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Abstract :

A new areafunction isintroduced and gplied to a Berkovich tip in order to characterize the

contact projected area between an indenter and indented materia. Thefunction can be reated directly to

tip-rounding , thereby having obvioudy physca meaning. Nanoindentation experiments are performed

ona commercid Nano Indenter XP sysem. The other two area functions introduced by Oliver and

Pharr and by Thurn and Cook regectively are involved in thispgper for comparion. By comparion from

experimenta results among different areafunctions, the indenter tip described by the proposed areafunc

tion here is very close to the experimenta indenter.
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In the past two decades, nanoindentation, a-
9 known as depth-send ng indentation (DSI) , con-
tinuous recording i ndentation and ultra-low-load in-
dentation, has been developed as an important
technological tool for measuring the mechanica
properties of bulk materias, thin films and coat-
ings, eyecialy at smal scales. The technique,
caled depth-sendng method , relieson high-resol u-
tion instrument that continuoudy monitor the loads
and digplacementsof anindenter asit ispushed into
and withdrawn from a material. Many mechanica
properties, most commonly , the hardness and elas
tic modulus, can be derived through analyzing the
load-diplacement curve obtained during loading
and unloading!*! , which is schematically illustrated
in Fig.1. GConventiona micro-hardness by imaging
of aresdua indentation impresson to estimate the
contact area at peak load is determined. But , for
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Fig.1 A typicd loaddigplacement curve

smdl-scale indentation , measuring the resdua im-
presson may be extremey difficult , not only re
quiring the use of ophigticated imaging techniques
such as scanning electron microscopy , scanning
probe microscopy, or transmisson electron mi-
crosoopy , but being too blurry to measure the con-
tact area exactly for indentation edges of ome ma
teria g%,
a known function of the indentation depth, i. e,

However , if the projected contact areais
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area function, no imaging is required ,and the con-
tact depth at peak load can be extracted from in-
dentation loacdiplacement curves ( Fg. 1).
Knowing the projected contact area, the hardness
H and the reduced modulus E; are derived from

P
_ max
H= (1)

and

e - Ju_s 2

B

where Py IS the peak load, Ac is the projected
contact area, S isthe unloading siff ness measured
at the maximum depth of penetration hma B is a
congtant that depends on the indenter geometry.
The reduced modulus is employed in order to ac
count for the fact that elastic deformations occur in
both the indenter and the gpecimen. E, may a < be
given by

]-V2+1'V'2

e ©

E = (

where E, E andV ,v; are Young' s modulus and
Poison' s ratio of the gpecimen and indenter , re
ectively!® . Asit iswel known, dl indentersin
practice have a certain degree of tip-rounding. This
deviation of an experimental indenter from perfect
sharp is the most dgnificant source of uncertainty
in nanoindentation testing results'*!. Indeed , deter-
mining the contact area from the indentation load
and diglacement is centra to study the properties
of materials by nanoindentation®!.

In this paper a new areafunction for sharp in-
denter tips conddered as geometry of concrete
shape is propounded. Nanoindentation experiments
conducted on severad gecimens are used to check
the performance of the area function. The experi-
menta resultsof the current areafunction would be
compared with those determined from two area
functions proposed by others.

1 Approachesof Determining Area Function

Several gpproaches have been developed to cal-
ibrate the indenter tip area-depth function. These
include three kinds: imaging techniquest®®! | iterar
tion techniquest®' ! and geometry techniques’!.

Except for directly measuring the resdua indenta
tion impresson, aternative technique is the direct
measurement of the indenter usng a scanning force
microsoopy (SFM) , caculating the contact area
from scan poi ntsl*. Because of requiring sophisti-
cated imaging tools at small scales and limitation of
laboratory conditions, even at the deep indentation
depth, imaging techniques are time consuming. In
addition, the contact area by imaging techniques
may vary with different people who measure the di-
mengons of indentation impressons.

And on the iteration technique, the method
proposed by Oliver and Pharr is a typica exanr
plel*) making iteration procedure between area
function and frame compliance , which involves the
use of severa standard gpecimens and the eva ua
tion of unloading iff ness, and findly an eight-pa
rameter area function is proposed as expressed by

8

T[ i-1
T i hZ + Cihc”? (4)

A

where hcisthe contact depth at the peak load O is
the efective included haf-angle, C;- Cg which are
used to describe the tip-rounding are congtants. Al-
though the analys's technique developed by Oliver
and Pharr is very widdly used for analyzing nanoin-
dentation load digplacement data,there are several
problems as follows. Firgtly, the iterative process
may be difficult to achieve convergence without ac-
curately knowing the frame compliance, and the
initial guessfor theiteration often afectsthe deter-
mination of the area function. Secondly, to main-
tain the reproducibility of the experimenta results,
it is necessary to periodically caibrate the area
function because of indenter tip-wearing with in-
creae of experimenta times. Thirdly, the area
function varies with materias even if the same in-
denter isused™® . A combined iteration technique!’
based on Oliver and Pharr method is proposed by
Herrmann and Jennett et al , however ,it requires
cong derable experimenta effort.

Geometry techniques directly depend on the
geometry relationsof indenter tip. Thurn and Cook
take the profile of the indenter tip as the harmonic
average of these two limits: a conica tip and a
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gpherical tip!®°!. The conica tip can be described

by
z, = roota (5)

:|=f'C(1l!‘X

(b) phere of radius R

b
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(c) the harmonic average(a) and(b)
Fg.2 <Shematic diagramsof lidsof revolution
describe indenter tips:

as shownin Fig.2(a). Fig.2(b) showsa gherica
indenter with a here radius R. Generdly , if r <

R ’
2

2= 5 (6)
from geometry, then the harmonic average of a
gherica tip described by Eqg. (6) at small penetra
tion depths and a conica tip described by Eq. (5)
at large penetration depthsis expressed by

I | 1 1 2R
he ~ zi(a) e D

z(a) ~ acot a
where ais the contact radius. Eqg. (7) can be re-
written as

= aootd - 2 Root™™

(8)
The contact areafunction of the indenter tip can be
determined from Eg. (8) at a given contact depth,

-1
he = acotd 1+2.R§;11QJ

(;h“t& +2Ro00)2  (9)

The condition (a/ (2R)) > oot must be met
that the contact h>0in Eqg. (8) is satified. Not
only has the area function physca meaning to a

AC:T[a2:T[

certain extent , but als can be reated directly to
tip-rounding. However , accurately measuring the
radius R whose value varies with tip-wearing may
require ®me eforts. Experimental results of this
area function will be discussed in Part 3.

2 Introducing a New Area Function

Sharp indenters are commonly used in nanoin-
dentation, and it isoften convenient to model their
behavior by that of the cone wtih a included half-
angle which gives the same area-to-depth relation-
ship. For the Berkovich and Vickerspyramids, the
equivalent cone half-angle is 70. 3 because of the
geometric self-smilarity of pyramidal indenters'’.
Any areafunction for indentersisintended to cali-
brate the tip-rounding. Although Eq. (4) has a
good performance verified by experiments, there
are too many parameters involved without definite-
ly physca meaning and required to be determined.
Eqg. (9) is gotten based on the geometry of inden-
ter , which is not quite intuitional. In this paper,
the indenter is taken as a more concrete geometry
shown in Fig. 3 which can directly describe the
profile of the indenter ,and now this geometry has
been admitted by some researchers™**!. Then , the
area function for an indenter tip can be determined
from the geometric relation existing in this geome-
try (Fig.3).

The contact radius a isthe sumof a; and a;
(Fig.3) . According to the relations of this geome-
try (Fig.3) ,

a; = Rootd (10)
a = ta [ he - R(1- s ] (11)

Then,
a=a+a =tad[h.- R(1- dm)] + Rco!

(12)
Thus, an area function for indenter tips is gotten
from Eg. (12) ,
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The firgt term of the right sde of Eg. (13a)
describes aperfect pyramida indenter , and the sec
ond is perturbation describing tip-rounding. Asfor
the third term, it prevents the projected contact
areafrom going to zero as the contact depth ap-
proaches zero , which becomes dgnificant with re-
gect to A only at extremely shalow indentation
where the tip is primarily sphere-like. The condi-
tion

he > R(1- sm) (14)

is necessary to assure a; > 0. For sharp indenter ,

itis impossble that the contact indentation
deptht*!
Prax
he = N - € ¢ (15)

where€ isacongant related to indenter geometry ,
will gpproach zero from indentation curves under
the condition that Eg. (14) is satified. The ratio
of the actua contact area to the perfect indenter
contact area will increae with the depth de
creae'™. S, what isimportant to the third term
of Eq. (13a) is to predict the comparatively accu-
rate contact area at small depth.

The difference between Eq. (13a) and Eqg. (9)
can be eadly found to be that 2cotd is greater than
B. Thefirst reaon is that the condition of a< R
might be not met with the depth increase. The sec
ond is that the two kinds of geometry models are
variant , of which oneisassumed with the cone sur-
face to be tangent to the gphere surface (Fig. 3) ,
and the another is not. As a result, the contact
areaof Eg. (9) is always larger than that of Eq.
(13a) , which becomes more evident at very shal-
low depth.

For the purpose of fitting curve, this area
function can a9 be expressd as

Fig.3 Schematic diagram showing the geometry
of an identer with tip-rounding

(13b)

where m isafitted parameter related tod , and n
is a parameter related tod and R. Thisequationis
very dmilar to the following one introduced by
Herrmann and Jennett et al ,

JKC = che + b, (16)

with c and b as regresson coefficients .

3 Experimenta Results

In order to check the validity of the current
proposed area function (Eg. (13a)) for the sharp
indenter , nanoindentation experiments are per-
formed by usng a commerciad Nano Indenter XP
system which has a di placement resolution of 0.01
nm and aload resolution of 50 nN. A Berkovichin-
denter is used to carry out dl the indentation tests.
Three materials are indented: fused dlica, du
minum and copper .

At least five indentations are performed at
each load. Fig.4 and Fig.5 shows the hardness H
and the éastic modulus E regpectively , which are
determined from three different area functionspre-
sented above. In these legends, ' O & P denotes
the results calculated from the area function pro-
posed by Oliver and Pharr,” T & C from the area
function proposed by Thurn and Cook , and 'L &
Z from proposed area function in the paper.

From these results, it can befound that the a
greement of hardness and modulus obtained from
the three areafunctionsis excellent at the deep in-
dentation depth. At lower depths, the results ob-
tained from the current proposed area function are
nearly condstent with those from the area function
of Oliver and Pharr , which can be explained by the
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oondition (14) because h;only need to be greater
than 17 nm even if R =100 nm. However , the re-
sultsof fused slicafrom current areafunction devi-
ated from that from Oliver & Pharr’ sareafunction
at 50 - 100 nm. This will not compromise the var
lidity of current area function because, asis  of-
ten pointed out , the measurementsof load and dis
placement are susceptible to many interfering fac
tors'*! other than tip-rounding of indenter at small
gales. Both hardness and modulus exhibit the ten-
dency in which the contact area determined from
Eg. (9) proposed by Thurn and Cook increases

0 200 400 600 800 1000
Indentation depthinm
(c) Copper
Fg.5 Moduusof materids determinde from
different area functions

with the decrease of the indentation depth, even
meeting the condition of a/ (2R) > cotd. This
proves the analyssin Part 2.

4 Conclusons

Thinking of the profile of a sharp indenter asa
concrete geometry, a phydcaly meaningful area
function isobtained. And the function is compared
with the area function proposed by Oliver and
Pharr which has been adopted as a standard refer-
ence methodin 1S0-14577. Thefunctioniseasy to
be determined as compared with eght-parameter
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areafunction. On examination of the analyssof in-
dentation experiments,it is seen that the current
proposed area function describes the indenter tip
very well , epecialy at lower indentation depths.

Certainly , the function has the same problem
in determining the radius R. Asto the determina
tionof the radius, please refer Ref. [9] and Ref.
[11]. However ,once the radiusis known, it will
be admitted here and will not change in one experi-
ment or even in those of aperiod.
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