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Abstract

The residual lifetime assessment and the risk of a possible service components failure are critical issues in the
safety and reliability analyses of industrial plants. The residual lifetime can be evaluated by the standard
mechanical test techniques, such as the tensile test, uniaxial creep test, the Charpy or the fracture toughness
test. Fracture mechanics in particular has attained high significance in establishing ultimate load limitations
and assessing the integrity of a large number of engineering structures of multifarious types. Standard
mechanical tests used to determine the fracture toughness involve extraction of large blocks of material and
therefore are not applicable to in-service components.

The development and in-service application of essentially non-destructive, miniature material sample removal
systems (e. g. the surface sampling systems, such as Electric Discharge Sampling Equipment - EDSE)
provided a practical incentive for development of small specimen test methods to evaluate material properties,
e. g. fracture toughness. The EDSE can cut out small slices (‘boat sampling’) about 3 mm thick and
approximately 20 mm wide x 25 mm long from thick-section components leaving behind cavities with round
edges that usually do not require repair.

In this study, two different methods will be used for fracture toughness determination: Small Punch Test and
multiple-specimen method using sub-size Charpy specimens (3x4x27 mm). Both methods require very little
experimental material and specimens can be made directly from the removed ‘boat sample’ by the EDSE. The
applicability and reliability of both methods will be discussed.
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1. INTRODUCTION

There is an increasing demand for the integrity assessment of important components in the course of their
service nowadays. Degradation of the properties of materials can lead to a loss of reliability and safety in
equipment and structures in service.

Conventional testing methods used for residual lifetime assessment require large amounts of material and
often lead to a compromise of the equipment integrity. In order to avoid component damage, an appropriate
sampling device has to be used. Non-destructive sampling is enabled by latest equipment using electrical
discharge machining processes. This portable device is able to extract a small experimental block (‘boat
sample’) from a real in-service component.

Despite a limited amount of testing material, a few kinds of small size specimens can be prepared and tested.
For example, for tensile properties, the Small Punch Test is often used [1-7] as well as the Micro-Tensile test
which shows much better applicability and reliability [8-10].

The aim of this paper is to find a reliable test method for fracture toughness determination using small
specimens which can be manufactured from the ‘boat sample’ by the EDSE. Two methods meet this
requirement: the Small Punch Test (SPT) and the multiple-specimen method using sub-size Charpy specimens
(mini-Charpy specimens).
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Some materials have already been investigated using the SPT in the work [10]. The SPT results indicated the
usability of this method for fracture toughness determination of selected materials. Therefore, additional
assessment was done using the SPT for other material states (four additional materials) to confirm the SPT
applicability. Convenience of both the SPT and the mini Charpy method for fracture toughness determination
will be discussed.

2, MATERIALS AND METHODS

Two different miniature test techniques were used in order to find a reliable testing method for fracture
toughness (Jic) determination. For obtaining the reference values Jic, standard tensile and fracture toughness
tests were also performed.

2.1. Experimental Materials

Experimental materials were 3 steels. The first one was an experimental low carbon steel, the second one was
34CrNiMo6 steel and the third one is heat-resistant chromium steel P91 which is commonly used at service
temperatures up to 600 °C in the power industry. The steels were investigated in different material states,
either in the delivered state or after heat treatment. The heat treatment consists of austenitization for 20
minutes, quenching in oil and annealing at a specific temperature which is labeled in Table 1.

Altogether, the materials were in twelve different heat treated states. However, eight states had already been
investigated in the work [10].

2.2. Tensile and Fracture Toughness Tests

Tensile tests according to CSN EN ISO 6892-1 were performed at room temperature on the investigated
materials. Round samples of diameter 5 mm and gauge length 25 mm were used (see Fig. 1). Prior to testing
specimen dimensions were measured. After the test a yield stress Rp2 was determined as well as tensile
strength Rm. At least three samples were tested for each material.
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Fig. 1 Specimen for tensile test

The fracture toughness tests were performed on three point bend specimens. The evaluation was done
according to ASTM E 1820. Samples were machined then fatigue pre-cracked with the final stress intensity
factor of about 20 MPa.m"2. Test pieces were side-grooved after pre-cracking and subsequently tested. Tests
were performed according to the multiple specimen method. Crack lengths after tests were measured by digital
image processing and fracture toughness values were determined for the materials investigated. At least three
samples were tested for brittle material and about ten samples for J-R curves determination in all other cases.
Tests were executed at room temperature. Results of the tensile tests and the fracture toughness test are
summarized in Table 1.
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Table 1 Results of tensile test and effective fracture strain vs. fracture toughness

Test Results

Material Heat Treatment Rpo.2 R & Jic
[MPa] [MPa] kN/m

Experimental steel as delivered 11455 12521 1.19 49.4
Experimental steel annealing at 250 °C/2h 1168.5 1365.6 0.96 39.9
Experimental steel annealing at 350 °C/2h 1166.6 1285.6 1.10 47.0
Experimental steel annealing at 440 °C/2h 981.1 10221 1.07 253.5
Experimental steel annealing at 500 °C/2h 812.0 816.0 1.29 382.6
Experimental steel annealing at 620 °C/2h 661.2 734.0 1.30 517.3
34 CrNiMo6 quenched 1219.6 1965.0 0.13 421
34 CrNiMo6 as delivered 932.0 1034.2 0.77 189.9
34 CrNiMo6 annealing at 680 °C/2h 726.8 844.7 0.94 178.4
34 CrNiMo6 annealing at 750° C/2h 528.4 688.3 1.01 263.0
34 CrNiMo6 annealing at 450 °C/2h 1291.9 13739 0.23 74.7
P91 as delivered 534.7 696.2 1.16 318.7

2.3. Small Punch test (SPT)

Small punch tests were performed on a servohydraulic testing system of 10 kN capacity. Tests were carried
out in a testing fixture of the dimensions mentioned in Fig. 2.
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Fig. 2 Small punch test fixture
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Fig. 3 Left: Scheme of distinctive points determination, right: SPT records
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Displacement of the penetrating ball was measured by an extensometer attached to the fixture. Distinctive
points from the records were determined according to Fig. 3-left. Obtained curves for all materials are shown
in Fig. 3-right. Tests were performed at room temperature.

Various procedures for fracture toughness evaluation from the SPT for ductile fracture [1-8] have been
published. In the case of upper shelf behavior, the following relation is widely used:

J/c:k.€f-Jo (1 )
&=In (ho/hy)=PB. (usho)* (2)

where & is fracture strain, hg initial sample thickness, h; samples thickness in the crack region, ur is
displacement at sample fracture and B, x, k and Jo are empirically determined constants.

In the case of brittle fracture, the following relation is recommended [3]:
Kic = C. [orsp]?® (3)
015p=130 (Pmax / ho?) - 320 (4)

where Pnax is force at unstable crack propagation and hg is the initial sample thickness. C is empirically
determined constant. The determination of fracture behaviour using SPT for the brittle and ductile states is
usually done separately. However, for the investigated steels a linear correlation between fracture toughness
Jic and fracture strain & was applicable for the whole scale of fracture behaviour.

There are two possibilities of & determination as can be seen from Eq. 2. The first one is the determination of
fracture strain by measuring the sample thickness after a fracture in the crack region according to Fig. 4. The
second possibility is its determination from test records with the use of displacement at fracture (ur). In this
study, fracture strain was determined by measuring the sample thickness after a fracture.

a) Experimental steel - annealed at 500°C b) 34 CrNiMo6 - as delivered
Fig. 4 Determination of & on the basis of optical measurements

Results of fracture strain from SPT and standard fracture toughness test (see Table 1) are depicted as ¢ vs.
Jic in Fig. 5. On the left, data published in the work [10] are depicted and the reliability coefficient R was 0.9689.
However, when additional assessment of four other material states was considered (see picture on the right),
the reliability coefficient R was only 0.2992.
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Fig. 5 Fracture strain vs. fracture toughness, left: published data in [10], right: added data
2.4. Mini-Charpy test for fracture toughness determination

Material 34CrNiMo6 in the delivered state was tested using mini-Charpy specimens for fracture toughness
determination. The evaluation was done according to ASTM E 1820. Samples were machined then fatigue
pre-cracked with the final stress intensity factor of about 20 MPa.m'?. Test pieces were side-grooved after
pre-cracking and subsequently tested. Tests were performed according to the multiple specimen method.
Crack lengths after tests were measured by digital image processing and the fracture toughness value was
determined for the material investigated. The J-R curve was determined and the fracture toughness value,
defined as the intersection of the 0.2 mm offset construction line with the J-R curve, was calculated. Due to
small specimens size, the dimension criteria for size independent fracture toughness given by ASTM E1820
standards were not fulfilled. Therefore, this test is denoted as Jq in the results table. Test results obtained from
mini-Charpy specimens and compared with standard test results are shown in Table 2. J-R curves of both
geometries are depicted in Fig. 6. The deviation between both fracture toughness values is only 1.7 %.

Table 2 Fracture toughness results

Material

Sample size
mm

Jic,Ja
kN/m

Error
%

34CrNiMo6

state-as delivered

15x30

189.9

3x4

193.2

1.7

500

450

400
350
300
250
200

J in kN/m

150
100

7

3 x4 mm Jg= 193,2

i
i
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0

i
:

1,5
Aa in mm

0,0 1,0 2,0 2,5

Fig. 6 J-R curves of 34CrNiMo6, state as delivered
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3. CONCLUSION

Two small specimens test techniques were investigated in order to assess fracture toughness: Small Punch
Test (SPT) and multiple-specimen method using sub-size Charpy specimens (3x4x27 mm). Evaluation using
SPT is based on empirical correlations. The SPT correlations are considered valid only for specific types of
materials. Due to very promising results from the previous work, other material states, obtained by heat
treatment of the same materials, were measured to confirm the correlation relation obtained for these
materials. However, these results do not fit in the previous correlation. Therefore, the SPT cannot be
considered as a reliable method for fracture toughness determination of various materials.

On the other hand, the second technique using mini Charpy specimens does not require any correlations due
to maintaining the same load as in the case of standard fracture toughness tests.

Though only one material has been tested so far using mini Charpy specimens, the result indicated that this
method is more convenient for fracture toughness determination of various materials in the upper shelf region.
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