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of the reconstructed indentation was mea:
method the deformation resistance of t
zone bounded by a hemisphere was d

d/D=0.245. Based on the res
the Brinell hardness of steel

Standard meth, rmination under static application of a measuring load
(Brinell, Ro , Vickers methods) are very widely used to control the
mechani of the material in the manufacturing technologies of various

iagnostics of the performance of structural elements [4-11]. At
e accuracy of hardness measurement is largely affected by the indentation
), which manifests itself in the change of the fixed hardness depending on

order to control the properties of a material having a given mechanical
characteristics it is possible to use two or more methods of hardness measurement on
erent scales. In some cases it is quite difficult to make a correct choice of the most
1onal method. Of course, there are general recommendations on the choice of a particular
method (approximate range of hardness numbers of the method, dimensions and shape of
the sample, as well as indentation zones), but all of them are mainly qualitative in nature.
But if we talk about hardness as a mechanical characteristic, it is mostly the ability to resist
elastic and plastic deformations during indentation of the indenter. This ability is assessed
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by standard methods by the size of the residual indentation or the depth of indentation of
the indenter, which are in fact only external signs and a consequence of changes in the
material in the deformation zone during the hardness measurement process. Using only
geometric parameters of the reconstructed indentation it is practically impossible to
compare in any way the hardness numbers on different scales and to make a conclusion
about their preference. Therefore, tables of hardness scale ratios are made only on the basis
of direct measurements [24].

The main quantitative criterion to assess the ability to resist plastic deformatj

deformation resistance of the material in the center of deformation
should be noted that we are not talking about the deformation resist

specific pressure on the contact surface of the indenter. We i i e to
deformation in the deformation center created by indentati
this case the use of generally accepted empirical rel
deformation resistance is not possible, because th i termination of the

large technical difficulties. The use of the fi
deformation center still requires considerable ti
can apply the FEM in practice. Thus, the resista
center under the indenter can becomega
ability of a material to resist plastic de 1 ne can judge the preference of
any method of hardness measurement.
The purpose of the paper

ort, so not all researchers
n just in the deformation

engiticering method for determining the
formation zone arising during indentation of
the static indentation process.

¢ of measuring Brinell hardness of steel 20
diameter. In the work devoted to the study of
[16] it was established that the main criteria for the
ect are the specific work of plastic deformation and the
gree of deformation of the material in the indentation
the ratio of specific work to the degree of deformation is
e change of deformation resistance of the material in the

dness measurement. On the basis of the obtained results, practical
s are given on the assignment of a rational value of the degree of loading,
be applied to measure the Brinell hardness of steel 20.

ethods and Results

The scheme of Brinell hardness measurement with the parameters of the emerging
deformation center is shown in Fig. 1. The geometry of the deformation zone is developed
using the sliding cone theory [14-16], in accordance with which all the work of plastic
deformation during ball indentation is spent on plastic molding of the material inside the
sliding cone ACB. The sliding cone is bounded on one side by the contact surface of the
ball, and on the other side by the lines of main shear stresses 4C and CB forming the cone.
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Hardness measurement was performed according to the standard method on samples
made of steel 20 (analog: steel 1020 - USA) subjected to annealing. Yield strength of steel
20 after annealing g5, = 280 MPa.

The initial data for calculation of the ball indentation process parameters (specific work
and resistance to material deformation) were: D - ball diameter, mm; F - test load, kgf; d -
diameter of the reconstructed ball indentation, mm.

Calculations of the deformation center parameters were performed by the diames

glass with an accuracy of 0.05 mm.
Hardness of initial samples from steel 20 on the standard Brinell scale
loading F/ D? =10 equals approximately /15 HB10/1000.
Brinell hardness measurement was performed with a ball of co
mm at different values of test load in the range from 62.5 to 3000 £;
The calculated values were the following parameters.
Degree of loading, kgf/mm’

KF=%2.

Coefficient of imprint diameter

Kd=%.

Angle of contact of the ball with the sample (Ig.1), degree

(M
2

a= 2-arcSini . 3)
D

=-(l

Print depth, mm

“4)

7es¥ sample

Styp cone

Man shear A
siress lines

Fig.1. Brinell hardness measurement scheme with parameters of the deformation center in the form of
a sliding cone
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Angle of inclination of the main shear stress lines to the original surface of the sample,
degree

7=1800—/3—(900—%):450+% . )

Here: f = 45° is the angle of inclination of the main shear stress lines to the

normal of the indenter surface.
It is assumed that the pressure forces from the ball during indentation into the
material are directed along the radius (normal to the indenter surface).
calculations, the angle S is assumed to be constant regardless of the indenter she

=45°,
: . d
Height of sliding cone ACB, mm H= 3 gy .
Q)
Average value of the degree of deformation of the materj ide the s ¢ ACB
(Fig.1)
H
=1 . 7
e=In 7 @)

or this model of the deformation center
I indentation and is taken
h of ball indentation /4 is

In formula (7), the height of the sliding cone
is actually the depth of plastic deformation prop
as the initial size of the deformed element. Acco
taken as its absolute deformation.

The area of the contact surface of t en was assumed to be equal to
the area of the ball segment with height

®)

(€]

(10)

1n
t of specific pressure by the volume of displaced material, J
A=p-Vz-107 . (12)
ed value of the slip cone volume ACB (deformation center) (Fig.1), mm?®
1 7d*
V=——H-V3. 13
3 2 B (13)

In accordance with the adopted model of the deformation center, work A is spent on
plastic deformation of the material only within the 4CB sliding cone.

Specific work of plastic deformation at ball indentation (work per unit volume of
deformable material located inside the ACB sliding cone), J/mm’.

A, :%. (14)
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Integral criterion of change of fixed hardness is the ratio of specific work A4, to the

degree of deformation ¢ [16], which from the physical point of view is equal to the average
value of deformation resistance of the material located under the indenter (in this case in the
sliding cone ACB).

The strain resistance of the material in the deformation center is equal to the amount of
specific work required to produce a unit of maximum principal strain & inside the slip cone
ACB, MPa:

4
og =107,
g

ratio of p~(2,6..3)oy [25]. Obviously, for the propos

based on the construction of sliding cones, the numeri
smaller than the volume of the actual deformation .

The actual shape of the deformation center ufiler the inde
[26-30] with radius R (Fig. 2). The volume of thii hemisphere
shape of the deformation center under the ball

mm?

r is more of a hemisphere
rresponding to the actual
termined by the formula,

(16)

a7

(19)

la (19), the radius of the hemisphere R actually determines the depth of plastic
deformation propagation during ball indentation and is taken as the initial size of the
formed element. At the same time, the depth of ball indentation h is actually the absolute
rmation of this element.

Average actual value of the resistance to deformation of the material in the volume of
the hemisphere

AR
ok =g—§.103. (20)
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Numerical values of parameters calculated by formulas (1)-(20) are given in Table 1.
For clarity, figure 3 shows graphical dependences of specific pressure p and deformation

resistance o4 of the ball indentation depth expressed in the ratio d/D.

/C
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T [
@ %

\ ] '
\ D

\

\

Undeformed zone \

V)

<
Semisphere

v

isphct@with radius R

Table 1. Numerical value eters by Brinell (sample material - steel 20, heat

inealing)

* *

Hardness & * D HB, i &

R MP kgfimm?

ok gf/mm Alf O—§

0.051 0.038 728

0.068 460 47 0.024 344

0.062 0.080 | 1290

0.088 804 82 0.05 567

0.066 0.096 1456

0.096 905 92 0.06 622

0.077 0.129 | 1674

0.124 1024 104 0.079 638

0.082 0.148 | 17%

0.144 1090 111 0.090 626

0.085 0.162 1905

0.158 1130 17 0.098 618

0.086 0.168 1935

H312/125 125 | 360 | 036 R R w100 S5
0.086 0.169 1970

HB]g/150 1500 | 150 | 390 | 0390 | 09801 ppss 121 oot S35
0.083 0169 | 2042

HB]z/ZOO 2000 | 20 | 440 | 044 Lo | a2a | a2 ot 511
2 0.078 0165 | 2119

H313/250 2500 480 | 048 aors | 2 | a3 oo >3
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0.071 0151 2133
HB10/300 3000 30 5.20 0.52 0215 1285 131 0.091 123

0

*
Note:  — in the numerator are the parameters of the deformation center in the form of a slip cone (Fig.1), and in the

denominator for the actual deformation center in the form of a hemisphere (Fig. 2); AV and A§ , J/mm?; O S and

o mpPa

P,

MPa

1250

1000 4 1000
750 750
500 500
250 , {250

035 04 045 d/D

and deformation resistance a§ at different depths of ball

ence p —d/D; 2 — graph of dependence o-§ —d/D

ith increasing indentation depth (Fig.3) is explained by the more intensive
e test load F, due to increasing friction forces, compared to the increase of the
contact surface S. This effect is solely due to the ball geometry.

In this case, for the hardness measurement process, a non-monotonic dependence

een the deformation resistance is fixed & depth of indentation % (Fig. 3), which is

explained by the peculiarities of the indentation process.The main feature is the formation
of a swell around the well due to displacement of the sample material from the deformation
center. At the same time, the intensity of the swell formation changes as the indenter is

pushed in. At the initial stage of indentation limited by the ratio of d/D=0.245 deformation

resistance oo is increased to the maximum value 638 MPa (Table 1). At this stage, the

sample material is under all-round non-uniform compression within a deformation center
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bounded on the one hand by the material of the undeformed zone (Fig. 2), and on the other
hand by the indenter and the outer layers of the sample. The resistance to deformation at the
initial stage increases until plastic deformation begins to develop in the outer layers of the
sample, followed by the formation of a swell. But until then, surface layers create a kind of
surface tension forces capable of holding the material inside the plastic zone and preventing
the formation of a swell. At this time, the surface layers of the sample experience mainly
elastic deformations.

Indentation of the indenter to a depth with a ratio of d/D>0.245 causes the devg

hardening of the material in the plastic zone begin to take
specific pressure p is explained by more intensive growt
surface of the indenter. In addition, the intensive mov

inside the plastic zone. Such processes, which
buildup, certainly cannot positively influence th
the point of view of obtaining stable results whe
should receive the greatest possible deg
order to reduce the anisotropy of the

ness measurement. From
ness, the sample material

t, the sample material should
arding to the results of hardness
measurement (Table 1) the hig fficformation resistance are as follows: of =
638 MPa correspond to the gfdcr at the ratio of diameters d/D=0.245.

Further indentation of ¢ illihot bring additional effects on reducing the
influence of anisotropy aterial on the measurement results, since the
deformation resist i decreases, and the increasing swelling brings
he measurement of the indentation diameter and hardness.

yrical values & were used to determine the degree of

of str i we used the known empirical dependence of the steel 20
e results of standard tensile tests on samples with different
ardening (Russian Federation patent No. 2 703 808)

o =280+418,3.(J§-5)o’39, 1)

ield strength of the sample material corresponding to the degree of deformation

According to equation (21) the hardening curve is constructed (Fig. 4).
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Fig. 4. Strengthening curve of steel 20 obtained by tensile testing of cylindri

The highest value of material deformation resistance d
o® = 638 MPa at the deformation degree ef = 0.12 ) i) to the
hardening curve (Fig. 4) stresses 638 MPa correspond t
approx. € = 0.4. Thus, indentation causes significant i ation that must be
taken into account when measuring hardness. An
method of determining hardness without taking j
caused by indentation of the indenter [31].

account the hardening of the material

4 Conclusions

By measuring the Brinell hardness of s 1l of diameter D=10 mm at loads
from 62.5 kgf to 3000 kgf, the e itions ensuring the most reliable and stable

o deformation of the material in the plastic zone when
steel 20 occur at a depth of indentation of the indenter providing
45, which allows us to recommend for this steel the degree of
lows us to recommend for this steel the degree of loading F/D?=35. During
ocess, the sample material undergoes significant deformation, which
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