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H3MepeHne TBEPAOCTHU ¢ MOMOIIBKO MHACHTOPA LJIHIICOMAATIbHOM (l)OprI

A. Bymnamu®, K. Jloycug®

* Texuonoruueckuii (axysnprer, YHUBEpCUTET T. Mcnia, AJKup

° JlaGopaTopusi HEeMETaNTMIECKUX MaTepuaiios, YHuBepcurer uM. Oepxarta A6Gaca, Cetnud, Amkup

Ecnu npu ucciedoeanuu meepoocmu 6 Kauecmee UHOCHMopa UCHOIb308AL0Ch MEEpOoe Meio dJIun-
COUOATLHOU (POopMbL, bIpadiCeHUe O CIMAMUYecKol meepooCcmu paccmampuedanocs Kak QyHKyus
om anybumnsl u paduycos omneuamra unoenmopa. Ilpu smom npumensnacy oowas popmyid, céssvi-
8AIOWAST CMAMUYECKYIO MEEPAOCTb ¢ OMHOUCHUEM HOPMAIbHOU CUbl, NPULA2AEMOTl K UHOEHMOpY,
K peanvHoll niowaou e2o omneyamka. IIpu noayuenuy KOHeuHou Gopmynsl Ol pacuema meepoocmu
UCNONBL308ANUCH 2COMEMPUYECKUTL U MAMEMAMUYECKUll N0OX0O0bL.

Knrouesvie cnosa: wamepeHne TBEPIOCTH, MEXAaHMUYCCKUE HCIBITAHHs, 0ObeMHas Jedop-
Mallusi, TeOMETPUYECKasi MOJICIb.

Notation

A, B,C — semi-axes of ellipsoid

d — diameter of the area of the project imprint of a revolution ellipsoid indenter
H, — static hardness of the ellipsoidal indenter

H, — measured hardness by a body of revolution, in the case of a circular imprint
H, — measured hardness by a body of revolution, in the case of a real imprint
F — applied load

S — imprint surface

a ,b” — semi-axes of the projected elliptic surface

h — depth of the imprint

r — radius of the projected surface of the imprint

Introduction. The different dynamic and static hardness tests play a major role to
define the hardness of massive and covered materials. They consist to penctrate a harder
indenter in a less hard body [1].
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The hardness of material is a very important property in the fields of materials
industry. It is considered as a significant mechanical characteristic in a world of technologies.
It is defined as the mechanical resistance of material under test, which opposes the
penetration of another harder material [2—10].

The hardness of covered and massive materials is an old problem, which had already
been a subject of many theoretical and experimental studies. There are a lot of geometrical
and mathematical models, to determine the hardness of different materials. The static

hardness H, is expressed by the ratio of the applied load F to the imprint surface §' [2—
10]. Its mathematical expression is given by the following expression:
F
H e = E .

In the hardness tests, the geometry of the indenter (pyramid, cone, sphere, etc.) is a
very significant factor because of the geometrical form of the resulting imprint and the
phenomena occurring during and after the tests (cracking, deformation, etc.).

In the present theoretical study, an indenter of an ellipsoidal geometrical shape is
used to measure the static hardness of materials, where it has been calculated according to
semi-axes A, B,and C of the indenter, semi-axes of the projected imprint @™, b~ ,and r,

applied load F, and depth /& of the imprint. Furthermore, the hardness has been
theoretically calculated by using geometrical approaches for the real imprint cap.

The paper is organized as follows: First, general theoretical concepts related to the
indenter theory are highlighted. Secondly, the area of the imprint is calculated as a function
of its semi-axes and its depth. Finally, mathematical and geometrical assumptions have
been made to reduce and give a useful expression of the hardness expression.

1. Mathematical Concepts.

1.1. Ellipse. An ellipse is formed by cutting a three-dimensional cone with a slanted
plane. It has radius that changes in between A4 along the x axis and B along the y axis
[11].

The standard equation of an ellipse (Fig. 1) with a center at the origin of a Cartesian
coordinates system and aligned with the axes is

2 2
X Y
BT 1
VAT 1)
Thus, the area of the ellipse (S) is
S = nAB. 2)

1.2. Ellipsoid. The standard characteristic equation of an ellipsoid centered at the
origin of a Cartesian coordinates system and aligned with the axes is [11]:

£ \2 y 22
—| +|=| +|=| =1 3)
A B C
For an ellipsoid of revolution of semi-axes (R, R, C) respectively, along axes Ox, Oy,
and Oz (Fig. 2), its characteristic equation is written as the following:

HRERC
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Fig. 1. The ellipse. Fig. 2. The ellipsoid.

We put
X +y =7 ®)

el ()=

1.3. Surface of a Body of Revolution. The side area of a body generated by a
revolution of a curve of a characteristic equation z= f(x), around an axis Ox and ranging
between the points a and b (Fig. 3) is expressed by [11]:

b
S = [ 2nzdl, ™

a

where dl is the differential of the curve arc, it is given by the formula:

dl = \/(dz)* + (dx)*. (®)

By introducing Eq. (8) in Eq. (7), we get

| (d o d d
S = onz 1+(dx) dx  with d—i= f;(;). )

Then, Eq. (7) may be written as

S = onf( ) 1+(f( )) (10)

2. Hardness Measured by an Ellipsoidal Indenter.

2.1. Principle of Penetration. In the case of hardness tests by using an ellipsoidal
indenter, we used an indenter of an ellipsoidal shape of semi-axes A4, B,and C,under the
action of a known constant force applied perpendicular to the indenter and under defined
conditions. We measure the dimensions of the imprint (transverse and depth) and deduct
the hardness.
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Fig. 3. A body of revolution.

2.2. Static Hardness. The static hardness H, is expressed by the ratio of the load
applied F to the projected surface S of the imprint [12], as following:

H,=~—. (11)

For an elliptical indenter, the mathematical expression of the area of the projected
imprint of the semi-axes; a~ and b~ is given by the following relation:

S=ma b, (12)

Introducing Eq. (12) in Eq. (11), the static hardness becomes:

F
H=——. (13)
ma b

For an indenter having a geometrical form of an ellipsoidal (Figs. 4 and 5), the
semi-axes @ and b~ of the projected surface of the imprint can be written according of
the penetration /2 and the semi-axes of the indenter A, B, and C as following:

2
a =4 Z’—(Z) , (14)
_ oh (k)

Then the expression of hardness becomes

_ C’F
TAB(2hC— (h)*)

(16)

e

102 ISSN 0556-171X. IIpobremvt npounocmu, 2016, Ne 3



Measured Hardness by an Indenter Having Ellipsoidal Shape

2a”

" Tested material

2b~

) [
Ll

Fig. 4. Penetration of ellipsoid. Fig. 5. Area of project imprint of ellipsoid indenter.
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Fig. 6. Area of the project imprint of a revolution ellipsoid indenter.

2.3. The Hardness when the Indenter is a Revolution Ellipsoid.

2.3.1. A Circular Imprint. For an ellipsoidal indenter of circular section (C = R = B),
the projected surface of the imprint becomes a circular disk of a radius = d/2 (Fig. 6). We
can write the expression of the radius according of the semi-axes of the body of revolution
A and R, and the imprint depth 4, as follows:

2
d 2h [ h
d_,-r _() , (17)
2 A \4
Then, the hardness takes following form:
F _ 4F AF
Hec == (18)

w2 wd®  aR2(2hA—(h)*)
2.3.2. A True Imprint. For an ellipsoidal indenter (body of revolution) of a circular

section (C = B = R), the imprint is a cap of circular basis of a diameter 4 and a depth
h (Fig. 4). Accordingly, the surface of this imprint gets the formula:

A d= 2
S = A{h an,/1+(dx) dx. (19)
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From the characteristic equation (1), we deduce:

2
22= Rz[l— :2) (20)

The derivative of equation (20) leads to following expression:

7z == (21)

By introducing Egs. (20) and (21) in Eq. (19), we get

= 27'[2, 1+ 2.7I1 22 + 27 dx—QJtRf

42_R2
Ve
Then, the area of the imprint becomes

_ e j'VI—-t dt.

B ﬁ(A D)

RZ
1_7

Let t=ﬁ% with g2 =

By integration, we get

7[t\/1—t +arcsmt] (A By
Thus,

ﬁ[ﬂqll—ﬁz +arcsin ﬂ]—[ ﬂi AA h)z +arcsin ﬂh)}

5 arcsin 3
= AR\ 1- B + AR 5 AR(A—h)|1

_mA—h) arcsin (,3 A;h) .

{5

For a modest applied load, the imprint is very small (4>>%) so

(22)

A—h

=]

S=nRh(w/ — B+ arcznﬁ ) (23)
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Then, the hardness of a penetration (k) gets following expression:

H, = pr
¢ nRh(ﬁ«/l—ﬂ2+arcsinﬁ)' 24

From Eq. (17), the penetration expression / becomes a function of the both indenter
dimensions (4, R) and the radius » of the projected imprint,

AR— AR?*—/#* AR+ ANR? — #*
=+ (accepted), and h=fr

2
,
h=A{1—=,|1=|—| |
( ( R) J (25)
For a small imprint (cases: microhardness or nanohardness), the ratio (]:) is

- et

By introducing Eq. (26) in Eq. (25), we get

2
p=2 (r) . 7

h > A (rejected).

Thus,

negligible [12]:

2\R

Then, the expression of the imprint surface becomes

2 .
Sznm(m_i_arcsmﬁ). 28)

2R B

Then, the hardness expression will be given by the formula

_ 2RBF _oF
w4 (B/1- B* +arcsin ) r 29)

2RB
G= .
7A(By/1- B2 +arcsin ) (30)

H

with the constant

Conclusions

1. In the present paper, the most important result of using an indenter of ellipsoidal
geometric form to measure the material hardness is the derived mathematical expressions of
the imprint in different geometric shapes.
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2. In the determination of hardness expression, when the indenter has a geometrical
form of an ellipsoidal, the considered surface of the resulting imprint has been taken as an
elliptical section (projection of the real print) in the first case. The related mathematical was
simple, but in the second case, where the surface of the imprint is considered as an
ellipsoidal cap, the hardness expression is more complex. Thus, a geometrical approach has
been made, to ease the mathematical expression of the resulting imprint and hardness.

3. As a main conclusion, the indenter of ellipsoidal shape presents theoretical and
experimental interests, which will lead to widen the field of applications of various
methods of the hardness tests.

4. In this theoretical study , the hardness expression of a spherical indenter can be
deduced. Also, it can be seen the differences between an ellipsoid indenter and spherical
indenter.

Pe3zwome

SIkmo mpu TOCHIHKEHHI TBEPAOCTI 3a 1HAEGHTOp CIYTyBajo TBEpHAE TUIO eINNCOiaHO1
(dopmu, BUpa3 Il CTAaTUYHOI TBEPIOCTI PO3MIIsAABCs K (DYHKLIS BiJl IIIMOWHM 1 pajiyciB
BimouTKa ingenTopa. [Ipu mboMy BHKOPHCTOBYBaJach 3araibHa (OopMyIIa, M0 3B’sA3yBaya
CTaTHYHY TBEPAICTb i3 BIJHOLIEHHSM HOPMaJbHOI CHIIM, NPHUKIIAAEHOI 0 1HJEHTOpa, 10
peanpHOi TUIOmII Horo Bimbwtka. Ilpm oTpmMaHHI KiHIEBOi (OPMYIH IS PO3PaXyHKY
TBEPJIOCTI BUKOPUCTOBYBAJIUCH TCOMETPUYHHUN I MEXaHIYHUN MIIXOIH.
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