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ABSTRACT

In this work fracture toughness is determined by the Toughness model; Critical Stress-Strain Model and Energy
release rate model using unconventional test method referred to as Spherical Indentation test (SIT) to reduce the
large and costly experimental set up as required in Conventional Fracture Toughness Test. The toughness model
correlates the indentation energy to fracture with fracture toughness, Critical Stress-Strain Model assumes that the
critical fracture toughness is equal to the critical plastic work done by the material when a crack tends to propagate
and as per the Energy release rate model, indentation depth is given by loading-unloading cycles. The unloading
slope which is elastic provides the reduced Young’s Modulus of the material from each unloading cycle which
reflects the occurrence of damage in the material. For the determination of contact radius at different indentation
points, finite element analysis is performed using the material data obtained from the tensile test result obtained
from the previous work of the author. Conventional method using the Compact Tension (CT) and Three-Point
Bending (TPB) specimens for the same material is used to determine the fracture toughness and compared with

the above-described model.
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1. INTRODUCTION

Material resistance to crack growth which is coined as
fracture toughness serves as an important material property, in
accessing the structural integrity of the material. Established
fracture toughness tests like the J, . test of Compact Tension
(CT) or Three-Point Bending (TPB) specimen use the
destructive testing procedure. The test procedure, followed,
complicated fatigue pre-cracking and needs sophisticated
machines in determining the crack growth with the increase
in load and therefore cannot be used in in-service structures
like reactor pressure vessels (RPV). Transferability of fracture
toughness from laboratory specimens to a structure is an issue
of extensive research during the last few decades due to the
effect of constraint loss. Several researchers tried to address
the effect of constraint loss through different models'-.
Spherical Indentation Test (SIT) is free from the above-
mentioned complexities and is quite successful in predicting
the uniaxial testing properties*®. But when it comes to the
determination of fracture toughness through SIT, it lacks
the requirement of formation of microcracks beneath the
indentation which is developed from the fatigue crack in the
case of CT and TPB specimen. There is very limited research
work on the prediction of fracture and damage mechanisms
taking place under compressive load. The implementation
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of Shear Damage® in Gurson, Tvergaard, and Needleman’s
damage model (GTN model) establishes the effect of reduced
Effective Young’s Modulus due to the effect of void nucleation,
micro void coalescence which ultimately affects the damage
evaluation and prediction. The application of shear damage
in the GTN model can be extended in SIT, as shear failure is
considered to be the major factor in the indentation process.
Several researchers”" tried to co-relate the fracture toughness
predicted from indentation with that of the established
procedure based on different assumptions. A direct comparison
for the determination of fracture toughness from conventional
and Unconventional methods like (SIT) is not available in
the literature at least for RPV material therefore it motivates
the author to work on this specified area. The author uses the
Toughness model, Critical Stress-Strain Model, and Energy
release rate model to study the results of SIT and predicts the
fracture toughness for the RPV material and compared with the
existing conventional method ASTM E-1820.

The study reflects a matching trend of Fracture Toughness
obtained from the conventional method (ASTM E-1820).
with that of compact tension (CT) specimen using the Critical
Stress-Strain Model and a matching trend is observed for the
Three-Point Bending specimen using the Energy release rate
model. The toughness model reflects a poor matching trend
with the results of both the conventional specimens. Therefore
it can be predicted from the study that SIT can be an alternative
process for the determination of fracture toughness by either
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the Critical Stress-Strain Model or Energy release rate model

2. MATERIAL
The material studied in this work is 20MnMoNi55
steel a German-based reactor pressure vessel material.

3. DIFFERENT MODELS USED FOR FRACTURE
TOUGHNESS CALCULATIONS FROM SIT

3.1 Toughness model
The toughness model'? correlates the indentation energy to

Where,
E is the Young’s Modulus of the material
h,,is the critical depth of indentation where the plastic
strain reaches 12% for ductile materials as predicted by

Haggag'.

Table 1. Chemical Composition of 20MnMoNi55

Name of the element Fe C Si

Mn

P S Al Ni Mo Cr Nb

Percentage Composition (in weight) 97.2 0.2 0.24

1.38

0.011  0.005 0.068 0.52 0.3 0.06 0.032

fracture (IEF) W . with fracture toughness. The concentrated
stress field obtained in the indentation process is comparable to
that formed ahead of the crack tip in case of a standard fracture
toughness test.

heyi
Wier = J. P.dh
0 (M
W .. is the indention energy to fracture
p
o, ——£ @)
7™]a

Where,

p,, is the average contact pressure

P is the load applied on the indenter

a is the radius of the indenter in contact with the
specimen
h is the
specimen
h . is the critical indentation depth created by the

Cri
indenter on the specimen

depth created by the indenter on the

The energy required to form a crack is given by the
following equation 3.
W =W +W._ (€))
Where,
W, is the surface energy of the material of the
specimen
W_ is the plastic property of the material

For ductile material, W is much larger than W therefore

WFZWT:WIEF (4)
Now in consideration of Griffith’s theory, K . can be
predicted as
K, =\2EW,
®)

3.2 Critical Stress-Strain Model®

This model is proposed by Jeon® and according to this
model the plastic work done by the material to resist the
formation of the crack growth is given by Equation 6

aw
W,=2r.| — (6)
av ).
Where,
r. is the critical radius of indentation on the specimen
where crack growth starts.

a is contact radius in mm

()

av e represents the density of critical strain energy density
which is determined under the area of stress-strain curve
predicted from the indentation by using equations 7 and 8.
The plastic strain and true stress is determined from the SIT as
referred to in Equation 14

g, =022 Q)
R
P (3)
Gt = —
na -y
Where

R is the Indenter radius
P=applied load on the indenter

L12-————————— o<1 9)
y=<1.124+0.53hp———-1<p<27
287T——————————— ©>27
(P_ 8PEvind (10)
0.43c
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E,, is the Young’s Modulus of the material of the Inde

nter
Je=W, (1)

The model assumes that the critical fracture toughness is
equal to the critical plastic work done by the material when a
crack tends to propagate as shown in Equation 11. Therefore
K. is predicted with the help of Equation 12.

E (12)
K = mjlc

3.3 Energy Release Rate Model"

As per the model, indentation depth is given by 8 loading-
unloading cycles. The unloading slope which is elastic
provides the reduced Young’s Modulus of the material from
each unloading cycle which reflects the occurrence of damage
in the material. The damage variable could be calculated by
equation 13

p=1-£c (13)
0
Where,

D=damage variable. D=0 indicates no damage as the
compressive load is given the Young’s Modulus of the material
decreases which reflects that damage is taking place in the
material. When D reaches 1 it indicates fracture occurs'.

E, is the reduced Young’s Modulus for each loading
cycle
E,= Young’s Modulus of virgin material

Strain energy for each unloading cycle can be calculated from
the area of each unloading cycle by the following equation
14.

y_1oo(,0 0 P9
UL()):—P() pO —pO _ Zmax (14)
2 max max P S(g,)
Where,
UD =§tra1n energy
(i) =i"cycle
=Unloading slope
=Maximum load at that cycle
=Plastic depth of an indentation in mm at that cycle
=Maximum depth of anindentationinmmatthatcycle

0

max

=]

=pii=navile]

max

As shown in fig. 1

h=h-h (15)

P

h =Depth of the specimen after elastic recovery.
The area of crack growth for each cycle is given by equation
16.
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Figure 1. Geometry of the specimen after Indentation.

) _ 2 ) 16
A,) =may,D (16)
Where,
_ |h.RR,
“ =R R 4
0
Where,

R=radius of Indenter

o 1 +(2h, R~ 1)
° 2h,

As R is known from equation 18 a ;. can be calculated
from equation 17. To calculate the equivalent crack area from
equation 16 Damage variable has to be calculated from each
cycle from 13.

Once E_ . is calculated from equation (19) the value of
Damage is known and we could plot A versus U for the
total number of cycles. Now a straight line is fitted from the
available data.

(18)

1—v?
E, = (19)

E

ind

From the straight line fitted we could be able to calculate
Jg; from equation 20

du,
dA,

Due to compressive load during indentation shear stress
is the dominating phenomenon of fracture therefore energy
release rate can be correlated with the mode II fracture test
with the help of Equation (21).

Jgr = (20)
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(21)
K =

1ic

K

K, =—"1 (22)

(04

o is the stress ratio of maximum shear stress {  to
maximum normal stress 6 and is taken as 0.35'%"3

4. EXPERIMENTS
4.1 Tensile Test
The tensile test is performed as per ASTM standard E8

using Instron 8801 as shown in Fig. 2 using a computer-
controlled Universal Testing Machine (INSTRONS8801)
with 100 KN grip capacity.. The tensile tests is done under
displacement control mode with a ramp rate corresponding to
the displacement rate of .003 mm/min. An axial extensometer
of 12.5 mm gauge length which is capable of measuring up to
40% strain was kept attached to the specimen along the gauge
length for the test. The test program was controlled by using
tensile testing software (Blue Hill). The data acquisition rate
was 20 per second.

Figure 2. The tensile test setup.

4.2 Fatigue Pre-cracking

Fatigue pre-cracking of the TPB and CT specimens is
performed at room temperature as per ASTM standard E 647
using da/dN software. The crack lengths were measured by
a compliance technique using a COD gauge of 10mm gauge
length.

4.3 Fracture Test for TPB and CT Specimen

J-Integral of TPB and CT specimens was carried out using
J... software using INSTRON 8801 following ASTM E813 as
shown in Fig.3 and Fig.4

Figure 3. Experimental arrangement for ambient temperature
J,. tests for TPB Specimen.

Figure 4. Experimental arrangement for ambient temperature
J,. tests for CT Specimen.

1.Top roller 4. COD Gauge 9.Tensile Specimen Grip
2.Bottom roller 7.Pull Road 10.Tensile Specimen
3.TPB specimen 8.Lock nut 11.Extensometer

13=CT specimen 14= COD Gauge

4.4 Spherical Indentation Test

Spherical Indentation test is performed with the help of
tungsten carbide indenter having Young’s Modulus 710 GPa
and Poisson’s ratio 0.23. The dimension of the Specimens is
10 x10 x50 mm blocks and the radius of the indenter is 0.38
mm. Different typesof mesh sandpapers are used to prepare
the indentation surface, then polished with diamond spray.
Stress-Strain Microprobe System, (B4000) is used as the indent
equipment. The depth of indentation was measured using a
high-resolution depth sensor The indentation is carried out in

displacement control mode.
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4.5 Finite Element Analysis

Finite elementanalysis s carried out to calculate the contact
radius of the indenter with the specimen 2-Dimensional FE is
performed using Abacus 6.13. As the specimen and indenter
are cylindrical therefore, axis-symmetric analysis is performed
and the element taken is a linear quadrilateral, type CAX4R.
The indenter is considered as an elastic element with Young’s
modulus and poison’s ratio taken as that of SIT. The specimen
is taken as Elasto-plastic material the Young’s Modulus,
Poisson’s ratio, and stress versus plastic strain property are
taken from the stress-strain diagram of the material. Axis
symmetric boundary condition is provided on one side of the
specimen and the bottom of the specimen is fixed as shown in
Fig. 5(a) & Fig. 5(b)

The indenter is taken as a Master surface and the
specimen is taken as a slave surfaced and the coefficient of
friction is taken as 0.2 between the indenter and the specimen.
The element size is taken as 0.02 mm near the contact portion.
The displacement boundary condition is provided on the top of
the indenter and the displacement is given 0.2R in the step of
0.01 which generates a plastic strain of 12% as observed. Large

e TR T EN T T T

=
H
¥

(b)
Figure 5. (a) Mesh distribution and (b) Boundary Condition.
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deformation theory is used to replicate the large strain effect.
Full Newton Rapson with reduced integration is performed in
the analysis.

5. RESULTS AND DISCUSSIONS
5.1 Tensile Test Property

The stress-strain plot of the material at room temperature
is shown in Fig. 6. The Young’s Modulus is calculated as 200
GPa and Poisson’s Ratio as 0.3.The result reflects the similar
unique nature of the tensile test data for the same material done

by the previous researchers.'®
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Figure 6. Stress-Strain diagram obtained from tensile test.

5.2 Calculation with the Help of the Toughness

Model

From the FE analysis, it is clear that the considered RPV
material reflects a pile-up form as shown in Fig. 7. The depth
of indentation is given as 0.2*Radius of indenter which is
equal to 0.076 and is considered as the critical radius h.. At
that indentation depth, the reaction force on the indenter is
considered as the applied load which is equal to 310.48 N The
contact area a at the critical depth is calculated as 0.000232
m?* from FE analysis. P_ is calculated as per Equation (2) and
is found as 184 Pa. W___is calculated as per Equation (1) and

IEF

ultimately K . is calculated as 744.5 MPaVm from Equation
(5).

ST | LRSS

Contact Radius rc

Figure 7. FE result showing pile up form at maximum indentation
point.

5.3 Calculation with the help of the Critical Stress-
Strain Model
The stress-strain curve predicted from SIT as per equations
7 and 8 is shown in Fig. 8. The curve is fitted by a power-law
curve as shown in Fig. 8.

y=20231x""%" (23)
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0.123

he
Area = I ydx =2023 I x" 4x=95.768 mm? (24)
) 0

aw
This\ dV' ) iscalculatedfromtheareaunderthecurveby
integratingequation23. Therefore W  iscalculated fromequation
6andK iscalculatedas313. 84MPa\7m fromequations11and 12.

2000

y=20231x!1821

True Stress ot (MPa)
=
=
=
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Figure 8. True stress versus Plastic Strain from SIT.

5.4 Calculation with the Help of the Energy

Release Rate Model

The strain energy is calculated for each cycle using
equation 14 from the loading-unloading curve obtained from
SIT as shown in Fig. 9. The E_ is calculated with the help of
Equation (19). Then the damage variable D is calculated with
the help of equation 13 as shown in Fig. 10.

Then A, is calculated for each cycle using equations 16
and 17. Then J . as per equation 20 as shown in Fig.11.The
value of K. is predicted as 391.54 using Equations 20, 21,
and 22.

0 | -
0 0.05 0.1 0.15 0.2

Indentation Depth (inin)

Figure 9. Loading Unloading curve versus Depth of
Indentation.

Damage variable(D)
-1 G0 &
O

R v
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(‘> 1 1 1

0 0.05 0.1 0.15 0.2
Depth of Indentation (mm)

Figure 10. Damage Variable versus Indentation Depth
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Figure 11. U versus Aeq for predicting J_, .

5.5 K, Predicted from Conventional Compact

Tension and Three-Point Bending Specimen

The J versus crack extension obtained for CT and TPB
specimens is shown in Fig.12 and Fig.13. According to
ASTM E1820, crack growth is monitored throughout the test.
Extrusion lines are drawn at crack extension 0.15 mm and 1.5
mm. The lines have a slope of Mo, where o, is the flow stress
which is defined as the average yield stress and tensile strength
of the material. The yield strength for the referred material is
488 MPa and tensile strength 628 MPa as obtained from the
tensile test. The slope of the extrusion line is taken to represent
the component of crack extension due to crack blunting as
opposed to ductile tearing. The value of M is taken as 2. All
data that fall within the exclusion limit are fitted to a power-
Law expression as shown in Equation (25).

J=C, (Aa )C2 (25)

Table 2. The value of the power-law constants derived from
experimental J-R curve

Specimens C, C,
CT 620.44 0.7699
TPB 845.00 0.5254

Table 2 provides the value of the constants for CT and TPB
specimens. The J . is determined as the interaction between the
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curve formed with the equation 25 and 0.2 mm offset line. The
J.. value obtained for the CT specimen is observed as 400 kJ/
m*as shown in Fig.12 and the J . value obtained for the TPB
specimen is observed as 800 kJ/m?as shown in Fig.13.Once J .
is determined K. can be predicted from Equation 26.

1000 )
0.15mm Extension

Line

Points used in

/

'-l% Power Law
3 600
§ 0:2 mm Offset
E 40 Line
-
L5mm
Extension
200 Power Law line
Fitted curve
0
0 0.2 0.4 0.6 0.8 1 1.2 14 16 L8 2 22 24
Crack extension (mm)
Figure 12. J-R curve for CT specimen.
0.15mm

1000 - Extension Line

800
] Moy
E 600 Points used in Power Law Fit
E
7
2
= 400 -
= 0.2 mm Offset Line
=

200

. 1.5mm Extension line
Power Law Fitted curve

0 : : :
0 0.10.20.30.40.50.60.70.809 1 1.11.21.31.41.51.61.71.81.9 2 2.12.22.32.42

Crack Extension (inm)

Figure 13. J-R curve for TPB specimen.

JIC E (26)

1-v*

The K, obtained with the help of three different models
using SIT and from conventional procedure using CT and TPB
specimens for the RPV material are given in table 3.

It is observed that the result predicted by the CSS model
matches well with that of the CT specimen result and the ERR
model matches that TPB specimen. Due to different geometry
between CT and TPB specimen which ultimately affects the
loading and stress pattern, there is a difference in K . value
calculated from CT and TPB specimen for the referred
material'” Therefore the result obtained from SIT using CSS
model is supported by the results obtained using CT specimen
from conventional test and the results from SIT using ERR
model is supported by the results obtained using CT specimen
from the conventional test for the RPV material 20MnMoNi55
steel. The fracture toughness predicted from conventional test
results differs due to the effect of geometry and loading pattern
for the same material so do the SIT test results vary for CSS
and ERR models due to the difference in the methodology and
physics considered for calculating the fracture toughness data
for the same material.

K. . =

JC
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Table 3. K. values predicted from Conventional and SIT

The model used in SIT K, values (MPaVm)

Toughness model 744.5
Critical Stress-Strain Model 313.84
Energy release rate model 391 5455
Conventional Test

Compact Tension Specimen 296.4997
Three-Point Bending Specimen 419.3139

6. CONCLUSION

The result predicted from SIT shows different values
for a different model but the result obtained from the CSS
model reflects more or less a matching trend with that of
CT specimen and the same is observed for ERR with that
of TPB specimen. The fracture toughness predicted from
conventional test results differs due to the effect of geometry
and loading pattern for the same material so do the SIT test
results vary for different models used due to the difference in
the methodology and physics considered for calculating the
fracture toughness data for the same material. But from this
work, two affirmative conclusions can be predicted.

*  The toughness model should not be an acceptable
methodology for calculating fracture toughness from

SIT.

e Fortherequirement of determination of fracture toughness
of the reactor pressure vessel in the working condition,

SIT can be a useful alternative for non —destructive test

procedures.

Among CSS and ERR the best model to predict fracture
toughness is yet to be done by comparing the fracture toughness
obtained from conventional method and SIT using them for a
variety of materials then only a proper conclusion can be assed.
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