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Abstract

The application of the instrumented indentation method with a Berkovich indenter (triangu-
lar pyramid) is considered for the determination of microhardness and radiation hardening
of ion-irradiated steels. The main difficulties arising in the assessment of the microhardness
of a thin irradiated layer are identified. They are connected with the indentation depth
effect on microhardness even for homogeneous materials when the indentation diagram
is used. A method of microhardness determination is proposed that is based on direct
measurement of the indent projection area, taking into account the formed pile-ups. The
proposed method allows one practically to exclude the influence of the indentation depth
on the microhardness of homogeneous material at least over the depth range from 0.2 to
4 µm and to obtain an adequate assessment of the radiation hardening for a thin irradiated
layer with a depth of about 2 µm. Moreover, a formula is proposed for taking into account
the influence of pile-ups on the microhardness determined from the indentation diagram
using the Oliver–Pharr method. The proposed method and the formula are verified for
austenitic and ferritic-martensitic steels.

Keywords: microhardness; indentation; indent projection; ion irradiation; radiation
hardening; steel

1. Introduction
One of the rapidly developing areas of radiation material science is emulating neutron

irradiation by irradiating samples in an ion accelerator [1–9]. Under irradiation with heavy
ions, the thickness of the irradiated layer does not exceed 2 ÷ 3 µm for the ion beam
energies less than 12 MeV, while the distribution of the damage dose over the irradiated
layer is extremely non-uniform [1–8]. Non-uniform irradiation leads to non-uniform ra-
diation hardening of the material in the irradiated layer. There is no radiation hardening
outside the irradiated layer. For experimental determination of radiation hardening of
the irradiated layer, the method of instrumented nano- and microindentation with mea-
surement of the indentation depth and determination of nano/microhardness values is
usually used. In the work [5] it is shown that radiation hardening can be determined quite
simply using instrumented microindentation (indentation depth greater than 0.2 µm) with
a Vickers indenter (tetrahedral pyramid) and measuring the indent sizes. Determination
of microhardness with a Vickers indenter was carried out by using the microhardness
tester “CSM-instruments” with ×5000 magnification of a microscope. For the austenitic
and ferritic-martensitic steels in the initial state, the microhardness is practically invariant
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to the indentation depth for specimens with high quality of the surface polishing, exclud-
ing work hardening [5]. Such results agree fully with results in [10], showing that the
effect of indentation depth on microhardness practically disappears when the surface is
prepared properly. Moreover, the obtained results in [5] fully agree also with the results in
paper [11] referenced by the overall review on hardness measurements at macro-, micro-,
and nanoscale [12]. In [11] it is shown that «different trends observed for Vickers hardness
as a function of load (particularly for <100 gf loads) are due to visual perception problems
of operators deciding where the indent tips are. The problem is not a material problem, as
widely claimed in the literature for many years».

In the irradiated layer, the dependence of microhardness on the indentation depth
has a maximum at a depth of 0.3–0.7 µm when using heavy ions of iron or nickel and an
accelerating voltage of about 12 MeV [5]. A decrease in microhardness in the irradiated
layer with an increase in the indentation depth is due to the influence of the “soft” substrate
(unirradiated material) on the resistance to deformation of the irradiated layer. As a result,
radiation hardening of the irradiated layer can be determined as the difference between the
maximum microhardness value in the irradiated layer and the microhardness value of the
unirradiated material, independent of the indentation depth [5].

It should be noted that in most cases, instrumented determination of microhardness at
small indentation depths, in particular of a layer irradiated with ions, is carried out using
the triangular Berkovich indenter [3,13–18]. The use of a Berkovich pyramid is primarily
due to its simpler manufacturing technology compared to a tetrahedral Vickers pyramid.
The technological advantage of a Berkovich indenter is that the triangular pyramid has
a sharp apex even if the sizes of the facets and angles between them are not manufactured
precisely enough. At the same time, a Vickers indenter, with the same manufacturing errors
as a Berkovich indenter, has a bridge between the facets. It is generally accepted that the
use of the always sharp Berkovich indenter allows one to determine microhardness not by
the direct measurement of the indent projection area but by the indentation diagram with
subsequent calculation of the indent projection area or the indent contact area using the
formulae proposed by Oliver and Pharr [19].

At the same time, determination of microhardness with a Berkovich indenter by
the indentation diagram has some disadvantages that are connected with the depen-
dence of microhardness on the indentation depth even for a material with a homogeneous
microstructure [13,15,20]. In [20], Nix and Gao, using the concept of geometrically neces-
sary dislocations uniformly distributed under the indenter contact zone, described the
experimental dependence of microhardness on the indentation depth as(

HIT
H0

)2
= 1 +

h∗

h
, (1)

where HIT is microhardness under indentation with a Berkovich indenter, calculated from
the indentation diagram by the Oliver–Pharr method,

h is indentation depth,
h* is the characteristic length, which depends on the shape of the indenter,
H0 is bulk hardness at h → ∞.
Based on (1), it becomes clear that it is extremely difficult to determine radiation

hardening in the ion-irradiated layer using a Berkovich indenter, the indentation diagram,
and Formula (1). In fact, the physical dependence of radiation hardening on depth is mono-
tonically increasing up to the depth at which the damage dose corresponds to saturation
of hardening. At greater depths, radiation hardening should be constant up to the depth
corresponding to the maximum damage dose. The increase in radiation hardening with
increasing depth is due to the growth of the damage dose. In the case of determination
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of radiation hardening based on microhardness, the “soft” substrate distorts the depen-
dence of radiation hardening on depth, turning it into a dependence with a maximum.
In this case, if the measured microhardness depends on the indentation depth even for
homogeneous material (see Formula (1)), then the radiation hardening curve acquires an
additional change.

In spite of the effect of indentation depth on microhardness, the approaches presented
in [20] were used to determine radiation hardening under ion irradiation [21,22]. Figure 1
shows an ideal scheme for using the Nix and Gao diagram to assess radiation hardening of
a material after ion irradiation. At the first stage, the so-called Nix and Gao diagram, being
the dependence of (HIT)2 on (1/h) is plotted for unirradiated samples and approximated
by a linear function. The HIT value is determined as the intersection of the linear function
with the ordinate axis (H0

IT)2 = b0 (Figure 1a). At the second stage, the unified dependence
(Hirr

IT )2 = f(1/h) is constructed for the irradiated layer and for the substrate. Then the
constructed dependence (Hirr

IT )2 = f (1/h) is approximated by a bilinear function (Figure 1b).
The value (Hirr

IT )2 = b2 for the irradiated layer is determined by extrapolation of the second
part of the bilinear curve to the ordinate axis.

  

(a) (b) 

Figure 1. Diagrams for determination of the microhardness of the unirradiated zone of the sam-
ple or the unirradiated sample (a) and irradiated zone of the sample (b) based on the results of
microhardness measurements under indentation with a Berkovich indenter and the use of the
Nix–Gao diagram.

The bilinear function is represented as Figure 1b

(HIT)
2 =

{
a1(1/h) + b1, f or h > htr

a2(1/h) + b2, f or h ≤ htr
, (2)

taking into account the additional condition a1(1/htr) + b1 = a2(1/htr) + b2, where a1, a2, b1,
b2 are coefficients, htr is the depth at which the substrate begins to influence the hardness of
the irradiated region.

In this method it is assumed that the distribution of microhardness in the irradiated
layer is similar to the distribution in the unirradiated metal, that is, it is assumed that
radiation hardening in the irradiated layer is uniform. When experimental values of
microhardness are approximated by a bilinear function, the coordinate of the intersection
point of two linear dependencies is unknown. Therefore, the experimental points are
ambiguously approximated by a bilinear dependence. In addition, in many cases the
error increases when the dependence (HIT)2 on (1/h) looks like a monotonically increasing
function with a monotonically decreasing derivative, which is difficult to approximate by



Metals 2025, 15, 1181 4 of 20

a bilinear function. As an example, Figure 2 represents the dependence of HIT (h) for an
ion-irradiated sample of austenitic steel 18Cr-10Ni-Ti when the use of the Nix and Gao
diagram gives an ambiguous estimation of the microhardness for the ion-irradiated layer.
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(b) (c) 
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Figure 2. Dependence of microhardness HIT under indentation with a Berkovich indenter on the
depth h (a) and the dependencies of (HIT)2 on 1/h (b,c), constructed using the Nix and Gao diagram
for a sample made of 18Cr-10Ni-Ti steel after Ni4+ ion irradiation at 400 ◦C up to a dose of 30 dpa
with additional implantation of helium and hydrogen.

The microhardness in Figure 2 was measured using instrumented indentation with
a Berkovich indenter with a series of single indents at specified depths h.

As can be seen from Figure 2b,c, the dependence (HIT)2 = f(1/h) is not a bilinear
function, but rather a power or parabolic one. Approximation of such experimental data
by a bilinear function gives an ambiguous result, since the presented experimental results
can be approximated by function Equation (2) with different values of the coefficients
a1, a2, and b1, b2 with practically the same correlation coefficient between the calculated
and experimental values of microhardness. Figure 2b,c show two variants of constructing
a bilinear dependence with practically the same correlation coefficient (R2 = 0.977). In the
first variant, the microhardness of the irradiated layer is 2600 MPa, and in the second,
2335 MPa.

Figure 3 shows the dependence HIT = f(h) with a maximum, which is more typical for
samples irradiated in ion accelerators than the dependence in Figure 2.

Similar dependencies for model ferritic steels were presented in [22,23]. It is clear that
the Nix–Gao model is difficult to apply to a dependency with a maximum, since Equation
(1) describes monotonically decreasing dependencies. Therefore, to process dependencies
with a maximum, the so-called generalized Nix–Gao model is used, according to which
the dependence (HIT)2 = f(1/h) becomes less steep. The generalized Nix–Gao model gives
smaller errors in estimating the microhardness of the irradiated layer, although it still
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does not take into account a maximum in the dependence HIT = f(h) [22,23]. Despite
attempts in various works to apply the Nix–Gao model to determine the microhardness
in the ion-irradiated layer, the review [24] indicates that the use of the Nix–Gao model in
combination with various models based on semi-empirical approaches leads to significantly
different values of radiation hardening.
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Figure 3. Dependence of microhardness HIT under indentation with a Berkovich indenter on the
depth h for a sample of ferritic-martensitic steel EP-823 after Fe4+ ion irradiation at 400 ◦C up to
a dose of 30 dpa with additional implantation of helium and hydrogen.

Thus, it is clear from the presented analysis that using today’s models for determining
the radiation hardening of ion-irradiated layers based on microhardness determination
on indentation depth can lead to ambiguous and inadequate results. In connection with
the above, the purpose of this article is to develop the most adequate procedure for de-
termination of the radiation hardening of an ion-irradiated layer based on the results of
microhardness measurements using a Berkovich indenter.

To achieve this purpose, at the first stage, the influence of the indentation depth
on the microhardness of a homogeneous material is investigated when determination
of microhardness is based on the direct measurement of the indent projection area and
when microhardness is determined using the indentation diagram and the Oliver–Pharr
method. The results obtained are compared with the Vickers microhardness. As a result
of the comparisons, a conclusion is made about whether the dependence Equation (1) is
physically justified. At the second stage of the present study, procedures are proposed for
determination of microhardness by using the direct measurement of the indent projection
area and by using the indentation diagram, the Oliver–Pharr method, and also the intro-
duced correction function. At the third stage, the procedure is proposed for determination
of radiation hardening of the layer irradiated by heavy ions.

2. Investigation Methods
2.1. Methodology for Microhardness Determination with a Berkovich Indenter

Indentation with a Berkovich indenter, as noted in the introduction, has its advantages
and disadvantages compared to indentation with a Vickers indenter. In addition to those
noted in the introduction, another disadvantage of indentation with a Berkovich indenter
is the formation of material pile-ups along the pyramid facets, which are detected by
many authors [25–27]. The contribution of the pile-ups is not taken into account in the
Oliver–Pharr method, which ultimately leads to an overestimation of the microhardness
under indentation with a Berkovich indenter.

In this paper, the microhardness is determined using a Berkovich pyramid indentation
by three ways. The first way is based on the direct area determination of the indent
projection with the account taken of pile-ups

(
Hp

Ber

)
. In this case, the indent is defined as

the surface zone bounded by a closed line, which is the locus of the peaks of the pile-ups
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profiles. For comparison, on the same samples where indentation is carried out with
a Berkovich indenter, the microhardness is also determined using the indent projection
area after indentation with a Vickers indenter

(
Hp

V

)
.

The second way is based on the determination of the indent depth using the load-depth
indentation diagram and the use of the Oliver–Pharr method without taking into account
pile-ups HIT. The third way is similar to the second one, but pile-ups are taken into account
(H p-up

IT ). In all studies, the microhardness is determined as the ratio of the maximum load
to the indent projection area.

2.2. Microhardness Determination Methods Using the Direct Measurement of the Indent
Projection Area

The contribution of the pile-ups to the microhardness assessment is connected with an
increase in the indent contact area and the indent projection area. Based on the analysis
of the 3D image of the pile-ups under indentation with a Berkovich indenter, in [13] it
was proposed to represent the shape of the projection of the pile-ups as three triangles
adjacent to each side. Then the projection of a Berkovich indent can be represented as
a hexagon consisting of a large triangle and three small triangles (Figure 4). The large
triangle corresponds to the projection of the indent without pile-ups; three small triangles
correspond to the three projections of the pile-ups.

  

Berkovich indent Vickers indent 
Figure 4. Schematization of indent projections without pile-ups (shaded areas) and pile-ups (blank
areas) from Berkovich and Vickers indenters: a—length of the side of an equilateral triangle or square,
b—height of the pile-up projection.

By analogy with a Berkovich indenter, the projection of a Vickers indent with pile-ups
can be represented as an octagon consisting of a square and four small triangles adjacent to
each of its sides (Figure 4).

The Hp
Ber value is determined using the direct measurement of the indent projection

area of the Berkovich indenter. The Hp
Ber value is calculated as the ratio of the load at a given

depth to the indent projection area. The area of the indent projection is determined using
a microscope.

The size of the sides of the large triangle and the heights of the three small triangles are
measured using a microscope, and the area of the hexagon is calculated from these sizes.

Microhardness, Hp
Ber, is calculated using the formula:

Hp
Ber =

P(
A3 + Ap-up

3

) , (3)

where P is the load at the given indentation depth, h,
A3 is the projection area of a Berkovich indent without taking into account the pile-ups

(the area of the large triangle),
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Ap-up
3 is the projection area of three pile-ups (the sum of the areas of three small

triangles) (Figure 4).
A procedure similar to a Berkovich indenter is performed for measurement of the sizes

of a square and four triangles for a Vickers indenter (Figure 4). The area of the octagon is
determined by the measured sides of the square and the heights of the four triangles. The
calculation of the Vickers microhardness Hp

V is carried out using the formula:

Hp
V =

p(
A4 + Ap-up

4

) , (4)

where A4 is the projection area of a Vickers indent without taking into account the pile-ups
(area of a square),

Ap-up
4 is the area of the projection of four pile-ups (the sum of the areas of four

small triangles).

2.3. Microhardness Determination Method with a Berkovich Indenter Using the
Indentation Diagram

The microhardness HIT is determined by the indentation depth hc calculated by
the Oliver and Pharr formulae [19], using the «load-indentation depth» diagram. The
Oliver–Pharr method with the above-mentioned diagram allows one to determine the area
of the indent projection without taking into account the pile-ups.

To evaluate the microhardness taking into account pile-ups, a correction function is
introduced that relates the ratio of the indent projection area taking into account pile-ups
to the indent projection area without taking into account pile-ups.

The area of a large triangle (see Berkovich indent in Figure 4) is calculated by
the formula.

A3 =

√
3

4
a2, (5)

where a is the length of the side of the large triangle (i.e., the length of the side of the base
of the pyramid).

The relationship between b and hp-up is represented as

b = tan(φ)× hp-up, (6)

where b is the height of the projection of the pile-up schematized as an isosceles triangle
(see Berkovich indent in Figure 4),

φ is the angle between the facet and the height of a Berkovich pyramid, hp-up is the
pile-up height.

The relationship between the side of the pyramid base, a, and the height of a Berkovich
pyramid taken equal to hc is described by equation through the angle φ

tan(φ) =
1

2
√

3
× a

hc
, (7)

where hc is the contact depth of the indentation, calculated using the Oliver and
Pharr formulae.

The projection area of three pile-ups is

Ap-up
3 =

3
2

a × b. (8)
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Using (5), (6), (7) and (8) we obtain that the indent projection area with pile-ups is
equal to

A3 + Ap-up
3 =

√
3

4
a2 +

3
2
× a2

2
√

3
×

hp-up

hc
=

√
3

4
a2
(

1 +
hp-up

hc

)
. (9)

Then the correction function is equal to

A3 + Ap-up
3

A3
= 1 +

hp-up

hc
. (10)

Taking into account that

Hp-up
IT

HIT
=

A3

A3 + Ap-up
3

, (11)

microhardness with account taken of pile-ups is calculated as

Hp-up
IT =

HIT

1 + hp-up
hc

. (12)

3. Equipment, Samples and Materials
Instrumented indentation and determination of microhardness with a Berkovich in-

denter is carried out by using the nanohardness tester “NanoScan-4D” (NanoScan, Moscow,
Russia). Determination of microhardness with a Vickers indenter is carried out by using
the microhardness tester “CSM-instruments” (CSM-instruments, Peseux, Switzerland).

Indentation with a Berkovich indenter is performed by a series of single injections at
a constant strain rate equal to 0.1 1/s and given indentation depths as h = 0.2, 0.25, 0.3,
0.35, 0.45, 0.55, 0.65, 0.75, 0.85, 1.0, 1.5, 3.0, and 4.5 µm. Indentation with a Vickers indenter
is performed at a constant strain rate equal to 0.1 1/s up to given loads as P = 0.02, 0.03,
0.04, 0.05, 0.06, 0.07, 0.08, 0.1, 0.2, 0.5, and 1 N. In both regimes, after reaching the specified
indentation depth or the specified load value, a holding period of 2 s is performed. The
number of injections is never less than 4 for depths of 0.2–0.85 µm and loads of 0.03–0.05 N
and never less than 3 for depths of 1.0–4.5 µm and loads of 0.06–1 N.

It should be noted that there is a difference in the software for the testers used for
the present study. Therefore, the setting parameters (indentation depth or load) differ for
these testers. For the nanohardness tester “NanoScan-4D” the indentation depth is set with
a step of 0.05 µm, and for the microhardness tester “CSM-instruments”, the maximum load
is set with a step of 0.01 N. However, this difference in the set parameters does not affect
the studied dependences of microhardness on the indentation depth.

The measurement of the indent projection areas with pile-ups for a Berkovich indenter
(hexagon) and for a Vickers indenter (octagon) is carried out using a microscope built into
the CSM-instruments tester at a magnification of at least 3000 times. The pile-up height
hp-up and the residual indent depth hp are measured with an optical 3D profilometer S
Neox (Sensofar, Terrassa, Spain).

To study microhardness, disk samples with a diameter of 12 mm and a thickness
of 2 mm are used. Such samples are used for irradiation in an ion accelerator and for
subsequent research [5].

To avoid work hardening and to provide a high quality of the disk surface, the
following manufacturing procedure was used. At first, the disk is cut using an electrical
discharge machine. After cutting, the disk surface is subjected to successive grinding and
polishing with a final pass of “soft” abrasives based on colloidal silica with a dispersion of
0.3–0.5 µm. At last, the disk is subjected to electropolishing.
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The absence of work hardening is controlled by scanning electron microscopy and
electron backscatter diffraction by visualizing the so-called Kikuchi lines [28,29].

The objects of the study are samples of austenitic steels of 18Cr-10Ni-Ti, 16Cr-20Ni-2Mo-Ti,
and 16Cr-25Ni-2Mo-Ti grades and ferritic-martensitic steels (FMS) of EP-823 and EP-450 grades
in the initial state and of austenitic 16Cr-20Ni-2Mo-Ti steel after irradiation with Ni4+, He+, and
H+ ions at 400 ◦C with a dose of D = 30 dpa at a depth of 1.4 µm. Chemical compositions of
the investigated steels according to technical specifications are presented in Tables 1 and 2.

Table 1. Chemical composition of the investigated ferritic-martensitic steels according to technical
specifications.

Material
Mass Fraction of Chemical Elements, %

C Si Mn Cr Ni Mo S P

EP-823 0.14–0.18 1.0–1.3 0.5–0.8 10.0–12.0 0.5–0.8 0.6–0.9 <0.01 <0.015

EP-450 0.10–0.15 ≤0.50 ≤0.8 11.0–13.5 0.05–0.3 1.2–1.8 ≤0.015 ≤0.025

Nb V W Ti Al B N

EP-823 0.2–0.4 0.2–0.4 0.5–0.8 <0.05 <0.05 <0.006 <0.05

EP-450 0.25–0.55 0.1–0.3 - - - ≤0.08 -

Table 2. Chemical composition of the investigated austenitic steels according to technical specifications.

Material
Mass Fraction of Chemical Elements, %

C Si Mn Cr Ni Mo S P

18Cr-10Ni-Ti 0.06–0.08 0.4–0.6 1.5–2.0 17.0–19.0 9.0–11.0 ≤0.50 ≤0.008 0.025–0.030

16Cr-20Ni-2Mo-Ti 0.06–0.08 0.4–0.6 1.5–2.0 15.0–16.5 19.0–21.0 2.0–3.0 ≤0.008 0.025–0.030

16Cr-25Ni-2Mo-Ti 0.08–0.10 0.4–0.6 1.5–2.0 15.0–16.0 24.0–25.0 2.0–3.0 ≤0.008 0.020–0.040

Ti Al V Cu N

18Cr-10Ni-Ti 5C-0.7 ≤0.12 ≤0.20 ≤0.10 ≤0.030

16Cr-20Ni-2Mo-Ti 0.6–0.8 ≤0.12 ≤0.10 ≤0.025
16Cr-25Ni-2Mo-Ti 0.6–0.8 ≤0.12 ≤0.10 ≤0.025

The irradiation was carried out in the TANDENTRON accelerator by a continuous
ion beam with a diameter of 6 mm in 5 blocks, in each of which (except for the last one)
the irradiation alternated in the following order: Ni4+ → He+ → H+. In the last block,
only heavy Ni4+ ions were used. Each of the blocks created the same damage dose in the
sample. The maximum total damage dose was about 60 dpa with a damage dose rate
1 × 10−3 dpa/s. Irradiation was carried out at T = 400 ◦C with control of the irradiation
temperature by a thermocouple installed directly in the specimen. The energy of Ni4+ ions
was 11.5 MeV with a beam current of 1 µA. The irradiation depth was 2.4 µm. The dose
distribution and the concentration distribution for the injected Ni ions over the irradiated
layer are presented in Figure 5. All calculations were performed using TRIM code [30] in
the Kinchin–Pease mode.

The irradiation by He+ and H+ ions was performed with varying energy to obtain the
relative concentration of 7 appm/dpa for He and 15 appm/dpa for H over the depth range
from 0.7 to 2 µm.
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Figure 5. The distributions of damage dose and injected Ni ions concentration over irradiated layer.

4. Experimental Results
4.1. Microhardness Determination Using the Direct Measurement of the Indent Projection Area

The results of the microhardness measurements with a Berkovich indenter, Hp
Ber, and

with a Vickers indenter, Hp
V, are represented in Figure 6 for all the investigated steels in the

initial state.
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Figure 6. The microhardness determined with a Berkovich indenter Hp
Ber () and with a Vickers

indenter Hp
V () taking into account the pile-ups, depending on the indentation depth, h, for samples

made of austenitic steels 18Cr-10Ni-Ti (a,b), 16Cr-20Ni-2Mo-Ti (c), 16Cr-25Ni-2Mo-Ti (d) and from
FMS EP-823 (e) and EP-450 (f).

It is seen from Figure 6 that the microhardness values Hp
Ber and Hp

V measured by using
the area of the indent projection with the account taken of pile-ups do not depend on the
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indentation depth for both a Vickers indenter and a Berkovich indenter for all the studied
samples. Moreover, the values of Hp

Ber and Hp
V coincide practically.

Taking into account that the ratio of the indent projection area to the indent contact
area is practically the same for Vickers and Berkovich indenters, the Vickers and Berkovich
microhardness values should coincide if the microhardness is determined by measuring
the same characteristic of the indent area (projection area or contact area).

The obtained experimental results on the independence of microhardness on the
indentation depth are in agreement with the results of work [26] in which the indent
projection area was determined by atomic force microscope. In work [26] it is shown that
the value of the nanohardness determined from the indent geometry does not depend on
the indentation depth even in the range of 0.02–0.08 µm. In addition, it was shown in [27]
that the account taken of the pile-ups leads to the independence of the microhardness from
the indentation depth, at least at depths exceeding 0.25 µm.

4.2. Microhardness Determination with a Berkovich Indenter Using the Indentation Diagram

The values of HIT and Hp-up
IT for austenitic and ferritic-martensitic steels are repre-

sented in Figure 7. For comparison, the graphs show also the microhardness values using
direct determination of the indent projection area, Hp

Ber. It is necessary to note that the
number of points for Hp-up

IT and Hp
Ber values is less than for HIT values as pile-ups sizes or

projection area for several indents could not be determined reliably enough.
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Figure 7. The microhardness vs. the indentation depth h under the Berkovich pyramid indentation
for austenitic 18Cr-10Ni-Ti steel (a,b), FMS EP-823 (c) and EP-450 (d): ()—determined from the
indent projection area, Hp

Ber; ()—determined from the indentation diagram without taking account
of the pile-ups, HIT ()—determined from the indentation diagram taking account of the pile-ups
with Formula (12), Hp-up

IT .
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It is clearly seen from the data in Figure 7 that the microhardness values obtained
from the indentation diagram without account taken of pile-ups depend on the indentation
depth for all the materials studied.

For austenitic 18Cr-10Ni-Ti steel (Figure 7a,b), the dependence of Hp-up
IT on h becomes

significantly weaker compared to HIT(h) if the pile-ups are taken into account according to
Formula (12). At the same time, the Hp-up

IT values remain higher than the values of Hp
Ber.

For samples from the FMS (Figure 7c,d), the dependences of Hp-up
IT and Hp

Ber on the
indentation depth, h, practically coincide, and the values of Hp-up

IT and Hp
Ber do not depend

on the depth.
Figure 8a shows the measurement results of the pile-up height hp-up and the residual

indentation depth hp when Berkovich and Vickers indenters for 18Cr-10Ni-Ti austenitic
steel are used. Figure 8b shows the measurement results of the pile-up parameters for the
indentation with a Berkovich indenter for EP-823 and EP-450 FMS.
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Figure 8. The dependence of the pile-up height hp-up on the residual indentation depth hp:
(a)—18Cr-10Ni-Ti steel, Berkovich indenter () and Vickers indenter (); (b)—EP-823 () and EP-450
() steels, Berkovich indenter.

It is seen from the data in Figure 8a,b that the dependence of the pile-up height on
the residual indentation depth hp may be described, in the first approximation, by a linear
dependence for a Berkovich pyramid indentation for austenitic steel and FMS. The growth
rate of dhp-up/dhp for FMS is more than twice as high as for austenitic steel.

For a Vickers pyramid indentation, Figure 8a shows that the height of the pile-ups
for austenitic steel is less than 0.1 µm and depends weakly on the indentation depth. The
data indicating that the height of the pile-ups does not practically depend on the depth
contradict the plastic deformation properties. Therefore, pile-ups up to 0.1 µm in height
can be attributed to measurement error. Hence, pile-ups can be neglected for austenitic
steel when indentation is performed with a Vickers indenter.

The formation of high pile-ups for FMS samples is connected with low strain hardening
of FMS and, as a consequence, high localization of plastic deformation near the facets of
a Berkovich indenter. One of the indicators of the tendency to deformation localization
is the value of the relative uniform elongation δul that corresponds to the onset of neck
formation for tensile smooth specimens. The smaller the δul value, the greater the tendency
for deformation localization in the material. According to [31], for 18Cr-10Ni-Ti steel,
δul = 35–40%, and for EP-823 steel, the δul values do not exceed 15%.

Calculation with Formula (12) for taking into account the high pile-ups near the
indents on samples from the FMS of EP-823 and EP-450 grades results in strong variation in
microhardness determined from the indentation diagram. As can be seen from Figure 7c,d,
the values of Hp-up

IT and Hp
Ber practically coincide, and they show independence from h.
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However, calculation with Formula (12) for austenitic 18Cr-10Ni-Ti steel (Figure 7a,b) leads
only to a partial decrease in the gradient of the dependence of Hp-up

IT on depth and to an
incomplete convergence of the Hp-up

IT and Hp
Ber values.

Apparently, for austenitic steel, Formula (12) does not provide an adequate account of
the pile-ups when the indent projection area is determined. The fact is that when deriving
Formula (12), it was assumed that the angle of inclination of the facet of the pile-up, which
forms the indent contact area, coincides with the angle φ between the facet of the pyramid
and its height (see Formula (6)). This assumption describes the pile-up effect quite well
for steels prone to localized deformation, such as FMS. In this case, the zone of plastic
deformation of the material is localized at the facets of the pyramid, and a high pile-up
with a small base area is formed. Then the facet of the pile-up is practically adjacent to the
facet of the pyramid, and Formula (12) is valid.

For austenitic steel, the zone of plastic deformation extends quite far from the facets of
the pyramid, since the localization of plastic deformation is small. In this case, the base of
the pile-up increases, and the angle of inclination of the pile-up facet becomes bigger than
φ. Therefore, Formula (12) gives an underestimated contribution of pile-ups in the indent
projection area. It is clear that with an increase in the angle of inclination of the pile-up
facet, the indent projection area increases and the microhardness decreases for the same
pile-up height.

Such trends are confirmed experimentally by the types of the pile-up profiles for
samples made of austenitic 18Cr-10Ni-Ti steel and for samples made of ferritic-martensitic
EP-823 steel (see Figure 9).

Figure 9. The profiles of the indents for samples of austenitic 18Cr-10Ni-Ti steel (red line) and
ferritic-martensitic EP-823 steel (black line), obtained at indentation depth of h = 3.5 µm.

From Figure 9 it can be seen that the profiles of the indents for samples of the austenitic
steel and FMS differ from each other. The FMS sample is characterized by the formation of
a high pile-up, tightly adjacent to the facet of the indenter. For the sample of the austenitic
steel, the wider and diffuse pile-up is formed, which does not contact with the surface of
the indenter and has a maximum height at some distance from the indenter.

5. Determination of Radiation Hardening Under Ion Irradiation by
Microhardness Measurement with Berkovich Pyramid Indentation

Indentation with a Berkovich indenter and direct determination of the indent pro-
jection area allows one to adequately determine radiation hardening for ion-irradiated
samples. As an example, it may be demonstrated for austenitic 16Cr-20Ni-2Mo-Ti steel
irradiated with heavy Ni4+ ions in combination with He+ ions and H+ ions.
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Two values of microhardness HIT and Hp
Ber were determined at different indenta-

tion depths under indentation with a Berkovich indenter. To analyze the reliability of
determination of radiation hardening by means of Berkovich pyramid indentation, the
dependence of Hp

V on the indentation depth h was also obtained with a Vickers indenter.
The dependence Hp

V (h) is considered as a reference for determination of radiation damage.
The measurement results are presented in Figure 10.
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Figure 10. The microhardness determined with Berkovich (a) and Vickers (b) indenters as a function
of the indentation depth, h, for austenitic 16Cr-20Ni-2Mo-Ti steel after ion irradiation:;—HIT, irra-
diated material;—HIT, unirradiated material;—Hp

Ber, irradiated material;—Hp
Ber, unirradiated

material;—Hp
V, irradiated material;—Hp

V unirradiated material.

From Figure 10 it can be seen that the dependences Hp
Ber and Hp

V practically coincide
for the unirradiated zone, and are close for the irradiated zone. This result demonstrates
the possibility of adequate determination of radiation hardening not only with the Vickers
pyramid indentation, but also with a Berkovich indenter with direct measurement of the
indent projection area. The radiation hardening can be assessed from the formula

∆Hp
Ber = max

(
Hp

Ber

)
irr

−
(

Hp
Ber

)
unirr

, (13)

where max
(

Hp
Ber

)
irr

is the maximum microhardness in the irradiated zone,(
Hp

Ber

)
unirr

is the microhardness of the unirradiated zone.
This estimate exclusively reflects radiation hardening. Indeed, for unirradiated mate-

rial Hp
Ber(h) ≈ const. Consequently, the increase in Hp

Ber in the irradiated zone compared to
the unirradiated zone is solely due to radiation hardening.

The evaluation of radiation hardening based on the results of HIT determination is
not unambiguous, since an increase in HIT may be associated not only with irradiation,
but also with the influence of the indentation depth. The influence of the indentation
depth is very clearly seen not only in the HIT(h) dependence for the unirradiated zone,
but also for the irradiated one. As can be seen from Figure 10, max HIT ≈ 4200 MPa, and
max Hp

Ber ≈ 3100 MPa, while max HIT is located at h ≈ 0.4 µm, and max Hp
Ber is located at

h ≈ 0.6 µm.
The localization of max HIT at h ≈ 0.4 µm is false, since the shift in the maximum is

due to the increase in HIT with a decrease in h, typical for microhardness determination
using an indentation diagram. In other words, the actual decrease in microhardness with
decreasing h should start at h < 0.6 µm, but this does not happen, since the decrease is
compensated by an artificial increase in HIT with decreasing h.
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6. Discussion
6.1. On Pile-Up Formation

In the common case, the pile-up formation is caused by a specific process of the plastic
deformation localization, since pile-ups limit the extension of the plastic deformation zone
around the indenter. After the formation of pile-ups, further loading results in an increase
in pile-up height but not an increase in plastic deformation zone size around the indenter.

The susceptibility to the pile-up formation can be analyzed on the basis of the ma-
terial strain hardening. Let us describe the stress–strain curve of the material by the
following equation:

σeq = σY + A·
(

ε
p
eq

)n
, (14)

where σeq is the equivalent stress;
σY is the yield strength;
ε

p
eq is the equivalent plastic strain;

A and n are the strain hardening coefficients.
For structural steels both of austenitic and ferritic-martensitic types the value of n

varies from 0.4 to 0.6 and can be taken equal to 0.5 as a first approximation.
The strain localization condition is usually described in the following form [32]:

dσeq

dε
p
eq

= σeq. (15)

Solving Equation (15) when taking into account Equation (14) the dependence of(
ε

p
eq

)
loc

(the equivalent strain corresponding to strain localization) on ratio σY/A can be
obtained in the form presented in Figure 11. For tensile smooth round bars:(

ε
p
eq

)
loc

= ln(1 + δul). (16)
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Figure 11. Dependence of
(

ε
p
eq

)
loc

on ratio σY/A for n = 0.5.

As seen from Figure 11, the increase in the yield strength or decrease in strain harden-
ing parameter A results in the decrease of

(
ε

p
eq

)
loc

and hence the increase in the suscepti-
bility to pile-up formation. A link between strain hardening and pile-up formation was
mentioned in papers [33,34], where it was shown that pile-up height increases with the
decrease in strain hardening.
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In common cases, steels with an FCC lattice have lower yield strength and a higher
value of A in comparison with steels with a BCC lattice. That is why steels with FCC lattices
have higher values of

(
ε

p
eq

)
loc

and hence less susceptibility to pile-up formation.
Irradiation results in the increase of σY (so-called radiation hardening) and the decrease

in the strain hardening [31]. In this case the susceptibility to the pile-up formation increases.
The effect of the temperature of indentation on pile-up formation can be unambiguous

depending on the material. It is known that with an increase in temperature, both yield
strength and strain hardening decrease. Depending on the temperature dependence of
ratio σY/A the material will be more or less susceptible to the pile-up formation.

6.2. On the Physical Basis of the Nix–Gao Model

Based on the experiments presented in the article, it can be concluded that micro-
hardness is practically invariant to the indentation depth (at least at an indentation depth
h > 0.2 µm and at constant strain rate) when the indent projection area is directly measured.
The invariance of microhardness to the indentation depth is ensured if the indent projection
area is calculated with regard for pile-ups arising under Berkovich pyramid indentation.
The dependence of microhardness on the indentation depth is caused by the lack of consid-
eration of the pile-ups formed under indentation. Such a conclusion fully agrees with the
results of paper [35].

At the same time, in article [20], an attempt is undertaken to physically substantiate
the monotonically decreasing dependence of microhardness on the indentation depth.
Based on several a priori accepted assumptions, the dependence HIT (h) in the form (1)
was obtained in [20]. As can be seen, dependence (1) contradicts the experimental data
presented in this article.

It should be noted that dependence (1) has been repeatedly criticized, and attempts to
modify dependence (1) have been undertaken [22–24].

From our point of view, when deriving dependence (1), at least two incorrect assump-
tions were taken that led to the dependence of HIT on h. In this section, the derivation
of dependence (1) is analyzed, and the incorrectness of some assumptions is shown. As
a result, it is shown that, under more realistic assumptions, microhardness either does not
depend on h or depends on h much weaker than follows from formula (1).

According to [20], the density of geometrically necessary dislocations ρG is calculated
by the formula:

ρG =
3

2bh
tan2(θ), (17)

where b is the Burgers vector;
h is the indentation depth;
θ is the angle between the surface of the conical indenter and the plane of the

indentation surface.
In Formula (17), geometrically necessary dislocations are dislocations uniformly dis-

tributed in the plastic zone under the conical indenter, the shape of which is taken as
a hemisphere with radius, a, equal to the radius of the indent projection. Thus, in [20] it is
assumed that the plastic zone caused by the indentation is a hemisphere, and in this zone
the dislocations are distributed uniformly.

To estimate the shear yield strength τ, the authors of the article [20] use the Taylor
equation in the form

τ = αµb
√

ρT = αµb
√
(ρG + ρs), (18)

where ρT is the total dislocation density,
µ is the shear modulus; α is a constant taken to be equal to 0.5,
ρs is the density of dislocations present in the material before indentation.
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It should be noted that Formula (18) describes the current shear stress above the shear
yield strength but not the shear yield strength.

To pass from shear stress to normal stress σ, the von Mises flow rule is used in [20] for
uniaxial stress state. Then

σ =
√

3τ. (19)

To connect microhardness H and σ the following relationship is used in [20]:

H = 3σ. (20)

This relationship is valid for the connection of H and the yield strength σY, but is
incorrect for the connection of H with the current stress.

From (17), (18), (17) and (20) Equation (1) can be obtained, where according to [20]

H0 = 3
√

3αµb
√

ρs, (21)

h∗ =
81
2

bα2 tan2(θ)

(
µ

H0

)2
. (22)

Substituting (21) and (22) in (1), we obtain:

H= 3
√

3αµb

√
3tan2(θ)

2bh
+ ρs. (23)

From (23) it follows that H increases when h decreases.
However, this conclusion is based on incorrect Equation (20). In a more or less correct

form, correlation of H and σ should be represented as

H = kσσ, (24)

where kσ is numerical coefficient depending on σ.
As a general case, H correlates one-to-one with the yield strength. Then with an

increase in σ above the yield strength, the coefficient kσ in (24) should decrease. With the
growth of ρG, according to (18) and (19), σ grows. Consequently, with the growth of ρG, the
coefficient kσ should decrease.

Using Equation (24) instead of (20) we obtain

H = kσ

√
3αµb

√
3tan2(θ)

2bh
+ ρs. (25)

As seen from (25), the value of H depends on h and kσ. When h decreases, ρG increases
according to (17), and as a result, σ increases and kσ decreases. Then it does not follow
explicitly from (25) that a decrease in h leads to an increase in H.

One more incorrect assumption is the assumption used for the derivation of
Formula (17). As mentioned above, Formula (17) is obtained from the assumption that
dislocations are uniformly distributed in the plastic zone, which is a hemisphere. Accord-
ing to [36,37], the shape of the plastic zone is not a hemisphere, and dislocations are not
distributed uniformly throughout the plastic zone. Moreover, from Formula (17) it follows
that with a decrease in h, the dislocation density ρG increases. This trend contradicts the
TEM investigations of microstructure presented in [36], where it is shown that the density
of dislocations in the zones of plastic deformation under the indenter, at least, does not
increase with decreasing h. Consequently, even if correlation (18) is taken, the hardness of
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the material does not increase with a decrease in h, since ρG does not increase, and therefore
σ does not increase either.

7. Conclusions
1. It is shown that for a homogeneous material, the microhardness under Berkovich

indenter indentation does not depend on the indentation depth if the indent projection
area is determined directly by measurement of the indent geometric characteristics.
When the microhardness is determined from the indentation diagram using the gener-
ally accepted Oliver–Pharr method, dependence of microhardness on the indentation
depth is observed even for a homogeneous material.

2. The main reason leading to the dependence of microhardness on the indentation
depth is the formation of plastic pile-ups near the facets of the Berkovich indenter
indent that is not taken into account in the microhardness determination from the
indentation diagram.

3. The proposed method allows one practically to exclude the influence of the indentation
depth on microhardness of homogeneous material at least over the depth range from
0.2 to 4 µm and to obtain adequate assessment of the radiation hardening for a thin
irradiated layer with depth about 2 µm.

4. The microhardness values determined with Berkovich and Vickers indenters indenta-
tions coincide almost completely if the same geometric characteristic of the indent is
used (either the indent projection area or the contact indent area) and this characteristic
is determined by direct measurements.

5. Formula (12) is proposed for taking into account the influence of pile-ups on the micro-
hardness determined from the indentation diagram using the Oliver–Pharr method.
The use of this formula makes it possible to practically eliminate the dependence
of microhardness on the indentation depth for materials with a high susceptibility
to deformation localization, including the studied ferritic-martensitic steels. At the
same time, for materials with high strain hardening resulting in small localization of
plastic deformation (for example, for austenitic steels), Formula (12) does not allow
one to take into account the pile-ups adequately. The difference in applicability of
Formula (12) is connected with different profiles of the pile-ups for ferritic-martensitic
and austenitic steels.

6. It is shown that the radiation hardening of a material may be adequately determined
with Berkovich indenter indentation of a thin ion-irradiated layer if the microhardness
is calculated on the results of direct measurement of the indent projection area. The
use of the Nix–Gao model can lead to incorrect results and significant errors in the
estimation of radiation hardening.

7. Some assumptions have been analyzed that were taken in the Nix–Gao model [20] for
derivation of Formula (1). It is shown that these assumptions are not sufficiently phys-
ically substantiated; that raises doubts in the correctness of the proposed dependence
of microhardness on indentation depth.
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