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The role of microstructure in the fracture of the bond between vapour-deposited thin film
coatings and substrates will be modelled to a first approximation using classical fracture
mechanics principles. Vapour-deposited coatings are composed of a grain structure with vary-
ing orientations. The effect of differing degrees of texture on the bond strength between the
coating and its substrate will be considered in this analysis. Incorporated in stress calculations
will be the residual stresses arising from the thermal contraction of the coating, an applied
tensile stress normal to the coating surface (as that in an adherence pull test) and the critical

stress needed for coating—substrate bond failure.

1. Introduction

The applied load necessary to induce bond failure,
that is fracture of the bonded interface, is in part
a function of the state of stress existing in the
as-deposited coating—substrate system. Intergranular
fracture results when the effective planar stress, the
stress in the plane of the coating, exceeds a critical
value. This critical stress necessary to induce fracture
is greater than superimposed residual planar stresses
which result from the thermal contraction of the coat-
ing’s variously oriented grains. When the applied load
normal to the surface is sufficiently large (greater than
the existing normal component of residual thermal
stress in the coating) fracture then occurs.

In this study, titanium-coated beryllium substrates
will be considered in the fracture analysis. Coatings
with varying degrees of texture were produced by
altering the deposition variables of substrate tem-
perature (350 to 550°C) and coating rate (2.8 to
24.0nmsec™!) in the physical vapour deposition of
titanium on as-machined beryllium coupon blanks [1].
A correlation between a low (0002) texture of the
titanium coating and low bond strength of the coating
to its substrate was previously found [1]. The analysis
to follow will clarify the physical explanation behind
this observation.

2. Theory
The planar stress required for fracture, the critical
stress o, has been modelled for a crack in a plate
under uniform tension by Griffith [2], using an energy
balance approach. For a coating—substrate system,
the sudden rupture of the coating to substrate bond
under an applied load is representative of a brittle
two-dimensional medium (with the coating) in a state
of plane strain. In this analysis, the stress applied to
the coating—substrate bond (needed to induce failure)
must be greater than the residual thermal stress in the
coating which arose during deposition.

The coating—substrate system will be subjected to a
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tensile load applied normal to its surface. This can be
modelled, as shown in Fig. 1, by applying a load to a
pull stud (with a surface diameter d ) epoxied to the
coating surface. The state of stress in this system is
shown in Fig. 2, assuming the coating (of thickness
30.5 um) is under a state of plane strain [1]. The planar
stress in the coating surface, o,, may be related to the
stress normal to its surface, o,, by the relation [3]

g, = vo, Y

where v is the coating’s Poisson ratio (v for titanium is
equivalent to 0.36 [4]). The load applied to the pull
stud yields the applied normal stress

o = P/A ()]

where, P is the applied load and A is the pull stud
contact area which equals 1nd”. (An aluminium pull
stud is used with a 0.254 cm diameter [1]). The applied
normal stress in the pull stud, 6%, can be related to the
surface normal stress at the coating—substrate inter-
face by using a stress concentration factor k&,

0, = ko 6)

The stress concentration factor for a microcracked
coating—substrate interface, in a state of plane strain,
may be approximated with a value of 2 using fracture
mechanics principles [5]. The applied load can then be
related to the coating planar stress o, using Equations
1 and 3,

at = 26%y 4

The coating planar stress o7 required for coating—
substrate bond failure must exceed the value arising
from residual thermal (contractive) stresses, ¢*, during
deposition. The critical condition for fracture is
therefore

6+ 6" >0 (52)
or equivalently using Equations 4 and 5a

ve + ¢*> 0 (5b)
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Figure 1 A schematic diagram of the adherence test. An aluminum
pull stud is epoxied normal to the coating surface.

Equation 5a represents the planar inequality for frac-
ture and Equation 5b the surface normal inequality
for fracture.

The planar residual thermal stress in the coating is
due to the thermal contraction of the coating (from
elevated temperatures during deposition to testing at
room temperature). The coatings are composed of
grains of varying orientations, hence varying degrees
of texture. The planar residual thermal stress, 67, can
therefore be theoretically computed based on the coat-
ing texture. Each differently oriented grain has unique
values for its elastic moduli [6] and thermal expansion
coefficients [7-9]. The planar stress attributable to a
grain of orientation (hkil), is simply

Jr @E)AT ©®

where o, is the (hkil), thermal expansion coefficient
dependence on temperature, E; is the (hkil); Young’s
modulus dependence on temperature, T, is the depo-
sition temperature and T, is room temperature.

The relative proportion of each grain orientation
within the coating can be computed utilizing an
inverse pole figure calculation based on measured
X-ray intensities of the diffracted beam [1]. The frac-

TABLE 1 Selected low texture T,(hkil) titamium coatings

Z-axis

Figure 2 A schematic diagram of the cylindrical coordinate stress
axes system referenced in the fracture analysis. Assume; g, # 0,
g, #0,0, =0

tional composition of each (2kil) grain orientation,
¢;, may be expressed as

T
5 T,

where T, is the calculated degree of texture of the
(hkil) intensity reflection with respect to a random
powder file intensity valueand i = 1,2, ..., n. The
net state of planar residual thermal stress, ¢', in the
coating attributable to all (k& il); grains, can then be
approximated as an arithmetic summation of each o7
contribution

Q)

G =

o' = Z o] = ¢} @®

i=1
The critical stress condition for fracture, Equations 5a
and 5b, may now be computed theoretically and com-
pared to the value obtained experimentally.

3. Theorectical results
The dependence of coating texture on deposition rate
and substrate temperature is illustrated in Tables I and

Sample Deposition variables Texture T (hkil)
be
nomder Rate 1010 0002 1071 1072 1130 1013 1132 2031 1014 2033
(o) (nmsec™!)
1 400 14 0.6 1.3 1.8 1.1 03 1.3 13 0.5 0 L8
48 400 14 0 0.4 14 1.9 0 1.6 0.8 0 24 1.5
109 400 14 0.3 0.7 14 23 0 08 0.9 0 0 3.8
30 450 14 04 1.7 13 0.7 0.3 09 1.0 0.9 1.7 12
40 450 14 1.5 0.9 1.1 1.1 3.3 0.5 0.8 0.8 0 0
54 450 14 19 0.5 22 0.9 13 0 11 0.9 0 14
111 500 24 0.6 0.6 1.0 1.9 0.4 0.8 1.7 0 0 3.1

347



TABLE II Selected high texture T (kkil) titamium coatings

Sample Deposition variables Texture T (hkil)
be
mumber Rate 1010 0002 10T1 1072 11Z0 1013 1132 2031 1014 2033
“C) (nmsec™')

110 400 24 0 6.3 0 12 0.1 0.5 0 0 0.8 11

17 45 14 0.1 6.4 13 0.8 0 0.2 0 0.1 0.9 0.3
8 500 14 0.4 26 5.7 0.3 02 0.3 0.5 0 0 0

112 500 14 02 1.8 3.7 26 0.2 04° 0 0.5 0 0.6
31 550 28 0.1 47 2.5 16 0 0.3 0 0.3 0 0.5
33 550 14 0 8.3 0.7 0.6 0 0.1 0 0.1 0 0.1

II for titanium-coated beryllium substrates. High and
low texture values of selected coatings to be pull tested
are listed.

Mathematical expressions for the dependence of
clastic constants C; and elastic moduli in crystal-
lographic system and orientation are well known [10].
The temperature dependence of the individual tita-
nium elastic constants C;; [6] and the dependence of
Young’s modulus on both orientation and tem-
perature (seen in Table IIT) is quite clear. For example,
at a room temperature of 25°C, the E(0002) is 40%
greater than E(1070).

The dependence of the thermal expansion coef-
ficient on both orientation and temperature is evi-
denced in the following equations derived from
experimental data [7-9]

2[0002] = [9.1 + (0.0063T)] x 10~°C  (9)
2[10T0] = [7.4 + (0.0053T)] x 10~¢°C (10)

The planar residual thermal stress can be calculated
for any coating by combining: (i) the relative com-
position of the oriented grains within each coating
(Equation 7, Tables I and II); (ii) the temperature and
orientation dependence of Young’s modulus (Table
III); with (iii) the temperature and orientation depen-
dence of the thermal expansion coefficients. The
thermal stress for each (hkil), o] (see Equation 6), is
then represented by the following equation with the
corresponding coefficients, I, in Table IV,

T, x 10°T + T, x 10°T?
+ O, x 107'T°  (Pa) (1)

The planar residual thermal stress, ¢, can now be
calculated for the titanium coatings. Results of these
calculations are listed in Table V. The resolved sur-
face normal component is tabulated as well for
comparison to the applied tensile stress required for
coating—substrate bond failure (Equation 5b).

of =

4. Experimentation and results

A uniaxial tension test was utilized for the coating—
substrate bond failure analysis. Two types of testing
procedures were used. A Sebastian Adherence Test [1]
was limited by an upper test stress equivalent to
68.9 MPa (10k.s.i.). An adherence bonding pull stud
is epoxied perpendicular to the 30.5 um (1.2 mil) thick
titanium coating, as shown in Fig. 1. The remaining
exposed titanium is then machined away. The bonding
test has a contact surface diameter of 0.254cm
(0.1001in). The tensile test is performed by applying
load to the pull stud while the attached coupon is held
stationary. For titanium —beryllium bond stresses less
than 68.9 MPa this test is adequate. However, for
bond fracture stresses above 68.9 MPa and less than
84.7MPa (the epoxy yield stress) a second testing
procedure was devised [11]. An Instron Tester was
employed with a machined aluminium tee-slot fixture
(universally mounted) to hold the beryllium coupon
substrate (0.508 cm thick with a 2.54 cm diameter) and
a tubular steel clamp to hold the epoxied pull stud. A
strain rate of 8.47 umsec™! and a load range of 890 N
provided fracture measures equivalent to those
measured using the Sebastian Adherence Tester.
Results for the normal fracture stress, o, of the
vapour-deposited) titanium-coated (as machined)
beryllium substrates are listed in Table V.

b. Analysis of results

A comparison of the normal stress applied through
the pull stud to induce coating—substrate bond frac-
ture, ¢°, and that theoretically calculated from the
residual thermal stress, 1vo”, appears in Table V. The
correspondence between these values is quite remark-
able considering the simplification of the fracture
analysis in this study. Coating—substrate bound failures
were correctly predicted for all the samples observed
to fail in this mode (below the epoxy bond strength of
84.7 MPa). Epoxy bond failures coincided with all the

TABLE III Young’s modulus of titanium dependence on orientation and temperature

Temperature E(hkil) (TPa)*

TCo loTo o000z 1011 10Tz 1130 1013 1132 2021 1014 2033
25 0.104 0.143 0.117 0.130 0.104 0.136 0.124 0.108 0.139 0.125

300 0.079 0.130 0.100 0.117 0.079 0.123 0.109 0.086 0.126 0.110

*(Pa) x 1.450377 x 10~¢ = (p.s.i).
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TABLE 1V Thermal stress equation coefficients

i T,(akil)
1070 0002 1011 1072 1120 1073 1132 .20721 1074 2033
1 7.89 13.1 9.85 10.9 7.89 11.4 10.4 9.16 11.6 10.5
—0.583 241 0.828 1.72 —0.583 1.9 1.34 —0.107 2.09 1.41
3 —163 —099%  —122 —~0976  —1.63 —093  —1.01 —1.54 ~0920  —1.05

samples with theoretical values greater than 84.7 MPa.
The actual fracture stress was predicted within
8 + 2% for five of the six coating—substrate failures.

Those coatings with high (0 002) texture did indeed
manifest high bond strengths as represented by epoxy
failures rather than coating—substrate bond failures.
This experimental observation is supported by the
residual thermal stress calculation. This high (0002)
texture to high bond strength correlation is directly
attributable to the higher elastic modulus which exists
for (0002 ), as shown in Table III. In addition to high
(0002) texture, a high deposition temperature will
also increase bond strength. In general, the con-
volution of the percentage increase in thermal con-
traction with increased deposition temperature is
greater than the percentage decrease in elastic modu-
lus accompanying increased deposition temperature.
The lowest bond strengths would be predicted and
were experimentally observed for low (i.e. random)
textured coatings deposited at low temperatures.

The contribution of electrostatic adhesive bonding
appears to minimal for the titanium coatings on the
as-machined beryllium substrates. For atomically
smooth interfaces this result would most probably not
be the case. The increase in surface contact area for
atomically smooth surfaces would be expected to
increase the contribution from the surface smoothness
dependence of electrostatic adhesive bonding [12-15].
The roughness of the as-machined substrate surface,
however, is essential for the surface interlocking bond-
ing mechanism of thermal residual stress bonding
[16-18].

A third factor to consider, in addition to the
electrostatic and residual thermal adhesive bonding
stresses, is the tensile strength of the coating. If the

TABLE V Titanium-beryllium bond fracture stress

resolved planar stress of the applied load exceeds the
tensile stress of the coating before the coating to sub-
strate bonding stress is reached, the mechanism of
failure will be the fracture of the titanium coating. As
a result of the excess titanium coating being machined
away from the pull stud prior to tensile testing, this
mechanism is not possible. The remaining coating
surface is entirely supported by the pull stud epoxy.

6. Summary

The role of microstructure in the bond failure of
vapour-deposited titanium coatings from beryllium
substrates has been modelled using basic fracture
mechanics principles. The effect of the varying tex-
tures of each coating on bond strength has been incor-
porated into a residual thermal stress calculation. The
model developed proved successful in identifying
those samples with a coating—substrate bond failure.
Bond strength is shown to increase with high (0002)
texture, as previously postulated [1], and in general
with increased deposition temperature.
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