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Intrinsic stresses — Their influence on the yield s trength

and their measurement via nanoindentation

Abstract

It is well known that intrinsic stresses can drdoadlly affect the mechanical wear resistance
of materials. Thus, within this work completely jnigal extended Hertzian contact models
for normal, tilted, sliding and rotating indenteatls will be combined with a great variety of
intrinsic stress distributions in order to illugeathis effect. It will be shown that in
dependence on the character and sign of the ihteaws (intrinsic stresses) the load carrying
capacity for distinct external contact load disitibns can vary significantly. Combined with
a completely analytical defect model it can be gholat this influence is even bigger in the
case of repeated loading. According to the anallticodel we find that, under a distinct
external mechanical loading wear can be diminisbhedxpedited in dependence on the
intrinsic stress distributions.

In addition it will be shown theoretically and exipeentally that measurement of intrinsic
stresses should be possible via mixed load indentakperiments.

1. Introduction

Newly developed and highly sophisticated nanoinelsnof “the next generation” (e.g. [1, 2]
and on the more atomic scale the devices from HygsitANFATEC and Asylum Research)
appear to open up a wide range of combination$hefrather classical wear tests like for
example scratch based test methods (pin on digcalascratch etc.) with the more physical
character of nanoindention experiments. The kaseldpment for closing the gap between
wear tests and so called depth sensing indentatethods is the introduction of additional
lateral degrees of freedom for the movement andsorement procedure of the indenter
device. This leads us to depth, lateral displacedting moment or even rotation angle
sensing indentation methods. So, combined withsidak wear test procedures one might
even go so far to call this the missing experimditk for a better physical understanding of
some mechanically driven wear mechanisms. Howeeit is well known and will also be
shown within this paper, a lot of material failureechanisms cannot be separated from the
intrinsic stresses residing in the material. Thiis,combination of intrinsic stresses and those
stress fields caused by certain external loadsb&ihe main topic of this paper.

Any kind of surface treatment, be it of chemicaleamanical or thermal kind, can cause
material displacements and subsequently stres$&s.eiternal loadings of bigger scales like
for example caused by bending loads within onlyeegigpported bars cause stresses which,
with respect to additional mechanical loads of $enascales like for example surface
contacts, could be considered as “intrinsic” frdme smaller scale point of view. In some
cases only the inhomogeneous material structuresigonsible for the occurrence of such
stresses. So, e.qg. intrinsic stresses within ilrmgubstrate compounds are mainly caused by



atomic mismatch at the interface between substaate coating, thermal stresses resulting
from the difference between deposition and roorseovice temperature and other effects like
for example ion bombardment coming from the depwsiprocess itself. Apart from finite
element calculations dealing with the problem afimsic stresses (see e.g. Spaeth et al [3])
and very few somewhat more general approachesf(terg. Finnie et al [4], Hoger [5] and
Suhir [6]), the problem of intrinsic stresses hasstly been considered by using the so called
“thin plate simplification”, which neglects all s§s components pointing in the direction of
the plate normal axis. A plate-like form of thenfisubstrate-compound means that the total
thickness, R, is constant and small in comparison to its latdm@mensions. So, if one takes
for example the z-axis as the normal axis of thaing-substrate-system one has to set:
0,=0,=0,=0. (2)
A first consideration of the effect of intrinsicratses came fromTSNEY [7] who has
published a simple formula describing the bendifiga @oated bar in dependence on the
intrinsic stress within the film. This internal es$s in the film on a bar or also on a plate-like
substrate causes the film-substrate compound tp wail mechanical equilibrium is reached,
i.e. until both net force and bending moment am®.zErom the curvature of the elastically
deformed coated substrate the average film sts&ssan be calculated. When the thickness of
the film, h, is small compared to that of the substrate, bov@ mentioned simple formula of
STONEY [7] holds. It can be given as follows:

2
o, =-E 1L @
6h, R

with R - radius of curvature and EYOUNG's modulus of the substrate. In those cases, where
the film is not thin compared to the substrates formula has to be modified (e.qg. [8, 9]). In
its original form the $ONEY formula is valid only for a narrow coated beam. Tinex “zz”
denotes the stress component in direction of thgtheside of the beam which we chose to be
along the z-axis. When measuring thin films degakiion plate-like substrates, the
corresponding biaxial deformation has to be takeénm account (see for instance [8]) by using
the biaxial modulus, §, of the substrate rather than theOKG's modulus alone:

Es— Eps=Es/ (1 -y 3

with vs - POISSON's ratio of the substrate. A very detailed disaussif these formulae and
their limits is given in [9].

The knowledge of the correct strength and distrdsutof intrinsic stresses is of great
importance for the further considerations withiis tvork. Because here the effect of intrinsic
stresses on the resulting stress fields in conmeactiith additional external loads shall be
discussed and consequently only the correct assumspfor the intrinsic stresses can
guarantee sufficiently correct resulting elastelds of the combined internal and external
loading. For this, however, we would need corredirBensional approaches rather than two
dimensional plate approximations as described above

Thus, we will start with the introduction of linealastic models providing sufficient flexible
tools for the modelling of intrinsic stresses. Besm we are interested in the effects of
external contact loads, we will concentrate hereirgrinsic stress models near surfaces
leading us to intrinsic stress profiles of “layeretharacter. We also need to consider some
basics in the modelling of relatively general cahtaroblems. This, however, can be kept
short due to the fact that most of the theoretiadics are well published. Applying these
modelling tools, we will then consider hypothetieald practical examples demonstrating the
importance of intrinsic stresses and their infleenmn the stability and reliability of
mechanically loaded surfaces. By using certain aormepts of the deformation field as critical
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values, conclusions can be drawn towards the patemtar behaviour of the material surface
in question.

2. Modelling intrinsic stresses

2.1. The simple case of plate-like samples

In those cases where the coating-substrate-compoamdbe considered as plate-like and the
film thickness is small compared to the substrhtekhess, the following two assumptions
can be made (see for instance [8] or [9]):

* the approximation (1) is valid,

» the film-stress can be considered as being indeymgnffom the distance of the

interface (here the z-axis shall be parallel toplage’s normal).

This automatically yields a linear z-dependant streghin the substrate [9] and we obtain a
very simple stress distribution where only thesgreensor componentsy, oyy, Txy=0xy are of
importance. If we in addition assume to have igotror transversely isotropic (the latter with
the c-axis parallel to the substrate normal) sabstmaterials of symmetry of revolution and
homogeneous deposition conditions over the wholestsate surface, we result in only one
governing stress valus;, which is the radial stres3While this stress is widely assumed (e.g.
[8]) to be homogeneous within the film, it folloveslinear z-dependant function within the
substrate. This principle distribution of the stress component occurs only under the
conditions mentioned above.

2.2. A more general three dimensional model for fil  m stresses

Unfortunately for most cases, like coated tools, camponents or massive lenses, the
assumption of a plate-like film-substrate-compouisd not valid and thus the stress
distribution might be completely different from thane described above. This holds
especially for the substrate. For the film, howewves still can assume thai,=0 is valid and

the biaxial stress is homogeneous over the filktiess as long as the film is thin and there
is no significant displacement, phase transitiootber inelastic effects of any of the parts of
the film causing local stress releases. This becartess if one notices that the linear z-

! One can evaluate this by combining the thin pégproximation (1) with the isotropy condition fortarial

properties and deposition procesg¥oy,, 6x,=0) and the following transformation rules:

o,=cospo,+sinPo,+ sihpgo, =0,
0, =cos ¢ o, - 2cop sipo, + stypo, =0,

o,,=Cc0sPpo,-sind ¢,-0, ) Z |

yielding:

1

o O O

g, 0
g.=| 0 o,
0O O

SE@ N. Schwarzer, About Intrinsic Stresses — theie& and measurement via indenter, publicati@h
= of the Saxonian Institute of Surface Mechanicsinenhtwww.siomec.de/pub/2007/001

contact@siomec.de WWW.Sionse.




dependant stress distribution within the substitsaused by the bending of the compound
but in all cases of non-plate-like substrates ifisot possible. So the question arises: If we
can still assume a constaaf, stress distribution for the coating, how could ezene to a
suitable stress description for the substrate?

To answer this question we assume the coating separated from the substrate and pressed
at its rim such that exactly the bi-axial intrinsiktess state with., andoy, appears. This pre-
stressed coating is now “stuck” on the substrate. &ternal forces Fx and Fy producing the
pre-stress-state are removed allowing the coatibgtsate-system to find its equilibrium. The
former forces acting on the rim of the coating musiv be taken on by the elastic stiffness of
the substrate. They (the forces) couple into thestsate as shearing forces Sx and Sy via its
surface. In order to simplify the calculation, wansider a substrate of square geometry with
the side length s. We do not know yet the distidyubf this shearing stress on the substrate
surface respectively want to keep it as flexibl@assible, so we start with a general approach
of the problem in the case of a rectangular sutestrehich can be given due to the following
displacements (variation of the approach giverl®])[G = (u,v,w) in X, y and z-direction:

c? ((A+ Bcz)e™ +(D +Fcz) e’")sin[cx]+ u’ (Ceuz + Ge‘“z) coguy]

u’ ((A+ Bcz) '’ +([3 + Ifuz) e‘”z)sin[uy]+ c? (CeCZ +Ge‘°z) cogcx] @

i)

Ll
b

o

c? ((—A—(—3+ 4 +uz)B)e™ +(D +(3- 4 +uz) F)e‘”z) cogex|

+u? ((—A—(—3+ 4 +uz) I§) e +(D+(3- 4 +uz) lf)e‘“z) coguy]

with c:z, u :%T (a and b denoting the side lengths of the rectamgubstrate) and
a

1,k=1,3,5,7..., which assures the normal stressgsindc,y being zero at the substrate rim.

The constantsA, B,C,D,F,G and A B,C,D,F ,G are different for each film and substrate;

so altogether we have to determine 24 constanthencase of a one-coating-substrate
compound. In this case a suitable Fourier seriesldvbe necessary to construct the desired
stress distribution for either the normal or shegrstresses within any chosen z=constant-

plane of the compound. So, for example we could ateing' =g " (x,y) (e.0.

intrinsic stres:
o! =const) over the whole coating area. It can be shown thpsatisfies the equation for
equilibrium for an isotropic elastic medium. Theess components can be found using the
following identities:

G'jk :15 (Ujk+1 Vz/ ulldjkj with j,k:X,y,Z; ka:@ ov _aW
v —

U, =—:u, =—. 5
ok’ ™% Ak’ * ok ®)

By setting the co-ordinate origin at the interféze0), the further boundary conditions:
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give the equations necessary to determine all aotsst One can extract from (4) that the
structure of the normal stresses in lateral dioectf the film-substrate-compound,, and

o,, can in principle be given in the following form:

0. =3 (@) G cost =)+ Y fx, €)s, cost? )
0. =3 1,26 cost 3 1y, ), costr )

Now we need to find equations for the determinatidrihe Fourier coefficients; @and .
From the bi-axial stress conditions] = Jyfy = g=const at a distinct depth zrtogether
with (6), we obtain:

(6)

fx, (z,) fyx(zo)- x.(z,) fy,(z,) a

2 o x(z)-fy,(z)) i72x
SHE o{7)
a -al

o (7)

o -2 a(x,(z) - fy,(z)) - {kﬂyj
b, fx (Zo) fy, (z,) — X (z,) fyy(ZO) b )
In the case of a square sample of side length eghations above simplify significantly:

au((A+B+Buz)e” —(D-F +Fuz)e"?) X*sin[ax]
0=>c,| bu((A+B+Buz)e”-(D-F +Fuz)e“*)sy*sin|by] (8)
Oik
-A+(2-4-uz)B)€"
o[ (A )B)e (Sx*cos|ax] + Sy *cogby])
-(D+(2-w+uz)F)e*”
. 17T krr , .
with u=a=b anda:?, b—? and i,k=1,3,5,7..., which again assures the nortnesses

oxx andoyy being zero at the substrate edges when the coatedorigin is laid in the centre
of the rectangle’s surface. The further boundarpddmns at the interface, surface and
bottom must now read:

ZZ|Z 0 ZZ|Z hs XZ|z:hs zayz z=

h =0’ O-XZ|z:hs =Jﬂ

T f(xy),

s/2 sl2 s/2s/2
Fx=Fy=0'hs==9/= J' jaxzdxdy: J' jayzdydx

-s/2 0 -s/2 0

They give the equations necessary to determirmoabtants including the coefficienig.c
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In the case of thin films and plate-like substrates approach should agree with the results
given by the equation of Stoney, which in factaed [9, 11].

It should be pointed out here that by extendingni®thod described above to several layers
with more degrees of freedom for defining arbitratyess distributions at a multitude of
planes in z-direction, also relatively compleximsic stress distributions can be constructed.

2.3. A defect model: Tool for the construction of r  elatively general
intrinsic stress distributions

Introducing circular defects of radii af the loading type:

N
ot = (x=x)2+(y=¥)2,2+0)=Y ¢, r"Ja? -1’
n=0

N 9)
o( =y (X=X)2+ (y - )2 2 =0)= =2 C V& -1
Oaof, == X)2 +(y= %)%, +0)= D ¢, 1" a2 1.2
"~ (10)

T =X+ (Y= )%, 2= 0) =3, & =1

(with x;, v, z denoting the centre of the defect and n=0,2,4j69ctly allows us the
application of the extended Hertzian approach fha} provides a complete solution of the
elastic field of the defect loading given above. &jyperposing a multitude of such “defect
dots” one could model (simulate) a very great wgr@ intrinsic stress distributions. The
evaluation of the complete elastic field is straifgrward. It only requires the evaluation of
certain derivatives of the potential functions give [12].

3. Modelling of contact loads for layered materials

3.1. A brief description of the extended Hertziana  pproach

It is well known that the classical Hertzian thedi3] describes the normal surface
displacements of parabolically shaped indentet(@isplacement Jwand sample body (with

displacement @) of similar geometry due to:
2

wg (r) +w (1) =h—;—, (11)

0

(r is giving the distance to the contact centre dnd a parameter depending on the radii of
curvature of both indenter and sample-body). Bezdhis theory does not provide enough
degrees of freedom for the modelling of more pcatttontact problems, Schwarzer extended
the Hertzian theory [12] and evaluated the compbetentials necessary to obtain the elastic

field for a governing contact equation of the type
r.2 r.4

wWs(r)+w (r)=h—-—-—

s(r)+w (r) 4. d,

r6 r8
T (12)
4 6
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He also presented the procedures necessary tondh&apotential functions for even higher
exponents n of'r Thus, now normal and even tangential [14] loadrittiutions of the form

Uzo(r’¢)=icanrnva2_r2 (13)
ro(r,¢)= icrmr”\/a2 -r?
o1, 9)= Dot N 17 (14)
Too(r @)= icrynr”\/a2 -r?

with n=0,2,4,6 and arbitrary constants c¢ (and bjlofang the instructions of the
mathematical procedures for obtaining the compbetential functions as given in [12] and
[14] even arbitrary high but only even N) can blved completely.

0_
a=1*h
a =4*h
-4 a=2*h
a =5*h
a =3*h
-8
* ] *
$-12 p
: X ‘K 7’ I
=
0
[}
A -16
<
’ f
-20
-24
-28-
-4 52 0 2 4
(X in pum)
Fig. 1: Resulting normal pressure distribution for a variety of ratios of contact radius a (= 1um to

5um) to coating thickness h=1pm evaluated for a cting substrate-compound with equal
Poisson’s ratios and Young’'s moduli 700GPa (coatingon 70GPa. Radius of indenter: 10um
(diamond). Evaluation performed with the software HimDoctor [23] using the extended
Hertzian approach.

Together with the lateral load one often facesngitmoments leading to a normal surface
stress distribution of the form
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o*zzo(r,¢5):icmr"*l cogg)va’-r2. (15)

These stresses can for example occur when theterdshaft is dragged over the surface.
Because the shatft itself is elastic and thus wdaddbent during the lateral loading, an
unavoidable tilting moment results on the contactage. Also curved surfaces (e.g. due to
roughness) can lead to such tilting moments.

This opens up a wide range of new analysing tectasign order to extract more information
from indentation experiments [12-16] even in casiegery thin coatings below 100nm [17]

where the approach has been used to extract thek stiength of coatings down to 35nm.
Motivated by the structures of the new governingtaot equation (12), this approach has
been dubbed “extended Hertzian” by the author.

The approach and its uses have been consideren catmprehensively in [18].

Pressure profile of
., the extended
& Hertzian

surface

Fig. 2: lllustration of the mathematical method ofsuperposition of extended Hertzian load
distributions with different contact radii a; (and in principle also different loads).

3.2. Extension to layered materials

By applying the method of image loads, the appragiekn above can also be extended to
layered materials [19]. This is of special impodanfor all sorts of mechanical contact
problems of symmetry of revolution if one intendsdetermine the resulting normal stress
distribution which can be quite different from then layered case (fig. 1). With a special
mathematical procedure [11] the method of imagddazan also be used for the modelling of
graded coatings.

3.3. Extension to load-dots

Another useful extension is the introduction ofesaV load dots [11] allowing to treating of
even more complex contact problems (fig. 2). Thisthmd can for example be used to
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incorporate the otherwise neglected lateral disgpteent [20] for a more accurate treatment of
e.g. indentations with conical indenters [21] ordarrectly describe the tip rounding of

indenters during depth sensing indentation experisn@examples are to be found in [17] and
fig. 3 2 in the latter both tip rounding and the effectiaikral displacement has been taken
into account) or — as done in section 6 of thisgpapto superpose distinct normal and lateral
loads in order to simulate a spherical or coniceilgh in parts_bonded to the sample.

o0 Ll

v.mises-stress in GPa
cross sections at o
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18 =
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32 =
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16 o & S
] o
0- m
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25
] g—
48 ! =5
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294425 GPa 48,6058 GPa

Fig. 3: Resulting von Mises stress distribution fora diamond cone (half angle 70.3°) with rounded i
(radius of tip 190nm) pressed into a Chcoating of 400nm thickness with 130GPa Young's
modulus (Poisson’s ratio 0.25) on silicon at 20mN.he evaluation has been performed with the
software FilmDoctor [23] using a load dot model wi 30 load dots (c.f. fig. 2).

3.4. Extension to rotating indenters

Another useful tool might be the model of a rotgtimdenter, because here one could
combine the advantage of adding a shearing loagonent with maintaining the symmetry
of revolution. In order to model this type of mixdéohding, one simply has to add the
following shearing stress distribution

(1) ==Y Coonr ™ sin(g) Va? -1
n=0 (16)

T,0(r, @)= ZN:CROan““ coy¢)va’-r?

to the normal load on the surface of the sample.
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4. Evaluation

The potential functions necessary for the evalmatibthe elastic fields of the above given
surface load distributions can be evaluated byyapplthe method of Fabrikant [22]. The
method can be applied directly for homogeneous $@adices and in combination with the
image load method [19] also for layered materiedewever, all of the models mentioned
above are woven into a software package [23] wisgh be considered as a tool box for
modelling a great variety of internal and exteldoad problems for homogeneous and layered
materials. The package can be downloaded and usefieke for a restricted time. Some
models and features are also accessible for frea wn internet portal
(www.siomec.de/servigewithout the need of downloading or installing sjpé technical
software. Within this paper we will rather oftereubke von Mises stress given as

18 | i | | | —no'intrinsic stresées I
——5GFaintr. stress in coating
—a—_5Pa intr. stress in coating
& MJ ﬂ\\ |
o
o
(0]
=
L]
L1 F]
L]
w
&
@
12 08 04 0 04 0.8 12
X in pm
Fig. 4: Resulting normal stress in x-direction fora single-layer substrate system with mixed normal

and lateral load (load 52.7mN, sliding friction wih p=0.3, contact radius 1pm; material
parameters given in section 5.2) for different intinsic coating stresses.

5. About the effect of intrinsic stresses on the load carrying
capacity of homogeneous and layered materials

The basis of the following considerations is theuasption that mechanical wear starts with
failures caused by certain stress fields exceedntgal limits at distinct points or areas
within the material. Due to effects like defect arwlation or propagation it might well be
that only repeated loading respectively exceedihghese critical stress values results in
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failure. This, however, does not compromise oumwibat a great variety of nanoscopic
mechanical failure and subsequent wear can beibdedcas a function of certain critical
stress values perhaps together with also criticahbvers of load cycles where such critical
stresses occur. The stress fields are either cdnysexternal or internal (intrinsic) loads. Here
we will mainly consider biaxial intrinsic stressstlibutions, e.g. stresses laying in-plane and
parallel to the surface. Assuming now that surfiaaeture is caused by tensile stresses, one
can easily deduce that the biaxial intrinsic sesdmearly increase or decrease the probability
for such failure. This is because stresses initieaut elastic regime are simply additive and so
the biaxial stress must be added to the stressedting from any external load. Thus, one
finds decreasing mode | surface fracture probagbifir compressive, and increasing
probability for tensile biaxial intrinsic stressé¥e demonstrate this for a simple one-layer-
substrate system with Hertzian load and additidatdral surface traction in x-direction
(scratch with Coulomb friction p=0.3, see figure Wpwever, for other failure mechanisms
like mode Il, mode Il fracture and plastic flow sach simple answers can be given because
the combination of intrinsic and external loadsenftresults in relatively complex stress
distributions. Here a stringent and comprehensoresicleration of the resulting deformation
fields is necessary in order to decide upon thel lcarrying capacity of the material in
guestion with respect to a certain loading situatio

TH ——1 GPa: v. Mises stress at z=49nm
2,8 s —s—1GPa, v. Mises stress at z=17nm

N&M ——ho intrinsic stress, v. Mises at z=46nm
24 ™,

e 2
(D _—\\
]
o 16
» \
0
@
2 12
> (iR ST EEETE U
0,8
0,4 \
\\
00 30 60 90 120 150 180
X in nm
Fig. 5: Resulting von Mises stress for a homogengo material (steel) with pure Hertzian normal load

(load 66uN, contact radius 0.1um) for different expnentially decreasing intrinsic stresses as
given in section 5.1 with G=1 and g, given in the legend.
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5.1. Homogenous half spaces

We assume an intrinsic stress distribution of trenf
Oy =0,,=0,€ ™,

which could for example occur when a mechanicdbsertreatment has been applied to a rim
hardened steel sample. We investigate the resuibag carrying capacity with respect to
plastic flow with a yield strength of 3GPa for tinestressed material. Fig. 5 shows that tensile
stresses only increase the von Mises stress witlsaytificant changes of the stress
distribution, meaning we still would find the vonidds Maximum along the axis of
indentation. However, compressive biaxial intrinstoesses, apart from decreasing the von
Mises stresses, lead to a completely differentupéctin fig. 5 the von Mises stress for the
compressive intrinsic case was thus drawn alongcthgis at z=16nm where we found the
maximum, while this maximum for the unstressed #redtensile intrinsic stress case was to
be found much deeper underneath the contact zare, Fbr tensile and no intrinsic stresses,
always an ellipsoid-like plastic zone would be fednwhile in the compressive case the von
Mises maximum is to be found within a torus-likgiom beneath the contact surface resulting
in a topologically completely different plastic zoif the yield strength would be exceeded.
We will investigate this topologic development ioma detail for layered materials in the next
section.
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Fig. 6: Resulting von Mises stress distribution forpure normal loaded (52.7mN) bi-axially stressed
coatings with different compressive coating stresse(material parameters are given in section
5.2). The stresses are always drawn at the latenabsition of the maximum.
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5.2. Layered half spaces with monolithic layers

We now want to investigate the effect of increasingpressive stresses on the resulting von
Mises stress distribution for a single layer 1umdheoating-substrate system with 450GPa
Young’'s modulus for the coating (Poisson’s rati@S).and 220GPa for the steel substrate
(Poisson’s ratio 0.3). We find (fig. 6) that with ancreasing compressive and homogeneously
distributed biaxial coating stress the von Miseximam “wanders” from the symmetry axis
at the interface within the hard coating towards shrface near the contact rim (fig. 7). We
also find that the von Mises maximum decreases witlteasing compressive coating
stresses. This might lead us to the conclusion ¢batpressive coating stresses are a good
thing if it comes to protect coatings from pladtmv. Yes, but we have to be cautious here
when we deal with mixed loading conditions, becaasthat case the compressive stresses
might not be as “helpful” as they appear to behi@ pure normal loading state (fig. 8). For
relatively high friction coefficients or stickingontact situations namely, the von Mises
maximum appears on the surface and here (undesatime contact loading condition — c.f.
fig. 8) the stress in the compressively stresseding might even exceed its limit of stability
(yield strength) earlier than the coating with marinsic stress. This means however, that
finding high hardness (respectively yield strengifi}h the classical nanoindenter (pure
normal load) does not automatically mean that lirgh hardness (yield strength) does apply
to all loading conditions, because the appareritiin hardness value might just be the result
of rather high compressive intrinsic stresses. T&isf special importance when lifetime
predictions, stability limits and the behaviour lwitespect to mechanical wear shall be
extracted from indentation experiments. Then thenisic stress should be known and taken
into account with respect to the expected loadingddions of the later application in
guestion.
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Fig. 7: Resulting von Mises stress distribution forpure normal loaded (52.7mN) bi-axially stressed
coatings with -5GPa compressive coating stressesdt@rial parameters are given in section 5.2).

5.3. Layered half spaces with graded coatings

There exist quite a variety of recently publisheapgrs (e.g. [24]) suggesting the use of
functionally graded coatings in order to improveithreliability and load carrying capacity.
Here we want to investigate their behaviour undher éxistence of intrinsic stresses. As
example we consider the “optimum” design proposef24] with a Young's modulus shape
perfectly fitting to the substrate, increasing todgathe surface, reaching a plateau and then
decreasing again in order to reduce tensile susaesses. Even though one might argue that
for most practical graded coating systems (e.d) {2 intrinsic stress would change with the
Young’'s modulus due to their connection within theposition process, we here assume
constant intrinsic coating stresses in order tovakkomparison with the monolithic coatings
considered in the section above. However, withstbfevare system [23] such intrinsic stress
distributions can be modelled easily together whid functionally graded coatings. Here the
function for the Young’s modulus profile can beejivas

E(z)=-(z-0.3un? 469GPa/1um+450GPa.
The result is shown in figure 9. We do not onlydfthat the gradient coating without intrinsic
stress reaches a higher von Mises stress maximam ahhomogeneous 450GPa-coating
would reach at the same load, but that the devedoprof a torus-like von Mises maximum
region starts at much higher compressive coatiggsts. Thus, we see that the knowledge of
the real structure - monolithic, abrupt layeredy@ded - of a given coating system is of great
importance for the discussion of the influencentifinsic stresses and external loads.
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5.4. About the modelling-potentials of certain defe  cts

With the introduction of a “defect model” of theply given in section 2.3, the variety of
accessible intrinsic stress distributions is inénand cannot be comprehensively discussed
within this paper. It should be mentioned, howeteat by superposing such defects in great
number and in distinct patterns beneath the surddcsur material of interest, effects like
surface treatment and residual plastic stressesyther intrinsic stress distributions being
residuals from former loading situations could bken into account. As an example we
restrict ourselves here to the consideration ofube of “shear-load-defect-models” at the
interface between coating and substrate. We asthaha defect of the loading form given in
(9) is caused by a mismatch of the thermal expanswefficient between coating and
substrate and that the defect is used as modebtiolgin order to provide constant normal
lateral stresses within the coating. We find atrnetdy good simulation with the following set
of constants for the loading approach (9):

C.io=1 ¢, ,=05014%%, c, ,= 0.34528" , c, ;= 0.4957&°.

T
By choosing a sufficiently big defect radius “ahetarea of almost constant lateral normal
stress can be made as big as possible. So woulkké&mmple our 1um-450GPa-steel-system
require a defect radius a of 100um in order to fadther homogenous lateral normal stresses
within a radius of about 70um. For higher accuracyspecial intrinsic stress distributions
simply more of such defects have to be superposbi superposition can also lead to
interlinking defect areas as shown in figure 2, ighié was used for a special surface stress
distribution.
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Fig. 9: Resulting von Mises stress distribution forpure normal loaded (52.7mN) bi-axially stressed
gradient coatings with different compressive coatig stresses (material parameters are given in
section 5.3). The stresses are always drawn at tlageral position of the maximum.

6. Hypothetical method of determining intrinsic stresses in layered
materials via nanoindentation

The problem of measuring intrinsic stresses in ritmo materials using nanoindentation

techniques has been proved experimentally posbipl&wadener et al [26] and Taljat and
Pharr [27]. Some experimental results concernirgirtmense influence of the intrinsic film

stresses on the measured indentation hardnesshbieave published by Coronal et al [28].
Using finite element modelling, Anantha Ram et28l][have evaluated the Young's modulus
and the residual stresses from nanoindentationrexeets. Here we discuss the possible
application of this method on the measurement dafinsic thin-film-stresses using the

analytical analysing techniques introduced above.
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Fig. 10:  Schematic presentation of Pharr's concepif the effectively shaped indenter.
6.1. Applying pure normal and mixed normal-lateral loads with sharp

indenters

In [11], Schwarzer has considered a variety of m@s$hto determine intrinsic film stresses by
means of spherical indenters. However, the maiaddisntage of the methods dependent on
spherical or other blunt indenters as describetktisethe necessity of determining the yield
strength within a cyclic loading unloading procezlwith well defined blunt indenters. This
increases the error liability of the method. Ddseawould be a method allowing the
determination of this parameter within “one go”,aneng that only one cycle of penetration
would suffice in order to obtain a proper value étther the yield strength or other limiting
mechanical parameters. Such a method is alreatharad. It is called the “concept of the
effectively shaped indenter” and has been introdunethe form used here by G. M. Pharr
some years ago (see e.g. [30]). Using an exteneeiibin approach [12], the author has been
able to apply this method to monolithic, singledaynd even functionally-graded coated
materials (see also [14 - 17] and [25, 31]). Asriethod is extensively described in the four
papers mentioned above, only a very brief desonpghall be given here.

We assume an otherwise arbitrarily shaped sharmgnied (Vickers, Berkowich, etc.) being
pressed into a layered material producing an elptistic state of deformation (fig. 10, left
part). It is known that in quite a lot of casedtemaa sufficient holding time - the unloading
process starts completely elastically. The bassa idehind “the concept of the effectively
shaped indenter” is to find a blunt indenter of ayetry of revolution which would produce
the same unloading curve as the original sharpitedeloes in the beginning of the unloading
process. This is done by making use of a “quasforongeometrical transformation” of the
surfaces of sample and indenter. This way the wiker very cumbersome boundary
conditions of the purely elastic unloading procdssctly after the indenter has reached its
maximum depth can dramatically be simplified. Thason is the substitution of the problem
of a well defined indenter acting on a pre-deforraadace by the problem of an effectively
shaped indenter and a flat surface (fig. 10, rjgdat). This allows a better discussion of the
load-displacement curve in connection with the @ffeoccurring during the penetration
process.

Now we propose the following measuring procedure:

1. The yield strength is determined using the nettbbthe effectively shaped indenter as
presented above. However, during unloading, thentet is only drawn back to a distinct
fraction of the maximum loadypThis load shall be called.pThe reader should note that p
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must be chosen such that on the one hand therensugh unloading curve” for the
determination of the shape of the effective inderdged on the other hand the load is still big
enough in order to avoid strong and dominant inelasloading effects like e.g. unloading
fractures. In addition, a;lose to p also assures that the shape of the effective iadenly
changes in an insignificant manner during unloadivg call the determined yield strength

o . Here we now have to add the two elastic fieldsiiteng from the intrinsic stressex,

and the nanoindenter Ioadm:g?. The von Mises stress can be written in the falhgaform:

o= (Y00 om0 Ho-ou) +6r(5 +223)
with o, =0, +0o; .
2. Now a slowly oscillating tangential load compong with increasing amplitude is added
and the resulting lateral shift is measured. Somowe have mixed load conditions and assume
our - in step one determined - effectively shapsikenter acting with the combined load
components pand % onto the coating substrate compound.
3. The slowly oscillating tangential loading witlicreasing amplitude is monitored with very
high resolution (as well as the static normal laad displacement, of course) until nonlinear
behavior can be detected. Thus, the value of maxirtangential loadytt.;x or maximum
lateral displacementguis determined. Now we introduce the following amption: The
combined stresses add up to a mechanical strédpf@ducing a maximum von Mises stress
o,, =o' somewhere within the investigated coating material
4. With these two measurements and the resultirsuored valuesgppy, the corresponding
penetration depthg4 and 4 we can construct two linear independent equations

(oh -0t +ai (1 1)) +(0t -at + (12 - 1))

o5 = | +(a;x-o—;+a;(fx;-f;))2 ,
+6*((T +0, Oy xy) +(T +0, O XZ) +(T t0, O Zy))

for the critical von Mises stress respectively ¢gistrength with two different nanoindenter

stress distributiongr; resulting from the pure normal loading = Ji';‘“ma“wd and the mixed

loading experimental setuprIJ ,j“'xed")ad. We have used the fact, that according to our

approach (8) for the intrinsic stresses we can ewirhe intrinsic stress field as
o, =o,*f/(xy,z)=0,* f/ with a suitable function f(x,y,z). Due to the lave

independence of the two loading conditions we aam axtract the intrinsic stress valag
residing in the coating and the critical von Missgess of an corresponding unstressed
material (@' =0), meaning the von Mises stress this unstresseérialatvould require in

order to reach its yield strength linat, =op".

The above described analyzing procedures shall Ib@vdemonstrated on some very first
experimental examples. The measurements have ba&rmped by T. Chudoba from the

company ASMEC using a so called UNAT measuremestiegy [1] equipped with a lateral

force unit (LFU) which can generate und measurerddtforces und displacements with the
same resolution like common nanoindenters in nodimattion.

Four samples with 3um CrN-coatings on silicon hbeen investigated with different but
known biaxial stresses. A detailed descriptiontd intrinsic stress determination and the
nanoindentation procedures will be published elsse/H32]. At first, Young’s modulus,
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hardness H and yield strength Y have been detednisig classical normal nanoindentation
together with the concept of the effectively shapetnter. The results are given in table 1.

Table 1: Results of the classical Berkowich nanoirahtation experiments for four different samples at3
different loads. The yield strength “mixed Y” has keen extracted from the experimental data by
applying the method of the effective indenter [12]The word “mixed” means, that the yield
strength has not been corrected with respect to thiatrinsic stresses.

Sample | intr. Stresses F Hc H dH mixed Y E dE ny

No. GPa mN pm GPa GPa GPa GPa GPa
1 4,9948 0,151 5,83 0,42 6,13 287,9 29,5 0,25
1 -0,09| 29,976 0,378 6,48 0,18 6,71 280,3 13,0 0,25
1 99,99 0,675 7,24 0,14 7,32 238,0 6,2 0,25
2 4,9974 0,090 14,71 0,93 15,45| 286,8 19,5 0,25
2 -1,1f 29,989 0,245 15,06 0,56 15,60 268,1 11,7 0,25
2 99,997 0,457 15,39 0,26 15,57| 234,9 4,5 0,25
3 4,996 0,083 17,00 5,85 15,60| 265,5 91,3 0,25
3 -1,9] 29,964 0,215 19,16 2,48 19,02 286,5 38,0[ 0,25
3 99,998 0,416 18,47 0,62 18,00 265,8 9,8 0,25
4 4,9845 0,092 14,19 2,38 14,45 273,7 48,9| 0,25
4 -1,2[ 29,984 0,255 13,85 0,86 14,62 279,1 25,0[ 0,25
4 99,992 0,460 15,20 0,64 15,52 246,0 12,6 0,25

Table 2: Lateral force measurement - no tilting moment taken into  account.
Results of the mixed normal and lateral load nanoidentation experiments with a 6um diamond
sphere for four different samples. The yield strenth Y, the critical tensile stress XX and non-
critical von Mises maximagy have been extracted from the experimental data bgipplying the
method of the effective indenter [12]. The word “mked” means, that the yield strength has not
been corrected with respect to the intrinsic stregs, while “correct” stands for the
corresponding material parameters without intrinsic stresses. Here we need to point out that,
because a second linear independent indentation wa®t applicable for the determination of
yield strength and intrinsic stresses separatelyhe evaluation of the correctoy was performed
with the known intrinsic stress values (known fromX-ray scattering measurements [32]) as
they are given in table 1.

No. | po |mixed Y|correct Y| p; | T, | mixed Oy | correct Oy | correct Oy on | mixed XX on | correct XX on

mN| GPa GPa |[mN|mN GPa GPa surface in GPafsurface in GPa|surface in GPa
1 1250 7,33 7,24 175 11) 5,56 5,48 4,81 3,37 3,28
2 [250/ 15,68 14,86| 175 6| 12,38 11,49 9,34 5,99 4,89
3 [250, 18,31 16,71)175] 7,5 14,53 13,47 11,06 7,77 5,87
4 250 14,52 13,75/175] 9 11,49 10,57 9,16 6,51 5,31
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Fig. 11: Resulting normal lateral stress in x-diretion for sample 3 under combined load in normal
(175mN) and lateral (7.5mN) direction (see table 2using a 6um diamond sphere — real
experiment.

From the relatively small differences between thedystrength values for the three different
loads one can deduce that the coatings were qoit@fenous. This especially holds for
sample 2. According to our measurement procedurg@sosed above we would require a
combined normal and lateral measurement regimes. Was in fact done with all samples but,
in order to avoid discussions about the possiblectf of the Berkowich edges, all
measurements were also performed with a 6pum spthénidenter in the plastic regime. We
detected similar results for both types of indesitbut in order to avoid overloading the paper
with experimental results, we restrict the preswmahere to the spherical indents. A more
comprehensive presentation will be published elsee32]. The maximum loadypvas
chosen to be 250mN and the lateral load circle stagted at a #0.7*py. The detected
critical lateral loadsytare presented in table 2. Unfortunately the sasnfdeemingly> see
6.1.1) appeared to produce failure due to surfexdure, which did not provide the necessary
second linear independent measurement for the gtedahgth as it would be required for the
determination of the intrinsic stress. Neverthel#iss “mixed” and the corrected values for
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yield strength and critical tensile surface str€Xs(see table 2) show clearly the importance
of the knowledge of the intrinsic stresses. Thaueslfor yield strength and critical tensile
surface stress XX have been determined by the fuded’concept of the effective indenter
for layered materials” as presented for examplgl@) 17] and briefly described above. We
find that without taking into account intrinsic esses, especially the critical tensile stresses
would be severely overestimated for the sample3 and 4. Figure 11 shows the normal
stress in x-direction in the moment of critical eaxnormal (p=175mN) and lateral loading
(tx=7.5mN) for the sample 3. The huge influence ofrdtber small lateral load, compared to
the normal one, is caused by the fact that thentellenust be considered as tilted towards the
sample surface within the lateral loading process.

v.mises-stress in GPa i
cross sections at

x: 1,39 um z: 0 um 0,2+

18

15 0.4

12

9

- ;\ 0,6

37 I g

®© 04 08 12 16 0.8
X in pm _

¥=139um  val=4,10GPa 5 1

N

18 1,21

15—

12{ 1,44

W o O

i 1,6+

06 04 08 12 16
Z in um 1.8

z=0,000 pm val = 4,10 GPa

at y=0 pm >

1,69449 GPa 18,8357 GPa
Fig. 12: Resulting v. Mises stress in the x-z-planfor sample 3 under the combined load in normal
direction (175mN), lateral (7.5mN) and indenter titing (M=38.1mN, see table 3) using a 6um
diamond sphere. The stress is evaluated for the ma@nt of beginning inelastic behaviour. The
maximum (cross within the contour plot) almost peréctly agrees with the previously found
yield strength Y (c.f. table 3).

6.1.1. The dramatic effect of a tilting indenter shft

Apart from the possibility that those coatings actfmight have shown failure due to surface
fracture, there is also another possible explanatioour case of lateral loading experiments
all the evidence (limited lateral stiffness and pamison with other — known - results) seems
to point to a slightly tilted indenter shaft. Assag the resulting tilting moment of linear
character, we simply postulate a tilting load witie dimension of a force Ms:

M, =const*T, . (17)
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By using one of our samples (sample number 2 iletakand 3) as calibrator, we are able to
determineconst. This was simply done by looking for the tiltingald necessary to produce the
required additional von Mises stress in order tachethe yield strength Y. Now we can
evaluate the resulting tilting angke for all samples and mixed load indentations by mseat
the following formula [22]
* | * -2 -
- SHa [ﬂ— } H=tl g=2"2 9=Tn[s-4]. @8)
427 (1+9%) 9 nE 2(1-v) 2

The results are given in table 3. With &d o known, we reevaluated the von Mises stresses
for all samples and then obtained almost perfatiyvon Mises stress maxima found to be
critical in the previous purely normal nanoindeimiatexperiments. This, together with the
additional information that within this loading ganthe typical tilting angle would lay below
0.1° (found with well defined homogeneous sampleskes it almost certain that indeed a
small but non-negligible tilting of the indentershtaken place here. The huge influence of
very small tilting angles can bee seen in figureWRere for sample 3 a very small angle of
only 0.0656° already provides a rather influeniiihg moment. It can also be concluded that
by finding an other way to determine the tiltinggbnor the proportionality constanbnst,
intrinsic stress and yield strength could be measulirectly by the means of a combination
of normal and mixed loading procedures. This diyeidilows from the excellent agreement
of the expected Y and the evaluated von Misesss{es table 3).
A very detailed demonstration of how to perform ¢lvaluation is given in the appendix.

Table 3: Lateral force measurement - tilting of indgnter shaft now taken into account.
Results of the mixed normal and lateral load nanoidentation experiments with a 6um diamond
sphere for four different samples. By contrast tohe results given in Table 2 now a rather small
but very “influential” tilting of the indenter has been taken into account thereby using sample 2
for linear calibration of tilting load of all other indents (see text). The yield strength Y and the
now critical von Mises maximagy, have been extracted from the experimental data bgpplying
the method of the effective indenter [12]. The wordmixed” means, that the yield strength has
not been corrected with respect to the intrinsic sesses, while “correct” stands for the
corresponding material parameters without intrinsic stresses.

No. | po |mixed Y |correct Y| p; | Ty [tilting load |tilting angle[  mixed gy correct Om
mN| GPa | GPa |mN[mN| mN in grad ° GPa GPa
1 250 7,33 7,24 175 11| 56,0 0,0377 7,35 7,27
2 (250 15,68 14,86/ 175 6| 30,5 0,0470 15,99 14,86
3 |250] 18,31 16,71 175 7,5 38,1 0,0656 18,83 16,79
4 1250 14,52 13,75{175] 9| 45,8 0,0658 14,89 14,11

6.2. Incorporation of torque - maintaining the symm etry of revolution

We now introduce the hypothetic indentation expentwith combined normal and torque
loading. We see (table 4) that we can either reaehmoment of beginning plastic flow
(samples 1, 3 and 4) without surface fracture,rodpce surface fracture again but at a non-
critical von Mises stress. If we were able to measarque and angle of revolution and would
also detect the moments of beginning inelastic Wehawe could evaluate not only the
correct value of critical stress (not mixed up witle intrinsic stresses) for the failure
mechanism in question, but also could extractntrnsic stress itself.

This means an indenter with a revolution force arhsurement system for the torque angle
around the axis of indentation appears to be glg@gerable.
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Table 4: Results of hypothetic mixed normal and raition nanoindentation experiments with a 6um
diamond sphere for four different samples. The torge load (defined due to

M ror '[ng r,z= Odr /[J-(Zrznj\/ dr}) has been chosen such that the

maximum von Mises stres®my, is slightly bigger than the critical one. The tenie stress maxima
g, show, that except for sample 2 the critical von Mies maxima Y can be reached under mixed
loading conditions without producing surface fractue. The word “correct” stands for the
corresponding material parameters and stress valuesithout intrinsic stresses (c.f. Table 2).

Sample| po |correct Y| p: |Mgor|correct Oy | correct Oy on | correct Oxx on
No. |[MN| GPa |mN|mN GPa surface in GPa| surface in GPa
1 |250 7,24] 175| 29,5 7,28 7,28 3,02
2 [250 14,86( 175| 26,0 14,86 14,86 5,36
2 |250 14,86| 175| 23,2 13,55 13,55 4,89
3 [250 16,71| 175| 27,3 16,71 16,71 5,86
4 250 13,75 175| 26,7 13,77 13,77 5,11

7. Conclusions

It has been shown that critical stresses for distimechanical surface failure mechanisms and
intrinsic stresses residing in the material’'s stefaould be separately determined by the
means of depth sensing nanoindetnation experinvgtitsadditional lateral load components.
Within the paper, lateral and rotating loads haeerbinvestigated. While the combined
normal and lateral load could be already realisél the help of a UNAT nanoindentation
system, the rotating load is still rather hypothetMixed normal and lateral loading
procedures were used for the determination of ysttdngth and either intrinsic or critical
tensile stress for surface fracture or similar atef damage sensitive to tensile stresses. It
became clear that the tilting of the indenter igegy important factor which must be taken
into account during the analysing of the indentatiata.

It has further been shown how intrinsic stressélsance the resulting stress distribution of
additional contact loads and the resulting loadyag capacity. The investigation has been
performed for examples of homogenous half spaeggréd materials with monolithic and
functionally graded coatings. In addition, the o$eertain defects for the modelling of more
complex intrinsic stress distributions or as s&esbeing residuals from former loading
situations, has been considered.
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Appendix - How to measure intrinsic stresses via

nanoindentation — an example
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Abstract

In the following study the measurement an analggistrinsic stresses and yield strength via
nanoindentation and their separation from eachrothik be elaborated using a specific
example. The results for the intrinsic stressescampared with those determined by other
means. The agreement is excellent.

Introduction

Yield strength values obtained via nanoindentatiom often flawed by the intrinsic stresses
residing in the surfaces area of the samples irstoqpre Within this study the procedure
necessary to separate the intrinsic stresses aednidee correct yield strength values is
demonstrated on thin films with known biaxial insic stresses.

In main paper (here referred as [Al]) the authos peoposed the following measuring
procedure:

1. The yield strength is determined using the nettbbthe effectively shaped indenter as
presented in [Al]. However, during unloading, thdanter is only drawn back to a distinct
fraction of the maximum loadypThis load shall be called.pThe reader should note that p
must be chosen such that on the one hand therensugh unloading curve” for the
determination of the shape of the effective inderded on the other hand the load is still big
enough in order to avoid strong and dominant inielasloading effects like e.g. unloading
fractures. In addition, a;xlose to p also assures that the shape of the effective tadenly
changes in an insignificant manner during unloadivg call the determined yield strength

oo . Here we now have to add the two elastic fieldsilteng from the intrinsic stressex,
and the nanoindenter Ioadinfgf. The von Mises stress can be written in the falhgaform:

S R B e

with o, =g + 0o .

2. Now a slowly oscillating tangential load compong with increasing amplitude is added
and the resulting lateral shift is measured. Smowe have mixed load conditions and assume
our - in step one determined - effectively shapstkenter acting with the combined load
components pand % onto the coating substrate compound.

3. The slowly oscillating tangential loading witlicreasing amplitude is monitored with very
high resolution (as well as the static normal laad displacement, of course) until nonlinear

SE@ N. Schwarzer, About Intrinsic Stresses — theie&f and measurement via indenter, publicatiah
" of the Saxonian Institute of Surface Mechanicsinenhtwww.siomec.de/pub/2007/001

contact@siomec.de WWW.SioNse.




behavior can be detected. Thus, the value of maxirtangential loadyttyi: or maximum
lateral displacementguis determined. Now we introduce the following amption: The
combined stresses add up to a mechanical strédgf@ducing a maximum von Mises stress

o,, =o' somewhere within the investigated coating material
4. With these two measurements and the resultirgsuored valuesgppy, the corresponding
penetration depthg4 and 4 we can construct two linear independent equations

(08 -0 +ar (1L -1,)) +(0h-0p +op (1a-1,))

Ul(\:ﬂrit — % +(0‘>'<‘x—0'zl'z+0}fr(fxlx_lez))2 )

+6*((T +Jrrfxy) +(T +0, O ><Z) +(T +0 T Zy))

for the critical von Mises stress respectively gistrength with two different nanoindenter

stress distributiongr; resulting from the pure normal loadirg = /"™ °* and the mixed

loading experimental setuprIJ ,j“'xed")ad. We have used the fact, that according to our

approach (eqg. (8) in [A1]) for the intrinsic stresswe can write the intrinsic stress field as
oy =oy*f/ (xy,z)=0,* f/ with a suitable function f(x,y,z). Due to the lave

independence of the two loading conditions we can extract the intrinsic stress valeg
residing in the coating and the critical von Misé®ss of a corresponding unstressed material
(o! =0), meaning the von Mises stress this unstressedrialatvould require in order to

reach its yield strength limir,, = oy,

Crlt

The measurement and analyzing procedure in praxis

The above described analyzing procedures shall Ib@vdemonstrated on some very first
experimental examples. The measurements have leefemped by T. Chudoba and V. Linss
from the company ASMEC using a so called UNAT measient system [A2] equipped with
a lateral force unit (LFU) which can generate unebsure lateral forces und displacements
with the same resolution like common nanoindentersormal direction.

Four samples with 3um CrN-coatings on silicon hbeen investigated with different but
known biaxial stresses. A detailed descriptiontd intrinsic stress determination and the
nanoindentation procedures will be published elsswfA3]. Here we want to concentrate on
the analysis of the experimental data. At first,uM@'s modulus, hardness H and yield
strength Y have been determined using classicahalonanoindentation. The results are
presented in [Al, table 1]. Now we want to follolaetconcrete procedure for one of those
samples. For this we chose sample number 3 of [Al].
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Analyzing procedure step I: pure normal indentation with max. load p ¢
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step 2: define the load parameters

choose load definition method: [fitloac-depth curve v 5 8|
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& 03
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(Wl 249.96734 [l

-
"./ Fig: Attt autofit by,
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Fig. 1 and 2: Material data-input and fit of efigetindenter to unloading curve
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Using the software FilmDoctor, we first type in tmeaterial data Young’s modulus,
Poissons’s ratio and thickness. As substrate we kdicon with a known Young’s modulus
of 165GPa and Poisson’s ratio of 0.223. For thm file are estimating the Poisson’s ratio and
use the values determined by the means of the guoealescribed in [A4]. Now we chose
“fit load-depth-curve” from the load definition pagload the indentation curve and fit a
paraboloid indenter to the same. The fit can beedpnhand or automatically. The next step
is the evaluation of the elastic field of the effee indenter in the moment of beginning
unloading (maximum loadpp So, after setting up the parameters for theutation (fig. 3).

£ FilmDoctor v 0.997256

Project Tools Help

[ material ] [ load ] [calculate 5 st L v - H 4k ::

Line graph 20 graph 3D graph  Animation  Comparison Yalue browser

step 3: select the range for calculation
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Fig. 3: Setting up the calculation-parameters dadisg the evaluation

We find the von Mises Maximum (fig. 4 with 18.8357&), which is still mixed with the yet
unknown intrinsic stress.
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Fig. 4a: Resulting von Mises stress for the conpacameters given in fig. 2 at max. load p
Fig. 4b: As the effective indenter produces a nmatmen-Hertzian normal surface pressure
distribution (normal stress z), the von Mises mawmis to be found outside the axis of

indentation.
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Analyzing procedure step II: mixed normal and later al indentation with
maximum load 0.7*p o

Now we reduce the normal load to 0.4%mnd start the lateral loading of the sample serfac
until again plastic flow respectively any otherlastic behavior can be observed. As effective
indenter we either determine the new one for tdeiged load by again fitting a paraboloid to
the unloading curve after the lateral loading pduce or simply use the effective indenter
from step | at reduced normal load. However, thtedas only possible when the surface
shape of the inelastically deformed surface is sighificantly changed during the lateral

loading procedure, which would result in an incouaify of the unloading curve at the

position of the introduced load (blue ellipse in. 2).

The author wants to point out here, that insteaal laferal load also inclined normal indention
should allow to obtain a second measurement seffilyi linear independent from the pure

normal loading. However, this would require a walibrated equipment clearly assigning
lateral & and tilting load Mto the indenter inclination and normal load.

Analyzing procedure step lll: evaluation of the von Mises stress for the
mixed normal and lateral indentation with normal lo ad 0.7*py and lateral

load t .

We assume that at a normal load of Og7&pd a lateral load, inelastic behavior has been
detected. Now we evaluate the von Mises stresthiomixed loading situation. As described
in [A1l] we have to take into account, that usuddlieral or inclined indentation also produces
indenter tilting. In the example considered herdound the following loading conditions:
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Fig. 5: Parameters for the mixed load evaluation
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Fig. 6: Resulting von Mises stress for the mixeatllgituation.

Analyzing procedure step IV: evaluation of the “pur e” yield strength and

the intrinsic stress

From the equations given above we can easily olatefmrmula for the intrinsic film stress
f.
o

-
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Assuming now only biaxial stress one simply hasdmpare the expected value for the
unstressed case with the measured off¢ and could evaluates! using equation (19),
which can be dramatically simplified due to thetfdmat within the coatingf,, = fy'y =1 and

all other f; =0.

2 2 2 2 2
—axLx—ayLy+20'ZLZi\/4aﬂ” —3((0;—0';) +3(TXLy +T, T, ))

T 2

(20)

So the two measurements provide us with two equstiee can solve with respect &f"
ando’' [A5].

For the sample considered here we ob@jfi =16.6GPa andr, =-2.03GPa, with the latter
being in very good agreement with the value meakshyeother means (-1.9GPa, c.f. [A3]).
By taking the biaxial intrinsic stress fixed to dgectly measured value af' =-1.9GPa one

would obtain two possible values for the yield sy, namely 16.79GPa in mixed loading
and 16.71GPa in the pure normal loading case.

From the small difference of these two values dredonsiderations presented in [A5] one
can easily deduce, that measurement of intrinegsses via nanoindenter requires a very high
accuracy and well calibrated equipment. However ptocedure described here could also be
used as a simple estimator for the maximum valaerttrinsic stress can not exceed and thus,
giving more precise error bars for the yield sttbngespectively hardness) determined from
nanoindentation data. This way big hardness odysttength values only obtained due to
huge intrinsic compressive stresses will not pasal@solute material properties. Such an
information is of special importance when nanoirtdemesults from pure normal loading
states are going to be used in applications wittechioading conditions.

All evaluations have been performed using a spemiaiotype of the software FilmDoctor
[AB].
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