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Cracking behaviour of PVD tungsten coatings deposited on
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Abstract: Tungstencoatingshave beerdepositedon steelsubstratedy magnetrorsputtering.For the sameprocessing
con-ditions,the increaseof the coatingthicknessenhanceshe (111) componenbf the crystallographidexturewhereas
the residualstresslevel decreasesTensile and four-point bendingtests,associatedvith an acousticemissionanalysis,
havebeenperformedinsidea SEM chambeiin orderto studythe crackingmechanismsWhenthe residualstressesire

takeninto account,an intrinsic critical cracking stressand the associatedcenergyreleaserate can be determined;the

obtainedvaluessuggesian intergranularcrackingmechanismNo debondinghasbeenobservedat the interfacedespite
thelargeplasticdeformationof the substratet the cracktips. The observedstrainlocalisationmodesin the substratenear
theinterfacehave beershownto havea majorinfluenceon thelimit crackdensity
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1. Introduction mechanisms and a good understanding of the con-
nection between microstructural characteristics,

Coatings are more and more frequently used in which strongly depend on the processing con-
order to improve the mechanical, thermal and ditions [1], and the global damage behaviour [2].
chemical properties of various substrates. Their This paper aims at improving the understanding
shielding effect has been proved to be highly and the quantitative description of the damage
efficient as long as they are not subjected to sig- behaviour of brittle PVD coatings deposited on a
nificant mechanical damage. Consequently, any ductile substrate from the experimental study of

optimisation procedure of the coating—substrate tungsten-steel systems.

systems requires the identification of the damage This analysis cannot be achieved without an
accurate characterisation of the initial state of the

coatings, especially their residual stresses and crys-

msponding author. Teh:33-1-69333370: fax+33-1- taIIographic texture. Therm.a'l stresses are the result
69333026. of cooling from the deposition to room tempera-
E-mail addresszaoui@Ims.polytechnique.fr (A. Zaoui). ture, due to the thermal expansion coefficient mis-



match between the coating and the substrate.reported in a previous paper [5]. Two processing
Additional residual stresses, the so-called “intrinsic conditions have been chosen. The first ones, called
stresses”, result from growth mechanisms: they are “A conditions” (3 kW target power, 3.5 Pa Ar
due to the accumulation of crystallographiavils pressure,—25 V substrate bias; samples labelled
developing in the coating [1]. They are generally from A to | with a coating thickness ranging from
compressive, with an order of magnitude of 1 to 4 0.6 to 30um), have been used to study the influ-
GPa. A number of studies have been devoted to ence of the coating thickness on the overall mech-
the investigation of residual stresses in such coat- anical properties of the samples (residual stresses,
ings but the influence of the processing conditions critical cracking stress, . . .). The second processing
and of the coating thickness on their overall level conditions, called “B conditions” (1.5 kW target
still needs to be known more precisely; the same power, 2 Pa Ar pressure;25 V substrate bias;
conclusion applies to crystallographic textures. samples J and K) have been chosen fopB80thick
These questions are investigated in W-steel sys-coatings in order to check the dependence of the
tems in Section 3. cracking mechanisms on the processing para-
The damage mechanisms which are the most fre- meters. In both cases, the obtained coatings exhibit

quently active in such systems are the coating a specific microstructure of densely packed
mode | cracking and the interface debonding [2— fibrous grains.
3]. The quantitative mechanical characterisation of The experimental analysis of the mechanical
damage initiation and kinetics requires adequate characteristics of the coatings, such as the residual
experimental techniques: in this study, in-situ ten- stresses or the critical cracking stress, requires the
sile and four-point bending tests have been perfor- knowledge of their elastic properties. Several
med inside a S.E.M. chamber; an acoustic emissionauthors [6—8] have determined the Young modulus
analysis has been developed for the study of the of PVD tungsten coatings submitted to a compress-
cracking kinetics whereas a microextensometry ive residual stresses state by nanoindentation and
technique has been used for a better investigationbending tests: they have shown that the experi-
of the strain field heterogeneity along the interface. mental values, ranging from 360 to 430 GPa, are
The combined use of these techniques has led toclose to those of the bulk material (410 GPa). So,
the identification of the active cracking mech- we assume in what follows that the Young modu-
anisms, and to the determination of an intrinsic lus, the Poisson ratio as well as the coefficient of
critical cracking stress and of the associated energythermal expansion of our coatings, which are sub-
release rate from Hu—Evans's model [4] (Section mitted to compressive residual stresses, are given
4). Moreover a preliminary analysis of the cracking by the bulk tungsten values (see Table 1).
kinetics has been conducted (Section 5), through Most of the studied substrates, constituted of a
the comparison of the experimentally defined mini- 35NCDV12 steel, exhibit a martensitic structure.
mum distance between two neighbour cracks with Some of them (“type 2") have been subjected to
the one which can be predicted from Hu—-Evans’s an annealing treatment in order to modify their
model [4]; special attention has been paid to the yield stress so as to be able to investigate the
influence of the coating thickness and partial influence of the substrate yield stress on the crack-
results have been obtained on the influence of theing behaviour of the coatings. The mechanical
processing conditions and the substrate yield stressproperties of both substrates are also reported in
and plastic behaviour on the limit crack density. Table 1. The different sample characteristics

(coating thickness, processing conditions and

substrate) are reported in Table 2.
2. Materials

3. Crystallographic texture, residual stresses

Tungsten coatings have been deposited on steeland chemical analysis

substrates by magnetron sputtering. The technical

details of the sputtering procedure used have been The initial state of the coatings studied has been

characterised through the investigation of their



Table 1
Mechanical properties and thermal expansion coefficients of PVD tungsten coatings and 35NCDV12 steel substrates

E (GPa) v o (106 K™Y Yield stress,o, (MPa)
PVD W 410 0.28 4.6 -
Substrate type 1 200 0.29 12.3 1100
Substrate type 2 200 0.29 12.3 800
Table 2
Sample characteristics
Sample Coating Thicknessirf) Elaboration conditions Substrate
A 0.6 A Type 1
B 1.6 A Type 1
C 1.6 A Type 1
D 6 A Type 1
E 13.9 A Type 1
F 13.9 A Type 2
G 311 A Type 1
H 30.9 A Type 1
| 30.1 A Type 2
J 30.4 B Type 1
K 30.2 B Type 2

crystallographic texture, residual stress state andwhere l,,=(hkl) studied ray intensity], n=(hkl)

chemical composition. theoretical ray intensity, and=number of (hkl)
rays studied. The greater this coefficient with
3.1. Crystallographic texture respect to 1, the stronger the texture along the con-

sidered direction. This analysis has been confirmed
The crystallographic texture of f.c.c coatings by classical pole figures. Figure 1 shows that the
with a (110 growth orientation [9] and of b.c.c  T,,, coefficient increases with the coating thick-
coatings with a111) growth orientation [10] has  ness, which characterises the development of a
already been shown to depend on their thickness. (111) texture. This result is in agreement with Ger-
This dependence has been checked on our samplegaud’s [10] observations on Mo coatings, which
through an X-ray diffraction analysis using a Cu
K, radiation; the analysed volume is 1 réxth pm
(average depth) large. The texture has been charac:
terised by the texture coefficieft,, [11] which is
defined, for any (hkl) orientation, as the ratio of
the diffraction ray intensityl,,,, to the theoretical
diffraction ray intensity of an isotropic tungsten
powder, |, 4, Normalised by the average value of
these ratios over the numberof (hkl) rays stud- m--.,u_ A
ied: 0 —-.I___n_ : "glckncss (um)
0 10 20 30 40

| S
T = (hk' n— 2 & Q) Fig. 1. Variation of the coating texture coefficient versus the
Lo,k _ 1'0,hki thickness.
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have the same crystallographic structure. The tex- 14 v
ture can be considered as isotropic only for the 0.6 + o,, + 033) + — = (0109
pm thick A coating. E

+ 02:8INP)sin2y.
In addition, if we assume an isotropic residual

plane stress statecf [i={1,2,3}]=0,,=0 and
01:=0,,=0), €d. (3) is independent af:

3.2. Residual stresses

Residual stresses have been determined by X-
ray diffraction with a Cu K radiation §.,=0.1504

nm), according to the “sity” method [12]. From 1+v v

the Bragg relation, the measured lattice spacing of v = g 'G'S'”Z‘I’_E'G’ (4)
{hkl} planes, d,q, is linked to the elastic strain ) )

component,,, by: so thato can be directly derived from the slope of

a (e, Sirfy) plot, through the value of the elastic
constants of the material.

In order to validate the assumption of an iso-
tropic plane residual stresses state, measurements

—60) have also been performed at variguangles. With
whered}, is the stress-free lattice spacing aryg use of the property of vanishing normal stress)
refers to the Euler angles and y defined in Fig. at the free surface of the diffracted volume, all the
2. The {123} planes have been chosen for a better components of the stress tensor and the stress-free
measurement accuracy. lattice parameter can be determined (the latter is

Since tungsten single crystals can be consideredlinked to 6, by the Bragg relation: @sing,=1).
as elastically isotropic [13], the same property is  Figures 3 and 4 show that, for several thickness
true for textured polycrystalline coatings [14]. Values $=0) and for severap angles (=1.6 um),
According to a Reuss-type assumption the relation betwees,, and siffy is linear; this
(homogeneous stress state in the diffracted result confirms the implicit assumption of a negli-

O g —
gy = |n(“k'>z“k'k“' = —cotang)-(® 2)

0 0
dhkl dhkl

volume), the stress—strain relation is given by: gible stress gradient in the diffracted volume. For
1+ the 0.6 and 1.um thick coatings (A and C, Fig.
v . .
Egy = ?(0'110052(]) + 0,,5iN2 4), the whole thickness of the coatings has been

investigated. For differenp angles and with the
v assumption of vanishingss, all the components
osg—E(oll 3) of the stress tensor of samples B, D, G and J have
been estimated (Table 3).
The good agreement that can be observed

1+v

X3 N hia 5,0E-03 L
] 0B (1,6pm)
0 Y »Op
3,0E-03 - - ., X D (61m)
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Fig. 2. Definition of y, ¢, and @ angles in the sample axes . . . .
(X3, XS, X9). Fig. 3. €. sirfy) plots for different thickness values of

PVD coatings.



el These values are a little bit larger than the bulk
YN | tungsten parameter (0.3165 nm), which is in agree-
LN = =0 ment with previous results on PVD tungsten coat-
S 0 ings [15-16]
. \a % O $=270°
g N B _ 3.3. Chemical analysis
e ﬁ\g\ﬁ Gergaud [10] has shown that, for identical pro-
0 \g cessing conditions, the gas (argon) concentration
il '} ] in PVD Mo coatings increases with the develop-
EN ment of a(111) texture. In order to check this
02F @\ 1 effect on the growth of our PVD tungsten coatings,
Y the amount of gas (Ar) embedded in tungsten coat-
0 01 02 03 04 05 06 07 08 03 ings has been determined by electron probe micro-
sinty analysis (EPMA) with a Cameca SX-50 device.
The K, X-ray emission of argon emitted by the

Fig. 4. €,,.Sirty) plots for different angle for the 1.6 thick
PVD W ngting;’f ? sample under electron bombardment (20 kV, 100

nA) has been compared to the analysis of an Ar—
Si standard sample containing 5.2%wt. Ar. No
between the results obtained from these two gradient of the chemical composition has been
methods definitely validates the assumption of an observed through the coating thickness. The Ar
isotropic plane residual stress state in the coatings.concentration is equal to G:2.1 %at. for samples
Moreover, these results are in agreement with A to | and 0.30.1 %at. for samples J and K. This
numerical results from 3D finite element compu- result can be related with the differences of pro-
tations where the residual stresses are generated byessing conditions and with the fact that the lattice
an adequate temperature field in a bimaterial with stress-free parameted® is slightly larger for
different thermal expansion coefficients. The samples J and K than for the other ones.
results are reported in Appendix A. They show that
the stress gradient is negligible in the coating 3.4. Discussion
thickness, which validates our experimental results.
The stress-free lattice parameter has been found There is a definite correlation between the tex-
to be equal to 0.3168.0001 nm for samples Ato  ture development and the decrease of the residual
| and to 0.317@0.0002 nm for samples J and K. stresses level when the coating thickness is increas-

Table 3
Residual stresses of PVD W coatings determined by X-ray diffraction with the assumptions of isotropic plane residual stresses
and 05:=0

Sample Thicknessufm) (Assumptionisotropic plane stressy (Assumptiono;5=0) (MPa)
(MPa)

B 1.6 —246Q:30 0,,=—244360 01,=013=0,3=0£50
0,,=—250730

D 6 —2390t50 0,,=—237440 01,=013=0,5=0£50
0,~=—2462t45

G 31 —1590t30 01,=— 160255 0,5=0,3=0,5=0+50
0,~=—145@55

J D - 01,=—349A83 015=0,3=0,5=0+50
0,~—3385:83




ing. Dobrev [9] has proposed to correlate this tex- maximum amplitude\{.), their average amplitude
ture development with the ion channelling direc- (V,,) or the efficient value (i.e., the root mean
tions in the crystal lattice. For a b.c.c lattice, these squarelVgu.s. Of the acoustic signals. The defi-
channelling directions are more and more favor- nition of the latter coefficienVg v 5. IS given by:
able in the sequencél10), (100, (111). During
the impact between an energetic particle and the 1
crystal lattice, the energy dissipation induces either Vems®) = /5 j [V(7)]*dr T = 10 ms to a few seconds.
a partial recrystallisation due to the “thermal spike” t
effect or the creation of defects due to consecutive (5)
binary collisions. Therefore, under this bombard- o
ment, the coating is growing along the more favor- A shape factor,F, can also be used [18]: it is
able channelling directions, which corresponds to defined as the ratio of the maximum amplitudf)(
a (111) growth direction for a b.c.c lattice. to the efficient value\(z w.s)- , o
Moreover, according to Thornton and Hoffman The correlation petween acqusUc emission sig-
[1], the creation of defects increases the intrinsic Nals recorded during mechanical tests and crack
residual stress level. As the size of the affected initiation has first been investigated. In addition,
region increases in the sequen¢kl0), (100, fou_r—point bending tests havg been performed
(111), a (111) growth direction induces a lower inside th_e S.E.M. <_:hamber (Fig. 6) to allow the
density of defects and subsequently a decrease ofobservation o'f the interface petween the.subst'rate
the intrinsic residual stress level. This is in agree- and the coating under loading. Gold microgrids
ment with our experimental observations: when the [19] of 2 um path have been deposited on the
coating thickness is increasing, @11 texture cross-section of the sa_mpl_es in view of a _qualltat-
develops and the residual stress level decreases. V€ analysis of the strain field heterogeneity.

4.1. Damage analysis
4. Cracking behaviour
SEM observations show a strong influence of the

The experimental devices used to characterize coating thickness on the cracking behaviour. For
the cracking behavior of magnetron tungsten coat- thinner coatings (0.6 and 146m), cracks follow
ings are first described; we then report on the the grain boundaries of the substrate, which are
results of an investigation of the cracking mech- revealed by ion etching (Fig. 7(a)) performed
anisms. inside the deposition chamber in order to clean the

The substrate—coating samples are submitted tosubstrate surface and to improve the interface
tensile tests, at a nominal 3.10s* strain rate, in adhesion. Similar observations have been made on
a Raith tension loading stage which lies inside the 3 um thick TiN coatings deposited on a steel sub-
chamber of a scanning electron microscope (SEM). strate [20].
Such a device allows a more precise and realistic  For thicker coatings (6, 13.9, 3fm), cracks are
investigation of the cracking mechanisms under straight and perpendicular to the tensile axis (Fig.
loading, of the cracking kinetics and of the sub- 7(b)). This mode | cracking behaviour of PVD
strate—coating adhesion. The tests are instrumentectoatings is frequently observed under bending and
with an extensometer device and coupled with an tensile loadings [20-21].
acoustic emission analysis, using a piezo—electric No debonding has been observed at the interface
sensor with a 20 kHz filter and a sampling period but strain localisation develops in the substrate at
of 100 ns (Fig. 5), so as to be able to determine the crack tips, as revealed during a four-point
the critical strain £0.01%) for crack initiation and  bending test, by the deformation field of a gold

to analyse the cracking kinetics. microgrid deposited on the crack tip area of a 6
Several variables [17] can be used to character- um thick coating (Fig. 8).
ise the acoustic signalsv(t), such as their The microgrid is clearly deformed close to the
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Fig. 5. Experimental tensile device used to study the cracking behaviour of coatings.

2 somm T2 fmbinm 4.2. Acoustic emission analysis
g = ‘
G058 mm 3 i S 74 mm )’T % . . .
®— The influence of the substrate yield stress is
Microgids illustrated in Fig. 9 by the responses of a similar
Fig. 6. Four point bending sample. 13.9 um thick coating deposited either on type 1

or type 2 substrates. The black square points corre-

spond to §, €) values associated with acoustic sig-
crack tip (Fig. 8) and plastic strain mechanisms nals detected during the test. The acoustic signals
appear to be active in the substrate inside defor- are characterised by thek ratio, which can be
mation bands inclined by 45with respect to the  used as an acoustic signature of the cracks. As this
substrate-coating interface. At a 10-i4n dis- ratio F is found to be constant during the tensile
tance of the crack, the microgrid is more homo- test (Fig. 10), it can be concluded that one cracking
geneously deformed and the strain level is lower mechanism only is active throughout the test. We
than in the crack tip zone (Fig. 8). can infer from this result that no interface debond-

a

Fig. 7. Damage mechanisms observed on the coating surface (SEM image$}=6@&um, e=3%, Sample B; (b);=13.9 um,
£=5.3%, Sample E, mechanisms observed for a thickness larger them 6
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Fig. 8. Microgrid deformation close to the crack during a four-point bending test opra éhick coating with a type 1 substrate.

1400

1200 -

1000

800

600

Stress (MPa)

400

200 A

Sltrain

*)

4 5 6 7 8

Fig. 9. Global responses of a W PVD coating sample (B+,3.9 um) deposited on substrates 1 and 2: characteristic curve of
the W coating/steel samples for a thickness larger thaumé A:E-W/substrate 1,—F-W/substrate B; (o, €) values associated

with acoustic emission.
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Fig. 10. Amplitude vs.V, s plots for a 31um thick PVD
coating. This curve is characteristic of the W coating/steel sys-
tems under tensile loading for a coating thickness larger than
6 pm.

ing occurs. This conclusion is corroborated by
direct SEM observations.

4.3. Intrinsic critical cracking stress and energy
release rate

4.3.1. Approaches

The experimental results of the tensile tests have
been reported in Table 4 for all the samples with
mention of their thickness, their residual stresses
and the substrate type. It can be noticed (Table 4)
that the straine;, . associated with cracking
initiation depends on the coating thickness, so that
it cannot be considered as an intrinsic damage
parameter for tungsten coatings. Since itis likely to
depend on the residual stress level, the associated
critical stress parameter can be thought to lead to
a more relevant cracking criterion.

In order to check this point, we consider a coat-
ing—substrate perfectly bound system, subjected to



Table 4
Values of residual stresses), €5 Oixapps Okxc @and G for different coating thickness values and substrates (the residual stresses
derive from previous measurements; see Section 3.2)

Substrate Coating o' (MPa) €5vc (90)(+0.01%) Olxappl ol (MPa) G (J/n?)
o, (MPa) thickness{m) (MPa)
A 1100 0.6 —2560 0.88%>¢>0.55% / /
B 1100 1.6 —2460 0.88%>¢ >0.55% / /
C 1100 1.6 —2450 0.68%¢ >0.66% 250-336850 /
D 1100 6 —2390 0.66% 2700 3HBO 3.41.0
E 1100 13.9 —-1670 0.47% 1930 26650 5.2:1.8
G 1100 31.1 —1600 0.46% 1890 2%50 15.5%4.8
H 1100 30.9 —1500 0.43% 1765 26%0 12.4.2
J 1100 30.2 —3500 0.92% 3770 2450 12.64.3
F 800 13.9 —-1680 0.47% 1930 2550 3.81.4
| 800 30.4 —1550 0.44% 1810 2650 11.34.1
K 800 30.2 —-3500 0.93% 3810 3HH0 17.45.1

uniaxial tension along the axis (Fig. 5). Both both the substrate and the coating but considers a
materials are assumed to be elastic, homogeneouslastic yielding zone at the crack tip in the sub-
and isotropic; the coating is submitted to an iso- strate. The interface between the coating and the
tropic plane residual stress state. Since the coatingsubstrate is considered as perfect. This approach,
is much thinner than the substrate, stresses can belescribed in [4], is based on an energy balance of
assumed as uniform throughout the coating thick- a strained system when the coating is cracking. It
ness witho,,=0. Using the continuity conditions on leads to the following expression f@:

the displacements and tensions across the interface,

we easily obtain [22]: _ (Ou®t]  _(E°\ | Ok
G = nF = + 373 9)
P e . N , .
O = 1 f, Eex + oy whereF = (E3/E') is a function of the elastic con-
trast [4] andz$ is the shear yield stress of the sub-
= : (6) Y -
vi—ys strate. For our system§, is equal to 0.71.
Oly = Efes, + of

1V
4.3.2. Results

where indices f and s refer to the film and the sub-  The results corresponding to the fracture proper-
strate, respectively, and r stands for “residu#l ties of tungsten coatings are presented in Table 4.
the Poisson ratios/! and v¢ are almost equal Except for very thin coatings (samples A, B and C),
(v=0.28 andvs=0.29), eq. (6) simplify into the resultingof, . values are found to be remark-
ably close to each othero{,.~275+ 50 MPa)
whatever the coating thickness and the substrate
So the cracking initiation can be characterised by yield stress (Table 4), so that they can be con-
the critical stres®t, ., associated with the critical sidered as defining an intrinsic critical cracking
strain &5, . through the relation: stress. This value is in good agreement with pre-
vious results derived from a 3-point bending test
for PVD tungsten coatings deposited on a steel
The energy release rafe for the crack extension substrate [7]. Nevertheless, our experimental
through the film can be determined for all coating— investigation, which has been performed under
substrate systems from the Hu and Evans approachhomogeneous loading conditions, leads to a more
[4]. The derivation assumes an elastic behaviour of accurate determination of this parameter and to a

=lol~E"e5 + of; ol ~0l. 7

Ol ~E'e5, + O (8)



more conclusive proof of its intrinsic nature,
especially through the independence of the critical |/
measured stress with respect to the processing con-
ditions. For samples A to C, whose released energy|
associated to cracking seems to be very low, the

detect the first cracking events.

The associated energy release r&@evalues
range from 3.4 to 17.4 JAnThey are in agreement
with those determined by Harry with the same
approach. A dependence Gfon the coating thick-
ness can be observed sinGeis proportional totf
(see eq. (9)).

4.3.3. Discussion
A first observation can be made on the measure- Fig. 11. SEM photograph of the columnar microstructure of
ment uncertainty. Although the determination of 30 um thick PVD tungsten coating.
the critical strain is quite precise (19, it induces
a precision of the order of 18% for the critical
stress and 30% for the energy release rate. Despitemental determination, which is concerned with the
this fact, the order of magnitude of the obtained thinnest coating exhibiting mode | cracks |ién).
values foro!, . and G can be considered and dis- In the case of cleavage fracture of tungsten, Mian-
cussed. nay [25] has shown that the theoretical fracture
Even if the brittle behaviour of tungsten coatings energy (%) is equal to 6.3, 9.2, 16.3 Jffor
is qualitatively consistent with the one of the bulk (110), (100) and (111) planes, respectively. In
material obtained from tensile loading at °20 addition, for b.c.c. materials, the cleavage planes
[23], there is a great difference on the level of frac- are not the (110) (lowest energy) but the (100)
ture stress between our experimental results andplanes. To explain this effect, Cottrell has proposed
those reported in literature. According to [24], the a mechanism based on the self-locking of slip sys-
fracture stress is in the order of 560 MPa for coarse tems which is responsible for strong interactions
tungsten and of 3900 MPa for a 20n diameter between two (110) dislocation systems and for the
drawn wire. Moreover, from Farre [23], sintered formation of locks: this results in an increase of
tungsten has a fracture stress of 1000 MPa and athe fracture energy with regard to the theoretical
cleavage stress of 2100 MPa. These values of intra-values [26]. Consequently, whereas our experi-
granular fracture stress are much greater than ours:mental values ofG have been overestimated, the
this difference suggests an intergranular fracture theoretical predictions can be considered as under-
mechanism for our coatings. Moreover, as the estimated. Nevertheless, our values are lower than
cleavage stress increases with the decrease of thehe theoretical ones by a factor of 2.7, which is
grain size, the intergranular fracture is all the more certainly underestimated. Since this difference is
favourable because our coatings have a columnarmuch larger than the experimental uncertainty of
microstructure with a grain size in the order of 10 our G measurements (30%), it can be concluded
to 100 nm (Fig. 11). that the energy approach also suggests a mech-
On the other sideG is defined as the available anism of intergranular fracture of our PVD tung-
energy of the crack extension through the coating sten coatings, associated with their specific small
per surface unit. So a crack develop&ifs larger grained columnar microstructure which is not
than or equal to twice the surface free energy value expected in bulk tungsten specimens. This fracture
(2y.). This value, which is independent of the coat- mode is likely to be strongly favoured by the large
ing thickness, is then overestimated by our experi- specific area of grain boundaries in PVD coatings.
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Table 5
Average minimum spacing between two consecutive cratks) (for different coating thickness values and different substrates

Coating thicknesspm) Substrate yield stress (MPa) Aex{Hm) Processing conditions
6 1100 62 A
14 1100 77 A
14 800 108 A
31 1100 111 A
30 800 140 A
5. Analysis of the minimum spacing between assuming a perfectly plastic Von Mises behaviour
cracks of the substrate at the crack tip, we obtain:
f

The crack density, defined as the number of & — 9%,ith T, = % and forx=d, (10)

observed mode | cracks per unit sample length, b X \@

rapidly increases with strain and then slowly tends .
to a saturation value. This maximum crack density % _ Oxxc
is known to be decreasing with the coating thick- t d
ness [7], but no experimental information is avail-
able in literature on the influence of the substrate
yield stresso,, on this saturation density. Since the
minimum average spacing between two neighbour
cracks fRexy) is inversely proportional to the
maximum crack density, thé.,, values can be
usefully compared for different coating thickness
values and different substrates (Table 5).

The average minimum spacing between cracks d < A < 2d. (12)
is found to increase with the coating thickness for
a given substrate and to decrease with the substraté-°nseauently, we get from (10) and (11):
yield stress for a given coating (same thickness and
residual stress level). \@ <

These effects can be analysed according to the
Hu-Evans model [4] whose assumptions have beenSo, A is decreasing with the substrate yield stress
given in Section 4.4.1. By use of a shear lag-type and increasing with the coating thickness, as
treatment with a linear redistribution of the uniax- observed experimentally.
ial tensile stressdf,) in an uncracked coating por- The vyield shear stress, of the substrates is
tion on a distancel from the crack (Fig. 12) and evaluated from the Von Mises criteriorn, (=

wherex is the distance from the crack tip, is the
substrate yield shear stress asig. is the critical
cracking stress of the coating. The minimum spac-
ing 4 between two cracks can be bounded dy
(because the cracking criterion cannot be satisfied
below) and @ (because this criterion is surely sat-
isfied beyond):

Aoy
O_Lx,c'tf

<2,3. (12)

85..‘()(

Substrate

Fig. 12. Linear stress redistribution in a coating close to a crack [4].
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Gy/\/é)l it is equal to 635 MPa and 460 MPa for PVD coatings. This fracture mode is all the more
the substrates 1 and 2, respectively. Thaeoreti- favourable because the microstructure of coatings
cal value can be estimated from the intrinsic crack- is small grained and columnar with an important
ing stress and compared to tig,, experimental  specific area of grain boundaries.
value (Table 6). The maximum crack density is decreasing with
The theoretical values are significantly lower the coating thickness and increasing with the sub-
than the experimental ones. This can be consideredstrate yield stress. This effect can be explained
as the consequence of the main assumption of thisqualitatively through a shear lag-type analysis,
approach, namely the substrate strain uniformity including plastic yielding of the substrate at the
under the coating. This assumption conflicts with crack tips, as proposed by Hu and Evans [4].
what can be observed on our samples: the Nevertheless, the development of strain localis-
microgrids technique shows (Fig. 8) that the defor- ation modes from the crack tips, deduced from the
mation field suffers a marked localisation in the experimental analysis of the strain field in the sub-
substrate close to the crack tips. Consequently, strate close to the interface, makes the main
although Hu—Evans's approach offers the advan- assumption of Hu-Evans’'s approach more and
tage of emphasising the important role of local more inadequate as the overall strain is increasing.
plasticity at the crack tips in the substrate, it This strain localisation effect should be more pro-
strongly underestimates the strain heterogeneity nounced when the coating thickness is increasing
induced by the cracking development and its and the substrate yield stress is decreasing, which
influence on the saturation crack density value. would lead to a satisfying interpretation of our
experimental results.
More systematic experimental investigations are
6. Conclusion needed for the analysis of strain localisation
phenomena in the substrate and for the quantitative
Tensile tests coupled with an acoustic emission description of their influence on the cracking kin-
analysis and a microextensometry technique haveetics of the coatings. They are in progress, in paral-
been used to investigate the cracking behaviour of lel with associated numerical simulations.
W PVD coatings deposited on steel substrates.
Taking account of the residual stresses field in the
coatings, as it results from the processing con- Acknowledgements
ditions, an intrinsic critical cracking stress, of the
order of 275350 MPa, has been defined. Thisvalue  The authors wish to thank M. Farges
is independent both of the coating thickness and (DCE/CTA) for coating elaboration, M. Le Cornec
the substrate yield stress. The low level of this (DCE/CTA) for texture and residual stresses deter-
intrinsic critical stress and of the associated energy mination, M. Terrien (LMS) for his assistance to
release rate compared with those of bulk tungsten the acoustic emission analysis and D. Caldemaison
suggest an intergranular fracture mechanism of our (LMS), M. Bornert (LMS) and P. Doumalin (LMS)

Table 6
Comparison between experimental valugg and theoretical valuest)

Coating thicknesspym)  Substrate yield stress (MPa) Aexm) A (um)

6 1100 62 2.61<5.2

14 1100 77 6.641<12.0
14 800 108 8.31<16.6
31 1100 111 12.9584<25.9
30 800 140 17.91<35.8
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X opposed to the one
developments. DGA is gratefully acknowledged oblained aftr he
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Appendix A

PP j‘ D Symmetry about the

i . i 1 ) 12 plane - Face 3

To generate a residual stress state in the studied

structure (coating—substrate system with different Fig. 15. Step 2, boundary conditions.

thermal expansion coefficients), we can introduce

an adequate temperature field without external only can be studied. Faces 1a and 3 are symmetry
loading. We aim at reproducing the homogeneous planes and the other faces remain free. First, we
biaxial (plane) residual stress state in the coating apply a uniform temperature variatidp— T, (with
determined experimentally. Due to the symmetry T, >T,) to an elastic substrate—coating portion
of the problem (Fig. 13), one quarter of the sample (Step 1).

2
Face N $ Coating — 30 pm
1b Yetetetets :
AT Substrate
I mm 3
Symmetry about ~—— - -
e % Symmetry about
the 12 plane 1 mm 0,5 mm ytr}?e Z;rglane
Face 3 Face la

Fig. 13. Boundary conditions of the thermal-mechanical computation and geometry of the substrate—coating portion.
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+3.00E+D2
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Fig. 14. Distribution of theoy; stress (Pa), step 1 (thermal-mechanical computation).



211 YRLUE
~1.43E+089

— =-1.21E+08

-1.18E+09
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— -9.48E+03
— -8.27E+02
—-7.05E+028
-5.B4E+02

[~ -4.62E+02
[~ -3.40E+02
-2.18E+02
=9.71E+07
+2.43E+07

+1.46E+02

Fig. 16. Distribution of theo,, stress (Pa), step 2.

oof—— ' ' R So, this new boundary condition permits a realistic
description of the central part of the sample with-
out modelling the entire tensile specimen. The
other faces remain free except on Face la and 3
(symmetry conditions) (Step 2, Fig. 15). The
numerical computation was performed with the
Substrate Coating finite element software Abaqusinder the assump-
tion of a perfect coating—substrate interface. Tung-
sten coating and steel substrate are considered as
elastic and isotropic with temperature-independent
-1500. 1 L 1 1 . . .
0.0 02 e 06 moduli. Thes_e thermal and mechanical properties
are reported in Table 1. The 3D mesh was realised
Fig. 17. o3, stress profile in the sample thickness, step 2. through 16 000 elements with 8 nodes and 8 inte-
gration points.

This situation is not yet representative of the  After the thermal computation (Step 1), the
experimental conditions since, for a tensile speci- Stress state of the coating is compressive and it is
men, the central part of the specimen is continued N0t homogeneous in the 1 direction. Moreover, the
by coated heads. Therefore Face 1b is not a freeSubstrate is submitted to a stress gradient with a
surface in the actual specimen. Consequently, we tensile stress state close to the interface and a com-
superimpose on Face 1b an axial displacement field Pressive stress state beyond (Fig. 14).
opposed to the one resulting from the computation  After the Step 2 loading on Face 1b (Fig. 15),
of the first numerical Step. This displacement field theé computed stress state is almost homogeneous
is not necessarily linear and depends on the ratio in the coating (Figs. 16 and 17). This stress state is
of the coating thickness to the substrate thickness representative of the experimentally measured one

and on the temperature variation applied in Step 1. (Figs 16 and 18) and the stress gradient is main-
tained in the substrate as illustrated in Fig. 17.

[a]
o
o
T
|

Interface —

Stress 11 (MPa)

-1000.,

[
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+3.06E+02

+4. 26E+02

Fig. 18. Distribution of theo,; stress (Pa), step 2.

Note that theos; stress component does not
change between Steps 1 and 2, and thatahe

stress gradient in the substrate thickness is of the

same order of magnitude as thg, stress gradient
obtained after the thermal computation (Fig. 18).
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