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Hardness testing is an efficient means for monitoring the change in mechanical properties of irradiated mate-
rials. The evaluation of the indentation load—displacement data is commonly based on the Oliver—-Pharr method,
which estimates the projected contact area between the indenter tip and the material surface using Sneddon’s
elastic contact solution. This simplified method can lead to significant errors when the indented elastic-plastic ma-
terial exhibits extensive pile-up around the indenter, which is typical for a material with a smaller strain-hardening
exponent n and a smaller yield strength-to-elastic modulus ratio o,/F. Since both these mechanical properties
are influenced by the neutron irradiation, one must be careful with the interpretation of measured indentation
hardness. In this study, a finite element simulation was used to investigate the effect of pile-up on indentation
hardness evaluation. Load—displacement curves, contact areas evaluated by both Oliver—Pharr method and finite
element nodes in contact and the corresponding hardnesses were obtained for the 15Ch2MFA (15Cr2MoV) tem-
pered bainitic steel in non-irradiated and neutron-irradiated state. The Oliver—Pharr method underestimates the
true contact area, and therefore overestimates hardness by factor of 1.32 and 1.40 for non- and neutron-irradiated
state, respectively. Despite this discrepancy, the Oliver—Pharr method as well as direct observation of the contact
area are able to indicate the increase of hardness due to neutron-irradiation (15% vs. 8% increase in hardness).
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1. Introduction

Radiation embrittlement of key parts of pressurized
water reactors (PWRs) is limiting factor for safe opera-
tion of nuclear power plants [1]. Post-irradiation anneal-
ing at proper condition can result in partial to nearly
full embrittlement recovery [2]. Despite the progress in
predicting irradiation embrittlement and recovery [3-5],
extensive material testing is still required for description
of the recovery process.

The presented work is a part of a long-term effort to
find optimal annealing condition for WWER-type reactor
pressure vessel [6] as well as reactor core internals [7]. To
achieve this goal, a reliable measure of material proper-
ties recovery must be used. The degree of material dam-
age or subsequent recovery can be monitored through the
change in mechanical properties, because the irradiated
material exhibits an increase in the brittle to ductile tran-
sition temperature, an increase in hardness, increases in
both the yield strength and ultimate tensile strength, and
a decrease in ductility. Especially hardness testing may
be advantageous because of the small sampling volume
requirement.

Recently, the depth sensing indentation test became a
widely used method for the determination of the hard-
ness. The evaluation of the indentation load — displace-
ment data is commonly based on the Oliver—Pharr (OP)

*corresponding author; e-mail: ales.materna@fjfi.cvut.cz

method [8, 9] which estimates the projected contact area
between the indenter tip and the material surface using
Sneddon’s elastic contact solution [10]. This simplified
method can lead to significant errors when the indented
elastic-plastic material exhibits extensive pile-up around
the indenter.

In this paper, a numerical study of instrumented hard-
ness test with the Berkovich indenter and 15Ch2MFA
steel in non-irradiated and neutron-irradiated state is
presented and the effect of so-called pile-ups on inden-
tation hardness evaluation is examined.

2. Material

The steel chosen for this study was the 15Ch2MFA
(156Cr2MoV) tempered bainitic steel used for fabrication
of pressure vessels of WWER, 440-type nuclear reactors.
The results of standard tensile tests for non-irradiated
and irradiated state after neutron fluence &, = 9.5 x
10?3 nm~2 were available from previous research [11, 12]
and are summarized in Table I. Work-hardening curves
were characterized by the power-law relationship ¢ =
Kep, in true stress o—true plastic strain &y terms.

3. Evaluation of hardness

The hardness H measured by instrumented indenta-
tion during one cycle of loading and unloading is defined
as maximum load in cycle P, divided by the contact
area under load A:

(729)
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Three various indenter geometries have been studied:
(1) a three-dimensional real shape Berkovich three-sided

pyramid to account for a real shape of imprint and pile-
up profile, (ii) a three-dimensional cone to compare real

(1)

According to the Oliver—Pharr method, contact area is

P,
H — max.
A

etry with equivalent cone to compare 3D and 2D fine

element mesh, (iii) two-dimensional axisymmetric geom-
mesh results.

and simplified equivalent geometry on the same 3D finite

stiffness S = dP/dh defined as the slope of the upper

maximum displacement A, and the elastic unloading
part of the unloading curve:

estimated from the maximum load in the cycle Pyax, the

The equivalent cone apex angle has been

set to 70.3° and was chosen to have the same ratio of

projected contact area per penetration depth.

(2)

tan? 70.3°
However, in case of

2

)

Pmax
S

s (hmax —0.72
(for detailed explanation see [9]).

A:

3D finite element mesh (Fig. 2) covers 1/6 of the whole
geometry and the rest was modelled by the symmetric

boundary conditions. The specimen was also fixed on its

bottom in all directions.

The specimen height and di-

ameter are respectively considered to be 100 times and
50 times the imprint height and length, which minimizes

the effect of boundary conditions on its exterior on the

elastic-plastic material response, material piles up around
the indenter (Fig. 1) and the contribution of the piled-up
contact area is not included in the OP analytical ap-
proach. This underestimation of contact area is more
significant when the material does not appreciably work-

Depending on the extent of the pile-up, the
hardness can be overestimated by as much as 60% [13].
Therefore, the contact area at maximum load was also
obtained directly from the numerical simulation.

harden.

achieved results. 2D axisymmetric model roughly corre-
sponds to the 3D one except the three times smaller size
of the fine elements under the indenter. The contact area
is then covered approximately by 200 quadrilateral linear
finite elements.

TABLE I

Mechanical properties obtained from tensile tests of non-

end neutron-irradiated 15Ch2MFA steel
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Fig. 1.

Cross-section of an indentation profile showing

pile-up height h,,.

Deformed 3D finite element mesh under the

conical indenter.

Fig. 2.

Indentation was driven by the force with the same max-
imum 300 N for all simulations, but due to self-similarity

4. Numerical simulations

Nonlinear finite element simulations of the indentation
test and the estimation of load—displacement curve were

performed in commercial code MSC.Marec.

of the Berkovich indenter the value of maximum force has
no influence on relative comparison of achieved results.

The indenter was treated as rigid, the contact between

the indenter and indented material was frictionless.

The goal of the numerical study was to quantify the ef-
fect of material pile-up on reliability of the contact area

evaluation by the OP method. Therefore, the contact ar-

Elastic properties of material 15Ch2MFA were charac-

terized by the Young modulus £ = 200 000 MPa and

Poisson’s ration ¥ = 0.3. Plastic properties were set up

according to Table I. Large strain framework was used.

displacement curves and compared with “true” contact

eas have been evaluated from simulated indentation load—
areas obtained directly from a finite element analysis.
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Numerically determined maximum penetration depths, contact areas and maximum

pile-up heights for three various analysis types and two material states
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TABLE II

Indenter shape Analysis dimension Material state Bmax [um] A [mm?| Max1.m1mum pile-up
height hy, [pm]
. non-irradiated 72 0.158 15
Berkovich 3D neutron-irradiated 68 0.146 18
D non-irradiated 72 0.157 11
. neutron-irradiated 67 0.143 12
equivalent cone . _
2D non-irradiated 71 0.155 8.4
neutron-irradiated 68 0.143 9.6
5. Results and discussion (a) 004
Figure 3 compares indentation load-displacement " E
curves for the Berkovich indenter and non- and neutron- ° %
irradiated state. As expected, harder irradiated material 0.02 g
permits lower penetration depth with lower contact area. - 3
Maximum penetration depths together with directly ob- g
served contact areas and maximum pile-up heights for 008
all six simulations are summarized in Table II. As can 008
be seen, global material response expressed by the maxi- (b) 0.04

mum penetration depth or projected contact area can be
simulated using only a simple axisymmetric model with-
out loss of accuracy. Maximum pile-up height is higher
in case of irradiated state due to lower hardening expo-
nent. It is more pronounced for the Berkovich indenter,
for which the material piles up locally near the pyramid
side (Fig. 4a). The pile-ups around the cone indenter are
distributed evenly (Fig. 4b) and therefore, their height
is lower (Fig. 5). The proper modelling of pile-ups re-
quires a very fine mesh, since a 2D analysis with finer
mesh leads to reasonably lower values compared to the
3D one.
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Fig. 3. Indentation load—displacement curves for the
Berkovich indenter and non- and neutron-irradiated
state.

Since the indentation load—displacement curves were
close to all three geometrical representations of the in-
denter, only results of the axisymmetric simulation have
been evaluated using the OP method according to (1)
and (2). The predicted value of hardness for non-
irradiated 15Ch2MFA steel is 2564 MPa, which is in a

s
S
surface displacement [mm]

1)
o
>

-0.08

Fig. 4. Comparison of surface profiles for numeri-
cally indented neutron-irradiated 15Ch2MFA steel: (a)
Berkovich indenter, (b) cone indenter. Light tones cor-
respond to positive displacements, e.g. pile-ups. Surface
lines represent section cuts for Fig. 5.
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Fig. 5. Comparison of line profiles for Berkovich and

cone indenter (neutron-irradiated 15Ch2MFA steel).

very good agreement with previous experimental mea-
surements published in [14]. Contact areas Aop re-
sulted from the OP method underestimates “true” areas
evaluated from finite nodes in contact (Table III). This
leads to overestimation of hardness by factor of 1.32 and
1.40 for non- and neutron-irradiated state, respectively.
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Larger overestimation for irradiated material is related to
a larger pile-up height. Ideally, in case of the same overes-
timation factors, a hardness measurement based on the
OP data analysis procedure will still be reasonable for
relative comparison of material properties change during
irradiation or recovery after annealing. As can be seen
from Table III, despite the small deviation in overestima-
tion factors, the increase of hardness due to irradiation
was indicated. Likely, it follows from the mutual link
between the material properties affecting the pile-up for-
mation: increase of the yield stress during irradiation,
which decreases pile-ups, is compensated by the decrease
of hardening exponent.
TABLE III

A comparison of alternatively estimated contact areas us-
ing two-dimensional axisymmetric analysis with conical
indenter (used indexes: n — non-irradiated, i — irra-
diated, OP — the Oliver—Pharr method, D — directly
observed from finite element analysis)

Contact area [mm?|
From the OP| Directly ;14—5) = If{%"
method from FEA
non-irradiated 0.117 0.155 1.32
neutron-irradiated 0.102 0.143 1.40
o= F 1.15 1.08

6. Conclusions

The results of elastic-plastic finite element simulations
of indentation of the reactor pressure vessel steel led to
the following conclusion:

e The conical indenter with an equivalent cone apex
angle is preferred for simulation of global deforma-
tion response instead of actual 3D Berkovich inden-
ter in order to reduce the analysis time duration.

e Pile-ups can have important effects on the eval-
uation of contact area from indentation load—
displacement curves. For instance, the Oliver—
Pharr method overestimates the hardness of
neutron-irradiated steel 15Ch2MFA by 40% com-
pared to direct observation of simulated contact
area.

e Such estimated values of hardness are still able to
describe the radiation embrittlement for steel and
fluences investigated in this paper.
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