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Diffraction analysis of nonuniform stresses in surface layers:
Application to cracked TiN coatings chemically vapor deposited
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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 va
the “diffraction-averaged stress,” on the basis of a model for the local stresses, prov
be a useful method of stress analysis. It is shown that a direct evaluation of occurrin
stress-depth profiles is less practical. The method of stress analysis proposed, is ap
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 depositio
temperature, due to difference in thermal shrink between coating and substrate. As
result of the cooling-induced stress, cracking of the coating occurs. The mesh width
the crack pattern allows determination of the fracture-surface energy and the fractur
toughness of the coating material. Conceiving the cracked coatings as assemblies o
freestanding columns, and assuming full elastic accommodation of the thermal mism
at the column/substrate interface, the stress variations in the coating are calculated.
this basis the diffraction-averaged stress and the depth profile of the laterally averag
stress can be predicted accurately for the cracked TiN layers.
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I. INTRODUCTION

The presence of residual stresses in materials
largely govern their properties.1–5 This in particular holds
for thin films and coatings. Comprehensive knowledg
is not available on the development and relaxation
stresses in layer/substrate assemblies. The case norm
considered involves a homogeneous layer subjected
laterally constant and depth independent stress.6,7 How-
ever, the occurrence of compositional inhomogenei
porosity, and cracks induces residual stress variations
directions parallel and perpendicular to the surface of t
layer. The treatment for the (x-ray) diffraction analysis o
a composition-depth profile is presented in Refs. 8–1
The present paper deals with stress variations in a t
layer. In particular, the attention will be focused on th
case of a layer exhibiting loss of internal coherency
the presence of cracks; i.e., the noncoherent layer
composed of entities that more or less are disconnec
with respect to each other, but are strictly (coherent
bonded to the joint substrate at the layer/substrate in
face, where the stress-inducing misfit is imposed. T
stress distributions in the layer will be described b
conceiving the layer as a system of freestanding colum
It will be shown how (x-ray) diffraction analysis of the
stress variations in the columns can be performed.
J. Mater. Res., Vol. 11, No. 6, Jun 1996
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The analysis will be applied to TiN coatings on
Mo substrates. TiN coatings are widely used for the
high resistance to wear and corrosion.11–14 TiN coatings
on Mo, in particular, are promising candidates as firs
wall materials for a fusion reactor,15 because of the low
atomic numbers, the high melting point (3560 K), and
low sputtering yield under ion bombardment.

The TiN coatings investigated (1–11mm thick)
were chemically vapor deposited (CVD) on Mo sub
strates by reaction of TiCl4 and NH3 in H2 at 973 K.
Large residual stresses develop in CVD TiN coating
during cooling from the deposition to room temperatur
due to the difference in thermal shrink between coatin
and substrate.6 The tensile stresses became so lar
that cracks developed in the TiN coatings, bringin
about stress relaxation. The complex stress distributi
that results for such a cracked layer/substrate assem
has been modeled and will be used to interpret t
experimental data.

II. DIFFRACTION ANALYSIS OF NONUNIFORM
STRAINS AND STRESSES

In coherent and homogeneous surface layers,
state of stress is usually biaxial and the values of the pr
cipal components of (residual) stress can be predicted
 1996 Materials Research Society
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applying simple models (e.g., Refs. 6 and 7). Howev
produced layers frequently contain irregularities su
as pores and cracks. For such internally noncoher
layers, an imposed strain can be taken up by sha
changes adjacent to internal free surfaces. Conseque
the orientation and magnitude of the principal stress
depend on the position in the layer.

The local strainef, c in an elastically isotropic solid
in a direction L3 of the laboratory system given by
the Euler anglesf and c with respect to theS1 and
S3 directions, respectively, of the specimen system (s
Fig. 1) can be expressed by16

ef, c ­ 2
n

E
ss11 1 s22 1 s33d 1

1 1 n

E
s33

1
1 1 n

E
ss13 cos f 1 s23 sin fd sin 2c

1
1 1 n

E
ss11 cos2 f 1 s22 sin2 f 2 s33

1 s12 sin 2fd sin2 c , (1)

where sijsi, j ­ 1, 2, or 3d are the local stress tenso
components in the specimen systemSi , E is Young’s
modulus, andn is Poisson’s ratio. Both the laboratory
Li and specimenSi systems (withi ­ 1, 2, or 3) are
spanned by a set of orthonormal basis vectors. For a
specimenS1 andS2 are taken parallel to the surface.

In (x-ray) diffraction stress analysis, stresses a
derived from experimentally determined values of
number off andc settings of the spacing of a particula
set of crystallographic planes with indicesHKL variable.
An experimental value foref, c is obtained according to

eHKL
f, c ­

dHKL
f, c 2 dHKL

0

dHKL
0

, (2)

FIG. 1. Definition of the Euler anglesf and c and the orientation
of the Cartesian laboratory coordinate systemLi with respect to the
Cartesian specimen coordinate systemSi (i ­ 1, 2, or 3).
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whered is theHKL lattice spacing andd0 is the strain-
free HKL lattice spacing.

The lattice spacing is derived from the recorde
diffraction profile (i.e., intensity versus Bragg angle 2u).
The recorded intensity stems from the diffracting volum
and thus depends on absorption. This absorption eff
should be taken into account, if the stress present d
pends on the depth below the surface. So, the latt
spacing as derived, in fact, represents a diffractio
averaged value, here taken as the intensity weight
average value. Provided that the amount of material a
eraged over a plane parallel to the surface at any deptz
within the diffracting volume is the same, it holds for the
HKL lattice spacing at anyf andc (cf. Refs. 8 and 9):

kdHKL
f,c l ­

RRR
V

dHKL
f, c exps2mkzd dxdydzRRR

V

exps2mkzd dxdydz
, (3)

wherem denotes the linear absorption coefficient andk
is a geometry dependent factor.9 The diffracting volume
V is defined in a Cartesian coordinate system with ax
X, Y , andZ; see Fig. 2. Note that theX andY axes are
taken parallel with theS2 andS1 directions, respectively,
of the specimen system, and theZ axis is taken in a
direction opposite to theS3 axis. For a surface layer
with thicknesst on a substrate material which doe
not contribute to the diffraction of the consideredHKL
reflection, it holds that0 < z < t.

For a powder diffractometer allowingc tilt (the c

axis coincides with the intersection of specimen surfa
and plane of diffraction),k is given by

k ­
2

sin u cos c
, (4a)

FIG. 2. Definition of auxiliary Cartesian coordinate system (axe
x, y, andz) to describe the layer/substrate assembly.
1, No. 6, Jun 1996 1441
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whereas for a powder diffractometer allowingv tilt (the
v axis coincides with theu axis), recognizing thatv
corresponds withc in Fig. 1, the relation withc ­ v is

k ­
2 sin u cos c

sin2 u 2 sin2 c
. (4b)

In accordance with Eqs. (2) and (3), it follows fo
the diffraction-averaged strainkeHKL

f, c l:

keHKL
f, c l ­

kdHKL
f, c l 2 dHKL

0

dHKL
0

, (5)

provided that the strain-free lattice spacingd0 is constant
within the diffracting volumeV .

The diffraction-averaged strain is related to th
diffraction-averaged stress components [cf. Eq. (1)] b

keHKL
f, c l ­ 2

n

E
sks11l 1 ks22l 1 ks33ld 1

1 1 n

E
ks33l

1
1 1 n

E
sks13l cos f 1 ks23l sin fd sin 2c

1
1 1 n

E
sks11l cos2 f 1 ks22l sin2 f

2 ks33l 1 ks12l sin 2fd sin2 c

(6)

with [cf. Eq. (3)]:

ksijl ­

RRR
V

sij exps2mkzd dxdydzRRR
V

exps2mkzd dxdydz
. (7)

It is noted thatksij l depends onc andu throughk [cf.
Eqs. (4a) and (4b)]. To account for elastic anisotropy
the crystals, the macroscopical elastic constants2nyE
and s1 1 ndyE in Eqs. (1) and (6) are usually replace
by theHKL dependent (x-ray) elastic constantssHKL

1 and
1
2 sHKL

2 (for discussion, see Refs. 17 and 18).
Equation (6) can be simplified considerably as

result of mechanical equilibrium conditions. Consid
the stress components as averaged over a plan
depth zbelow and parallel to the surface. These latera
averaged stresses,sij, are defined as:

s ij ­

RR
A

sij dxdyRR
A

dxdy
, (8)

where A is the area, inside the diffracting volume, o
the plane considered at depthz parallel to the surface
(A is taken independent ofz.) Obviously, in contrast
with ksijl, sij is independent ofk and thus independen
of c and u. Then, because the intensity weighting
identical for volume elements at the same depth bel
the surface, the diffraction-averaged stress [cf. Eq. (
can be written as:

ksijl ­

R
sij exps2mkzd dzR

exps2mkzd dz
. (9)
1442 J. Mater. Res., Vol. 1
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For a layer of thicknesst : 0 < z < t.
If no external forces act on the body concerned a

if the effects of so-called body forces (e.g., gravitatio
are negligible, and provided that (a) the distributions
irregularities such as porosity, cracks, lattice defects, e
which cause variation of local stresses, are random
each plane parallel to the surface, and (b) the distan
between these irregularities are small with respect to
lateral dimensions of the diffracting volume, it holds fo
the laterally averaged stresses at each depthz parallel
to the surface that (cf. Appendix A): (i) the compone
perpendicular to the surface is zero,s33 ­ 0, and (ii) the
shear components perpendicular to the surface are z
s13 ­ s23 ­ 0 . Thus ks33l ­ 0 and ks13l ­ ks23l ­
0 [cf. Eq. (9)], which leads to [cf. Eq. (6)]:

keHKL
f, c l ­sHKL

1 sks11l 1 ks22ld

1
1
2

SHKL
2 sks11l cos2 f 1 ks22l sin2 f

1 ks12l sin 2fd sin2 c . (10)

Thus, for a single phase material with spatially changi
states of stresses, it follows that the state of stress
terms of diffraction-averaged stresses can be concei
as virtually biaxial, although it should be recognized th
the diffraction-averaged stress components depend of

and c. Hence, the state of stress for such a mate
can be described with “principal” diffraction-average
stresses by adopting theS1 (or Y) and S2 (or X) axes
(cf. Fig. 1) as principal axes.

Often the strain imposed on a surface layer by t
substrate is isotropic. Then, for the shear stresss12

in the coating it holds at any depthz that s12 ­ 0
(cf. Appendix A). If also the distributions of irregular
ities and crystal orientation are random or rotationa
symmetric with respect to the surface normal, then t
laterally averaged stresses/strains are independent o
anglef. (This independence onf can also be achieved
by rotation of the specimen around the surface norm
during the diffraction measurements.) For such ca
Eq. (10) reduces to (omitting the subscriptf):

keHKL
c l ­ 2sHKL

1 ks//l 1
1
2

sHKL
2 ks//l sin2 c (11)

with ks//l ­ ks11l ­ ks22l, where ks//l is the
diffraction-averaged stress parallel to the surfac
Recognizing thatks//l depends onc and u through k

[Eqs. (7) and (9)], plottingkeHKL
c l (or kdHKL

c l) versus
sin2 c does not yield a straight line. The slope of th
curve reads:

≠keHKL
c l

≠ sin2 c
­

µ
2sHKL

1 1
1
2

sHKL
2 sin2 c

∂
≠ks//l

≠ sin2 c

1
1
2

sHKL
2 ks//l . (12)
1, No. 6, Jun 1996
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In the case of depth independent laterally averag
stresses, thuss// is a constant; obviouslyks//l does not
depend onc or u [cf. Eqs. (7) and 9)]. Then, plotting
of keHKL

c l (or kdHKL
c l) versussin2 c results in a straight

line, and a value forks//l is obtained from its slope
1y2sHKL

2 ks//l (or 1y2sHKL
2 d0ks//l).

In the case of depth dependents//, an accessible
value for ks//l is obtained from the slope ofkeHKL

c l or
kdHKL

c l versussin2 c [cf. Eq. (12)] at8

sin2 c0 ­
22sHKL

1
1
2 sHKL

2

, (13)

where c0 indicates the so-called “virtually” strain-free
direction [keHKL

c l ­ 0 for c ­ c0; cf. Eq. (11)]. Hence,
from Eqs. (12) and (13):

ks//lc0 ­
1

1
2 sHKL

2

√
≠keHKL

c l
≠ sin2 c

!
c0

­
1

1
2 sHKL

2 d0

√
≠kdHKL

c l
≠ sin2 c

!
c0

or

ks//lc0 ­
1

1
2 sHKL

2

kmlc0
­

1
1
2 sHKL

2 d0

kmdlc0 . (14)

Since heres// depends on depth below the surface, t
diffraction-averaged stressks//lc0 depends on the linea
absorption coefficient and the diffraction geometry [c
Eqs. (4) and (9)]. In the special case that the latera
averaged stress is a linear function ofz, the diffraction-
averaged stress corresponds with the laterally avera
stress at a specified depth, the so-called informat
depth [cf. Refs. 8, 9].

If no a priori knowledge is available about th
depth dependence of the laterally averaged stress,
stress-depth profile can be derived in principle from
set of experimentally determined values of diffractio
averaged stresses. Such a set of data can, for exam
be obtained by measurements of different analysis dep
by selecting differentHKL reflections (i.e., Bragg angle
u) or applying different radiations (i.e., different wave
lengths and attenuation coefficientsm) [cf. Ref. 19].
Also, in the case of a series of layers exhibiting
homologous stress behavior, i.e., the depth profile of
laterally averaged stress for a layer with a thicknesstp

is equal to the depth profile of the laterally averag
stress in the lower part of a thicker layer with thick
nesstp11stp11 . tpd, the depth profile of the laterally
averaged stress of a surface layer can be retrie
straightforwardly from the diffraction-averaged stress
Such a homologous series may also be obtained fro
single layer upon successive removals of sublayers.8–10

(Then, in principle, a procedure according to Ref.
must be applied to account for the stress relaxat
induced by removing the sublayers.)
J. Mater. Res., Vol.
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For layers with a stress-depth profile, the latera
averaged stress is described as a function of the dista
h with respect to a common reference plane (viz., t
layer/substrate interface). A polynomial of degreen is
taken for the laterally averaged stress:

s// ; s //shd ­
nX

k­0

akhk , (15)

whereh ­ t 2 z and0 < h < t. The coefficienta0 of
the polynomial denotes the laterally averaged stress
the interfacesh ­ 0d, s

0
// . The coefficientsak of the

polynomial can be determined from the above-mention
set of experimental data:ks//lp [with p ­ 1s1dq where
q is the number of datasq > nd].

The laterally averaged stress is related to t
diffraction-averaged stress according to Eq. (9). T
relation to retrieve the coefficients of the polynomia
for the depth profile of the laterally averaged stre
from a set diffraction averaged stresses is derived
Appendix B and reads [cf. Eq. (B10)]:

ks//lp ­
nX

k­0

akTpk (16)

whereTpk [cf. Eq. (B8)] depends on the coating thick
nesst, the attenuation coefficientm, and the diffraction
geometry factork, which depends on the Bragg angleu
(reflection) and the tilt anglec [cf. Eqs. (4a) and (4b)].

However, in practice it can be difficult to obtain a
comprehensive set of sufficiently divergent data. Th
an alternative procedure is the following: developme
of a model for the state of stress in the layer an
calculation of the depth profile of the laterally average
stress using Eq. (8). Finally, the calculated diffractio
averaged values of the stress can be compared with
experimental values for a set of measurements.

III. EXPERIMENTAL

A. Specimen preparation

The Mo (99.93 wt. %) substrate material was cut
pieces of20 3 20 3 5 mm from a rolled strip. Both
sides of20 3 20 mm were successively ground usin
SiC emery paper (final stage 600 mesh), lapped w
9 mm diamond slurry, and polished with 6mm and then
with 3 mm diamond paste. After each preparation st
the substrates were ultrasonically cleaned in ethan
After the final diamond polish, an etching was performe
in a solution of HCl, HNO3, and HF (concentrated
solutions, volume ratio 2 : 1 : 2).

The substrates were covered with TiN in a horizont
hot-wall reactor (quartz tube inner diameter of 100 mm
Prior to the deposition of TiN, the reactor was a fe
times evacuated and subsequently flushed with a
mixture of Ar with 10 vol % H2. Thereafter the substrate
11, No. 6, Jun 1996 1443
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were annealed in the reactor at 1123 K for 50 h in a g
flow of Ar with 10 vol % H2 to reduce native oxides
on the substrate surfaces and to relieve stresses indu
by substrate preparation. Then the reactor was stabili
at the deposition temperature and a pressure of 10.06
0.2 kPa, using pure H2 gas with a flux of 3 lymin. The
chemical vapor deposition of TiN was performed wi
a gas mixture of 3.0 vol % TiCl4 and 1.7 vol % NH3 in
H2 with a total flux of 3 lymin. The TiN layers were
grown during 2.0, 4.0, and 7.1 h of deposition at 973
in separate runs. The substrates were placed horizon
in the reactor on Mo pillars, such that both sides we
covered with TiN. The series A coatings refer to the Ti
coatings deposited at the lower side of the substrate
the series B refer to the TiN coatings deposited at t
upper side of the substrate. Cooling in the reactor un
H2 from the deposition temperature to room temperatu
took about 5 h.

The parameters used for the deposition of TiN fro
TiCl4 and NH3, as indicated above, were determine
from the results of preceding more or less trial an
error experiments. In these experiments the react
concentrations, pressure, gas flux, etc. were varied,
the coating thicknesses were measured. For these
periments alumina plates were used as substrates
was found that uniform coatings were obtained at lo
total gas pressures for low reactant concentrations an
NH3 concentration smaller than the TiCl4 concentration.
Under the conditions employed the growth rate is pra
tically independent of the gas flux, implying that surfac
reaction kinetics and not transport phenomena in the
phase control the growth rate of the coating.

B. Metallography

The crack pattern occurring in the TiN coatings w
observed in backscattered electron images employin
JEOL JXA 733 electron probe x-ray microanalyzer (s
Sec. III. C) using an accelerating voltage of 25 kV an
an electron beam current of 10 nA. The magnificatio
applied were calibrated using a grid with a spacing
10.0 6 0.1 mm.

The morphology of the TiN coatings was invest
gated from fracture surfaces using a JEOL JSM 8
Scanning Electron Microscope (SEM) operating at
accelerating voltage of 35 kV and an electron bea
current of about 30 pA. The fracture surfaces we
obtained as follows: a small strip of20 3 5 3 1 mm
was cut form a side of the specimen (20 3 20 3 5 mm;
see Sec. III. A). At the middle of the strip, a notch wa
cut in the surface opposite to the one covered with T
until a separation between the tip of the notch and
TiN coating of about 0.1 mm was left. Then, the samp
was fractured at room temperature.
1444 J. Mater. Res., Vol. 1
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C. Composition analysis

Auger Electron Spectroscopy (AES) was employ
for a qualitative assessment of composition-depth p
files. A Perkin-Elmer PHI 4300 Scanning Auger M
croprobe (SAM) was used, equipped with a cylindric
mirror analyzer and a PHI 04-300 ion gun. The ele
tron beam was operated at an accelerating voltage
5 kV and a current of 1.5mA. The analyzer-energy
resolution was set at 0.6%. Sputtering was perform
by scanning over the surface with an Ar1 ion beam
with an energy of 3.5 keV. The sputter rate on Ti
amounted to 60 nmymin. After each sputtering of 1 min
spectra were recorded containing the C KL23L23, N
KL23L23, O KL23L23, Cl L3M23M23, Ti L3M23M23, Ti
L3M23M45, and Mo M4N45N45 characteristic Auger lines.
The Auger Peak to Peak Heights (APPH) in the spec
in differential distribution were taken as measures f
the atomic concentrations. The N KL23L23 line (379 eV)
overlaps with the Ti L3M23M23 line (387 eV). Therefore,
the APPH of this composite line was taken as a meas
for Ti 1 N, and the APPH of the Ti L3M23M45 line was
taken as a measure for Ti. Also, the Cl L3M23M23 line
(181 eV) overlaps with the Mo M45N23V line (186 eV).
However, this did not pose a problem because Cl a
Mo did not occur simultaneously at the same depth
the specimen (see Sec. IV. B).

Electron Probe x-ray Micro Analysis (EPMA) wa
employed for a quantitative assessment of the ove
composition of the TiN coatings. A JEOL JXA 733
electron probe x-ray microanalyzer equipped with fo
wavelength-dispersive spectrometers and one ene
dispersive system was used. This instrument is provid
with Tracor Northern TN 5500 and TN 5600 system
for instrument control, data acquisition, and analysis.
beam of 10 keV electrons and a current of 30 nA w
used. The intensities of the Ti Ka, Mo La, and Cl Ka ra-
diations were measured using the wavelength-dispers
spectrometers. The intensities of these radiations w
also measured from Ti, Mo, and Na4BeAlSi4O12Cl (Tug-
tupite) references, and the corresponding intensity
tios were determined. The N Ka line (392 eV) overlaps
with the Ti LL line (395 eV), which hinders a direc
determination of the N Ka intensity. It was verified
that no elements other than Ti, Mo, Cl, and N we
present (detectability limit:,0.1 wt. %). Now, taking the
nitrogen content as the balance to accomplish 100%,
modified Fsrzd approach21 was applied to determine
the Ti, Mo, and Cl contents from the above-indicate
intensity ratios.

D. X-ray diffractometry

X-ray diffraction measurements were performed u
ing v diffractometers (Siemens type F and D500). Bo
diffractometers are equipped with a curved graph
1, No. 6, Jun 1996



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

n

e

n

h
e
c

t

c

e

(

i

-
he
).
l
gs
y

ed
ar
r,
B
ad

end
as
sh

o
s).
monochromator in the diffracting beam. During th
measurements the specimens were rotated around
surface normal. The temperature was controlled with
0.5 K at about 295 K.

For phase identification and texture characterizatio
diffractograms were recorded in the Bragg–Brenta
geometry from 20 to 160± 2u with 0.5± 2u step size
using Cu Ka radiation.

For TiN coating-thickness determination, theh200j-
and h400j-Cu Ka reflections of the Mo substrate wer
used both in the presence and absence of the coating.
coating thicknesst can then be calculated according to

t ­ 2
sin u2

2m
ln

sI1yI2dt

sI1yI2dt­0
, (17)

where u2 denotes the Bragg angle of the second-ord
reflection of the substrate (hereh400j-Cu Ka), m in-
dicates the linear absorption coefficient of the coati
material, andI1 andI2 represent the integrated intensit
of the first- and second-order reflections, respectively,
the covered (t) and uncoveredst ­ 0d substrates. This
method for the determination of the coating thickne
is independent of differences in microstructure (i.e., te
ture, microstrain, and crystallite size as exhibited in t
line-profile broadening) between the various substrat

For stress measurement and strain-free latti
spacing determination, theh531j-Cu Kb reflection of
TiN was used. The choice of this reflection was main
based on the constraints of (i) minimal overlap wi
adjacent reflections, (ii) large2u values (,152±) to
obtain a high accuracy in the determination of latti
spacings and to be able to reach a large specim
tilt in the v diffractometers (v corresponds withc

in Fig. 1), and (iii) a relatively large analysis depth
realized by the combination of a relatively low linea
absorption coefficient of TiN using Cu Kb radiation
(m ­ 645.6 cm21) with a large Bragg angleu, to
achieve adequate averaging over the coating thickn
(cf. Sec. V. B). The reflection indicated was measur
at tilt angles corresponding with steps of 0.1 on asin2 c

scale to a maximum ofsin2 c ­ 0.8 (v ­ 63.43±).
The profiles measured were corrected only for

the dead time of the counting system and (ii) the ang
dependencies of Lorentz, polarization, and absorpt
factors. Thereafter, the peak positions were determin
by fitting a parabola to the peak region of the profile
Systematic (small) errors in the peak positions we
eliminated by calibration against a well-defined silico
powder (SRM 640a, see Ref. 22).

IV. DATA EVALUATION AND RESULTS

For interpretation of the values determined for th
stress in the TiN coatings, the morphology, microstru
ture, and adhesion of these coatings must be conside
J. Mater. Res., Vol. 1
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For evaluation of the x-ray diffraction data the com
position dependent strain-free lattice spacing and t
elastic constants of TiN must be known (cf. Sec. II
In the following first the results obtained on structura
characteristics and properties of the present TiN coatin
will be discussed, and then the results of the x-ra
diffraction stress analysis will be presented.

A. Crack pattern, adhesion, and microstructure

A crack pattern [see Figs. 3(a) and 3(b)] is observ
in all the TiN coatings investigated. The cracks appe
as hairlines in the surface of the coatings. Howeve
many cracks observed in the TiN coatings of series
show a gap, which suggests that some delamination h
occurred at the edges of these cracks. The cracks ext
from the surface to the interface with the substrate,
established in cross sections of the layers. The me

(a)

(b)

FIG. 3. Crack patterns in CVD (7.1 h at 973 K) TiN coatings on M
substrates of series A (a) and B (b) (backscattered electron image
1, No. 6, Jun 1996 1445
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width s of the crack pattern increases with increasin
coating thickness. This increase in the mesh width
significantly larger for the series B coatings than for th
series A coatings; see Table I. This difference betwe
the two series of TiN coatings can be attributed to
distinct difference in adhesion of coating and substra
between the series A and series B coatings (see ab
and discussion in Sec. V. A).

The adhesion between the TiN coatings and t
Mo substrates was found to be significantly better f
series A than for series B. This qualitative observati
was obtained from scratching with a diamond styl
across the coating surface; the coatings of serie
were easily peeled off the substrate, whereas th
of series A were not.

For both series of TiN coatings a columnar m
crostructure is observed with the column axis perpe
dicular to the surface. The column morphology of th
TiN coatings of series A is needle-like, whereas f
series B it is more granular, as can be seen in Fig
In this context it is noted that the TiN coatings of bo
series exhibit ank100l-fiber texture with the fiber axis
perpendicular to the surface and with the texture stren
larger for series A than for series B. Taking the textu
coefficient23 of the h200j reflection in a diffractogram
acquired with Cu Ka radiation as a measure for th
texture strength, it ranges from 4.5 to 6 for series A a
from 3 to 4 for series B.

The difference in microstructure originates from th
differences between the growth conditions for the tw
series of coatings. The observed growth rate for t
series A coatings is about 25% smaller than for t
series B coatings. Recognizing that the CVD cond
tions were such that surface reaction kinetics control
growth rate (cf. Sec. III. A), the difference in growth rat
1446 J. Mater. Res., Vol. 1
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is ascribed to incorporation of TiN particles (which wer
found in the gas phase and came down on the upper s
of the specimens) during growth of the series B coating

B. Composition

Composition-depth profiles obtained by Auger ana
ysis showed that the composition of the coating is pra
tically constant over the coating thickness (see Fig. 5
The composition of the TiN coatings was quantifie
using EPMA. The results are shown in Table II. Some C
is present; C, O, and Mo are absent (with detectabil
limit less than 0.1 at. %). Only at the surface of th
TiN coatings a little C and O is detectable, due to som
surface contamination and oxidation.

C. Elastic constants

There is considerable disagreement in the literatu
regarding values for the elastic constants of TiN.24–29 The
values reported for Young’s modulus,E, vary between
250 and 640 GPa and those for Poisson’s ratio,n, vary
between 0.2 and 0.3. The present authors consider th
data as unreliable, because the deviations may be
to microstructural artifacts in the investigated sintere
material,24 which may easily contain residual porosity
and in sputtered material,25–29 which usually contains
many defects.30 The values taken here forE and n,
429 GPa and 0.19(8), respectively, have been calcula
from the single-crystal elastic constants of TiN0.98

31,32

by using the Eshelby–Kr¨oner model.33 Likewise, the
x-ray elastic constants for theHKL reflection have been
calculated:

sHKL
1 ­ s20.419 2 0.215 Gd 1026 MPa21, (18a)
1
2 sHKL

2 ­ s2.67 1 0.65 Gd 1026 MPa21, (18b)
ature
ent
TABLE I. Diffraction-averaged stressks//lc0 of cracked TiN coatings chemically vapor deposited onto Mo substrates (deposition temper
973 K) with coating thicknesst and mesh widths of the crack pattern. The morphology of the TiN coatings is conceived as an arrangem
of freestanding columns (see discussion in Sec. V. A) with column geometry factorLy2H, which is taken equal tosy2t.

Deposition time (h) t (mm) s (mm) Ly2H (–) ks//lc0 experimental (MPa) ks//lc0 theoretical (MPa)

a. Series A (973 K)

2.0 1.26 0.1 86 2 3.36 0.8 6046 10 617
2.0 1.56 0.1 106 2 3.46 0.7 6196 10 627
4.0 3.26 0.1 166 4 2.56 0.6 4576 10 488
4.0 3.46 0.1 186 4 2.66 0.6 5066 10 487
7.1 5.76 0.1 256 5 2.26 0.4 2986 10 379
7.1 8.76 0.1 306 5 1.76 0.3 2126 10 263

b. Series B (973 K)

2.0 1.96 0.1 206 4 5.36 1.0 7146 10 743
2.0 2.56 0.1 216 3 4.36 0.6 7336 10 696
4.0 4.56 0.1 336 5 3.76 0.5 4466 10 615
4.0 4.96 0.1 306 5 3.16 0.5 2336 10 556
7.1 10.16 0.1 456 6 2.36 0.3 246 10 379
7.1 10.46 0.1 526 8 2.56 0.4 606 10 419
1, No. 6, Jun 1996
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(a) (b)

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 im
of cross sections).
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where

G ­ sH2K2 1 K2L2 1 L2H2dysH2 1 K2 1 L2d2.
(18c)

FIG. 5. Normalized Auger peak to peak height (APPH) in arbitra
units (a.u.) versus depthz of a CVD (2 h at 973 K) TiN coating on
a Mo substrate of series B (Auger depth profiling).
J. Mater. Res., Vol. 1
y

These calculated values for the elastic constants for T
correspond very well with the elastic constants reporte
for TiC,7 as may be expected because of the chemic
and crystallographic similarity of these compounds.

An experimental value for Poisson’s ratio can in
principle be obtained from the common point of inter
section of a set of experimental (x-ray diffraction) curve
of kdHKL

c l versussin2 c data of TiN coatings of differ-
ent internal stress, but of the same composition (i.e.,
identical strain-free lattice spacingd0). An example of
such a set of data is given in Fig. 6. The common poi
of intersection provides a value for the strain-free lattic
spacing and a value for sin2c0 [cf. Eqs. (11) and (13)].

TABLE II. Composition and (strain-free) lattice parameter,a, of TiN
coatings chemically vapor deposited at 973 K onto Mo substrates.

Specimen
series

Ti
(at. %)

N
(at. %)

Cl
(at. %)

NyTi
(–)

a
(nm)

A 52.7 45.5 1.87 0.86 0.42411
B 52.6 45.2 2.21 0.86 0.42416
· · · 60.5 60.5 60.5 60.2 60.00002
1, No. 6, Jun 1996 1447
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FIG. 6. Experimentally (dots) determined and theoretically (full line
predicted values ofkd531

c l plotted as a function ofsin2 c for CVD
[series A (973 K)] TiN coatings on Mo substrates for various valu
of the column geometry factorLy2H (cf. Sec. V. A and Table I).
The theoretical curves have been calculated without adaptation of
model parameters; i.e., no fitting has been performed.

For elastically isotropic materials it holds thatsin2 c0 ­
2nys1 1 nd [cf. Eq. (13) and below Eq. (7)]. This resul
may also be applied to elastically anisotropic materials
cubic crystal symmetry, because the strain-free direct
of these materials appears to be virtually independ
of elastic anisotropy [e.g., for TiN this can be verifie
easily; cf. Eqs. (18a) and (18b)]. Consequently, a va
for n can be calculated. To achieve averaging over
data available, the analysis is performed here as follo
see Fig. 7. The intercept at sin2c ­ 0 of the tangent

FIG. 7. Plot of kd531
c­0lc0 versus kmdlc0 , i.e., the intercept at

sin2 c ­ 0 of the tangent line to thekd531
c l versus sin2 c curves

(cf. Fig. 6) at the point of common intersection (i.e., at aboutsin2 c0)
versus the slope of the same tangent line, for the CVD (at 973
TiN coatings on Mo substrates.
1448 J. Mater. Res., Vol. 1
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to the kdHKL
c l versus sin2c curve (cf. Fig. 6) at the

common point of intersection (kdHKL
c­0 lc0 ) is plotted versus

the corresponding slopekmdlc0 f­ 1
2 sHKL

2 d0ks//lc0 ; cf.
Eq. (14)]. This type of plot has been proposed in Ref.
For the straight line through these data points, it hold

kdHKL
c­0 lc0 ­ d0 2 sin2 c0kmd lc0 . (19)

Hence, the slope of the straight line fitted through th
plotted data provides an average value forsin2 c0 and
the intersection of the line with the ordinate yield
an average value ford0. Because of the presence o
kmdlc0 in Eq. (19), it seems that this suggested procedu
presupposes knowledge ofc0 or sin2 c0 (instead of
delivering a value forc0 or sin2 c0). However, in
many cases (including the present case) thekdHKL

c l
versus sin2 c plot shows practically a straight line,
and for kmdlc0 in Eq. (19) the average slopekmdl can
be substituted. Thus it is obtained:sin2 c0 ­ 0.375 6

0.030 and n ­ 0.23 6 0.02 of TiN. (For d0 see next
section.) This experimental value for Poisson’s rat
is close to the value calculated above from the sing
crystal elastic constants; the calculated value will be us
in the following.

D. Lattice parameter

The lattice parameter for each of the TiN coating
is obtained from the strain-free lattice spacingd0, as
determined by interpolation in thekd531

c l versussin2 c

plot at the strain-free direction [cf. Eq. (13)] calculate
with the elastic constants (see Sec. IV. C). [It should
noted that the procedure employed here allows thatd0 is
different for all coatings, in contrast with the alternativ
procedure involving the application of Eq. (19) whic
presupposes that thed0 is the same for all coatings.]
The average lattice parameter for each series of T
coatings is presented in Table II. The values obtained
this way agree with the values for the lattice paramet
determined for some pulverized (and hence free
residual macrostress) TiN coatings.

The lattice parameter of TiN depends on the NyTi
atomic ratio,34 which according to the Ti–N phase
diagram35 can vary between 0.57 and 1. For the prese
coatings the composition (see Sec. IV. B) and thus t
lattice parameter is constant over the thickness of t
coating. Because the NyTi atomic ratio is the same for all
coatings of each of the series A and B, the significan
larger lattice parameter for the series B coatings
ascribed to their higher Cl content. Cl dissolved in TiN
increases the lattice parameter, because the atomic ra
of Cl is larger than that of Ti and of N.36

E. Stresses

The diffraction method outlined in Sec. II for the
analysis of stress-depth profiles implies that the stra
1, No. 6, Jun 1996
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free lattice spacing is constant within the diffractin
volume. For the present TiN coatings this condition
met, because the composition (see Sec. IV. B) and t
the lattice parameter (see Sec. IV. D) do not vary
a function of depth. [If the strain-free lattice spacin
would vary with depth (e.g., due to the presence
a composition-depth profile in the coatings), then
additional curvature in thekdHKL

c l versussin2 c curve
is invoked (because the information depth changes
a function ofsin2 c), which then could erroneously b
interpreted as a stress (so-called “ghost” stress8)].

The stressks//lc0 is determined by taking the slop
of kdHKL

c l versussin2 c at sin2 c0. In this procedure the
term between brackets in Eq. (12) is zero, and the effe
of stress variation with depth on the curvature ofkdHKL

c l
as a function ofsin2 c are avoided. The experimentall
determined curves ofkdHKL

c l versussin2 c derived from
the h531j-Cu Kb reflection of TiN show practically no
curvature (see Fig. 6). This does not necessarily im
that the stress in the coatings does not apprecia
change with depth. The variation of the informatio
depth (see Sec. II) as a function ofsin2 c for the applied
range of tilt anglec can be too small with respect to th
stress gradient occurring in the TiN coatings. It will b
shown in Sec. V. B that this is the case here. In addit
to the experimentally determinedkdHKL

c l versussin2 c

curves, theoretically predicted curves (see Sec. V. B)
already shown in Fig. 6. It follows that the deviatio
from straight-line behavior is large at highv-tilt angles,
which are beyond the range of tilt angles employed in
experiments (cf. Sec. III. D). Thus, in the present cas
is allowed to use the slope of the straight line fitte
through thekdHKL

c l versus sin2 c data points for the
determination of the (x-ray) diffraction-averaged stre
or strain.

The results thus obtained are gathered in Tabl
Clearly, the x-ray diffraction-averaged stressks//lc0 de-
creases with increasing coating thickness. Note that
behavior is opposite to that observed for the mesh wi
s of the crack pattern (cf. Sec. IV. A).

In the next section the results of the stress analy
will be explained quantitatively.

V. DISCUSSION

A. Stress relaxation, cracking, and debonding

It is likely that the residual stresses in the TiN coa
ings do not originate from the growth (CVD) process6

but originate from the difference in thermal shrink b
tween coating and substrate experienced on cooling fr
the deposition temperature to room temperature. In
absence of delamination, the difference in thermal shr
has to be bridged at the coating/substrate interfa
The TiN coatings are very thin as compared with t
substrates. Then, according to a simple model ba
J. Mater. Res., Vol. 1
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on elastic accommodation of strains, mechanical eq
librium, and a homogeneous stress in both coating a
relatively thick substrate,6 it follows that the difference
in thermal shrink between coating and substrate will b
predominantly assimilated by the coating. Because t
thermal shrink of TiN and Mo is isotropic, it follows
from the coefficients of thermal expansion of TiN37

and Mo38 and from the difference between the depo
sition temperature (973 K) and room temperature th
an isotropic (thermal) straine// ­ s2.2 6 0.1d1023 is
imposed on the TiN coating at the coating/substra
interface. Then, this strain results in a biaxial state
stress with two equal principal stressesss11 ­ s22 ;
s//d in an uncracked TiN coating. The macroscop
stresss// is simply related to the macroscopic strai
e// according tos// ­ e// Eys1 2 nd. Using E and n
for TiN (cf. Sec. IV. C), a macroscopic stress ofs// ­
1170 6 60 MPa is predicted for uncracked TiN coating
at room temperature. The experimental values for t
internal stress/strain in the TiN coatings are significant
smaller (cf. Table I). Apparently, with respect to th
stress expected from the difference in thermal shrin
stress relaxation has occurred in the TiN coatings.

The presence of cracks in the coatings (c
Sec. IV. A) is associated with stress relaxation. Startin
with a crack-free coating, during cooling form the
deposition temperature a uniform tensile stress para
to the coating/substrate interface is built up in the Ti
coatings. At a certain stage this stress exceeds
fracture strength of the TiN coatings, resulting in th
formation of cracks. In general, the fracture strength
brittle materials as TiN depends strongly on macroscop
defects such as pores and surface roughness (cf. Refs
and 40). Plastic yielding of the coatings can be exclud
at the temperatures concerned (see the deformation m
of TiC in Ref. 41, which is similar to that for TiN
because of the similarity between their physical an
mechanical properties).

In view of the crack patterns observed, involvin
cracks extending from the surface to the interface wi
the substrate (sec. IV. A), the morphology of the TiN
coatings can be conceived as an arrangement of fr
standing columns with the column axis perpendicul
to the substrate. Then the column widthL is taken as
the mesh widths of the crack pattern and the column
height H as the coating thicknesst. As compared with
the uncracked situation, the stress due to the therm
misfit imposed at the coating/substrate interface is par
relaxed by shape changes of the columns. A schema
picture is given in Fig. 8, illustrating isostrain contour
in the columns, assuming that the coating/substrate mi
experienced at the foot of the column is taken u
fully elastically. Such triaxial stress/strain distribution
can be calculated by a model presented in detail
Ref. 42. (This column model allows calculation of th
1, No. 6, Jun 1996 1449
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FIG. 8. Schematic presentation of a freestanding column with hei
H and width L on a substrate. The lines in the column represe
isostrain contours; i.e., these lines connect volume elements of e
local strain in directions parallel to the column/substrate interface

three-dimensional distribution of the thermal stress
induced by a uniform temperature change in a cylindric
column on a substrate. It is a generalization of t
two-dimensional description for the problem of therm
stresses in a rectangular plate clamped along an e
as given by Aleck,43 with corrections by Blech and
Levi44 and improved by Blech and Kantor.45) This model
provides thelocal values of stress and strain componen
in the columns. They depend, apart from the position
the column and the thermal strain, only on the colum
geometry defined byLy2H and the elastic propertiesE
and n of the column material. On the basis of thes
calculated stresses, a prediction can be made for
stresses which would be determined with diffractio
methods (cf. Sec. II). Such predicted and experimenta
determined stresses will be discussed in Sec. V. B.

The mesh width of the crack pattern of the series
coatings is larger than the mesh width for the series
coatings of similar thickness (see Table I). The diffe
ence between the mesh width of the crack pattern
the series A and B increases with the coating thickne
According to the column model (see above), this wou
imply that the residual stress for the series B coatin
would be larger than for the series A coatings of simil
thickness. However, in any case for the thick coating
the opposite is observed (see Table I). Thus, a proces
stress relaxation in addition to cracking of the coating h
1450 J. Mater. Res., Vol. 1
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happened in the concerned coatings of series B. Fro
calculations using the column model, it follows tha
near the edges at the foot of the column relatively hig
local shear stressesss12d exist parallel to the interface
and tensile normal stressesss33d exist perpendicular to
the interface with the substrate. Both types of stre
at the coating/substrate interface stimulate debondi
of the coating. Hence, debonding of a coating can b
a consequence of cracking of the coating (see al
Refs. 46–50). The following arguments indicate that th
additional stress relaxation (see above) is due to part
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
(cf. Sec. IV. A).

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

(iii) For the series B coatings (and not for the
series A coatings), the residual stress observed
significantly smaller than the stress predicted by th
column model, excluding debonding [see Table I an
see also Figs. 11(a) and 11(b) discussed in Sec. V. B

The observed increase of the mesh width of the cra
pattern with the thickness of the coatings (cf. Sec. IV.
and Table I) can be explained from the equilibrium
described by the balance between decrease of sto
elastic strain energy and the increase of fracture-surfa
energy (Appendix C). It follows from Eq. (C6b) that
a linear relation should exist betweenL2 and H. The
experimental results (Fig. 9) indeed show this behavi
for the series A coatings (for the series B coatings, s
below). The slope of the straight line provides a value fo
the fracture-surface energyg and thus the fracture tough-
nessKc of TiN [cf. Eq. (C7)]. UsingE and n of TiN
(cf. Sec. IV. C) and withm ­ 1 [cf. Eq. (C3)], it is ob-

FIG. 9. The square of the column widthL (taken as the mesh widths)
versus the column heightH (taken as coating thicknesst) for the CVD
(at 973 K) TiN coatings on Mo substrates (cf. Table I).
1, No. 6, Jun 1996
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tained thatg ­ 8.2 Jym2 andKc ­ 2.6 MPa?m1/2. These
values correspond well with those reported in Ref. 40 f
other brittle materials such as SiC, Si3N4, and Al2O3.
The values reported in Ref. 51 obtained from a Ti
coating on cemented carbide (WC–Co) by an indentat
method are incorrect because an erroneous value foE
was used. Using the value ofE preferred here (429 GPa)
the values of Ref. 51 can be corrected and becomeg ­
6.1 Jym2 andKc ­ 2.3 MPa?m1/2, which agree with our
results recognizing that values reported for the fractu
surface energy of brittle materials in general scatter
a factor of 10 (note that present-day techniques
measuring surface energies of solids have an inher
inaccuracy of about 100%; cf. Refs. 40 and 46).

Now consider the results for the series B coatin
(Fig. 9). The slope of a straight line through the da
points ofL2 versusH is significantly larger for the series
B than for the series A coatings. This is in agreeme
with the idea that in the series A coatings only crackin
occurred and that in the series B coatings the cracking
accompanied by delamination. The difference betwe
observed and predicted residual stress for the serie
coatings increases with increasing coating thickness [
Table I and see also Fig. 11(b) discussed in Sec. V.
Apparently, the extent of debonding and associated str
relaxation increases with increasing coating thickne
This coating thickness dependent behavior can be
plained as follows. In the absence of debonding, t
(average) amount of elastic strain energyUe per unit
of volume stored in the coating depends on the me
width of the crack pattern and the coating thicknes
i.e., depends on the column geometry factorLy2H; see
Appendix C, Eq. (C2) and Fig. 13. If, subsequent
cracking, debonding at the interface between coating a
substrate occurs, then the amount of elastic strain ene
released by debonding per unit area of the interface,Ud ,
is in first-order approximation given by the product ofUe

and t, wheret is the coating thickness. For the series
coatings bothUe andUd are plotted versus the coating
thicknesst in Fig. 10. Although the stored elastic strai
energy per unit of volume,Ue, decreases with increasing
coating thickness, the elastic strain energy released
debonding per unit area of interface,Ud, increases
with increasing coating thickness. This suggests that
extent of debonding increases with increasing coati
thickness.

B. Diffraction stress analysis

By (x-ray) diffraction stress analysis, laterally an
depth-averaged values for the stress are determin
see Eq. (9). In the presence of nonuniform stresses,
(x-ray) intensity weighted average stress depends on
linear absorption coefficient and the diffraction geomet
[cf. Eq. (7)]. Adopting the freestanding column mode
J. Mater. Res., Vol. 1
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FIG. 10. The elastic strain energyUe stored in the CVD (at 973 K)
TiN coatings on Mo substrates of series B and the elastic strain ene
Ud released by debonding at the coating/substrate interface both
a function of the column heightH (taken as the coating thickness
t, cf. Table I).Ue is an average energy per unit volume coating;Ud

is an average energy per unit of area interface between coating
substrate. (Lines are drawn only to guide the eye.)

indicated above, a prediction for the experimental
determined (x-ray) diffraction-averaged stress of th
TiN coatings (see Table I) is based on the followin
elements: (i) the dimensions (widthL and heightH)
of the columns in the TiN coatings, which are identifie
with the observed mesh width of the crack patterns
and the coating thicknesst (see Table I); (ii) full elas-
tic accommodation of the difference in thermal shrin
between coating and substrate by the (cracked) T
coating; (iii) averaging, according to Eq. (7), of the loca
stresses thus calculated.

The averaged stress values thus predicted can
compared with the experimental data in Fig. 11(a) f
series A and Figs. 11(b) for series B. The data show
pertain to ks//lc0 as derived from theh531j-Cu Kb re-
flection of TiN.

The predicted stresses agree with the experimenta
determined stresses within experimental error for a
the coatings of series A [see Fig. 11(a)]. For the sam
coatings it was already shown in Sec. IV. E (Fig. 6) th
also an excellent agreement exists between the predic
(on the same basis) and the experimentally determin
kdHKL

c l versussin2 c curves. Hence, the description o
the TiN coating as an assembly of freestanding colum
in conjunction with a fully elastic accommodation of th
thermal misfit imposed at the coating/substrate interfa
is in quantitative agreement with the experimental da

For the coatings of series B, the predicted stre
values agree with the experimental data for the th
coatings [see Fig. 11(b)]. For larger thicknesses t
experimentally determined stress values are smaller th
those predicted. This is explained as a result of the par
debonding of these TiN coatings (see Sec. V. A). Indee
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FIG. 11. Diffraction-averaged stressks//lc0 as a function of coating
thicknesst for the CVD (at 973 K) TiN coatings on Mo substrates o
series A (a) and B (b); cf. Table I. The stresss

0
// indicates the stress

expected, if the thermal misfit between the coating and the subst
is taken up fully elastically by a massive and uncracked TiN coat
(cf. Sec. V. A).

the adhesion of the TiN coatings of series B with th
substrate is much less than for those of series A, wh
no delamination had occurred (cf. Sec. IV. A).

The laterally averaged stressess// [cf. Eq. (8)]
are, in contrast with the diffraction-averaged stress
ks//l [cf. Eq. (9)], independent of the linear absorptio
coefficient and the diffraction geometry. Extraction o
the depth profiles of the laterally averaged stress fr
the diffraction data is necessary to acquire informati
regarding the distribution of stress over the thickness
the coating, irrespective of the measurement techniq
employed.

It has been demonstrated that the model adopted
plains the experimental data for the diffraction-averag
stress quantitatively, if no delamination of the coatin
had occurred. Therefore, a prediction of the latera
averaged stress distributions for these coatings will
1452 J. Mater. Res., Vol. 1
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obtained on the same basis. In order to compare
results for the TiN coatings of different thicknesses, th
laterally averaged stresses were presented as a func
of the distance to the coating/substrate interface,h, for
the TiN coatings of series A in Fig. 12. [For the TiN
coatings of equal thickness (see Table I) average valu
were taken for the column geometry factor.]

The laterally averaged stress at the coating/substr
interface sh ­ 0d, s

0
// , is equal to the stress expecte

from the difference in thermal shrink between coatin
and substrate (cf. Sec. V. A). The stress decreases w
increasing distance to the coating/substrate interfa
due to relaxation by the presence of cracks. The str
gradient is relatively large near the coating/substra
interface (at the bottom of the coating) and decreas
in the direction of the surface of the coating. [Thi
illustrates that the stress gradient has a small effect
the curvature of thekdHKL

c l versussin2 c curves. For
the thin coatings the stress gradient in the near surfa
region is higher than for the thicker coatings, but th
effect is compensated by the smaller variation of th
analysis depth by tilting of the specimen as compar
to the thick coatings (see also discussion with respect
Fig. 6 in Sec. IV. E).]

The experimental laterally averaged stress-dep
profile can in principle be derived from a set o
experimentally determined values for (x-ray) diffraction
averaged stresses (see discussion in Sec. II). In prac
it is very difficult to obtain such a set of data. Method
based on measurements with different analysis dept
whether or not combined with stepwise removal o
the surface layer, were tried but failed for the prese
TiN coatings; the effect of different analysis depths (b
varying the Bragg angle (reflection) and wavelengt

FIG. 12. Laterally averaged stresss// in CVD (at 973 K) TiN coat-
ings on Mo substrates of series A as a function of the distan
to the coating/substrate interfaceh (cf. Fig. 8). The curves shown
were obtained from the stress model for the cracked layers t
provided very good agreement between the experimental and predi
diffraction-averaged stress [cf. Table I and Figs. 6 and 11(a)].
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8,
on the experimental data was too small for an accur
analysis of the stress distribution, and during success
removals of sublayers crumbling of the TiN coatin
occurred.

From the analysis in this paper, it follows tha
determination in a direct way by diffraction analysis o
laterally averaged stress-depth profiles in surface lay
is possible only if a comprehensive set of sufficient
divergent data is available, which is seldom the ca
in practice. However, the following indirect route ha
been shown to be a good alternative: (i) determine a
of diffraction-averaged stress values and (ii) develop
model for the lateral and depth variations of the stre
in the surface layer that leads to quantitative agreem
with the experimental results.

VI. CONCLUSIONS

(1) The value of the stress components obtained
diffraction from surface layers exhibiting principal stres
components varying on a microscopic scale can be c
ceived usefully as laterally averaged stresses [Eq. (
intensity weighted over the diffracting volume [Eqs. (6
and (10)].

(2) Direct evaluation from diffraction data of the
depth profile of the laterally averaged stress in a surfa
layer exhibiting a nonuniform triaxial state of stress
often not practical. An advantageous approach involv
development of a model for the nonuniform stresses
the surface layer which leads to a quantitative agre
ment between calculated and experimental values of
diffraction-averaged stresses.

(3) In TiN coatings prepared by CVD on Mo sub
strates large tensile stresses develop on cooling fr
the deposition temperature to room temperature as
consequence of the difference in thermal shrink betwe
coating and substrate. Cracks arise because, locally
irregularities, the fracture strength is exceeded by t
developing stress. The mesh width of the crack patte
depends on both the imposed stress at the layer/subs
interface and the coating thickness. The dependenc
found by minimizing the sum of the stored elastic stra
energy and the fracture surface energy.

(4) Values of diffraction-averaged stress were ca
culated by conceiving the cracked layers as assemb
of freestanding columns, with a width equal to th
average crack distance and a height equal to the coa
thickness, and by assuming full elastic accommodati
of the thermal misfit imposed at the column/substra
interfaces. These calculated values agree well with
experimental data for a series of specimens. In tho
cases where the experimentally determined stress
significantly smaller than the calculated stress, part
debonding of the TiN coatings had occurred due to po
adhesion between coating and substrate. The exten
debonding increases with coating thickness.
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(5) This work in addition yielded values for the
following material properties of TiN: Poisson’s ratio
n ­ 0.23 6 0.02; surface energy,g ­ 8.2 Jym2, and
fracture toughness,Kc ­ 2.6 MPa? m1/2.
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APPENDIX A: MECHANICAL EQUILIBRIUM
CONDITIONS FOR STRESS COMPONENTS
IN SURFACE LAYERS

Consider a body at rest subjected to external for
and a plane (surface) within the body. Applying th
equations of motion (cf., e.g., Refs. 52 and 53) to t
portionP of the body at one side of the plane (neglecti
1454 J. Mater. Res., Vol.
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the influence of body forces, e.g., gravitation) results
the following equilibrium conditions:

t
P

fsg n dS ­ 0 , (A1)

t
P

fsg n x r dS ­ 0 , (A2)

where [s] is the local stress tensor at areadS, n the
normal of the areadS, and r is the position vector
of the center of areadS with respect to the origin of
the coordinate system. The integration is taken over
entire surface of the portionP of the body.

These sets of equations provide mechanical eq
librium conditions for the stress (tensor) componen
at any plane in a body at rest. Applying them to
layer/substrate assembly (as depicted in Fig. 2), wh
no external forces act upon, results in the following pr
scriptions for thelaterally averaged stresscomponents
s13, s23, ands33 (cf. Sec. II). Equation (A2) implies that
the stress tensor is symmetrical, i.e.,sij ­ sji. Consider
a plane in the layer parallel to the surface at depthz, thus
with normal n ­ (0, 0, 1). Then [using Eq. (A1)]

t
P

s13 dx dy ­ 0 °! s13 ­ 0 (A3)

t
P

s23 dx dy ­ 0 °! s23 ­ 0 (A4)

t
P

s33 dx dy ­ 0 °! s33 ­ 0 . (A5)

These results can also be obtained from the gene
equations of mechanical equilibrium in a body54 and
have been the subject of debate.55

The above consideration does not lead to a condit
for the shear stressess12 (or s12) in the layer. The shear
stresss12 is defined as the ratio of the shear straine12

and the shear modulusG:

s12 ;
e12

G
with e12 ;

≠u

≠y
1

≠v

≠x
, (A6)

whereu andv are the local displacements in thex and
y directions at point (x, y), respectively.

In general, if the condition that for any value ofz

s12 ­ 0 $ t
P

s12 dx dy ­ 0 (A7)

has to hold, then using Eq. (A6) it must hold at an
value of z that

t
P

e12 dx dy ­ 0 . (A8)

In practice, this condition is often satisfied. A
example is the case of a misfit between layer a
substrate that is isotropic in the interfacial plane a
(partially or completely) elastically taken up by the laye
Such a misfitem can occur as a result of a difference i
thermal shrink between layer and substrate according

em ­
Z T2

T1

falsTd 2 assTdg dT , (A9)
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wherealsTd and assTd denote the temperature depe
dent thermal expansion coefficients of the layer a
the substrate, respectively. If the thermal expans
coefficients of both layer and substrate are isotropic o
least independent of the direction in the interfacial plan
then the misfitem is a constant, sayK. If this misfit
is fully taken up by the layer at the interface with th
substrate (i.e., the substrate is considered rigid), the st
in the layer at the interface with the substrate obeys:

e11 ­ e22 ­ em ­ K with

e11 ­
≠u
≠x

ande22 ­
≠v
≠y

(A10)

It now follows thatu ­ Kx andv ­ Ky. Hence, using
Eq. (A6),e12 ­ 0 ands12 ­ 0 at any point (x, y) of the
interfacial plane. Consequently, no shear stressess12 act
upon the lateral planes of the layer. So, indeed for a
z Eq. (A7) holds:s12 ­ 0 and thus alsoks12l ­ 0; cf.
Eq. (1) or Eq. (3).

APPENDIX B: EXTRACTION OF
THE DEPTH PROFILE OF THE
LATERALLY AVERAGED STRESS FROM
DIFFRACTION-AVERAGED STRESSES

The depth profile of the laterally averaged stre
of a surface layer can be retrieved in principle from
set of experimentally determined values of diffractio
averaged stresses (see for discussion Sec. II).

A polynomial of degreen is taken for the laterally
averaged stress as a function of the distance to
coating/substrate interfaceh:

s //shd ­
nX

k­0

akhk , (B1)

where h ­ t 2 z and 0 < h < t (cf. Fig. 8). The
coefficient a0 of the polynomial denotes the laterall
averaged stress at the interface (h ­ 0), s

0
// . The coef-

ficientsak of the polynomial can be determined from th
above-mentioned set of experimental data:ks//lp [with
p ­ 1(1)q whereq is the number of data (q > n)].

The laterally averaged stress is related to t
diffraction-averaged stress according to Eq. (9), whi
reads:

ks//lp ­

Z t

0
s//szd exps2mkzd dzZ t

0
exps2mkzd dz

, (B2)

wherem is the linear absorption coefficient,k indicates
the geometry factor of the diffractometer, andz repre-
sents the distance to the surface. It is noted thatks//lp

depends onc andu throughk [cf. Eqs. (4a) and (4b)].
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Substitution of Eq. (B1), withh ­t 2 z, yields:

ks//lp ­

Z t

0

nX
k­0

akst 2 zdk exps2mkzd dzZ t

0
exps2mkzd dz

. (B3)

With the binomial of Newton:

st 2 zdk ­
kX

l­0

µ
k
l

∂
s21dltk2lzl , (B4)

Eq. (B3) becomes:

ks//lp ­
nX

k­0

ak

kX
l­0

µ
k
l

∂

3 s21dltk2l

Z t

0
zl exps2mkzd dzZ t

0
exps2mkzd dz

. (B5)

UsingZ t

0
zl exps2mkzd dz ­ 2

zl

mk
exps2mkzd

Ç t

0

1
l

mk

Z t

0
zl21 exps2mkzd dz ,

(B6)

Eq. (B5) transforms into

ks//lc0,tp ­ a0 1

nX
k­1

ak

kX
l­1

µ
k

l

∂
s21dltk2l

p

3

"
2 exps2mktpd

1 2 exps2mktpd

l21X
m­0

√
tl2m

p

smkdm

l!
sl 2 md!

!

1
l!

smkdl

#
. (B7)

The following recurrence relation can be derived fro
Eq. (B7):

Tpk ­ tk
kX

l­1

µ
k
l

∂
s21dlflbTpsl21d 2 cg for k > 1

Tpk ­ 1 for k ­ 0

(B8)

whereb ­
1

mkt
and c ­

exps2mktd
1 2 exps2mktd

(B9)

(Note that fort ! 0, Tpk ! 0 for k > 1.) Thus Eq. (B7)
can be rewritten as:

ks//lp ­
nX

k­0

akTpk . (B10)
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The factorTpk represents all the experimental paramet
that can be varied to obtain different values forks//lp ,
viz. the coating thicknesst, the attenuation coefficien
m, and the diffraction geometry factork, which depends
on the Bragg angleu (reflection) and the tilt anglec
[cf. Eqs. (4a) and (4b)].

From a set ofq independent experimental data fo
ks//lp, q polynomial coefficientsak can be solved in
principle. However, in practice an estimate can often
made in advance for the stress at the interface (h ­
0), s

0
// , which is equal toa0. Then,q 1 1 polynomial

coefficients ak can be determined. In many cases
polynomial of degree 3 will be sufficient to describe th
stress-depth profile. Then, if more than three independ
data forks//lp are available (i.e.,q . n), the values for
ak [with k ­ 0(1)n] can be obtained, applying a lea
square fitting procedure.

APPENDIX C: FRACTURE OF A BRITTLE
COATING BY RESIDUAL TENSILE STRESSES

Consider a brittle coating exhibiting a biaxial sta
of residual tensile stress characterized by two eq
principal stresses (s11 ­ s22 ; s//) which are parallel to
the surface. If the stresss// exceeds the fracture strengt
sf of the brittle coating (“brittle” implies here that no
plastic deformation takes place), the coating fractu
by development of cracks extending from the surface
the interface with the substrate and the coating then
constituted of a number of “islands”. Such a coating c
be conceived as an arrangement of freestanding colu
(cf. Sec. V. A. and Figs. 3 and 8). Then the column wid
L and the column heightH correspond with the mesh
width s of the crack pattern and the coating thickne
t, respectively.

The extent to which crack development takes pla
can be derived from the following energy balance (s
Griffith energy-balance concept40). Crack development
occurs as long as the decrease of the total elastic s
energy, Ue, is larger than the increase of the tot
fracture-surface energy,Us. Hence, crack formation is
governed by the energy sumU according to

U ­ Ue 1 Us , (C1)

and crack development requiresDU ­ DUe 1 DUs ,

0. In the following it will be assumed that the elast
energy of the substrate is negligible or does not cha
during fracture of the coating, then it can be ignor
in the calculations [cf. Eq. (C4)]. The stored elas
strain energy per unit of volume can now be calculat
using the stress distributionssij (with i, j ­ 1, 2, or 3)
provided by the freestanding column model for a certa
stage of crack formation, as described in Sec. V.
Defining Ue as an average energy quantity per u
1456 J. Mater. Res., Vol. 1
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volume, it follows53:

Ue ­
1

2E

µ
L

2H

∂22 Z L/2H

u­0

Z L/2H

y­0

Z 1

w­0
ss2

11 1 s2
22 1 s2

33d

2 2nss11s22 1 s22s33 1 s11s33d

1 2s1 1 nd ss2
12 1 s2

13 1 s2
23d du dy dw , (C2)

where the coordinatesu, y, and w are related to the
coordinatesx, y, andz as follows:u ­xyH, y ­ yyH,
and w ­ zyH. Defining the fracture-surface energyUs

also as an average energy quantity per unit of volum
it follows:

Us ­ 4mg
1
L

, (C3)

where g denotes the surface energy per unit area,L
indicates the mesh width of the crack pattern, andm is a
constant depending on the shape of the cells in the cr
pattern (e.g., for rectangular cellsm ­ 1).

For constant thicknesst (­ H) of the coating, both
Ue andUs depend on the mesh width of the crack patte
s (­ L). Crack formation continues until an equilibrium
(i.e., minimal) value forU [cf. Eq. (C1)] occurs, which
corresponds with an equilibrium value forL. Hence, this
equilibrium value forL can be obtained from:

≠U

≠L
­ 0 °!

≠Ue

≠L
1

≠Us

≠L
­ 0 . (C4)

In the absence of cracks, the stress is const
throughout the coating (cf. Sec. V. A.). In the presen
of cracks, this level of stress corresponds only with t
stress at the coating/substrate interface; it will be deno
as s

0
// (cf. Sec. V. B). Applying the column model and

using Eq. (C2), the elastic strain energy in the crack
coating can be calculated and expressed in terms ofs

0
// .

Using Poisson’s ratio of TiN (n ­ 0.2, cf. Sec. IV. C),
the results of such calculations for values of the colum
geometry factor (Ly2H) between 1 and 6 are shown
in Fig. 13. The curve ofUe versusLy2H can be well
approximated by:

Ue ­ s1 2 nd

√
ss 0

// d2

E

!
3

∑
1 2 exp

µ
20.27

L
2H

∂∏
. (C5)

Then, the equilibrium mesh widthLeq follows by sub-
stitution of Eqs. (C3) and (C5) into Eq. (C4):

0.27s1 2 nd
ss 0

// d2

E

Leq

2H
exp

µ
20.27

Leq

2H

∂
2 4mg

1
Leq

­ 0 . (C6a)
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FIG. 13. Average elastic strain energy per unit volume coating,Ue

[cf. Eq. (C1)], relative to the elastic strain energy of a massive a
uncracked coating, (12 y) ss 0

// d2yE, as a function of the column
geometry factorLy2H; calculated for TiN [n ­ 0.19(8)]. The stress
s

0
// indicates the stress expected if the thermal misfit between

coating and the substrate is taken up fully elastically by a mass
and uncracked coating (cf. Sec. V. A).

The relation betweenLeq andH is provided implic-
itly but unambiguously by Eq. (C6a); it can be calculate
numerically. For practical purposes the relation betwe
Leq and H can be given in an explicit but approximat
way, as follows. Because the curvature of the curve
J. Mater. Res., Vol. 1
d

e
e

d
n

Ue versusLy2H in the range ofLy2H values considered
here is rather small (see Fig. 13), a fair approximatio
for Eq. (C5) is obtained by linearizingUe, in our
case atLy2H ­ 3.5 (which is in the middle of the
considered range ofLy2H values). ThusUe ø [0.244
1 0.105 (Ly2H)] (1 2 y) ss 0

// d2yE. Substitution of this
expression forUe and Eq. (C3) into Eq. (C4) leads to:

ss 0
// d

2L2
eq ­

76
1 2 y

mgEH

or

s 0
// Leq ­ Kc

s
38mH

1 2 y
, (C6b)

where Kc is the so-called fracture toughness of th
coating material:

Kc ­
p

2gE . (C7)

If for a series of cracked coatings with varying coatin
thickness the stresss 0

// and the shape factorm of the
crack pattern are constant, then a plot ofL2

eq versusH
should provide a straight line. From its slope a value fo
the surface energy can be derived, provided that Young
modulusE and Poisson’s ration are known.
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