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In this theoretical contribution, we chose to use an indenter having a
spherical geometrical form, which we used to model the surfaces mixture
to separate the contributions of substrate and film in the composite cov-
ered material hardness. We have considered the coefficients a,  of the
model as ratios of the projections of the imprints at the horizontal plans
(disks surfaces). We prove that the film hardness of monolayer coating is
dependent on the composite and substrate hardness, the geometrical form
of the indenter, and the film thickness.
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YV 1mii TeopeTuuHiil pobGOTiI PO3TIAHYTO iHAEHTOP chepUUHOI reoMeTPUUHOI
dopmu, Axuit 6yJaI0 BUKOPUCTAHO OJs CKJIAJAaHHS MOJEII0 3MilllaHMX IOBe-
PXOHB, MI00 OIIHMTY BHECKU MiAKJAAWUHKN Ta ILJIiBKKM Y TBEePHiCTb KOMIIO-
BUTHOTO MaTepidasy moKpuTTd. KoedimieETHm Momeno o, 3 posrigagaroTbca
K CHiBBiZHOIIEHHA MNPOEKIiA BigOMTKIB Ha TOPW3OHTAJbHI IIOIMUMHU (¥
BUTJIAAI AuCKiB). IloBemeHO, IO TBEPiCTh MJIIBKYU OJHOIIAPOBOTO MOKPUTTSA
3aJIeKUTh BiJl TBepIOCTEl KOMIO3UTHOIO IIOKPHUTTS Ta MiAKJIATUHKU, T'€0-
MeTpUYHOI ()OPMHU iHIEHTOpAa Ta TOBIIMHU ILIiBKU.

KarouoBi cioBa: TBepAicTh, chepUUHUN iHAEHTOP, MOMAEIb 3MillIaHUX MOBE-
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PXOHBb, OJTHOIIIAPOBE MOKPUTTS.

B aT0ii TeopeTmueckoit paboTe pacCMOTpPEeH HHIEHTOP chepuuecKoil reomer-
puueckoi (popMbI, KOTOPBIA OBIMT HCIIOJbH30BAH JsI COCTABJIEHUS MOIEIU
CMEeIIaHHBbIX OBEPXHOCTeli, UTOObI OIIEHUTh BKJAAbI IMOMJOMKKN U ILJIEHKU B
TBEPAOCTh KOMIIOSUTHOT'O MaTepHajia MOKPBITHA. KoahduiineHTsl MOIEIN O,
[ paccmarpmBaroTCsA KaK OTHOIIEHUS IIPOEKIIWHM OTIEYaTKOB Ha TI'OPU30H-
TaJbHBIE IIJIOCKOCTHU (B BUIe AMCKOB). I[0KasaHO, UTO TBEPIOCTH ILJIEHKU
OIHOCJIOTHOTO TOKPBITUSA 3aBUCUT OT TBEPAOCTEHl KOMIIO3UTHOTO HOKPBITHA
U MOAJIOMKKHU, TeOMeTpuUecKol ()OpMBI MHJEHTOPA U TOJIIUHLI IIJIEHKN.

KarouesBsie cioBa: TBEPAOCTh, chepUUECKUN MHICHTODP, MOAEIL CMEeITaHHbIX
IOBEePXHOCTEH, OMHOCJIOMHOE MOKPLITHE.

(Received October 18, 2018)

1. INTRODUCTION

Surface treatments by coating or thin layers deposition were an ef-
fective way to control or improve many properties such corrosion
resistance, electrical and decorative properties. However, surface
characterization is mainly based on the measurement of micro- or
nanohardness. This test gives the hardness of the coated layer H,
when it is thick enough; however, it involves substrate hardness H,
when it is more or less fine. Then, we consider the composite hard-
ness H.. Some authors have proposed a critical ratio indentation
depth on the thickness of the coated layer to be able to separate the
hardness of the coating from the substrate [1-3]. The weak point of
this alternative lies in the variation of hardness as a function of
indentation depth. On the other hand, the majority of experimental
techniques, including ultramicrodurometry, have not shown good
sensitivity with respect to the characterization of the behaviour of
single layer [2, 4]. Measuring the indentation depth harsh layers
under low load not exceeding a few millinewtons becomes insignifi-
cant. To circumvent these difficulties, different models have been
proposed [4—16]. Several models offer an equation whose form can
be written generally:

H,=oaH;+ BH, witha +p=1.

Other more recent studies have taken into account further con-
siderations: the plastic zone under indent [17] or the effect of the
angle of indenter. These models have been validated on materials
such as 316L (steel) or iridium. Experimental studies are used
Berkovich or Vickers indenters where we must take into account the
stress concentration at the top of the pyramid, on the one hand, and



MODELLING OF THIN FILMS HARDNESS MEASURED BY A SPHERICALINDENTER 1691

the effect of friction between the indenter and the material, on the
other hand.

In this contribution, we have determined the coefficients oo when
the indenter is a sphere in function of the radius of the imprint r
and indenter R, the film thickness e, and the function g, then, the
film hardness H; in function of the composite hardness H,., the
hardness of substrate H,, and the expression of balancing coeffi-
cient o.

2. MATHEMATICAL CONCEPT
Circles. In Cartesians coordinates (Oxy), the standard form of a cir-
cle equation of radius R [18] centred at the origin (Fig. 1, a) is giv-
en by the following equation:
X*+Y?=R. (1)
Circle with radius R has an area of a disk S given by the formula
S = nR%. (2)
Spheres. A sphere is a perfectly round geometrical object that is
three dimensional, with every point on its surface equidistant from
its centre. The Cartesian equation of a spherical form of radius R
(Fig. 1, b) centred at the origin is given [17] by
X?+Y*+ 7% =R (3)
In the xOy plane, the radius of sphere r given by

X2+ Y =12 (4)

a b

Fig. 1. Circle (a) and sphere (b) in Cartesians coordinates.
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Therefore, the equation of sphere takes the formula

P+ 722 = R (5)

3. HARDNESS OF COVERED MATERIAL
3.1. Principe of Penetration

The principle consist to introducing a sufficiently hard indenter of
spherical geometrical shape of radius R, in a covered material of a
film thickness (e), under the action of a constant load (F) applied
perpendicular to the indenter under definite conditions.

We measure the dimensions of the radius r of the transversals
projected surfaces of the imprint. Consequently, we deduce the ex-
pression of the balancing coefficients of the surfaces mixture model
law; then, we determine the hardness of film H; according the com-
posite hardness H,, the hardness of substrate H,, and the expres-
sion of balancing coefficient a.

3.2. Hardness and Penetration

In the statics tests of hardness [19-21], the hardness of massive
material is defined by the report of the load F applied to the in-
denter on the projected surface of the imprint S:

H =F/S. (6)

When the indenter has the spherical geometrical form, the pro-
jected surface of the imprint has a disk form of radius r [19-21]:

S = nr?. (7
Then, the formula for hardness is as follows:
H = F/(nr?). (8)
According to the surfaces mixture model, the composite hardness
of a monolayer coating (substrate + film) is given by the following
additivity law [1, 12]:
H,=o0H; witha +p=1, 9)

where H, and H; are the hardnesses of substrate and film, respec-
tively.
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3.3. Balancing Coefficients

To separate the contributions of substrate and film on the composite
hardness (film + substrate) of a monolayer coating measured accord-
ing to the surfaces mixture model, the balancing coefficients (a, B) as
ratios of projected surfaces of the imprints corresponding to an in-
denter of spherical geometrical form were expressed as follow [1, 12]:

a=>S8;/S. B=5,/8. (10)

The projected surface of composite imprint (Fig. 2) is given by the
expression

S, = nr2. (11)

Therefore, the composite hardness is given by the following ex-
pression:

H, = F/(nr). (12)

Thus, the projected surface of imprint of the substrate (Fig. 2)
becomes as follows:

S, =nr?, (13)

s

and the projected surface of film is given by the following formula:
S, =8, -8, =n(r* —r)). (14)

According to the law of the surfaces mixture (9), the composite
hardness for the monolayer coating is given by the following addi-
tivity law:

H, = oH, + (1-0)H, (15)

” -
< >

Fig. 2. Load-supporting areas of film and substrate of spherical indenter.
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with
a=S8,/8, =@*-r))/r (16)

From Eq. (5) and for the point (ry, hy) in the rOz plane (Fig. 3),
we obtain

R+hi=R =1 =R"-h. (17)

From Eq. (5) and for the point (r, &) in the rOz plane (Fig. 3), we
also obtain

ek =R =’ =R -1 (18)

The subtraction Eq. (17) from Eq. (18) gives the following equa-
tion:

r’—r?=ni-h. (19)
Replacing Eq. (19) into Eq. (16), we get:
a=(*-r?/r"=0H-h)/r", (20)
and besides, we have
hE —h? = (hy — h)(h, — b + 2h). (21)

From the geometric model in Fig. 3, it is clear that the thickness
length of deformed film (k, — k) is dependent on the film thickness

F

Indenter

2R

J N2y

Substrate

Fig. 3. Representation of spherical penetration in the xOz plane.
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(e), the imprint radius (r), and the sphere radius (R). Therefore, we
can consider that the thickness of deformed film is given by the fol-
lowing relation:

ho—h =¢. (22)

Here, ¢ is a function of parameters e, r, R.
By introducing Eq. (22) into Eq. (21), we get:

he —h? = (hy — h)(h, — b + 2h) = &(c + 2h). (23)
From Eq. (18), one can find
h=R? 2. (24)
When we replace Eq. (24) in Eq. (23), we get:

h: —h? =e(e+2VR? - 1?). (25)

For the microhardness, the imprint is small; thus, the length of
deformed film is negligible (¢* ~ 0), and we can write:

K - h? ~ 2e\R? - r?. (26)

When we substitute Eq. (25) into Eq. (20), the balancing coeffi-
cient a becomes, according to the indenter radius R, the film thick-
ness e, and the radius r of the composite projected surface, as fol-
lows:

o =2eVR: -1 /1. 27

From Eq. (17), the film hardness H; becomes, according to the
composite hardness H,, substrate hardness H,, and the balancing
coefficient o, as follows:

H, =[H,-(1-wH,]/a. (28)

By introducing the value of the balancing coefficient o in Eq.
(28), the film microhardness H; becomes, according to the experi-
mentally given H,, H,, r, the radius of the spherical indenter R, the
value of the quantity ¢, as follows:

_ _ 2_2 2 2 _
g H-0-2VR* - /rH, . P, H)

! 2eNR? -1 /r? * 2eJRP-1?

(29)
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Thus, in the case of nanohardness, the imprint was very small;
so, its radius is negligible (R >> r), and the balancing coefficient
becomes as follows:

o=2eVR*—r® /r® =2eR / r". (30)
When we introduce Eq. (30) into Eq. (28), we get

g _H -(-2Re/r)H, . r*(H -H)

31
! 2Re / r? ’ 2Re (31)

4. CONCLUSION

The conclusions of this work may be summarized as follow.

1. In this study, we proposed geometrical approach of the balancing
coefficients of the model of surfaces mixture, where the indenter
has a spherical geometrical form. Thus, it was supposed that the
thickness of deformed film is given by the following relation:
hyo— h =¢withe<e.

2. We conclude that the film hardness depends on experimental
measurements such as composite hardness H,, substrate hardness
H,, imprints radius r, the film thickness e, and the radius of the
spherical indenter R.

3. The function ¢ is dependent on the film deformation and the
form and dimensions of indenter. Their expression can be fined by
geometrical moulding (and it can be verified by the experimental
tests).

4. We believe that our contribution have a new theoretical and,
perhaps, experimental interest to the mechanical characterization of
the covered materials, which will bring to widen the field of appli-
cation of the hardness tests.
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