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Variations of residual stresses in layers on substrates can occur in directions

parallel and perpendicular to the surface as a result of compositional inhomogeneity
and/or porosity or cracks. Diffraction methods to evaluate such stress variations are
presented. Comparison of the experimental value for the stress with a calculated value of
the “diffraction-averaged stress,” on the basis of a model for the local stresses, proved to
be a useful method of stress analysis. It is shown that a direct evaluation of occurring
stress-depth profiles is less practical. The method of stress analysis proposed, is applied
to chemically vapor deposited TiN coatings on Mo substrates. In these coatings a

large tensile stress parallel to the surface develops during cooling from the deposition
temperature, due to difference in thermal shrink between coating and substrate. As a
result of the cooling-induced stress, cracking of the coating occurs. The mesh width of
the crack pattern allows determination of the fracture-surface energy and the fracture
toughness of the coating material. Conceiving the cracked coatings as assemblies of
freestanding columns, and assuming full elastic accommodation of the thermal mismatch
at the column/substrate interface, the stress variations in the coating are calculated. On
this basis the diffraction-averaged stress and the depth profile of the laterally averaged
stress can be predicted accurately for the cracked TiN layers.

I. INTRODUCTION The analysis will be applied to TiN coatings on

Mo substrates. TiN coatings are widely used for their

The presence of residual stresses in materials cah h resi d A4 Ti )
largely govern their propertiés? This in particular holds  N'gh resistance to wear and corroston-" TiN coatings
n Mo, in particular, are promising candidates as first-

for thin films and coatings. Comprehensive knowledge® | . as
is not available on the development and relaxation ofVall materials for a fusion reactor,because of the low
mic numbers, the high melting point (3560 K), and a

stresses in layer/substrate assemblies. The case norm k k .
considered involves a homogeneous layer subjected to/gW SPuttering yield under ion bombardment.
The TiN coatings investigated (1—J4dm thick)

laterally constant and depth independent st?éddow-
y y pth Incep ° W were chemically vapor deposited (CVD) on Mo sub-

ever, the occurrence of compositional inhomogeneity,

porosity, and cracks induces residual stress variations ipates by reaction of Tigland Nk in H, at 973 K.

directions parallel and perpendicular to the surface of th&:a'9€ residual stresses develop in CVD TiN coatings
layer. The treatment for the (x-ray) diffraction analysis ofduring cooling from the deposition to room temperature,
a composition-depth profile is presented in Refs. 8—10du€ to the difference in thermal shrink between coating
The present paper deals with stress variations in a thigd Substrate. The tensile stresses became so large
layer. In particular, the attention will be focused on thethat cracks developed in the TiN coatings, bringing
case of a layer exhibiting loss of internal coherency byabout stress relaxation. The complex stress distribution
the presence of cracks; i.e., the noncoherent layer ithat results for such a cracked layer/substrate assembly

composed of entities that more or less are disconnectdefS Peen modeled and will be used to interpret the

with respect to each other, but are strictly (coherentlyf*Perimental data.

bonded to the joint substrate at the layer/substrate inter-

face, where the stress-inducing misfit is imposed. Thédl: DIFFRACTION ANALYSIS OF NONUNIFORM

stress distributions in the layer will be described bySTRAINS AND STRESSES

conceiving the layer as a system of freestanding columns. In coherent and homogeneous surface layers, the
It will be shown how (x-ray) diffraction analysis of the state of stress is usually biaxial and the values of the prin-
stress variations in the columns can be performed.  cipal components of (residual) stress can be predicted by
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applying simple models (e.g., Refs. 6 and 7). Howeverwhered is the HKL lattice spacing and, is the strain-
produced layers frequently contain irregularities suchree HKL lattice spacing.
as pores and cracks. For such internally noncoherent The lattice spacing is derived from the recorded
layers, an imposed strain can be taken up by shapaiffraction profile (i.e., intensity versus Bragg angle)2
changes adjacent to internal free surfaces. Consequentihe recorded intensity stems from the diffracting volume
the orientation and magnitude of the principal stresseand thus depends on absorption. This absorption effect
depend on the position in the layer. should be taken into account, if the stress present de-
The local straire, , in an elastically isotropic solid pends on the depth below the surface. So, the lattice
in a direction L; of the laboratory system given by spacing as derived, in fact, represents a diffraction-
the Euler anglesp and ¢ with respect to theS; and averaged value, here taken as the intensity weighted
S5 directions, respectively, of the specimen system (seaverage value. Provided that the amount of material av-

Fig. 1) can be expressed By eraged over a plane parallel to the surface at any depth
within the diffracting volume is the same, it holds for the
oy = — %(JH + oo+ ow) + 1 ; Y oss HKL lattice spacing at any andy (cf. Refs. 8 and 9):
1+v . .
+ (013 cos ¢ + 03 sin @) sin 24 [[[d55} exp(—prz) dxdydz
CHEE SNC)
+ L+ Yo cos’p + o sin’ p — o33 o fvffexp(—ukz) dxdydz

+ o, sin 2¢) sin ¢, (1) whereu denotes the linear absorption coefficient and
is a geometry dependent facfofhe diffracting volume
where o;(i, j = 1,2, or 3) are the local stress tensor V is defined in a Cartesian coordinate system with axes
components in the specimen syste&in E is Young's X, Y, andZ; see Fig. 2. Note that thE andY axes are
modulus, andv is Poisson’s ratio. Both the laboratory taken parallel with theS, andS; directions, respectively,
L; and specimers; systems (withi = 1, 2, or 3) are of the specimen system, and tleaxis is taken in a
spanned by a set of orthonormal basis vectors. For a flatirection opposite to theS; axis. For a surface layer
specimenS; and S, are taken parallel to the surface.  with thicknesss on a substrate material which does
In (x-ray) diffraction stress analysis, stresses arenot contribute to the diffraction of the consider&k L
derived from experimentally determined values of areflection, it holds thabt < z < 1.
number of¢ andys settings of the spacing of a particular For a powder diffractometer allowing tilt (the
set of crystallographic planes with indicBX L variable.  axis coincides with the intersection of specimen surface
An experimental value foe, , is obtained according to and plane of diffraction)x is given by

2
JHKL _ gHEL _ ’ "
o = ¢’¢d6-1KL —. (2) 7 Sin 6 cos W (42)

specimen
surface

substrate

N - = = -

FIG. 1. Definition of the Euler angle$ and ¢ and the orientation \

of the Cartesian laboratory coordinate systepwith respect to the

. . 4 > FIG. 2. Definition of auxiliary Cartesian coordinate system (axes
Cartesian specimen coordinate syst&n{i = 1,2, or 3).

x, y, andz) to describe the layer/substrate assembly.
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whereas for a powder diffractometer allowiagtilt (the  For a layer of thickness: 0 < z < 1.

w axis coincides with thé axis), recognizing that If no external forces act on the body concerned and
corresponds withy in Fig. 1, the relation withy = w is  if the effects of so-called body forces (e.g., gravitation)
2 sin 6 cos ¢ are negligible, and provided that (a) the distributions of

k= m : (4b) irregularities such as porosity, cracks, lattice defects, etc.,

) ) which cause variation of local stresses, are random in
In accordance with Egs. (2) and (3), it follows for gac plane parallel to the surface, and (b) the distances

the diffraction-averaged straife;): between these irregularities are small with respect to the
(diEby — af’** lateral dimensions of the diffracting volume, it holds for
(efhy) = i (5) the laterally averaged stresses at each depglarallel
0 to the surface that (cf. Appendix A): (i) the component
provided that the strain-free lattice spaciigis constant  perpendicular to the surface is zew, = 0, and (ii) the
within the diffracting volumeV. shear components perpendicular to the surface are zero,
~The diffraction-averaged strain is related to thew, = &); = 0. Thus (o) = 0 and (o 3) = (o) =
diffraction-averaged stress components [cf. Eq. (1)] by ¢ [cf. Eq. (9)], which leads to [cf. Eq. (6)]:
1+
(eghy) = — %(<011> + (o) + (o) + £ “oss) (egipy =si™ (o) + (o2))
1 .
+ H—Tv(<0_13> cos ¢ + (03) sin @) sin 2y + TS?IKL«UIO cos’ ¢ + (o) sin® ¢
+ sin2¢) sin® . (10
n 1+ v(<011> cosqu + (o) sin2q§ (012) ®) ¢. (10
E . . Thus, for a single phase material with spatially changing
— 2
(o33) + (012) 5in 2¢) sin” ¢ states of stresses, it follows that the state of stress in
(6)  terms of diffraction-averaged stresses can be conceived
with [cf. Eq. (3)]: as virtually biaxial, although it should be recognized that
the diffraction-averaged stress components depend on
o) fvfou exp(— ukz) dxdydz - and . Hence, the %tate of stresspfor such ap mrfterial
Tij) = _ . can be described with “principal” diffraction-averaged
dxdydz .
fvffeXp( urz) dxdydz stresses by adopting thg (or Y) and S, (or X) axes

It is noted thato;; ) depends omy and 6 through [cf.  (cf. Fig. 1) as principal axes.

Egs. (4a) and (4b)]. To account for elastic anisotropy of ~ Often the strain imposed on a surface layer by the

the crystals, the macroscopical elastic constantgE ~ Substrate is isotropic. Then, for the shear stress

and (1 + »)/E in Egs. (1) and (6) are usually replaced in the coating it holds at any depth that 7, = 0

by theHKL dependent (x-ray) elastic constasfs” and _((_:f. Appendix A). If_ also _the distributions of irreg_ular-

L $HKL (for discussion, see Refs. 17 and 18). ities and crystal orientation are random or rotationally
Equation (6) can be simplified considerably as aSymmetric with respect to the surface normal, then the

result of mechanical equilibrium conditions. Considerlaterally averaged stresses/strains are independent of the

the stress components as averaged over a plane @&f9l€¢. (This independence o# can also be achieved

depth zbelow and parallel to the surface. These laterallydy rotation of the specimen around the surface normal
averaged stresses;;, are defined as: during the diffraction measurements.) For such cases

Eqg. (10) reduces to (omitting the subscrip}:
£f o dxdy

_ 1 .
o= W, (8) (eff”} = 2518 (g)) + 7sf“(a’,,) siny (11)
A

where A is the area, inside the diffracting volume, of
the plane considered at depthparallel to the surface.
(A is taken independent af.) Obviously, in contrast ! KL HKL
with {o;;), 7;; is independent ok and thus independent [I,qus' (7) and (9)].’ pIottlng<§¢ >-(or (dy"™")) versus
of ¢ and 6. Then, because the intensity weighting is $i ¢ does not yield a straight line. The slope of the
identical for volume elements at the same depth belo/furve reads:
the surface, the diffraction-averaged stress [cf. Eq. (7)]  o(e//**

can be written as: 3sin’ - <

[T exp(—u«z)dz
Jexp(—ukz)dz

ij

with (o) = (o11) = (o), wWhere {(o,) is the
diffraction-averaged stress parallel to the surface.
Recognizing thafo,) depends ony and @ through «

1 . o)
2sf1KL + ?sfﬂ sin? ¢p> P sin2¢p

<0-ij> = (9) + %S?KLQT//). (12)
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In the case of depth independent laterally averaged For layers with a stress-depth profile, the laterally
stresses, thug, is a constant; obviousl{o,) does not averaged stress is described as a function of the distance
depend onys or @ [cf. Egs. (7) and 9)]. Then, plotting & with respect to a common reference plane (viz., the
of (ef/K-) (or (a}/")) versussin® ¢ results in a straight layer/substrate interface). A polynomial of degreds
line, and a value foKo,) is obtained from its slope taken for the laterally averaged stress:
1/255"" (o) (or 1/255% do(ay)). n

In the case of depth dependegi},, an accessible o, =ayh) = Zakhk, (15)
value for (o) is obtained from the slope dk}/**) or =0

HKL 2
(dy*t) versussin® ¢ [cf. Eq. (12)] af whereh =t — z and0 < h < r. The coefficienta, of

. — gL the polynomial denotes the laterally averaged stress at
sin” gy = T KL (13)  the interface(r = 0), &. The coefficientsa; of the
2

o _ . polynomial can be determined from the above-mentioned
vv_here_ o indicates the so-called “virtually” strain-free set of experimental datde;), [with p = 1(1)g where
direction [e;/*") = 0 for ¢ = yy; cf. Eq. (11)]. Hence, 4 is the number of datég = n)].

from Egs. (12) and (13): The laterally averaged stress is related to the
1 d(elIkL diffraction-averaged stress according to Eq. (9). The
O = T xL (a ) ) relation to retrieve the coefficients of the polynomial
252 sin” ¢ Yo for the depth profile of the laterally averaged stress
1 (a(d{;’”}) from a set diffraction averaged stresses is derived in
%SgKLdO 3 sin® " Appendix B and reads [cf. Eqg. (B10)]:
of 1 1 <U-//>p = Z akTpk (16)
O = Trz Mgy = T3 Mady, - (14) k=0
552 7252 d()

_ whereT,, [cf. Eq. (B8)] depends on the coating thick-
Since hereor, depends on depth below the surface, theness, the attenuation coefficient, and the diffraction
diffraction-averaged stresg),, depends on the linear geometry factok, which depends on the Bragg andle
absorption coefficient and the diffraction geometry |[cf. (reflection) and the tilt angles [cf. Egs. (4a) and (4b)].
Egs. (4) and (9)]. In the special case that the laterally  However, in practice it can be difficult to obtain a
averaged stress is a linear functionzofthe diffraction-  comprehensive set of sufficiently divergent data. Then
averaged stress corresponds with the laterally averagegh alternative procedure is the following: development
stress at a specified depth, the so-called informatiogf 3 model for the state of stress in the layer and
depth [cf. Refs. 8, 9]. _ _ calculation of the depth profile of the laterally averaged
If no a priori knowledge is available about the stress using Eq. (8). Finally, the calculated diffraction-
depth dependence of the laterally averaged stress, thgeraged values of the stress can be compared with the

stress-depth profile can be derived in principle from aexperimental values for a set of measurements.
set of experimentally determined values of diffraction-

averaged stresses. Such a set of data can, for exampm_, EXPERIMENTAL

be obtained by measurements of different analysis depths ) _

by selecting differenH/KL reflections (i.e., Bragg angles A- SPecimen preparation

#) or applying different radiations (i.e., different wave- The Mo (99.93 wt. %) substrate material was cut in
lengths and attenuation coefficients) [cf. Ref. 19]. pieces of20 X 20 X 5 mm from a rolled strip. Both
Also, in the case of a series of layers exhibiting asides of20 X 20 mm were successively ground using
homologous stress behavior, i.e., the depth profile of th&IC emery paper (final stage 600 mesh), lapped with
laterally averaged stress for a layer with a thickngss 9 um diamond slurry, and polished with &m and then

is equal to the depth profile of the laterally averagedwith 3 um diamond paste. After each preparation step
stress in the lower part of a thicker layer with thick- the substrates were ultrasonically cleaned in ethanol.
nessr,(t,+1 > t,), the depth profile of the laterally After the final diamond polish, an etching was performed
averaged stress of a surface layer can be retrieved a solution of HCI, HNQ, and HF (concentrated
straightforwardly from the diffraction-averaged stressessolutions, volume ratio 2:1: 2).

Such a homologous series may also be obtained from a The substrates were covered with TiN in a horizontal
single layer upon successive removals of subla§éfs. hot-wall reactor (quartz tube inner diameter of 100 mm).
(Then, in principle, a procedure according to Ref. 20Prior to the deposition of TiN, the reactor was a few
must be applied to account for the stress relaxatioimes evacuated and subsequently flushed with a gas
induced by removing the sublayers.) mixture of Arwith 10 vol % H. Thereafter the substrates

J. Mater. Res., Vol. 11, No. 6, Jun 1996 1443



W.G. Sloof et al.: Diffraction analaysis of nonuniform stresses in surface layers

were annealed in the reactor at 1123 K for 50 h in a gag. Composition analysis
flow of Ar with 10 vol% H, to reduce native oxides
on the substrate surfaces and to relieve stresses induc
by substrate preparation. Then the reactor was stabilizeﬁ?
at the deposition temperature and a pressure of 0.0 ¢rqnrohe (SAM) was used, equipped with a cylindrical
0.2 kPa, using pure Hgas with a flux of 3/min. The  iror analyzer and a PHI 04-300 ion gun. The elec-
chemical vapor deposition of TiN was performed with .o heam was operated at an accelerating voltage of
a gas mixture of 3.0 vol% TiGland 1.7 vol% NH in 5 v and a current of 1.3A. The analyzer-energy

H, with a total flux of 3 Jmin. The TiN layers were g0y tion was set at 0.6%. Sputtering was performed
grown during 2.0, 4.0, and 7.1 h of deposition at 973 KP scanning over the surface with an “Aion beam

Auger Electron Spectroscopy (AES) was employed
a qualitative assessment of composition-depth pro-
es. A Perkin-Elmer PHI 4300 Scanning Auger Mi-

i . . spectra were recorded containing the C.,ily,3, N
coatings deposited at the lower side of the substrate al Loslos O Klaslos, Cl LsMasMos Ti LsMosMas, Ti

the series B refer to the TiN coatings deposited at th‘f_gMng45 and Mo MyNsNs characteristic Auger lines.
upper side of the substrate. Cooling in the reactor undef,o Augér Peak to Peak Heights (APPH) in the spectra
H, from the deposition temperature to room temperaturg, gitferential distribution were taken as measures for
took about 5 h. y _ the atomic concentrations. The N KL line (379 eV)

. The parameters_us_ed for the deposition of TiN fromoverlaps with the Ti kM3M3 line (387 eV). Therefore,
TiCl, and NH, as indicated above, were determinedy,o AppH of this composite line was taken as a measure
from the results of preceding more or less trial andey. i + N and the APPH of the Ti dMsMus line was
error experiments. In these experiments the reactant,an as 6’1 measure for Ti. Also, the GJMLysMos line
concentrations, pressure, gas flux, etc. were varied, arthl eV) overlaps with the Mo MN,zV line (186 eV).
the coating thicknesses were measured. For these ®Xowever, this did not pose a problem because Cl and

periments alumina plates were used as substrates. \j, dig not occur simultaneously at the same depth in
was found that uniform coatings were obtained at lowy,o specimen (see Sec. IV.B)

total gas pressures for low reactant concentrations and @ gjectron Probe x-ray Micro Analysis (EPMA) was
NH; concentration smaller than the TiQdoncentration.  gmpioved for a quantitative assessment of the overall
l_Jnder_the conditions employed thg grov_vth rate is PraCzomposition of the TiN coatings. A JEOL JXA 733
tically independent of the gas flux, implying that surfaceg|actron probe x-ray microanalyzer equipped with four

reaction kinetics and not transport phenomena in the 983avelength-dispersive spectrometers and one energy-
phase control the growth rate of the coating. dispersive system was used. This instrument is provided
with Tracor Northern TN 5500 and TN 5600 systems
for instrument control, data acquisition, and analysis. A
B. Metallography beam of 1Q keV_gIectrons ar_1d a current of 30 nA was
L i . used. The intensities of the TiKMoL,, and CIK, ra-
The crack pattern occurring in the TiN coatings wasgjations were measured using the wavelength-dispersive

observed in backscattered electron images employing gyectrometers. The intensities of these radiations were
JEOL JXA 733 electron probe x-ray microanalyzer (se€€;iso measured from Ti, Mo, and MaeAlSi,05,Cl (Tug-

Sec. Il.C) using an accelerating voltage of 25 KV andyite) references, and the corresponding intensity ra-

an electron beam current of 10 nA. The magnifications;os \were determined. The N.Kline (392 eV) overlaps
applied were calibrated using a grid with a spacing ofith the Ti LL line (395 eV), which hinders a direct

10.0 = 0.1 pm. ) ) ) . determination of the NK intensity. It was verified
The morphology of the TiN coatings was investi- ynot o elements other than Ti, Mo, Cl. and N were

gated from fracture surfaces using a JEOL JSM 84Q) oqent (detectability limit~0.1 wt. %). Now, taking the
Scanning Electron Microscope (SEM) operating at aryjsqgen content as the balance to accomplish 100%, the

"hodified ®(pz) approach* was applied to determine
'%he Ti, Mo, and Cl contents from the above-indicated
intensity ratios.

current of about 30 pA. The fracture surfaces we
obtained as follows: a small strip @0 X 5 X 1 mm
was cut form a side of the specime®(X 20 X 5 mm;
see Sec. lll. A). At the middle of the strip, a notch was )

cut in the surface opposite to the one covered with TiINP- X-ray diffractometry

until a separation between the tip of the notch and the X-ray diffraction measurements were performed us-
TiN coating of about 0.1 mm was left. Then, the sampleing w diffractometers (Siemens type F and D500). Both
was fractured at room temperature. diffractometers are equipped with a curved graphite
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monochromator in the diffracting beam. During the For evaluation of the x-ray diffraction data the com-
measurements the specimens were rotated around tpesition dependent strain-free lattice spacing and the
surface normal. The temperature was controlled withirelastic constants of TiN must be known (cf. Sec. Il).
0.5 K at about 295 K. In the following first the results obtained on structural

For phase identification and texture characterizationcharacteristics and properties of the present TiN coatings
diffractograms were recorded in the Bragg—Brentanowill be discussed, and then the results of the x-ray
geometry from 20 to 16020 with 0.5° 20 step size diffraction stress analysis will be presented.
using CuK, radiation.

For TiN coating-thickness determination, tf200-  A. Crack pattern, adhesion, and microstructure
e ancen o e, oA Cack paten [see Figs. () and 3]s cbsenet
coating thickness can then be calculated according to all the TIN coatings mvestlgated The cracks appear

as hairlines in the surface of the coatings. However,

sinf, . (I,/L), many cracks observed in the TiN coatings of series B
By In /L) (17)  show a gap, which suggests that some delamination had
occurred at the edges of these cracks. The cracks extend
where 8, denotes the Bragg angle of the second-ordefrom the surface to the interface with the substrate, as
reflection of the substrate (hefd00-CuK,), u in-  established in cross sections of the layers. The mesh
dicates the linear absorption coefficient of the coating
material, and/; andl, represent the integrated |ntenS|ty ., -
of the first- and second-order reflections, respectively, of
the covered ) and uncovered: = 0) substrates. This
method for the determination of the coating thickness
is independent of differences in microstructure (i.e., tex-
ture, microstrain, and crystallite size as exhibited in the
line-profile broadening) between the various substrates| "~
For stress measurement and strain-free latticef
spacing determination, th¢531}-CuK; reflection of
TiN was used. The choice of this reflection was mainly
based on the constraints of (i) minimal overlap with
adjacent reflections, (ii) larg@d values 152°) to
obtain a high accuracy in the determination of lattice =
spacings and to be able to reach a large specime;
tilt in the w diffractometers ¢ corresponds withy
in Fig. 1), and (iii) a relatively large analysis depth, ' e
realized by the combination of a relatively low linear @)
absorption coefficient of TiN using CufK radiation
(b =645.6 cm™') with a large Bragg angled, to =
achieve adequate averaging over the coating thicknes
(cf. Sec. V.B). The reflection indicated was measurec
at tilt angles corresponding with steps of 0.1 osirgt ¢ :
scale to a maximum ofin? 4 = 0.8 (w = 63.43°). ;
The profiles measured were corrected only for (i)L
the dead time of the counting system and (ii) the angle: &
dependencies of Lorentz, polarization, and absorptiors"
factors. Thereafter, the peak positions were determine;
by fitting a parabola to the peak region of the profiles.|"
Systematic (small) errors in the peak positions were
eliminated by calibration against a well-defined silicon
powder (SRM 640a, see Ref. 22).

IV. DATA EVALUATION AND RESULTS

For interpretation of the values determined for the (b)

stress in the T”\_l coatings, the rr_lorphology, micro;truc-F|G_ 3. Crack patterns in CVD (7.1 h at 973 K) TiN coatings on Mo
ture, and adhesion of these coatings must be considereglibstrates of series A (a) and B (b) (backscattered electron images).
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width s of the crack pattern increases with increasingis ascribed to incorporation of TiN particles (which were
coating thickness. This increase in the mesh width igound in the gas phase and came down on the upper side
significantly larger for the series B coatings than for theof the specimens) during growth of the series B coatings.
series A coatings; see Table I. This difference between

the two series of TiN coatings can be attributed to aB. Composition

distinct difference in adhesion of coating and substrate

begwg_en the serlesSA and series B coatings (see aboygis showed that the composition of the coating is prac-
and discussion in Sec. V.A). tically constant over the coating thickness (see Fig. 5).

The adhesion between the TIN coatings and therne “composition of the TiN coatings was quantified

Mo substrates was found to be significantly better forusing EPMA. The results are shown in Table II. Some ClI

series A than for series B. This qualitative observationg present: C, O, and Mo are absent (with detectability
was obtained from scratching with a diamond stylus;imit |ess than 0.1 at. %). Only at the surface of the

across the coating surface; the coatings of series Bin coatings a little C and O is detectable, due to some
were easily peeled off the substrate, whereas thosg,tace contamination and oxidation.

of series A were not.

For both_ series of T|N_ coatings a columnar Mi- ~  Elastic constants
crostructure is observed with the column axis perpen- ) , , ) )
dicular to the surface. The column morphology of the There is considerable disagreement in the literature
TiN coatings of series A is needle-like, whereas forregarding values for the elastic constants of FiN°The
series B it is more granular, as can be seen in Fig. 4/alues reported for Young's modulus, vary between
In this context it is noted that the TiN coatings of both 250 and 640 GPa and those for Poisson’s ratioyary
series exhibit ar(100)-fiber texture with the fiber axis Petween 0.2 and 0.3. The present authors consider these
perpendicular to the surface and with the texture strengtf@t@ as unreliable, because the deviations may be due
larger for series A than for series B. Taking the texturel® Microstructural artifacts in the investigated sintered
coefficien? of the {200} reflection in a diffractogram Material?* which may eqsn)zlgcon_tam residual porosity,
acquired with Cuk radiation as a measure for the and in sputtered materi&t;?° which usually contains

0
texture strength, it ranges from 4.5 to 6 for series A and"any defects? The values taken here fof and v,
from 3 to 4 for series B. 429 GPa a.nd 0.19(8), respe<_:t|vely, have been_ c;allgglated
The difference in microstructure originates from theTom the single-crystal elastic cons’;gnt; of Tiy™
differences between the growth conditions for the twoPY USIng the Eshelby—krier moder™ Likewise, the

series of coatings. The observed growth rate for th&"@Y elastic constants for tHéKL reflection have been

series A coatings is about 25% smaller than for thecalculated:

series B coatings. Recognizing that the CVD condi- (7KL — (—0419 — 0.215T) 10°° MPa’',  (18a)
tions were such that surface reaction kinetics control the T » |
growth rate (cf. Sec. lll. A), the difference in growth rate sy = (267 +065T) 107° MPa!,  (18b)

Composition-depth profiles obtained by Auger anal-

TABLE I. Diffraction-averaged stres&r)y, of cracked TiN coatings chemically vapor deposited onto Mo substrates (deposition temperature
973 K) with coating thickness and mesh widths of the crack pattern. The morphology of the TiN coatings is conceived as an arrangement
of freestanding columns (see discussion in Sec. V.A) with column geometry fat2éf, which is taken equal ta/2:.

Deposition time (h) t (um) s (um) L/2H (-) (o), experimental (MPa) {o)y, theoretical (MPa)

a. Series A (973 K)
2.0 12+ 0.1 8+ 2 3.3+ 0.8 604+ 10 617
2.0 15+ 0.1 10+ 2 3.4+ 0.7 619+ 10 627
4.0 3.2+ 0.1 16+ 4 25+ 0.6 457+ 10 488
4.0 34=0.1 18+ 4 26+ 0.6 506+ 10 487
7.1 57t 0.1 25+ 5 22+ 04 298+ 10 379
7.1 8.7+ 0.1 305 1.7+ 0.3 212+ 10 263

b. Series B (973 K)
2.0 19+ 0.1 20+ 4 53+ 1.0 714+ 10 743
2.0 25 0.1 21+ 3 43% 0.6 733+ 10 696
4.0 45+ 0.1 33+ 5 3.7t 05 446+ 10 615
4.0 49+ 0.1 305 3.1+ 05 233+ 10 556
7.1 10.1+ 0.1 45+ 6 23+ 0.3 24+ 10 379
7.1 10.4= 0.1 52+ 8 25+ 04 60=* 10 419
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FIG. 4. Microstructure of CVD (7.1 h at 973 K) TiN coatings on Mo substrates of series A (a) and B (b) (secondary electron images
of cross sections).

where These calculated values for the elastic constants for TiN
correspond very well with the elastic constants reported
I' = (H*K? + K’L* + L>H?)/(H* + K* + L*>. for TiC,” as may be expected because of the chemical

(18c)  and crystallographic similarity of these compounds.
An experimental value for Poisson’s ratio can in
principle be obtained from the common point of inter-
100 section of a set of experimental (x-ray diffraction) curves

APPH of (d}{¥) versussin® ¢ data of TiN coatings of differ-
@u) 80 gnt ir_1terna| s_tress, but _of the same composition (i.e., of
o identical strain-free lattice spacing,). An example of
such a set of data is given in Fig. 6. The common point
607 of intersection provides a value for the strain-free lattice
spacing and a value for i, [cf. Egs. (11) and (13)].
40
2017 TABLE Il. Composition and (strain-free) lattice parameterof TiN
coatings chemically vapor deposited at 973 K onto Mo substrates.
0 Specimen  Ti N Cl N/Ti a
series (at. %) (at. %) (at. %) ()] (nm)
——>» z (um)
A 52.7 455 1.87 0.86 0.42411
FIG. 5. Normalized Auger peak to peak height (APPH) in arbitrary B 52.6 45.2 221 0.86 0.42416
units (a.u.) versus depthof a CVD (2 h at 973 K) TiN coating on +0.5 +0.5 +0.5 +02 +0.00002

a Mo substrate of series B (Auger depth profiling).
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to the (d//**) versus sify curve (cf. Fig. 6) at the

common point of intersectiodd; %5 ),,) is plotted versus

the corresponding slop@n,)y, [= 5 s do(oy)y,; cf.

Eqg. (14)]. This type of plot has been proposed in Ref. 8.
For the straight line through these data points, it holds

(dy 5y, = do — sin® iolma)y, - (19)

Hence, the slope of the straight line fitted through the
1.7 plotted data provides an average value or ¢, and
L/2H the intersection of the line with the ordinate vyields
an average value fot,. Because of the presence of
(ma)y, in EQ. (19), it seems that this suggested procedure
presupposes knowledge af, or sin’, (instead of
r Y Y r delivering a value fory, or sin®,). However, in
0.00 025 050 075 1.00 many cases (including the present case) ¢H§*")
——> sin%y versus sin? ¢ plot shows practically a straight line,

FIG. 6. Experimentally (dots) determined and theoretically (full lines) @nd for (ma)y, in Eq. (19) the average sloper,) can

predicted values ofd;') plotted as a function ofin? ¢ for CvD ~ be substituted. Thus it is obtainesin® ¢, = 0.375 *

[series A (973 K)] TiN coatings on Mo substrates for various values0.030 and » = 0.23 * 0.02 of TiN. (For d, see next
of the column geometry factor/2H (cf. Sec. V.A and Table I).  section.) This experimental value for Poisson’s ratio
The theoretical curves have been calculated without adaptation of th% close to the value calculated above from the single
model parameters; i.e., no fitting has been performed. . .

crystal elastic constants; the calculated value will be used

For elastically isotropic materials it holds than2 ¢, = In the following.
2v/(1 + v) [cf. Eg. (13) and below Eq. (7)]. This result
may also be applied to elastically anisotropic materials o
cubic crystal symmetry, because the strain-free direction The lattice parameter for each of the TiN coatings
of these materials appears to be virtually independeris obtained from the strain-free lattice spacidg as
of elastic anisotropy [e.g., for TiN this can be verified determined by interpolation in th@ii“} versussin® ¢
easily; cf. Egs. (18a) and (18b)]. Consequently, a valuglot at the strain-free direction [cf. Eq. (13)] calculated
for v can be calculated. To achieve averaging over alivith the elastic constants (see Sec. IV.C). [It should be
data available, the analysis is performed here as followsjoted that the procedure employed here allows dhas
see Fig. 7. The intercept at 3ih = 0 of the tangent different for all coatings, in contrast with the alternative
procedure involving the application of Eq. (19) which

compact layer

0.07180 1
<d\|5,31>
(nm) 34

25

0.07170 1

p. Lattice parameter

0.07172 e series A (973 K) presupposes that thé, is the same for all coatings.]
531 O series B (973 K) The average lattice parameter for each series of TiN
<dyZo>y, coatings is presented in Table Il. The values obtained in
(nm) this way agree with the values for the lattice parameter

determined for some pulverized (and hence free of
residual macrostress) TiN coatings.

The lattice parameter of TiN depends on thgTN
atomic ratio®* which according to the Ti—N phase
diagrani® can vary between 0.57 and 1. For the present
coatings the composition (see Sec. IV.B) and thus the
lattice parameter is constant over the thickness of the
coating. Because the/Nli atomic ratio is the same for all
coatings of each of the series A and B, the significantly
larger lattice parameter for the series B coatings is
ascribed to their higher Cl content. CI dissolved in TiN
—_— > <mg>o (10"3nm) increases the lattice parameter, because the atomic radius
of Cl is larger than that of Ti and of K.

0.07167

0.07162 T T
0.0 0.1 0.2

FIG. 7. Plot of (djo)y, versus (mg)y,, i.e., the intercept at

siny = 0 of the tangent line to thdd,’') versussin®y curves E. Stresses

(cf. Fig. 6) at the point of common intersection (i.e., at abdut i) . . . .

versus the slope of the same tangent line, for the CVD (at 973 k)  The diffraction method outlined in Sec. Il for the

TiN coatings on Mo substrates. analysis of stress-depth profiles implies that the strain-
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free lattice spacing is constant within the diffracting on elastic accommodation of strains, mechanical equi-
volume. For the present TiN coatings this condition islibrium, and a homogeneous stress in both coating and
met, because the composition (see Sec. IV.B) and thulatively thick substraté,it follows that the difference
the lattice parameter (see Sec. IV.D) do not vary asn thermal shrink between coating and substrate will be
a function of depth. [If the strain-free lattice spacing predominantly assimilated by the coating. Because the
would vary with depth (e.g., due to the presence ofthermal shrink of TiN and Mo is isotropic, it follows
a composition-depth profile in the coatings), then anfrom the coefficients of thermal expansion of PN
additional curvature in théd;/*") versussin®y curve and Mcd® and from the difference between the depo-
is invoked (because the information depth changes asition temperature (973 K) and room temperature that
a function ofsin? ¢), which then could erroneously be an isotropic (thermal) straire, = (2.2 = 0.1)107° is
interpreted as a stress (so-called “ghost” sfiss imposed on the TiN coating at the coating/substrate
The stresgo)y, is determined by taking the slope interface. Then, this strain results in a biaxial state of
of (d;/¥) versussin® ¢ atsin” ¢. In this procedure the stress with two equal principal stressgs;; = o, =
term between brackets in Eq. (12) is zero, and the effects;,) in an uncracked TiN coating. The macroscopic
of stress variation with depth on the curvature(@jj’”} stressoy, is simply related to the macroscopic strain
as a function okin? ¢ are avoided. The experimentally €, according too, = €, E/(1 — v). Using E and »
determined curves dfZ//*") versussin® ¢ derived from  for TiN (cf. Sec. IV.C), a macroscopic stress @f =
the {531-CuKg reﬂect|on of TiN show practically no 1170 £ 60 MPa is predicted for uncracked TiN coatings
curvature (see Fig. 6). This does not necessarily implyt room temperature. The experimental values for the
that the stress in the coatings does not appreciablinternal stress/strain in the TiN coatings are significantly
change with depth. The variation of the informationsmaller (cf. Table I). Apparently, with respect to the
depth (see Sec. Il) as a functionsfi’ ¢ for the applied stress expected from the difference in thermal shrink,
range of tilt angley can be too small with respect to the Stress relaxation has occurred in the TiN coatings.
stress gradient occurring in the TiN coatings. It will be ~ The presence of cracks in the coatings (cf.
shown in Sec. V. B that this is the case here. In additiorSeC. IV.A) is associated with stress relaxation. Starting
to the experimentally determme(leKL} versussin?y ~ With a crack-free coating, during cooling form the
curves, theoretically predicted curves (see Sec. V.B) argeposition temperature a uniform tensile stress parallel
already shown in Fig. 6. It follows that the deviation t0 the coating/substrate interface is built up in the TiN
from straight-line behavior is large at higb-tilt angles, — coatings. At a certain stage this stress exceeds the
which are beyond the range of tilt angles employed in théracture strength of the TiN coatings, resulting in the
experiments (cf. Sec. Ill. D). Thus, in the present case iformation of cracks. In general, the fracture strength of
is allowed to use the slope of the straight line fittedbrittle materials as TiN depends strongly on macroscopic
through the(d//k") versussin® ¢ data points for the defects such as pores and surface roughness (cf. Refs. 39
determination of the (x-ray) diffraction-averaged stresgand 40). Plastic yielding of the coatings can be excluded
or strain. at the temperatures concerned (see the deformation map
The results thus obtained are gathered in Table 10f TiC in Ref. 41, which is similar to that for TiN
Clearly, the x-ray diffraction-averaged stress),, de- because of the similarity between their physical and
creases with increasing coating thickness. Note that thigiechanical properties).
behavior is opposite to that observed for the mesh width  In view of the crack patterns observed, involving

s of the crack pattern (cf. Sec. IV.A). cracks extending from the surface to the interface with
In the next section the results of the stress analysithe substrate (sec. IV.A), the morphology of the TiN
will be explained quantitatively. coatings can be conceived as an arrangement of free-
standing columns with the column axis perpendicular
V. DISCUSSION to the substrate. Then the column widthis taken as
) ) ) the mesh widths of the crack pattern and the column
A. Stress relaxation, cracking, and debonding height H as the coating thickness As compared with

It is likely that the residual stresses in the TiN coat-the uncracked situation, the stress due to the thermal
ings do not originate from the growth (CVD) procéss, misfit imposed at the coating/substrate interface is partly
but originate from the difference in thermal shrink be-relaxed by shape changes of the columns. A schematic
tween coating and substrate experienced on cooling fromicture is given in Fig. 8, illustrating isostrain contours
the deposition temperature to room temperature. In thé the columns, assuming that the coating/substrate misfit
absence of delamination, the difference in thermal shrinlexperienced at the foot of the column is taken up
has to be bridged at the coating/substrate interfacdully elastically. Such triaxial stress/strain distributions
The TiN coatings are very thin as compared with thecan be calculated by a model presented in detail in
substrates. Then, according to a simple model baseRef. 42. (This column model allows calculation of the
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L happened in the concerned coatings of series B. From
calculations using the column model, it follows that
near the edges at the foot of the column relatively high
local shear stressdgr,) exist parallel to the interface

Z and tensile normal stressés;;) exist perpendicular to
the interface with the substrate. Both types of stress

- + r at the coating/substrate interface stimulate debonding

of the coating. Hence, debonding of a coating can be

a consequence of cracking of the coating (see also

H Refs. 46—50). The following arguments indicate that the

additional stress relaxation (see above) is due to patrtial
h=H-z debonding of the series B coatings from the substrate.

(i) The adhesion of the TiN coatings with the
substrate is much less for series B than for series A
(cf. Sec. IV.A).

(i) Many cracks in the series B coatings show a
gap [cf. Sec. IV.A and Fig. 3(b)], suggesting patrtial
debonding of these coatings from the substrate near the
substrate edges of the cracks.

(i) For the series B coatings (and not for the
series A coatings), the residual stress observed is
significantly smaller than the stress predicted by the

FIG. 8. Schematic presentation of a freestanding column with heightCOIumn model, excluding debonding [see Table | and

H and width L on a substrate. The lines in the column representsee also Figs. 11(_8‘) and 11(b) dlscusseq in Sec. V.BJ.
isostrain contours; i.e., these lines connect volume elements of equal The observed increase of the mesh width of the crack

local strain in directions parallel to the column/substrate interface. pattern with the thickness of the coatings (cf. Sec. IV. A
and Table I) can be explained from the equilibrium
described by the balance between decrease of stored

three-dimensional distribution of the thermal stresselastic strain energy and the increase of fracture-surface

induced by a uniform temperature change in a cylindricaknergy (Appendix C). It follows from Eq. (C6b) that
column on a substrate. It is a generalization of thea linear relation should exist betwedrt and H. The
two-dimensional description for the problem of thermalexperimental results (Fig. 9) indeed show this behavior
stresses in a rectangular plate clamped along an edder the series A coatings (for the series B coatings, see
as given by AlecK? with corrections by Blech and below). The slope of the straight line provides a value for

Levi** and improved by Blech and Kantt®). This model  the fracture-surface energyand thus the fracture tough-

provides thdocal values of stress and strain componentsnessK, of TiN [cf. Eq. (C7)]. UsingE and » of TiN

in the columns. They depend, apart from the position in(cf. Sec. IV.C) and withm = 1 [cf. Eqg. (C3)], it is ob-

the column and the thermal strain, only on the column

geometry defined by./2H and the elastic propertids

and v of the column material. On the basis of these @ serles A (973 K)

.. 0 series B (973 K)

calculated stresses, a prediction can be made for th 3000

stresses which would be determined with diffraction

methods (cf. Sec. II). Such predicted and experimentallypm?)

determined stresses will be discussed in Sec. V.B. 2000 1

The mesh width of the crack pattern of the series B

coatings is larger than the mesh width for the series A

coatings of similar thickness (see Table I). The differ- 1000 1

ence between the mesh width of the crack pattern o

the series A and B increases with the coating thickness

Y

According to the column model (see above), this would 0- T T
imply that the residual stress for the series B coatings o 4 8 12
would be larger than for the series A coatings of similar ———————> H (um)

thickness. However, in any case for the thick COatlngsFlG. 9. The square of the column widih(taken as the mesh widt)

the opposite i_S ot_Jserve_d_ (see Table_ ). Thus, a process @rsus the column heiglif (taken as coating thicknessfor the CVD
stress relaxation in addition to cracking of the coating hagat 973 K) TiN coatings on Mo substrates (cf. Table I).
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tained thaty = 8.2 J/m? andK, = 2.6 MPam'>. These 15T eties B 973 K) 3
values correspond well with those reported in Ref. 40 for uy4 . U,
other brittle materials such as SiC8j, and AbOs.  (g/m2 Ua M M3 /o)
The values reported in Ref. 51 obtained from a TiN \/

coating on cemented carbide (WC—Co) by an indentatior 107 ~e i 2
method are incorrect because an erroneous valué for 7

was used. Using the value Bfpreferred here (429 GPa), woe~

the values of Ref. 51 can be corrected and become 5 e s

6.1 Jm? andK, = 2.3 MPam'?, which agree with our e Ue 1
results recognizing that values reported for the fracture 7

surface energy of brittle materials in general scatter by

a factor of 10 (note that present-day techniques for 0 ; . . 0
measuring surface energies of solids have an inherer 0 4 8 12

inaccuracy of about 100%; cf. Refs. 40 and 46).

Now consider the results for the series B coatings
(Fig. 9). The slope of a straight line through the dataf!G. 10. The elastic strain energy, stored in the CVD (at 973 K)
points of L2 versusH is significantly larger for the series TiN coatings on Mo subs_trates of serles.B and the ela§t|c strain energy

. . .. U, released by debonding at the coating/substrate interface both as
B_than fF)r the Se.”es A cor?\tlngs. ThI-S IS In agreem_eng function of the column height/ (taken as the coating thickness
with the idea that in the series A CoatlngS Only CraCklngz, cf. Table 1). U, is an average energy per unit volume coatifigy;
occurred and that in the series B coatings the cracking is an average energy per unit of area interface between coating and
accompanied by delamination. The difference betweegubstrate. (Lines are drawn only to guide the eye.)
observed and predicted residual stress for the series B
coatings increases with increasing coating thickness [ségdicated above, a prediction for the experimentally
Table | and see also Fig. 11(b) discussed in Sec. V.BJdetermined (x-ray) diffraction-averaged stress of the
Apparently, the extent of debonding and associated streddN coatings (see Table I) is based on the following
relaxation increases with increasing coating thicknessglements: (i) the dimensions (width and heightH)
This coating thickness dependent behavior can be ex@f the columns in the TiN coatings, which are identified
plained as follows. In the absence of debonding, thavith the observed mesh width of the crack pattern
(average) amount of elastic strain energy per unit and the coating thickness(see Table I); (i) full elas-
of volume stored in the coating depends on the meskic accommodation of the difference in thermal shrink
width of the crack pattern and the coating thicknesspbetween coating and substrate by the (cracked) TiN
i.e., depends on the column geometry fadigRH; see  coating; (iii) averaging, according to Eqg. (7), of the local
Appendix C, Eq. (C2) and Fig. 13. If, subsequent tostresses thus calculated.
cracking, debonding at the interface between coating and The averaged stress values thus predicted can be
substrate occurs, then the amount of elastic strain energ@g@mpared with the experimental data in Fig. 11(a) for
released by debonding per unit area of the interfate, series A and Figs. 11(b) for series B. The data shown
is in first-order approximation given by the productiaf ~ pertain to{o),, as derived from thg53L-CuKj re-
andr, wheret is the coating thickness. For the series Bflection of TiN.
coatings both/, and U, are plotted versus the coating ~ The predicted stresses agree with the experimentally
thicknessr in Fig. 10. Although the stored elastic strain determined stresses within experimental error for all
energy per unit of volumdy/., decreases with increasing the coatings of series A [see Fig. 11(a)]. For the same
coating thickness, the elastic strain energy released bgoatings it was already shown in Sec. IV. E (Fig. 6) that
debonding per unit area of interfacé],, increases also an excellent agreement exists between the predicted
with increasing coating thickness. This suggests that théon the same basis) and the experimentally determined
extent of debonding increases with increasing coatingd,<“) versussin® ¢ curves. Hence, the description of
thickness. the TiN coating as an assembly of freestanding columns

in conjunction with a fully elastic accommodation of the

) ) ) thermal misfit imposed at the coating/substrate interface
B. Diffraction stress analysis is in quantitative agreement with the experimental data.

By (x-ray) diffraction stress analysis, laterally and For the coatings of series B, the predicted stress
depth-averaged values for the stress are determinedalues agree with the experimental data for the thin
see Eq. (9). In the presence of nonuniform stresses, thmatings [see Fig. 11(b)]. For larger thicknesses the
(x-ray) intensity weighted average stress depends on thexperimentally determined stress values are smaller than
linear absorption coefficient and the diffraction geometrythose predicted. This is explained as a result of the partial
[cf. Eq. (7)]. Adopting the freestanding column model debonding of these TiN coatings (see Sec. V. A). Indeed,

———> H (um)

J. Mater. Res., Vol. 11, No. 6, Jun 1996 1451



W.G. Sloof et al.: Diffraction analaysis of nonuniform stresses in surface layers

1500 series A (973 K)
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FIG. 11. Diffraction-averaged stress)y, as a function of coating
thicknesst for the CVD (at 973 K) TiN coatings on Mo substrates of
series A (a) and B (b); cf. Table I. The stras§ indicates the stress
expected, if the thermal misfit between the coating and the substrat¥

obtained on the same basis. In order to compare the
results for the TiN coatings of different thicknesses, the
laterally averaged stresses were presented as a function
of the distance to the coating/substrate interfagefor

the TiN coatings of series A in Fig. 12. [For the TiN
coatings of equal thickness (see Table |) average values
were taken for the column geometry factor.]

The laterally averaged stress at the coating/substrate
interface (h = 0), &, is equal to the stress expected
from the difference in thermal shrink between coating
and substrate (cf. Sec. V.A). The stress decreases with
increasing distance to the coating/substrate interface,
due to relaxation by the presence of cracks. The stress
gradient is relatively large near the coating/substrate
interface (at the bottom of the coating) and decreases
in the direction of the surface of the coating. [This
illustrates that the stress gradient has a small effect on
the curvature of thed//*") versussin®y curves. For
the thin coatings the stress gradient in the near surface
region is higher than for the thicker coatings, but this
effect is compensated by the smaller variation of the
analysis depth by tilting of the specimen as compared
to the thick coatings (see also discussion with respect to
Fig. 6 in Sec. IV.E).]

The experimental laterally averaged stress-depth
profile can in principle be derived from a set of
experimentally determined values for (x-ray) diffraction-
averaged stresses (see discussion in Sec. Il). In practice
it is very difficult to obtain such a set of data. Methods
based on measurements with different analysis depths,
whether or not combined with stepwise removal of
the surface layer, were tried but failed for the present
TiN coatings; the effect of different analysis depths (by
arying the Bragg angle (reflection) and wavelength)

is taken up fully elastically by a massive and uncracked TiN coating

(cf. Sec. V. A).

the adhesion of the TiN coatings of series B with the Sy —— o°
substrate is much less than for those of series A, wher(MPa)

no delamination had occurred (cf. Sec. IV.A).

The laterally averaged stresse@s, [cf. Eq. (8)]
are, in contrast with the diffraction-averaged stresse:
(o) [cf. Eqg. (9)], independent of the linear absorption
coefficient and the diffraction geometry. Extraction of
the depth profiles of the laterally averaged stress fron
the diffraction data is necessary to acquire information
regarding the distribution of stress over the thickness of 0
the coating, irrespective of the measurement techniqu

employed.

1500 series A (973 K)

1
1000 A

500 A

3.4 2.6 22 1.7 L/2H

4 8 12
————> h (um)

=}

It has been demonstrated that the model adopted eX{G. 12. Laterally averaged stregs, in CVD (at 973 K) TiN coat-

plains the experimental data for the diffraction-average
stress quantitatively, if no delamination of the coating

dngs on Mo substrates of series A as a function of the distance

to the coating/substrate interfade (cf. Fig. 8). The curves shown
were obtained from the stress model for the cracked layers that

had occurred. Th?"eforej a prediction of the Iate_raHYprovided very good agreement between the experimental and predicted
averaged stress distributions for these coatings will béiffraction-averaged stress [cf. Table | and Figs. 6 and 11(a)].
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on the experimental data was too small for an accurate (5) This work in addition yielded values for the
analysis of the stress distribution, and during successiviollowing material properties of TiN: Poisson’s ratio,
removals of sublayers crumbling of the TiN coating» = 0.23 = 0.02; surface energy,y = 8.2 J/m?, and
occurred. fracture toughnessk, = 2.6 MPa- m'?.

From the analysis in this paper, it follows that
determination in a direct way by diffraction analysis of ACKNOWLEDGMENTS

laterally averaged stress-depth profiles in surface layers The authors are indebted to ing. W. Hendriks and
is possible only if a comprehensive set of sufficiently\, G, Verspui of Philips Centre for Manufacturing
divergent data is available, which is seldom the casgechnology, Eindhoven, The Netherlands, for provision
in practice. However, the following indirect route has o cvyp faciliies and assistance with the CVD ex-
been shown to be a good alternative: (i) determine a S§fariments. We are indebted to our former student Ir.
of diffraction-averaged stress values and (i) develop & G scheepers, who contributed to this work. Financial

_model for the lateral and depth variati(_)ns_ of the Stres%upport of the “Foundation of Fundamental Research on
in the surface layer that leads to quantitative agreemenjatter (FOM)” is gratefully acknowledged.
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value of z that

In practice, this condition is often satisfied. An
example is the case of a misfit between layer and
substrate that is isotropic in the interfacial plane and
CONDITIONS FOR STRESS COMPONENTS (partially or completely) elastically taken up by the layer.
IN SURFACE LAYERS Such a misfite,, can occur as a result of a difference in

Consider a body at rest subjected to external forcethermal shrink between layer and substrate according to:
and a plane (surface) within the body. Applying the T
equations of motion (cf., e.g., Refs. 52 and 53) to the €, = [a)(T) — a,(T)]dT, (A9)
portion P of the body at one side of the plane (neglecting T

APPENDIX A: MECHANICAL EQUILIBRIUM
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where «;(T) and a,(T) denote the temperature depen-Substitution of Eq. (B1), withh =¢ — z, yields:
dent thermal expansion coefficients of the layer and n

the substrate, respectively. If the thermal expansion [ Z“k(t — 2% exp(—ukz) dz
coefficients of both layer and substrate are isotropic or at 0 k=0

least independent of the direction in the interfacial plane, {ony = ! (B3)
then the misfite,, is a constant, sa. If this misfit fo exp(—prz)dz
is fully taken up by the layer at the interface with the . i
substrate (i.e., the substrate is considered rigid), the strafith the binomial of Newton:
in the layer at the interface with the substrate obeys: k
k k I k—1_1
(i - 2) =Z< >(—1)t PR (=)
€11 = €»n = €, = K with i \!
ou av .
€)= — andey, = — (A10) Eq. (B3) becomes:
0x ay
n k k
It now follows thatu = Kx andv = Ky. Hence, using (on)p = Z ak Z(Z)
Eqg. (A6),e, = 0 ando, = 0 at any point £, y) of the k=0 i=0
interfacial plane. Consequently, no shear stressesict [tzlex (— prz) dz
upon the lateral planes of the layer. So, indeed for any X (—1) 1 Lo - SXPLTH ' (B5)
z Eq. (A7) holds:, = 0 and thus alsd@o,) = 0; cf. ! )
Eqg. (1) or Eg. (3). j;) exp(—ukz)dz
APPENDIX B: EXTRACTION OF Using
THE DEPTH PROFILE OF THE " 7! !
LATERALLY AVERAGED STRESS FROM [0 2 exp(mprz)dz = = roexp(—pKz) |
DIFFRACTION-AVERAGED STRESSES i P
The depth profile of the laterally averaged stress + ur Jo ¢ exp(—pkz)dz,
of a surface layer can be retrieved in principle from a (B6)
set of experimentally determined values of diffraction-
averaged stresses (see for discussion Sec. ). Eqg. (B5) transforms into
A polynomial of degree: is taken for the laterally . c g
averaged stress as a function of the distance to th _ 1\ kL
coating/substrate interfade &T”M”” “ k;ak ,_Zl<l>( ey
! —exp(—uki) < t;;m I
a,(h) = ;)akhk, (B1) X |: 1 — exp(—p«t,) mz—()((MK)m (I — m)!
|
whereh =t — z and 0< h < t (cf. Fig. 8). The + l—l:| (B7)
coefficient aq of the polynomial denotes the laterally (k)

averaged stress at the interfa¢e=t 0), o). The coef-  The following recurrence relation can be derived from
ficientsa, of the polynomial can be determined from the gq. (B7):

above-mentioned set of experimental dgw@;), [with

p = 1(1)g wheregq is the number of datag(= n)]. [k .
The laterally averaged stress is related to the Tpe =1 ; i (=TT -1 = <] for k =1
?éf;rgjs\;tlon—averaged stress according to Eq. (9), which T =1 for k = 0
' (B8)

[ T (z) exp(—pukz)dz
0 exp(—uxt)

1 - exp(—ukt)
(Note that forr — 0, T,, — 0 for k = 1.) Thus Eq. (B7)

where u is the linear absorption coefficient, indicates can be rewritten as:

the geometry factor of the diffractometer, andepre-

sents the distance to the surface. It is noted (bab, oy = D aiTp. (B10)
depends ony and @ throughx [cf. Eqgs. (4a) and (4b)]. k=0

<0'//>p =

, (B2) whereb = —— and (B9)
MUKt

t
[ exp(—ukz)dz
0
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The factorT ,, represents all the experimental parametersolume, it followsS3;
that can be varied to obtain different values for),,
viz. the coating thickness, the attenuation coefficient ., _ 1 ( L \™> (Y (2 b 5 5
w, and the diffraction geometry factar, which depends ~¢ 2 <ﬁ> [M [W_O((f“ oy ooy
on the Bragg angl® (reflection) and the tilt angle)
[cf. Egs. (4a) and (4b)]. ) 5 5
From a set ofy independent experimental data for +2(1 + v) (o, + o3 + oy)dudvdw, (C2)
{o),, q polynomial coefficientsa;, can be solved in
principle. However, in practice an estimate can often

made in advance for the stress at the interfalce=( o
andw = z/H. Defining the fracture-surface energy

0), ., which is equal taay. Then,qg + 1 polynomial | .
coefficients 4, can be determined. In many cases a2/SO a@s an average energy quantity per unit of volume,

=0 v=0
—2v(onon + 0po + 011033)

bé/vhere the coordinates, v, and w are related to the
coordinatest, y, andz as follows:u =x/H, v = y/H,

polynomial of degree 3 will be sufficient to describe the't follows:

stress-depth profile. Then, if more than three independent 1

data for(c), are available (i.e.q > n), the values for Us = dmy -, (C3)
a; [with k& = 0(1)n] can be obtained, applying a least

square fitting procedure. where y denotes the surface energy per unit arka,

indicates the mesh width of the crack pattern, ani a

. constant depending on the shape of the cells in the crack
APPENDIX C: FRACTURE OF A BRITTLE pattern (e.g., for rectangular celis = 1).

COATING BY RESIDUAL TENSILE STRESSES For constant thickness(= H) of the coating, both

Consider a brittle coating exhibiting a biaxial state U, andU, depend on the mesh width of the crack pattern
of residual tensile stress characterized by two equat (= L). Crack formation continues until an equilibrium
principal stressess(;; = o, = o) which are parallel to (i.e., minimal) value forU [cf. Eq. (C1)] occurs, which
the surface. If the stress, exceeds the fracture strength corresponds with an equilibrium value fbr Hence, this
o of the brittle coating (“brittle” implies here that no equilibrium value forL can be obtained from:
plastic deformation takes place), the coating fractures
by development of cracks extending from the surface to v _ 0 — Ve + U _ 0. (C4)
the interface with the substrate and the coating then is aL aL aL
constituted of a number of “islands”. Such a coating can |, the absence of cracks, the stress is constant

be conceived as an arrangement of freestanding COI.um"l’ﬁroughout the coating (cf. Sec. V.A.). In the presence
(cf. Sec. V. A. and Figs. 3 and 8). Then the column widthyt racs  this level of stress corresponds only with the

L_and the column height/ correspond With the .mesh stress at the coating/substrate interface; it will be denoted
width s of the crack pattern and the coating thickness 0 (cf. Sec. V.B). Applying the column model and

. asoy
t, respectively. using Eq. (C2), the elastic strain energy in the cracked
The extent to which crack development takes plac g Eq. (C2), 9y

X ! %oating can be calculated and expressed in ternigjof
can be derived from the following energy balance (se g P /

oo GiJsing Poisson’s ratio of TiNg = 0.2, cf. Sec. IV.C),
Griffith energy-balance concef). Crack development the results of such calculations for values of the column

occurs as long as the decrease of the total elastic Straﬁbometry factor [/2H) between 1 and 6 are shown
energy, U,, is larger than the increase of the total

=~ "%in Fig. 13. The curve ofU, versusL/2H can be well
fracture-surface energyl/,. Hence, crack formation is : .
| approximated by:
governed by the energy subi according to

_ 1 @)
U=U, + U,, (C1) U= (1= n|—
and crack development requirdd/ = AU, + AU, < X [1 _ exp<—0.27 L)} (C5)
0. In the following it will be assumed that the elastic 2H

energy of the substrate is negligible or does not chang I .
during fracture of the coating, then it can be ignored‘Fhenf the equilibrium mesh W'qm"‘q follows Py sub-
in the calculations [cf. Eq. (C4)]. The stored elastic Stitution of Egs. (C3) and (C5) into Eq. (C4):

strain energy per unit of volume can now be calculated (@) L

using the stress distributions; (with i,j = 1, 2, or 3)  0.27(1 — ») 5 ﬁ ex (—0.27 2;;)
provided by the freestanding column model for a certain
stage of crack formation, as described in Sec. V.A. — 4my
Defining U, as an average energy quantity per unit eq

— 0. (C6a)

1456 J. Mater. Res., Vol. 11, No. 6, Jun 1996



W.G. Sloof et al.: Diffraction analaysis of nonuniform stresses in surface layers

compact layer (L/ZH — =) U, versusL/2H in the range of./2H values considered
ve O here is rather small (see Fig. 13), a fair approximation
(1_5(37@/)208_ for Eq. (C5) is obtained by linearizind/,, in our
’ case atL/2H = 3.5 (which is in the middle of the
0.6 considered range of/2H values). ThusU, = [0.244
free-standing columns + 0.105 /2H)] (1 — v) (&))*/E. Substitution of this
0.4 expression for/, and Eqg. (C3) into Eq. (C4) leads to:
76
0.2 (7/(/))2L§q = ﬁmyEH
0.0 T . . : or
1 2 3 4 5 6
—  » L/2H 7/(/)Leq _ k. /38mH’ (Cob)
FIG. 13. Average elastic strain energy per unit volume coatiig, l—w

[cf. Eq. (C1)], r(_alatlve to the_%laztstlc strain energy of a massive anc{Nhere K, is the so-called fracture toughness of the
uncracked coating, (+ v) (¢,)%/E, as a function of the column . .
coating material:

geoometry factorL/2H; calculated for TiN p = 0.19(8)]. The stress
T, indicates the stress expected if the thermal misfit between the
cé/ating and the substrate iz taken up fully elastically by a massive K. = 2yE. (C7)
and uncracked coating (cf. Sec. V.A). If for a series of cracked coatin ith i ti
gs with varying coating
thickness the stresg) and the shape factor of the
The relation betweeneq andH is provided implic-  crack pattern are constant, then a plot/gf versusH

itly but unambiguously by Eq. (C6a); it can be calculatedshould provide a straight line. From its slope a value for
numerically. For practical purposes the relation betweerthe surface energy can be derived, provided that Young's
Leq and H can be given in an explicit but approximate modulus and Poisson’s ratie are known.
way, as follows. Because the curvature of the curve of
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