inter-comparison of peak load and uniaxial tensile strength 

Material Spn. No. Peak load Peak UTStMkM Co-reln. 
(N) load 

(N) 
const 

A533B JG -06 1517 
JG-05 r 1233 
JG-01 1383 1350 633 2.13 
JG-07 1267 

A533B JQ-03 1183 
JQ-04 1183 
JQ-06 1383 1283 630 2.04 
JQ-05 1383 

SA333 333-04 1067 
333-03 1067 
333-01 1067 1075 450 2.39 
333-05 1100 

SS4Ö3 " 403-06 1500 
403-05 1466 
403-07 1483 1475 770 1.92 
403-08 1450 

Pr. vessel RPV-01 1400 
RPV-04 1300 1342 725 1.85 
RPV-05 1327 

Table 8 : Various ratio parameters of steels evaluated by Small Punch Test 

\ M a t e r i a l SS403 : SA333 A533B(JG) : Pr. Vessel (RPV): 
A533B(JQ) A533B(JO) 

Raio r*»^»meter,'\ 
1.71 1.13 1.15 

Peak loadsn 1.37 1.05 0.99 
UTSsnr 1.58 1.12 1.10 
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Table 9 : Evaluation of function fh 

f 
(mm) 

P 
(N) 

e 
(MPa) 

0.466P/17 

(N/mm2) 
fn 

0.2 367 0.02 694 1069 0.65 
0.4 500 0.03 720 1456 0.49 
0.6 633 0.05 754 1844 0.41 
0.8 750 0.06 766 2184 0.35 
1.0 883 0.07 777 2572 0.30 
U 1017 0.08 786 2962 021 
1.4 1133 0.08 786 3300 024 
1.6 1267 0.09 795 3690 0.22 

Constitutive equation : 0 * 9 8 7 6 

Table 10 : Evaluation of ultimate tensile strength 

Load Deflection m True stress True strain 
(N) (mm) (MPa) 
354 030 0.594 612.8 0.0243 
361 0.31 0.586 616.6 0.0251 
367 0.32 0.579 618.6 0.0259 
378 0.34 0.564 621.0 0.0274 
389 0.36 0.550 623.4 0.0290 
395 037 0.544 625.4 0.0297 
402 0.38 0.537 628.9 0.0305 
409 039 0.531 632.4 0.0312 
417 0.40 0.525 637.3 0.0320 

ours - 742 MPa 
U T S - 6 5 8 MPa 
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Table 11 : Energy absorbed to fracture Small Punch Test specimens 

Matena! Spn. No. Energy STT 
(J) 

Energysrr 
(average) 

(J) 

er 
(average) 

A533B i JG-06 1.613 0.98 

1.505 1.05 

A533B 
JG-05 1 1.452 1.20 

1.505 1.05 

A533B 

JG-01 1.541 1.05 1.505 1.05 

A533B 

JG-07 1.413 0.98 
1.505 1.05 

A533B JQ-03 1.327 1.20 

1.344 1.09 

A533B 
JQ-04 1.328 1.12 

1.344 1.09 

A533B 

JQ-06 1.251 0.98 1.344 1.09 

A533B 

JQ-05 1.470 1.05 
1.344 1.09 

SA333 333-04 1.253 1.49 

1.303 1.39 

SA333 
333-03 1.334 1.29 

1.303 1.39 

SA333 

333-01 1.318 1.39 1.303 1.39 

SA333 

333-05 1.307 1.39 
1.303 1.39 

SS403 403-06 1.613 0.92 

1.500 0.98 

SS403 
403-05 1.490 1.05 

1.500 0.98 

SS403 

403-07 1.495 0.98 1.500 0.98 

SS403 

403-08 1.403 0.98 
1.500 0.98 

SS403 

403-01 - 0.98 

1.500 0.98 

Pr. 
vessel 

RPV-01 1.830 1.39 
1.824 1.41 

Pr. 
vessel RPV-04 1.782 1.39 1.824 1.41 

Pr. 
vessel 

RPV-05 1.859 1.39 
1.824 1.41 

Pr. 
vessel 

RPV-06 - 1.49 

1.824 1.41 
Pr. 

vessel 

RPV-07 - 1.39 

1.824 1.41 
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Punch 
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Lower die 

Specimen 

Fig. 1 : The punch and die arrangement 
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Fig. 2 Determination of yield load from load-deflection curve obtained from SPT 
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o e r t E C T i O N 

Fig. 3 : Typical load-deflection curve obtained from SPT 

1 

JX 

0.5 

Elongation (mm) 

Fig. 4 : Reproducibility of load-deflection curves obtained for specimens of a typical steel 
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Fig. 5 : Empirical correlation between yield strength and normalized load 
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Fig. 6 : Variation of function fh 
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DEFLECTION 

Fig.7 : Crack initiation and propagation stages in specimen during SPT 
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Ftg.8: Farcture toughness results of the steels obtained from SPT 
superimposed on empirical relationship (a) Jic "= 345«*- 113 
(b)Jfc*28Q*,-50 
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