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A simple model is proposed for the evaluation of crack-arrest fracture toughness K¢ of thin
films by Vickers indentation. This approach applies to films thinner than the penetration
depth of the Vickers indenter. The model equations are provided in closed form, even
though they are so complex that they must be integrated numerically in practical
applications. The problem of the evaluation of K, for thin films and substrates is derived in
general form and applied to three cases: (i) evaluation of K¢ for the film in the case that the
depth of the crack in the film is smaller than the film thickness, (ii) evaluation of Ko for the
film in the case that the crack emanating from the film either crosses the film/substrate
interface or is stopped by it, (iii) evaluation of Ko for the substrate in the case that the crack
emanating from the film crosses the film/substrate interface. The model was tested with
original and literature experimental data: (i) published Ko values of electroless Ni-P thin
films were re-evaluated, (ii) Ko of electroless Ni-P thin films of various thickness with
various loads were measured (original data) and computed, (iii) Ko of electroless Ni-P
substrates coated with electrodeposited Au-Cu were measured (original data) and
computed. © 2001 Kluwer Academic Publishers

1. Introduction (which can be treated as semi-spherical according to the
Crack arrest fracture toughneksy (i.e. a particular inclusion core model [9]) can be considered to occupy
kind of toughness, which is conceptually different from a cylindrical portion within the film. In this case the
the current fracture mechanics toughniss as cor-  plasticised volum&/pg of the film is:

rectly stressed by [1-3]) can be evaluated for thick sup-
ported films as described in a previous paper by the au- o . _ .
thors of this research [4]. In that paper an extrapolationf he plasticised volume under a Vickers indentation can
procedure was proposed for metallic coatings, baseB€ treated with the following conceptual tools: (i) in-
on the traditional Palmqvist approach for bulk ceramicclusion core model [9], (ii) modification of the plasti-
materials [5]; such a method proved effective with acised volumes due to adhesive coupling of the coating
series of metallic materials and metal-matrix compos10 the substrate (original elaborations of results pre-
ites [6-8] in which the Palmqvist cracks induced in theSented in [10]). The plasticised volume within the sub-
coating do notinterfere with the coating/substrate interStrate can be assumed to have the shape of a spherical
face. If the same procedure is applied to systems wherdomes of radiusps, beingrps a function ofaps and
either the crack path or the indentation geometry ardps (see Fig. 1); the following limiting relation hold:
affected by the substrate, the quantitative value of thépr = fps < 0o, which corresponds to: 8 aps <rpr. It

Ko estimates is doubtful and only comparative work follows that:

Vpg = JTI'F2>FS

can be based on the technique, since the parameter fig- 3 .
ures would be devoid of mechanical meaning. Vps= -7 <a’;s) + nbpsﬁ — _ags(grps_ apg)
Inthis paper a simple analytical approach is proposed 4 2 2 3

fpr the case Qf thinner coatings, in which the indenta'Elaborating on [10], the following relationship can be
tion process is directly affected by the presence of theestablished betweeVbr andVps:

substrate.
5 Th del 2= Vpr(HF — Hc)
. The mode VAR
Vpg(He — H
2.1. Definition of plasticised volumes p(He s
In the hypothesis that the film is thin with respect to thewhere x is the an adhesion parameter adddenotes
Vickers indentation diagonal, the plasticised volumehardness (the subscripts C, F and S stand for: coating,
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Figure 1 Definition of the symbols used in Section 2.1.
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Figure 2 Definition of the symbols used in Section 2.2.

film and substrate, respectively). The upper limiting
value of the adhesion parameter (faultless interface)

x can be related to the Young’s modul&sand the
hardness of film and substrate as:

EpHg) 273
x < FFs
EsHr

2.2. Estimating rpr
In this model we assume thakk c; (see Fig. 2); if

this hypothesis does not hold, the thick film approach
[4] can be used. From the inclusion core model [9]:

rer=c; =0.40d, therefore
Vpg = 1 3es = 0.167d%s
and
Vpg— VPFHE — He
x Hc—Hs

The latter relation defines the quantiys through the
transcendental equation:

Vps = %ags+ 0.087Td2ap3

2.3. Stress distributions in the film
and substrate

In this approach the stress evaluations in the film
and substrate are decoupled. The stress transmission

the film is not affected by the nature of the substrate,
provided the latter can support the former, forming a
mechanical continuum. On the contrary, the stress state
of the substrate depends on the mechanical properties
of the film, since the load transmission is affected by it.

2.3.1. Stress distribution in the film
From the inclusion core model:

s)
o (r) = LR for r <rpg

1 b
o—l?o(r) = O—SF<§ -2 InTF> for rpe<r < bF

osk [ br 3
ofo(r) = ?(r_> for r > bg

whereP is the load andbg is defined - for the case of
a Vickers indenter - by:

Er

b2 = 5.32d°
OSF

(1—ve)

2.3.2. Stress distribution in the substrate
The quantityh (see Fig. 3) is defined as:

3
3
th(%% + 5T Peaps — S — aps

andr can be expressed as a functionoadnd6 as:

r2 = (h+s+ pcosh)? + p?siro

It follows that:

P

03 (1) =

1
o§°(r) :O’ss<§ —2In$>
for h+s+aps<r <bg

oss(bs)®
o (r) = ?(T) for r > bg

through the film/substrate interface is accounted for
through the adhesion paramejerThe stress state of Figure 3 Definition of the symbols used in Section 2.3.2.
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with bs defined - for the case of a Vickers indeter - by:

E
b3 = 53243 =2 (1 — vg)
Jss

2.3.3. Image stresses and local stresses

Image stresses'™(r) must be considered in order to
account for the existence of the free surface of the film.
According to [9] the image stresses can be written as:

«le L,

T~—

: o0 ry 1
M) = o®(p)fl—-)—d
(1) fo ) (p)np )
where:
(r) 5(r> 51<r>3 153( )
fl-)=—(-)+=(-) —-=
P 2\ p 16\ p 64

for r/p<1
f<r>
P

3 4 5
_<£) _25(2) _05(£>
r r r
6 7
+6<r£> - 6.6(?) for r/p>1

The local stress is therefore defined as:

()=o) +o™(r)

2.4. Estimating K¢ for film and substrate

Assuming that the Palmqvist crack can be approxi-
mated by a semi-elliptical one [11] and elaborating on
the theory for the stress intensity factor for a halfpenny

crack with a stress gradient [12]:

—-m

27/

_ 1
oco=—[o(r)dr
LCF/ ")

=224

where:

Figure 4 Definition of the symbols used in Section 2.4.1.
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Figure 5 Definition of the symbols used in Section 2.4.2.

Figure 6 Approximating the portion of a semi-elliptical crack in the film
by a straight line perpendicular to the film surface.

The line integral must be computed along the crackl-4.2. Case 2: Crack depth > substrate

front CF whose length id.. Some typical cases are

discussed below.

2.4.1. Case 1: Crack depth < substrate
thickness

thickness
In this case we assume that the crack is rectangular
(see Fig. 5). In the case of a crack crossing the inter-
face, the film material does not contribute to the crack
arrest and the interfacial side of the crack front is disre-
garded in the computation of fracture toughness. If the

In this case we assume that the Palmqvist-crack shape®ack is stopped at the interface, we can assume that
semi-elliptical. The integral along the crack front con- the crack arrest is due to the substrate material and the

sists in computing it along the semi-elliptical crack:

&= fon o (r(0)) do

where (see Fig. 4)

r(@)—g+—— mcosd
\/1 — 4% co g

same computational procedure for the estimation of the
film fracture toughness can be applied as in the case of
a passing crack.

For the computation df .o we use the same formal-
ism as for the semi-elliptical crack, with the approxi-
mation that the sides AA and BB of Fig. 5 are linear, i.e.
the upper portions of the semi-ellipsis of Fig. 6, cut by
the film/substrate interface, can be considered to be so
small asto be confused with straightlines perpendicular
to the film surface.
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The integrations required in this case are: 3. Comparison with experimental data
3.1. Materials and methods
— Electroless Ni-P (9%) layers of various thicknesses
o= /AA o (1 (xa)) dxa + /BB o (r (xs)) dxg were plated onto nitriding steel in the same way as re-
ported in [4]. Au-Cu (25%) top layers were deposited
S S gom the cyani/d(renz baﬂ;I descré?(e:d in [1|3]dat c(;Jrrent
_ ensity=5 mA/cnr and T =40°C. Detailed studies
- fo o (1 (xa)) dxa +/0 o (r(xe)) dxe of the above mentioned materials are given in the fol-
lowing references: bath behaviour (Ni-P [14], Au-Cu
with [13]), deposit structure (Ni-P [15-17], Au-Cu [18]) and
mechanical properties (Ni-P [19], Au-Cu [20]). The in-
2 dentation procedure is the same as described in detail
r(xa) =,/Xa + <§> in [4]. The problem of the presence of an experimen-
tal residual stress state was not accounted for in the
evaluation of the fracture toughness of films. We main-
> tain that this approach is acceptable, and even advan-
r(xg) = /X2 + <9 + |) tageous, in the case at hand because the formation of
2 residual stresses is intrinisic of the relevant film growth
processes. The proposed indentation method has the ad-
. vantage of quantifying with a single parameter (crack-
2.4.3. Case 3: A crack in the substrate arrest fracture toughness) both material properties and
The existence of a crack in the substrate can be used {gowth-induced stress states. These two quantities can-
estimate the fracture toughness of the substrate matgpt pe separated in the case of deposited films and they
rial. The crack in the film can be treated as discussegyst pe jointly taken into account as far as practical
in Sections 2.4.1 and _2.4.2. The stress state in the SUQ'ppIications of the relevant coatings are concerned.
strate can be approximated by the sum of the stresys is at variance with the case of bulk metarials,
state caused by the indentations in both the film and thg here the stress states induced by the preparation tech-
substrate. The_ contribution to the average stress dqtﬁque of the measurement (e.g. metallographic polish-
to the indentation of the substrate can be computed fg) - not of the material preparation process - induces

in Section 2.4.1, using the diagonal of the interfacialg rors in the evaluation of the bulk metarial fracture
trace of the indentatiod;. (see Fig. 7) The contribu- t5,ghness.

tion to the stress state caused by indentation of the film

will be described in the rest of this section. The inte-

gration along the crack front is performed along the 2. Mechanical data for computations
semi—_ellipsis withinth_e substrate material, by LjSingtheThe mechanical constants which are needed for the
following transformations: model computations (see Section 2) were derived from
papers published previously by one of the authors (see

pz(e) = 1 References contained in Section 3.1).
4__ N2
1— 7”'{2” cog6
d | 3.2.1. Crystallised electroless Ni-P (9%)
x(0) = > + 5P cosd Young’s modulus: E =184000 MPa

Yield stress: oy =151 MPa

) Poisson’s coefficient: v=0.30
y(@) =h+s+ psind

r(0) = vx(6)?+ y()? 3.2.2. Electrodeposited Au-Cu (25%)
Young’s modulus: E =41160 MPa
Yield stress: oy =123 MPa
Poisson’s coefficient: v=0.30

d/2 1

h 5 \ Pr P
3.3. Interpretation of literature data
s t \ Crack arrest fracture toughness data for relatively thick

) supported Ni-P layers, for which the present approach is
\ :z P i n not necessary, were published previously by the authors
of the present paper [4]. These data were re-interpreted

di/2 according to the model described in Section 2; this ap-
plication can be considered as a limiting-case test of
the model, which was designed for thinner coatings in

Figure 7 Definition of the symbols used in Section 2.4.3. which the interactions of the indenter with the substrate

—
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are significantK g estimates as a function of applied 3.4. Ni-P coatings of various thicknesses

load are reported in Fig. 8 for both the thick-film [4] Ni-P coatingsinthree thickness ranges were plated onto
and the thin-film (Section 2) approaches. The two setsiitriding steel, heat treated and indented with different

of evaluations are comparable and yield results whichoads. Experimental conditions, indentation diagonals

are both quite acceptable interpretations of the experiand crack lengths are reported in Table I. The aver-

mental data, taking into account their spread.

this approach
thick film approach

Kico (MPa Ym)
= »
[4,] o
1 1

1,0 4

Figure 8 Crack arrest fracture toughnedsi{p) estimates as a function

T T T T T T T
] 5 10 15 20
P (kg)

age crack lengths and standard deviations were com-
puted from the average crack lengths of the four angular
cracks (see Fig. 9) of each replicated measurement.

Kico estimates were computed with the model pro-
posed in Section 2 and are reported in Table Il. Up-
per and lower limits forK ;o estimates were evalu-
ated by computing the crack arrest fracture toughness
with the following input values:{@) — o4, (I} + o) and
((d) + o4, {I) — a1), respectively. The relevant analyti-
cal expressions of Section 2 were integrated numeri-
cally with optimal integration parameters.

The Ko estimates agree well with the values
previously reported [4] for thick films, supporting
the thesis that the parameter is a material prop-
erty. No trends can be observed in the investigated
ranges of thicknesses and indentation loads, the esti-
mated crack arrest fracture toughné&gg amounts to
1.09 MPa/m, the spread of the estimates is in the range:
0.80+1.41 MPa/m.

3.5. Thin Au-Cu coatings on thick Ni-P

of indentation load according to the thick-film [3] and thin-film (Sec- A disordered Au-Cu (25%) film of thickness 2m
tion 2) approaches.

SlEierEn

(evaluated from a SEM cross section) was electroplated

Figure 9 Optical micrograph of Vickers indentation (sample thicknessng indentation load. 3 kg) and relevant angular cracks.
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TABLE | Crystalline Ni-P (9%) films: thicknessasindentation load$, indentation diagonald and crack lengthk

P=1 kg

P=3 kg

P=5 kg

s=5um
s=10 um

s=175 um

d=7213+4.25 um
| =6116+6.89 um
d=6800+3.97 um
| =665.60+4.25 um
d=6291+541 um
| =5140+5.31 um

d=11075+6.76 um
| =2300346.05 um
d=12360+4.45 um
| =14203+10.15 um
d=11697+6.10 um
| =1085045.26 um

d=16793+8.19 um
| =2233+7.96 um

d=16230+8.00 um
| =19083+9.60 um
d=15430+9.34 um
| =18413+6.76 um

TABLE Il Crack arrest fracture toughnel§go estimates (MPgm)

and uppeiKpp and lowerK oy limits computed with the model of Sec-

tion 2 as a function of film thicknessand indentation load

P=1 kg P =3 kg P =5 kg
s=5 um Kiow =0.94 Kiow =1.08 Kiow =1.14
Kico=1.07 Kico=111 Kico=1.17
Kypp=1.23 Kypp=1.13 Kupp=1.19
s=10 um Kiow =0.88 Kjow =0.85 Kjow = 0.95
Kico =1.06 Kico =0.98 Kico=1.09
Kupp=128 Kupp=113 Kupp=125
s=175 um Kiow =0.80 Kiow = 1.06 Kiow =0.91
Kico=1.04 Kico=1.22 Kico =1.05
Kypp=1.37 Kuypp=1.41 Kupp=1.20

mental surface and interface indentation diagonals and
crack lengths are shown in Figs 10-12. The results of
crack arrest fracture toughness evaluations according to
the procedure described in Section 2.4.3 &rgy(Au-
Cu)=1.25 MPa/m, Kjow(Au-Cu)=1.21 MPa/m,
Kupp(Au-Cu)=1.31 MPa/m; this figure is in slight
excess of the values measured in a different paper [21],
where the valu& o = 0.89 MPa/m was obtained for
thicker (~40 um) layers indented with a micro-Vickers
indenter loaded with 0.5 kg and evaluated with the
thick-film method [4].

The model of Section 2 was used to estimate the
Ko for the X-ray amorphous Ni-P substrate into which
the crack was propagated through the interface. The
interfacial crack length and the interfacial diagonal

onto thick (~70 um) as plated and mechanically pol- were measured by the lapping method described in [4],
ished electroless Ni-P deposited onto nitriding steelthe results areKco(Ni-P)=4.48 MPa/m, Ko (Ni-
The sample was indented with a load of 5 kg. Experi-P)=3.84 MPa/m, Kpy(Ni-P)=5.34 MPa/m, these

Figure 10 SEM micrograph of the surface Vickers indentation and crack system @fma 2u-Cu film deposited onto an amorphous Ni-P substrate

(~70 um).
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Figure 12 SEM micrograph of the interfacial trace of a Vickers indentation and of the interfacial crack system in the Ni-P substrate of a Au-Cu/Ni-P
bilayer (see Fig. 10).
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results underestimate the results reported in [4], but arReferences

still in fair agreement. 1

2.

. 3.
4. Conclusions

In this paper, a simple analytical model is proposed 4.
for the measurement of crack arrest fracture toughness
of thin supported films by Vickers indentation. In this >
context by “thin film” we mean a system in which the
indentation process is directly affected by the presence
of the substrate, i.e. the indentation depth is larger than
the film thickness and/or a Palmqvist crack crosses the
film/substrate interface. 7.
The model is based on the following mechanical-
metallurgical concepts: (i) plasticised volume under g
a Vickers indentation, treated with the inclusion core
model [9]; (i) modification of the plasticised vol-
umes due to adhesive coupling of the coating/substrate:
system, treated according to [10]; (iii) modelling of

Palmqvist cracks by semielliptical cracks, obtained by, ;.
12.
Analytical expressions are given for the crack arrest3.

elaborating on [11].

fracture toughness as a function of: (i) mechanical pa-
rameters of film and substrate (Young’s modulus, yield
strength, Poisson coefficient), (i) geometry of the sys-
tem (film thickness, indentation diagonal, crack length,

crack depth) and (iii) interfacial adhesion (which can bels.

either measured or estimated from mechanical proper-
ties of the film and substrate for the case of ideally fault-

free interfaces). The derived analytical expressions cang;.

not really be handled analytically, but can be solved by

straightforward numerical integration. The model was18.

tested against three sets of experimental data: (i) litera-
ture crack arrest fracture toughnd§gg data for thick

Ni-P films were re-evaluated by this model as a lim-
iting case test: a good agreement was found; (ii) Ni-P

coatings of various thicknesses were tested with dif-20.

ferent indentation loads in a system where the cracks
were either shallower than the film or were arrested at,,
the Ni-P/steel interface an,o values were obtained
which were consistent both among themselves and with
the results of point (i); (iii) thin Au-Cu coatings plated
onto Ni-P substrates were produced and tested: in this
system the crack propagates though the interface and
Kico of both coating and substrate can be evaluated:
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