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INTRODUCTION

The increasing need in the mechanical testing of

sub-sized samples motivated the present study focused

on the effect of the size of samples. Sometimes, attempts

are made, due to economic reasons, to replace testing of

the fracture toughness by a cheaper testing of notch

toughness. Several empirical relations, pertaining to re-

lations between fracture toughness and energy con-

sumption in impact testing, as well as different methods

of loading, have been suggested in works of Barsom and

Rolfe �1�, Barsom �2� and Marendet and Sanz �3�. An

in-depth analysis is needed, not only from the point of

view of specific methods of testing samples of different

sizes, but, also, for the development of solid criteria for

evaluating the fracture characteristics, particularly in

view of risks involved in applying results of testing of

small samples to a real structures.

THE INFLUENCE OF TESTING
SAMPLES ON THE NOTCH TOUGHNESS

The energy consumed in the impact dynamic loading

of notched samples is often a sufficient measure of the

resistance of material to fracture. Determining a connec-

tion between the impact energy KV in tests of notch

toughness and fracture toughness KC is, however, quite

complicated, especially in regard to different states of

strain in material surrounding the notch and in a sharp

fatigue crack, as well as from the point of view of differ-

ent rates of deformation in the dynamic and quasi static

loading. Several authors – Barsom and Rolfe �1�,
Barsom �2� and Marendet and Sanz �3� suggested empir-

ical relations, where applicability under general condi-

tions is unclear.

An interesting suggestion for evaluating fracture

toughness in terms of impact energy KV was made by

Schindler �4�. Analytical relations for fracture charac-

teristics under substantial plastic deformation based on

comparison of the fracture energy of notched samples

with the one of fatigue cracks in the three-point geome-

try (Figure 1) and the impact energy KV from the impact

test in bending. From the dependence of force F on the

displacement s of notched samples with sharp fatigue

cracks tested on an instrumented impact pendulum, it is

possible to state energy Wm achieving maximal force Fm

and the entire fracture energy Wt. The common depend-

ence of J – integral on the growth of crack length ∆a can

be expressed as Anderson �5�,

J C a a a� � �� � �p

m (1)

where parameter C given by
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In the paper notch toughness assessment of full scale testing samples (FS) form the upper bound toughness of
sub-sized (SS) samples of structural carbon-manganese steels. The relations proposed by Schindler (2000) are
in good agreement with experimental data. Empirical proportionality constant q* = 0,54 between notch toug-
hness of full scale and sub-sized samples of studied structural steels agrees well with theoretically estimated
constant q* = 0,50–0,54. More precise knowledge of the size effect of testing samples on temperature depen-
dence of notch toughness requires an analysis of scatter in experimental data.
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is dependent, in addition to the geometry of the test-

ing sample a0, B0, w (Figure 1), on parameters p and

�(a0). These parameters have been suggested by Ander-

son �5� as
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where a is the crack length.

For strengthening material controlled by stress-strain

behavior in the form � = A�n, the growth of the crack at

maximal force �am, is given by Schindler �4� as follows:

�a
n p w a

m �
� � ( )0

2
(5)

where A is a constant, and n is the strain hardening coef-

ficient. Since Wm = nWt, and the strain hardening coeffi-

cient n is approximately equal to ductility A f introduced

by Kraft �5�,
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When Wt = KV a comparison of equations (6) for two

different geometries of testing samples of indexes 1 and

2 leads to the following relation:

KV
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KV1. (8)

From the knowledge of the results of the standard

tests of notch toughness of KV1 it is possible to use eq.

(8) to find impact energy KV2 in other geometries of test-

ing samples with notches. Verifying the validity of this

result for structural steels, an appropriate technical ex-

planation in the replacement of classical testing of

notched samples on sub-size samples can be obtained.

EXPERIMENTS AND RESULTS

For the study of influence of the size of testing sam-

ples on the temperature dependence of notched tough-

ness, seamless pipes were used, made of car-

bon-manganese steel S355J2H manufactured according

to EN 10210 and steel Gr6 according to ASTM A333,

gas seamless pipes from carbon-manganese steel X52

and X60 manufactured according to norm API 5L and

low-alloyed steel F22, F3VCb and A533 used in the pro-

duction of pressure systems and equipment in nuclear

energetic and chemical industries.

Steel F3VCb was studied in its basic state and also in

the state of the step cooling from a temperature of 595 °C.

A similar method of heat treatment was applied to

low-alloyed F22 steel and for carbon-manganese A533

steel. All observed steels displayed a typical ferrite-pear-

litic microstructure. Overall, eight basic structural types

of structural steel were subjected to tensile testing basic

strength and plastic properties, the yield point in tension

Rp0,2, the ultimate tensile stress Rm, ductility A5 and a re-

duction in area Z at normal temperature for these steels

and their structural states are given in Table 1.

Table 1. Basic strength and plastic properties of te-
sted steels

Material
Pro-
duct

Orienta-
tion te-
sting

sample

ReH,
Rp0,2

/ MPa

Rm

/ MPa

A5

/ %

Z

/ %

S355 J2H pipe tang. 326 490 33,6 76

Gr 6 pipe tang. 286 449 34 64

X60 pipe tang. 529 732 22,9 62

X52 pipe tang. 393 538 33 72

F22 plate long. 434 586 25,3 74

F3VCb (TZ) plate long. 498 620 20 76

F3VCb plate long. 509 618 21,6 77

A533 plate trans. 522 652 23,4 74

(TZ) – Heat treatment - step cooling from a temperature of 595 °C

The temperature dependence of impact energy KV

(J) and notch toughness KCV (J/cm2) were tested on all

eight types of steel in standardized Charpy samples with

a V notch (Figure 1a) (marked as FS) and in non-stan-

dard samples (Figure 1b) (marked as SS). The experi-

mental results on temperature dependence of the notch

toughness for FS and SS samples by the least square

method was fitted to a curve in the form

KCV T kc kc( ) tanh� � �
��
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Figure 1. Geometry and dimensions of testing specimen
for Charpy notch toughness test a) standard
size (FS), b) sub-size sample (SS) (dimensions in
mm).



where � (°C) is the testing temperature, kc1 (J/cm2)

and kc2 (J/cm2) are constants, with sum kc1+kc2 deter-

mining the upper limit of the notch toughness and � �

and � 1 are constants in (°C), that determine the inflexion

point of eq. (9) function. In graphs, the experimentally

determined temperature dependence of notch toughness

is given in Figure 2 for both types of testing samples.

The dependence of the upper bound notch toughness

of sub-size SS samples on the upper bound notch tough-

ness of standard FS samples determined from the results

is given in Figure 3. The discovered relationship be-

tween upper bounds in notch toughness of sub-sized and

full scale samples has the linear shape,

KCV q KCVuSS uFS� �* (10)

where q* = 0,5438 is a numerical factor.

Comparing the numerical factor 1/q* = 1,84 with the

experimentally found ratio KCVuFS / KCVuSS produces a

good agreement. The ratio of KCVuFS / KCVuSS is also

compared with computed ratio f KV KVFS

SS

uFS uSS/ em-

ploying eq. (8), where f A ASS FSFS

SS � �/ 0,1125, and

ASS = 9 mm2 is the cross section area of the sub-size sam-

ple and AFS = 80 mm2 is the area of the cross section of

the standard testing sample under the notch. For mini-

mal f KV KVFS

SS

uFS uSS/ =1,85 and maximal value of this

quotient, f KV KVFS

SS

uFS uSS/ =0,1,98 then for constant q* =

0,54 and q* = 0,50 from eq. (10) is the key of the pre-

dicted dependence KCVuSS on KCVuFS shown graphi-

cally in Figure 3.
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Figure 2. The temperature dependences assessed at standardized of notch toughness (FS) and sub-sized (SS) testing
samples of studied structural steels.

Figure 3. The relationship between upper bound notch
toughness sub-sized specimen KCVuSS and stan-
dardized specimens KCVuFS.
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Eq. (10), then recalculated as KCVuFS on the notch

toughness of sub-size samples KCVuSS was valid for a

maximal agreement, when q* = 0,5438 in the entire

studied temperature interval. The results are graphically

shown in Figure 2. For all studied steels, it is shown that

the recalculation of notch toughness of large samples for

the sub-size samples using eq. (10) is very accurate in

regions of the upper bound notch toughness. For

sub-size samples the transition region shifts to a lower

temperature. Both pieces of information are important

for applications of testing results.

CONCLUSIONS

From Schindler’s analysis of the relation between

J-integral and the impact energy KV in the upper bound,

we suggest a relation between notch toughness of large

and sub-size specimens. We verified this relation experi-

mentally on eight structural states of the selected steels

with a ferrite-pearlitic structure. The proportionality con-

stant between the notch toughness of large and sub-size

samples determined from the experimental value of the

upper bound q* = 0,54 is in good agreement with the scat-

ter interval corresponding to the stress-strain characteris-

tics of studied steels, q* = 0,50 – 0,54.
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