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Abstract

A method is proposed to predict the fracture toughness of in-service structures using the instrumented indentation test. While
previous studies have attempted to predict fracture toughness using spherical indenters, we propose the method to predict
fracture toughness using flat-ended cylindrical indenters. Using the geometric similarity of a cylindrical indentation test
and the Cracked Round Bar (CRB) fracture toughness test, fracture toughness values were derived from a single indentation
test by assuming that the load—depth curve of the indentation test is the same as the load—displacement curve of the CRB
fracture toughness test. To determine the crack initiation point, the concept of limit load in CRB testing is adopted, and a
new load—depth curve is obtained using a suggestion in the standard of fracture toughness test. In order to apply the proposed
method directly to in-service structures, the model uses mechanical parameters that can be obtained by indentation testing.
The model was verified on metallic materials primarily used in nuclear power plants.
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1 Introduction

One of the most important mechanical properties of mate-
rial is fracture toughness, the parameter expressing a mate-
rial’s resistance to crack propagation. In particular, fracture
toughness is a key parameter in assessing the integrity of
such structures as nuclear power plant and piping, and meas-
urement methods developed alongside of fracture mechan-
ics theory in the 1950s. Using the studies by Irwin [1] and
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Rice [2], test methods have been standardized recently in
ASTM E399 [3], 1820 [4], and 1921 [5]. However, these
fracture toughness tests require significant time and com-
plicated specimen shapes. In addition, the test method is
destructive and the specimen size is generally large, so its
applicability to structures in use is limited. Nevertheless,
research has been carried out to overcome this limitation,
and instrumented indentation testing has attracted attention
as a possibility. The instrumented indentation test (IIT) is
an advanced hardness test that can obtain a load—displace-
ment (depth) curve by applying a small load to a specimen
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surface. The theory has been developed for evaluating tensile
properties [6, 7] and residual stress [8—10] by analyzing the
load—depth curve. And since the radius of the indentation is
less than 250 pm, IIT is classified as a non-destructive test
and thus can be applied to in-service structures and many
other applications [11, 12].

Many studies have explored evaluating fracture toughness
by instrumented indentation testing. Lawn et al. [13] sug-
gested that indentation fracture toughness can be determined
by measuring indentation load and crack length in ceramic
materials such as glass. However, since cracks do not occur
in metallic materials, some researchers [14—16] have used an
energy perspective to measure fracture toughness of metals
by indentation. A strain-energy model [14] and indentation
energy to fracture (IEF) model [15] have been proposed, and
testing has been conducted under the assumption that the
energy accumulated beneath the indenter during indenta-
tion is sufficient to cause cracking in the fracture test. Simi-
larly, Lee et al. [16] proposed a critical indentation energy
model based on continuum mechanics, in which a critical
indentation depth corresponding to the extent of the crack
is determined. He assumed that the crack initiates when the
void beneath the indenter reaches a certain volume frac-
tion, suggesting that that volume can be calculated from the
elastic modulus obtained by IIT. Most recently, Jeon et al.
[17] proposed a method that uses a critical stress model for
low-fracture-toughness metals and critical strain model for
high-fracture-toughness metals. For metallic materials with
low-fracture-toughness, they attempted to define the mini-
mum stress needed to extend the crack and calculated that
stress based on contact mechanics. For metallic materials

Load
S——

with high-fracture-toughness, the energy required to extend
the crack is calculated by the indentation plastic work. How-
ever, these approaches [14—17] are very difficult to apply in
practice because they entailed a combination of experimen-
tal relations and mechanical parameters. In addition, some
parameters are influenced in experiments by machine com-
pliance. Therefore, rather than by attempting to combine
mechanical parameters, it is attractive to approach this prob-
lem through its similarities with fracture toughness testing.

Here, we propose a method to measure fracture tough-
ness by IIT for metallic materials with relatively high-
fracture-toughness values, such as those used in nuclear
power plant and pipe structures. This study considers the
high-fracture-toughness materials as metallic materials
with fracture toughness value above K, =200 Mpa \/E
A flat-ended cylindrical (flat punch) indenter is used (pre-
vious work has used spherical indenters). Since the edge
of the indenter induces a stress state similar to that ahead
of the crack in flat punch indentation, it was expected that
the fracture toughness test could be simulated in the inden-
tation test. After that, from the similarity in shape, we
assumed that the flat punch indentation process is the same
as the Cracked Round Bar (CRB) fracture toughness test
in which the load is applied in the mode I direction. If the
metallic material is isotropic, the state of the flat indenta-
tion process is equivalent to the state that is pulling the
flat punch cross-section. Then, its state is the same as the
CRB fracture toughness test suggested by extrapolating
a virtual crack line as shown in Fig. 1. Using the above
assumptions, flat punch indentation modeling was estab-
lished to calculate fracture toughness. For this modeling,

dl

Isotropic

Virtual crack

Fig. 1 Basic modeling concept: flat punch indentation and CRB fracture toughness test
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the study of stress analysis beneath the indenter was intro-
duced. In addition, the concept of crack initiation in the
CRB fracture toughness test was applied to determine the
crack initiation point for calculating fracture toughness.
The above calculation is summarized in Fig. 2 and the
results were compared with standard fracture toughness
results by experiments.

2 Modeling
2.1 Flat Punch Indentation

Figure 3a shows a typical flat punch indentation curve,
which has three stages. [18] In the first stage, the curve is
nearly linear until it reaches P2. In the next stage, the slope
decreases, and in the final stage, it has constant slope.
These steps can be confirmed by FEM analysis beneath
the indenter, as shown in Fig. 3b. After that, the fracture
mechanics analysis have also been studied [19] from the
stress analysis [20] beneath the indenter, and Johnson [19]
derived Eq. (1):

Fig.2 Procedure for calculating
fracture toughness using flat
punch indentation

Step 1.
Load-depth curve
(indenter radius = 250 pm)

Step 4.
Determining
Virtual indenter radius (a’)

—

—

K =L
" 2ay/za M

where K| is a stress intensity factor, P is the indenter load
and a is the indenter radius (in this modeling, equal to the
crack length in the CRB). This result is in good agreement
with those of previous studies [21-24] of CRB cracking
behavior, and the load—displacement curve in the CRB frac-
ture test is also similar to the flat punch indentation curve
[24].

2.2 Crack Initiation Point

Although we tried to develop a model from similarities to
mechanics theory, cracking does not occur in flat punch
indentation while cracks are present in fracture toughness
tests. In other words, even if the flat punch indentation curve
is assumed to be the load—displacement curve in the CRB
fracture test, no cracking occurs in the flat punch experi-
ment. Therefore, to calculate the fracture toughness from the
curve, it is necessary to determine the specific point at which
the crack is assumed to be initiated, and obtain the load and
the area under that curve.

Step 3.
Determining
Crack initiation point

Step 2.
Normalized curve

—

Step 5.
Load-depth curve
(indenter radius = a’ um)

Step 6.
Calculation of
Fracture toughness
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Fig.3 a Typical load—depth curve in flat punch indentation, b growth of plastic zone beneath the indenter
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While several studies have suggested the crack initia-
tion concept in indentation research, the flat punch used
here is not suitable for adopting such concepts because
it cannot obtain specific mechanical properties from the
flat punch indentation. Instead, since we derived the idea
of flat punch indentation from the CRB fracture test, we
focused on CRB studies related to the onset of cracking.

Scibetta [24] and Giovanola et al. [25] reported that,
in fracture testing of CRB specimens, cracks occur at
the maximum load in the load—displacement curve. In
particular, Scibetta reported that the maximum load can
be calculated by the limit load equation in Eq. (2). The
constant 3.285 is the value at which von Mises criterion
is applied to this equation. Qualitatively, the plastic zone
in front of the circumferential cracks gradually expands
as testing progresses, and the whole cross-section of the
CRB specimen (the center ligament) becomes the plastic
zone. That phenomenon can be found in flat punch inden-
tation as well. Figure 3b shows the expansion of the plas-
tic zone during flat punch indentation. The plastic zone
generated from the edge of the indenter also grows gradu-
ally so that all the area beneath the indenter becomes
the plastic zone. From this point of view, the limit load
concept proposed in CRB fracture testing is applied to the
indentation and the limit load equation becomes:

P, = 32850y, - nd* )

where oy is yield stress. From a phenomenological point of
view, it is not clear why Eq. (2) can be used to determine the
crack initiation point. However, in the study of Yu et al. [26],
the mean pressure in flat-ended indentation is expressed as
Eq. (2), and even so, there is a difference depending on the
crack length, Kim et al. [27] and Scibetta [24] used a func-
tion similar to Eq. (2) to express load changes in tension of
CRB. This shows that the stress state between two different
tests is similar, and hence Eq. (2) is expected to be suitable
for the flat-ended cylindrical indentation curve. It will be
more reasonable if the size adjustment described in Sect. 2.3
is considered.

2.3 Size Adjustment

In past decades, one of the most difficult issues in using IIT
to evaluate fracture toughness has been how to reflect the
thickness condition in fracture toughness. Previous studies
have predicted fracture toughness values using experimental
relations or combinations of mechanical parameters. On the
other hand, in this study, as the flat punch indenter is used,
the indenter size used must take into account the indenta-
tion load according to the change of the indenter radius. In
addition, to regard the curve in flat punch indentation as
the curve of the CRB fracture test, it is also necessary to
obtain a size corresponding to the radius of the CRB frac-
ture test specimen, not the indenter radius that performs the
indentation.

We used a mathematical approach to convert between
the various indenter sizes. A single curve can be obtained
regardless of indenter size by using the geometric similar-
ity of the indenter. From this similarity, if the X and Y axes
are normalized for the indenter radius and indenter area,
respectively, a P,, — h/a curve can be obtained. This curve
includes the indenter size in the X and Y axes and can be
obtained even for flat punch indentation and indentations of
other sizes.

Using the normalized curve makes it possible to apply
the limit load concept described above. When the load is
determined by the limit load, a specific point P,, is defined
on the normalized curve and the /#/a value can be defined
as well. Then, if 4 is determined as a specific value, a new
virtual indenter radius value «’ is calculated. This process is
summarized in Fig. 4.

To find the virtual value @, # must be determined from the
h/avalue. In view of Fig. 1, which is the assumption of this
study, the crack initiation determination method proposed in
the standard is used. In the J test [4, 28] of the standard, the
intersection point of the J-R curve and the blunting line is
the crack initiation point in the fracture test, and the 0.2 mm
offset line is the method for drawing the blunting line. Thus,
when 0.2 mm is defined as the % (displacement) value at
which crack is initiated, a’ can be determined and the a’ size
flat punch indentation curve is obtained by inverse calcula-
tion of the normalized curve.

Fig.4 Size adjustment process

Load — depth curve

Normalized curve Virtual Load — depth curve
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Table 1 Chemical composition

. Materials C Si Mn P Cr S Mo Ni Cu Al
of tested materials (wt%)

S45C 0.44 0.24 0.64 0.02 033 0.01 - - - 0.017
SS400 0.39 0.24 0.67 0.12 095 0.12 0.16 0.05 0.10 -
SA508 Gr.3  0.24 0.23 1.27  0.01 0.15 0.01 0.5 0.8 0.12 0.007
STS304 0.064 0414 1.11 0.038 18.04 0.001 0.168 8.02 0.215  0.004
STS304L 0.025 0343 1.87 0.03 1822 0.018 0.176  9.014 045 -
STS321 0.045 0358 1.85 0.03 17.18  0.001  0.31 9.05 0.34 0.004
STS347 0.044 054 142  0.034 17.16 0.031 048 9.05 0.45 0.03

3 Experimental Procedure
3.1 Materials

In this study, metallic materials, S45C, SS400, SA508 Gr.3,
STS304, STS304L, STS321 and STS347 which are com-
monly used in plant structures and pipes, were selected
for verification of the fracture toughness evaluation model
using IIT. Chemical composition is shown in Table 1.

3.2 Uniaxial Tensile and Fracture Toughness Test

In order to verify the proposed model, uniaxial tensile and
fracture toughness tests were performed. Specimens were
processed into rods of 6 mm diameter and tensile tests
were performed in accordance with ASTM EO08 [29] on
an Instron 5582 with crosshead speed set to 1 mm/min.
Fracture toughness tests were performed in accordance
with ASTM E1820 [4]. The specimens were of SENB type
(Fig. 5), and fracture toughness was measured by obtaining
the J-R curve considering high-fracture-toughness material.
The specimen size was chosen in consideration of the thick-
ness and the specimen direction was extracted in the T-L
direction in rolled plate. A pre-crack was made on the speci-
men with ratio of total crack length to specimen width (a/W)
between 0.5 and 0.7 using the load calculated by Eq. (3):

B O.SBb%O'R

3
P, 5 3)

where oy, is the flow stress and S is 4.5 W in SENB speci-
mens. An Instron 8503 was used for the fracture toughness
tests. The fracture toughness value of each material was
taken as the average value over three tests, and validity was
confirmed as required in ASTM E1820.

3.3 Instrumented Indentation Test

Instrumented indentation tests were carried out using the
AIS3000 (Frontics Inc.) which has resolution 0.002 kgf and
0.1 pm in the load—depth curve. Tungsten carbide was used
to produce a flat-ended cylindrical indenter of radius 250 pm.
Riccardi et al. [18] report that the normalized curves overlap
well for flat punches with radii of 250 pm to 500 pm. Con-
sidering the non-destructive test method, the 250 pm radius
indenter was selected. Specimens were machined into 1 mm
high rectangles and the specimen surface was polished with
SiC paper to #2200. The specimen was indented to a depth of
100 pm in the depth-control mode, and the load removal rate
was set to 50% of the maximum load. The flat punch indenta-
tion curve may be slightly bent at the beginning depending
on the indenter-surface contact. To achieve perfect contact
between the surface and the indenter, indenter movement was
delicately controlled. Indenter approach was done at 1 mm/
min, the lowest speed, and stopped when the load reaches
0.15 kgf on the surface, meaning that indentation was done
to a penetration depth of about 2-3 pm.

W+0.005W

2.25W min 1

Fig.5 SE(B) fracture toughness specimen
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4 Results and Discussion

Flat punch indentation testing was performed to obtain
fracture toughness. The test was performed in depth-con-
trol mode up to 100 pm considering the load generated
when the flat punch indenter was pressed on the metal and
the safety limit of the equipment. As shown in Fig. 6, one

flat punch load—depth curve was obtained. As described
in Sect. 2.3, the load and depth were normalized to each
indenter radius to obtain a curve corresponding to the
P, — h/a curve. After that, the limit load equation was
applied to determine the crack initiation point and the
yield strength (in Eq. (2)) was derived from the mechani-
cal test results in Table 2. Once the P,, value was deter-
mined by Eq. (2) on the normalized curve, the i/a value

Fig.6 Procedure for calculating
fracture toughness using flat
punch indentation

Modeling

Procedure

1. Indentation test

Load (kgf)

2 100

) ) o
Indentation depth ( gm )

2. Normalized curve <

o
000 005 0f0 015 020 025 030 035 040

a

3. Crack initiation point

4. Size adjustment

5. Calculation

Pu= "1/, =3285 o

a = 0.2 mm/
",

_ _ (-v?)K? Api
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Table 2 Results of tensile and

Materials Tensile properties Fracture toughness
fracture toughness tests
E(GPa) YS(MPa) UTS (MPa) Thickness Jeo (kJ/m?) KJ( (MPa\/E)] SD
(mm)

S45C 201.16 362.72 727.8 15 148.95 181.45 5.1
SS400 204.33 259.40 579.3 20 429.15 310.42 0.1
SA508 Gr.3  207.12 470.25 627.5 25 508.57 340.22 8.0
STS304 171.02 321.31 1138.4 20 649.15 349.28 17.7
STS304L 188.89 338.68 1164.7 20 729.50 389.13 11.0
STS321 170.54 317.35 1040.0 22 605.76 336.93 2.7
STS347 180.12 245.65 999.5 23 678.85 366.56 6.4
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was also determined. Then, @’ was obtained by substituting
the value 0.2 mm into & for a new indenter size corre-
sponding to the CRB fracture specimen. Finally, with the
new indenter size a’, the load—depth curve was redrawn
by calculating backward from the P, — h/a curve. The
fracture toughness value was calculated from the standard
as follows:

)
®)
Inserting Eq. (1) into Eq. (5) gives
2
(1-4?) P A,
J.=J +J = . +1,——  (6)
T TE T \oavaa ) M a@)

where 7, is a factor for specimen geometry and crack size;
this value is 0.775, as for CRB specimens. Ap, is the area
under the load versus displacement curve. Thus, Eq. (4) lets
us calculate fracture toughness values for metallic materials
from flat punch indentation, as summarized in Fig. 6.
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K ¢ estimated from IIT (MPa - m0.5)

Fig.7 Comparison of fracture toughness test results and flat punch
fracture toughness results

Figure 7 compares the results obtained from the modeling
used here with fracture toughness test results. Comparison of
the two results shows that the error is approximately 15% for
the materials used here. Materials with relatively low-fracture-
toughness, such as S45C or SS400, have a large error, so it may
be necessary to change the crack initiation point or consider
other materials in order to fit this model.

In practice, anticipating the field application of instru-
mented indentation testing, only the indentation parameters
are required for the model results. In particular, since tensile
testing cannot be performed on in-service structures, a method
of obtaining the yield strength necessary to define the crack
initiation point by the flat punch indentation test is required.
In that regard, we adapted the method of calculating yield
strength from the flat punch indentation test of Riccardi [13]
and Yu [25]. They calculated yield strength, from an engineer-
ing point of view rather than a theoretical basis, by intersecting
the load—displacement curve of the flat punch indentation with
a 0.2% offset line within the confined material. The present
study also tried to find the yield strength through the offset line
and applied it to the normalization curve regardless of indenter
size. If we draw the offset line in the normalization curve,
define a point of intersection and represent the mean pressure
at this time, we have the following Eq. (7) [30]:

o, = — (N

where y, a plastic constraint coefficient that connects the
uniaxial and triaxial situations, is known to have a value of
3 in general indentation for metallic materials [31].

In this way, we defined the yield point as the yield strength
in the normalization curve, and the results are shown in
Table 3. The fracture toughness prediction results obtained
from the crack initiation point applying the flat punch yield
strength is shown in Fig. 8.

The fracture toughness value obtained by applying the yield
strength obtained from the flat punch test appears to be about
5% more than the yield strength obtained from the tensile test.
This is expected to be due to the difference in yield strength
from flat punch indentation and tensile testing. Nevertheless,
the results are very encouraging in that they show around 20%
error range around actual fracture toughness results.

In practice, many additional experiments and studies must
be made on more structural materials to verify the model.
Results such as those for S45C and SS400 will require a
careful approach to crack initiation to improve accuracy. In

Table 3 Results for yield

YS (MPa) S45C  SS400 SA508 Gr3  STS304 STS304L  STS321  STS347
strength from flat punch
indentation and tensile test Flat punch indentation ~ 328.11  326.14  360.93 329.05  283.60 44747 28272
Tensile test 36272 25940 47025 32131 338.68 317.35  245.65
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Fig.8 Comparison of fracture toughness test results and fracture
toughness results from flat punch indentation YS results

particular, application studies may consider changing the
constant value to change the crack initiation point in con-
fined materials for the structures where the model is applied.
For example, the main vulnerabilities of materials in nuclear
power plants are neutron irradiation and prolonged expo-
sure to high temperatures, so it is also necessary to expand
research into models that can reflect changes in crack ini-
tiation in various materials. Similarly, the issue of material
embrittlement, the most critical factor in assessing nuclear
power plants, remains important. For this purpose, environ-
mental experiments to determine the ductile-to-brittle transi-
tion temperature are also required, and a new testing equip-
ment will be set up then it would handle in further study.

5 Conclusion

We proposed a method to predict fracture toughness using
flat punch indentation. Unlike most studies that use spheri-
cal indenters, the fracture toughness value was determined
directly from the load—depth curve of the flat punch indenta-
tion test based on similarity to the CRB fracture toughness
test. In this process, the load—depth curve was normalized.
The crack initiation theory used here comes from study of
the CRB fracture toughness test, and the virtual crack initia-
tion load was determined on a normalized curve. According
to the method for crack initiation in CRB testing, a specific &
value was determined to derive a virtual indenter size with @’
radius corresponding to the CRB specimen, and the fracture
toughness value was calculated from the load—depth curve
for that size. As a result, it was possible to obtain 15%—-20%
error-range accuracy for plant structural and pipe materials,
and good agreement was found with the fracture toughness
test.

Acknowledgements This work was supported by the National
Research Foundation of Korea (NRF) grant funded by the Korea
government (MSIT) (No. NRF-2015R1A5A1037627), and the Korea
Institute of Energy Technology Evaluation and Planning (KETEP) and
the Ministry of Trade, Industry & Energy (MOTIE) of the Republic of
Korea (No. 20171520000360).

References

—

G.R. Irwin, J. Appl. Mech. Trans. ASME 24, 361-364 (1957)

2. J.R.Rice, J. Appl. Mech. 35(2), 379-386 (1968)

3. ASTM E399-19 Standard test method for linear-elastic plane-
strain fracture toughness Klc of metallic materials. (West Con-
shohocken, PA; ASTM International, 2019)

4. ASTM International, E1820-18ael Standard Test Method for
Measurement of Fracture Toughness (ASTM International, West
Conshohocken, 2018)

5. ASTM International, E1921-19b Standard Test Method for Deter-
mination of Reference Temperature, To, for Ferritic Steels in the
Transition Range (West Conshohocken, PA; ASTM International,
2019)

6. S.-K. Kang, Y.-C. Kim, K.-H. Kim, J.-Y. Kim, D. Kwon, Int. J.
Plast 49, 1-15 (2013)

7. O.M. Kwon, J. Won, J.-H. Kim, C. Cho, E.C. Jeon, D. Kwon, Met.
Mater. Int. 25, 1055-1510 (2019)

8. J.I.Jang,J. Ceram. Process. Res. 10(3), 391-400 (2009)

9. Y.-C.Kim, H.-J. Ahn, D. Kwon, J.-Y. Kim, Met. Mater. Int. 22(1),
12-19 (2016)

10. H.-J. Ahn, J.-H. Kim, H. Xu, J. Lee, J.-Y. Kim, Y.-C. Kim, D.
Kwon, Met. Mater. Int. 23(3), 465-472 (2017)

11. J. Kim, K.-H. Kim, D. Kwon, Met. Mater. Int. 22(2), 209-215
(2016)

12. C. Cho, S. Choi, O.M. Kwon, S. Lee, J.-H. Kim, D. Kwon, Met.
Mater. Int. (2019). https://doi.org/10.1007/s12540-020-00680-2

13. B. Lawn, R. Wilshaw, J. Mater. Sci. 10(6), 1049-1081 (1975)

14. T.S. Byun, J.W. Kim, J.H. Hong, J. Nucl. Mater. 252(3), 187-194
(1998)

15. F.M. Haggag, R.K. Nanstad, Estimating fracture toughness using
tension or ball indentation tests and a modified critical strain
model. ASME PVP 170, 41-46 (1989)

16. J.-S.Lee, J.-I. Jang, B.-W. Lee, Y. Choi, S.G. Lee, D. Kwon, Acta
Mater. 54(4), 1101-1109 (2006)

17. S.-W. Jeon, K.-W. Lee, J.Y. Kim, W.J. Kim, C.-P. Park, D.J.E.M.
Kwon, Exp. Mech. 57(7), 1013-1025 (2017)

18. B. Riccardi, R. Montanari, Mater. Sci. Eng., A 381(1), 281-291
(2004)

19. K.L.Johnson, Contact Mechanics (Cambridge University Press,
Cambridge, 1985)

20. LN. Sneddon, Boussinesq’s problem for a flat-ended cylinder.
Math. Proc. Camb. 42(1), 29-39 (1946)

21. H. Tada, P.C. Paris, G.R. Irwin, Stress Analysis of Cracks Hand-
book (ASME Press, New York, 1973)

22. D.P.H. Rooke, D.J. Cartwright, Compendium of Stress Intensity
Factors (Pendragon House, Palo Alto, 1976)

23. Y. Murakami, Stress Intensity Factors Handbook (Pergamon
Press, Oxford, 1987)

24. M. Scibetta, R. Chaouadi, E. Van Walle, Int. J. Fract. 104(2),
145-168 (2000)

25. J.H. Giovanola, T. Kobayashi, Eng. Fract. Mech. 59(2), 117-136
(1998)

26. W. Yu, J. Mater. Res. 11(9), 2358-2367 (1996)

27. Y. Kim, C. Oh, M. Myung, J. Park, Eng. Fract. Mech. 73, 1849—

1864 (2006)

@ Springer


https://doi.org/10.1007/s12540-020-00680-2

3194 Metals and Materials International (2021) 27:3186-3194

28. ESIS P2-92: ESIS procedure for determining the fracture behavior 31. D. Tabor, The Hardness of Metals (Clarendon, Oxford, 1951)
of materials (European Structural Integrity Society, 1992)

29. ASTM International, E8/E8M-16a Standard Test Methods for Publisher’s Note Springer Nature remains neutral with regard to
Tension Testing of Metallic Materials (ASTM International, West ~ jurisdictional claims in published maps and institutional affiliations.
Conshohocken, 2016)

30. H.Y. Yu, M.A. Imam, B.B. Rath, J. Mater. Sci. 20(2), 636-642
(1985)

@ Springer



	Estimation of Fracture Toughness Using Flat-Ended Cylindrical Indentation
	Abstract 
	1 Introduction
	2 Modeling
	2.1 Flat Punch Indentation
	2.2 Crack Initiation Point
	2.3 Size Adjustment

	3 Experimental Procedure
	3.1 Materials
	3.2 Uniaxial Tensile and Fracture Toughness Test
	3.3 Instrumented Indentation Test

	4 Results and Discussion
	5 Conclusion
	Acknowledgements 
	References




