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Indentation Method for Fracture Resistance
Determination of Metal/Ceramic
Interfaces in Thick TBCs

R. Dal Maschio, V.M. Sglavo, L. Mattivi, L. Bertamini, and S. Sturlése

The indentation technique has been used to measure the adhesion of plasma-sprayed ceramic coatings on
metals intended for thick thermal barrier coating (TTBC) applications. This approach provides the ad-
hesion value as the critical strain energy release rate, G, of the interface, which also takes into account
any residual stresses. The theoretical background of the method is outlined, and specific examples are re-
ported with respect to the effect of substrate temperature on the metal/ceramic adhesion of thick TBCs.

1. Introduction and State-of-the-Art

A WIDE range of tests have been developed to measure the adhe-
sion of thermal spray coatings.[!-2] Although these tests can be
useful for ranking purposes, many of them do not measure a
unique adhesion parameter, and comparison among the different
tests can be difficult. Furthermore, several of these tests are sen-
sitive to the presence of flaws, because the initiation of failure
represents the critical stage.

More rigorous interfacial toughness tests, based on the linear
elastic fracture mechanics of bimaterial interfaces, have been
proposed. These can be broadly divided for application to planar
interfaces into sandwich geometries and delamination tests.

The common feature of the specimens in the former test is
that each of them is homogeneous, except for a very thin layer of
different material that is sandwiched between the two halves,
which comprises the bulk of the specimen. The thickness of the
layer is typically a hundredth or even a thousandth of the length
scale of the overall geometry, with a pre-existing crack lying
along one of the interfaces. They include double cantilever
beam, 4] single-edge notch, 61 compact tensxon ¢! gouble tor-
sion, (61 cracked Brazilian disk (Brazilian nut) land four-point
shear.[®! Although the last two test geometnes have not been re-
ported widely in the plasma spray field, in all of the other tests,
critical strain energy release rate, G, or toughness, Kj., has been
evaluated by means of formulations determined for homogene-
ous specimens with no layer to characterize the interface crack
in the presence of the layer. Nevertheless, with all of these ge-
ometries, it will be possible to cover a range of proportions of
opening (Mode I) to shear (Mode II) loading at the crack tlp,
factor which affects the measured G,.
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Charalambides et al.!""'2Thave developed a four-point bend
test that has been applied to plasma spray specimens. Howard
and Clyne[ 9 accounted for the residual stress contribution to
the G value proposed by Charalambides et al. 12) by msertmg a
residual stress profile predicted by a numerical model. (3] Their
results, which used a material system of titanium on titanium al-
loy (Ti-6Al1-4V), showed an underestimation of G, without con-
sidering residual stresses, which is not of general application in
the field of TTBCs. For example, consider a typical TTBC sys-
tem of a ZrO,-8wt% Y,03 ceramic coating (about 1.5 mm thick)
sprayed at temperatures of about 100 to 150 °C (to achieve low
residual compression stresses) on a NiCoCrAlY coat (about 300
pum thick) on a superalloy substrate. According to the calcula-
tions performed by Charalambides et al, 2t s possible to fore-
see that the G, value for this TTBC system in a four-point bend
test is influenced by the residual stress field. Thus, all these frac-
ture mechanics techniques are fairly complex and are not easily
available for quality control.

The aim of this article is to describe a procedure based on the
indentation technique that allows G, of metal/ceramic interfaces
to be evaluated in a reliable and simple fashion. This parameter
will be used to characterize the fracture resistance of the inter-
face as a function of the substrate temperature in TTBCs. The
consistency of the results will be confirmed by thermal fatigue
tests.

2. Theoretical Concepts

The metal/ceramic interface was characterized by making
Vickers indentations on the interface between the bonding layer
and ceramic coating (Fig. 1). In this manner, median cracks,
starting from the indentation site corners, propagate along the
interface with a substantial semicircular front. A “hemispheri-
cal” plastic zone is formed under the indentation site, and the
mismatch between elastic and plastic deformations on the un-
loading part of the indentation cycle causes a net outward force
acting on the crack. The experimental situation can be well rep-
resented in a two-dimensional manner, as shown in Fig. 2 where
an interfacial crack of length 2¢ is partially loaded by a constant
pressure f(x). From a theoretical point of view, this situation is
intermediate between that of an interfacial crack loaded perpen-
dicularly by a concentrated force (P in Fig. 3) and that of an in-
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ceramic layer

Fig.1 Schematic of an interfacial Vickers indentation

material 2 y

Fig. 2 Two-dimensional representation of an interfacial crack with
2¢ length partially loaded (2pc) by a constant pressure ¢

terfacial crack uniformly loaded b?' aconstant pressure #(x) (Fig.
4). According to Rice and Sih,[14 G for conditions as shown in

Fig. 31is
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material 2

Fig. 3 Two-dimensional representation of an interfacial crack per-
pendicularly loaded by a concentrated force P

material 2 y

material

Fig. 4 Two-dimensional representation of an interfacial crack uni-
formly loaded by a constant pressure ¢
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and G; are the shear elastic moduli; v; is the Poisson’s ratio; 2¢ is
the interfacial crack length; and P is the concentrated force. The
subscripts 1 and 2 refer to the two different materials.

For the conditions shown in Fig. 4, willis!'*! calculated G
with the following expression:
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Equation 1 can be rewritten as:

2
G=A£c— B3]

where A is a constant depending on material properties. Equa-
tion 2 can be rewritten as:

G=A'Pc [4]

where A’ is a constant that is related to material properties. Equa-
tion 4 is similar to Eq 3, bearing in mind that the result of the dis-
tributed pressure 7(x)is 2 - #(x) - c.

The similarity between Eq 3 from Rice and Sih and Eq 4 from
Willis supports the authors’ choice to follow the approach of
Willis, which better simulates the current experimental condi-
tions as represented in Fig. 2. The parameter G is now expressed
by:

G=A"Fc (5]

where the constant 4” includes another constant p, which is re-
lated to the nonuniform distribution of pressure ¢ on the entire
crack length.

The next step involves evaluating the pressure 7 in terms of
exverimental auantities related to interfacial indentation. Ac-

——

cording to Johnson,[161the plastic zone in any homogeneous ma-
terial exhibits a substantially hemispherical shape whose dimen-
sions are affected by the elastoplastic properties of the material.
The plastic zone radius b is given by:

\ E@mB, sia-2v)

(o]
2 I A [6]
a 6(1-2v)

where q is the indentation semidiagonal; E is the Young modu-
lus, o is the yield stress, and p = 19.7° for a Vickers indenter.

Equation 6 is valid only for homogeneous materials, but can
be extended to a bimaterial interface indentation if the appropri-
ate median values for the elastoplastic properties of both materi-
als are considered. Assuming that there is no interference
between the two materials, one can define the average radius,
by, of the plastic zone as:

b.+b
p =t 2
av 2

(7]

where b; (i = 1,2) are the plastic zone radii corresponding to the
sandwiched materials.

The hypothesis of no interference between the two materials
has been verified by a simplified finite-element model (FEM),
using ABAQUS code.l'} Bousinnesq solutions for the problem
of a concentrated force acting on a monomaterial and on a bima-
terial interface are shown in Fig. 5(a) and (b), respectively. The
contours in Fig. 5 represent stress levels across the thickness
(i.e., in cross section) of the material system. In the second case,
the contours corresponding to the same level of stress equivalent
Oeqr defined according to Von Mises criterion,[1 lshow a narrow
link zone between the two half plastic zones, thus corroborating
the hypothesis of no interference. The Bousinnesq approach
does not represent a real indentation; however, because it is a
simple model, it has use in characterizing the behavior of a bi-
material interface.

The plastic zone is a source of an outward residual force act-
ing on the crack, and this force arises from the mismatch be-
tween elastic and plastic deformations. Therefore, the boundary
of the plastic zone is subjected to a stress field corresponding to

il

HE

Fig.5 FEM analysis of a Bousinnesq problem. (a) Monomaterial. (b) Bimaterial interface. The contours represent equivalent stress, Cegr levels accord-
ing to an arbitrary scale based on colors (right) across the thickness of the material system
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the deformations developed if the plastic zohe was released
from the surrounding material.

According to arguments by Lawn et al.[%in the hypothesis
of representing these stresses by a constant hydrostatic compres-
sion p on the plastic zone boundary, it is possible to write:

&v 1

P27 N (8]
g

where V and 8V are the volume of plastic zone and impression
(or volume change), respectively.

The magnitude of the effective outward residual force on the
crack can be obtained by integrating the horizontal stress com-
ponent over the zone cross section within the crack plane. The
net outward force, P,, applied to the center of the interfacial
crack is

Pr < p V2/3 [9]

This situation is similar from a fracture mechanics point of
view to that studied by willis!"*!and can be expressed as:

P

foc — 10
2 [10]

G = G can be put on the unloading part of the indentation cycle
when a median crack of extension 7tc, emanating from an inden-
tation site corner along the interface has a driving force due only
to the plastic zone hydrostatic stress. Thus,

Table1l Powder Characteristics

Bond coat Ceramic coating
HCST (Stark) L AlSil2(a) Metco 204NS(b)
Al-128iwt% Zr02-8Y203wt%
—45um -106 + 10 um

(a) H.C. Starck GmbH & Co. KG, D-6000, Dusseldorf, Germany. (b) Metco
(Perkin-Elmer), Westbury, NY 11590 USA

Table2 Spray Parameters

Power, kKW 28

Stand-off gun distance, cm 11

Gas flow rate, L/min 40 Ar+12H>
Powder flow rate, kg/h 1.5

Relative velocity of torch, mmy/s 600

2_ 4
G =(x[b d2(1+4k2)]wa— [11]
¢ b 3

where b, d and k have the same expressionsd® in Eq 2, and v is
defined as:

1 1

LAY (B 5

5E | (Vo V2

P H, H,
H is the hardness, and parameter ¢ is a numerical constant that
incorporates all numerical constants independent of the system
indenter or specimen. The value of a can be deduced from Ref
19 if Material 1 is the same as Material 2, bearing in mind the

equivalence between strain energy release rate, G, and stress in-
tensity factor, K. Under these conditions, o equals 0.0197.

(12]

3. Experiments and Results

Aluminum specimens 40 X 50 X 5 mm were sprayed with a
PS4180 SNMI Plasma Set using a TS6-type torch, mounted ona
IRBL6 Asea Robot fastened to a rotating table. Details of the
powders used are shown in Table 1. The aluminum substrates
were grit blasted and ultrasonically cleaned before spraying.
Spraying parameters used for the deposition of the bond and top
layer coatings are summarized in Table 2.

Substrate temperature was kept constant during each spray
run using a front air cooling system for air plasma spraying
(APS) or liquid argon cooling system for atmosphere- and tem-
perature-controlled spraying (ATCS). The substrate tempera-
ture was systematically varied for ceramic coatings only. The
bonding coat was sprayed at a substrate temperature of 150 °C
for all samples.

The deposition temperature was measured using a K-type
thermocouple, inserted in a 4-mm depth hole in the back of the
sample, linked to an XY Linseis recorder and stored by a PC sys-
tem. The full set of samples used for this analysis is detailed in
Table 3. A set of three samples was prepared for each spraying
condition.

Beams 5 x 20 mm were cut using a diamond saw from coated
plates and polished with SiC papers and diamond paste of 3 pm.
Physical characterization included optical and electron micros-
copy and bulk density evaluation by Archimede’s method (Table
4). Mechanical characterization was carried out by measuring
the Vickers hardness and Young’s modulus by the Knoop inden-
tation method for both sprayed layersm] (Table 5 and Fig. 6).
These moduli values have been used to calculate the critical
strain energy release rate, G.

Table3 Substrate Temperature under Different Spraying Conditions for the Bond Coat and Ceramic Overlay

Bonding layer Ceramic coating
Deposition Depesition
Sample Code temperature, °C Thickness, mm temperature, °C ____Thickness, mm
APS1 150 1.70 120 2.00
APS2 150 1.50 230 2.10
APS3 150 1.60 350 2.10
ATCS 150 1.75 50 2.05

54—Volume 3(1) March 1994

Journal of Thermal Spray Technology



The effect of deposition temperature on the density, hard-
ness, and Young’s modulus of the ceramic coating for the APS
samples is evident. An increase in the deposition temperature
would be expected to densify the structure.

The adhesion between the metallic bond coat and the ceramic
top layer, as measured by the critical strain energy release rate of
the interface, was determined by making a set of Vickers inden-
tations (using loads of 50 and 100 N), at the ceramic/bond inter-
face according to the setup depicted in Fig. 1. Care was taken to
align the indenter diagonal with the interface.

Cracks and indentation diagonals lengths were measured by
optical and/or electron microscopy. Figure 7 shows a typical de-
formation and fracture pattern after the indentation test. By as-
suming typical Poisson’s ratios of 0.25 and 0.30 for the ceramic
layer and bond layer, respectively, G, values can be calculated
for the different samples (Table 6); these are the average values
of about ten indentations for each load and for each sample.

Thermal fatigue tests were performed on 40 X 24 mm sam-
ples using a vertical furnace with an alumina tube. The cycle
consisted of 12 min of heating at 600 £ 5 °C and 8 min of cooling
in still air. Temperature was measured using a K-type thermo-
couple closed to the sample and connected to a recorder. Table 7
summarizes the thermal fatigue test results and indicates the
number of cycles corresponding to the start of spallation and to
complete spallation of the ceramic coating as determined by vis-
ual inspection.

4. Discussion

Toughness values measured for any bimaterial interface take
into account two different contributions. The first is directly
connected to the quality of the coupling of the two materials; the
second is related to the residual stress field.

There are various effects of the substrate temperature. As the
substrate temperature increases, there is an improvement in ad-
hesion due to improved mechanical interlocking between ce-
ramics and metallic layers because of higher wettability. Ifan air
spray process is used, there is also increased oxidation of the me-

Table4 Bulk Density (g/cms) of the Bond Coat and
Ceramic Overlay

Sample code Bonding layer Ceramic layer
APS1 22102 49+05
APS2 23+02 5105
APS3 23102 53104
ATCS 2.7+03 54+05

Table 5 Hardness and Elastic Moduli of the Coating System

————

tallic bond layer. Also, the residual stress field increases in the
case of different thermal expansion coefficients.

The method proposed in this article for G, measurement pro-
vides a trend of values substantially in agreement with these
concepts. Under the experimental conditions of this work, the
best compromise among these phenomena was obtained at a
deposition temperature of about 230 °C (see Tables 3 and 6).
Thermal fatigue test results show a reasonable correlation with

8 50
e Hardness
71 o Elastic modulus
6 % F40 m
I
s £
o 5 % o
[&] T -
= 30 g
£
2 47 g
I @
s 3 § . 20
5 -
T F ¢ 3
24 s
. k1o
14
0 T T T o
0 100 200 300 400

Temperature (°C)

Fig. 6 Mechanical properties versus deposition temperature for ce-
ramic coating
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Fig. 7 SEM micrograph of the interface after indentation. Indenta-
tion site (a) and propagated crack (c) are observed

Bonding layer Ceramic coating
Elastic Elastic
Sample code . Hardness, GPa modulus, GPa Hardness, GPa modulus, GPa
APS1 1.0£0.1 1811 1.7£0.1 18+2
APS2 ’ 08+0.1 26+3 25+02 3143
APS3 0.5+£0.1 911 3101 3911
ATCS 1.0£0.1 34+5 23+0.2 2716
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Fig.8 SEM micrograph of ATCS ceramic coating cross section

Table 6 Critical Strain Energy Release Rate

G, J/m?, at:
Sample code . SON 100N
APS1 11.1x1.3 10413
APS2 16.0£1.0 212+1.2
APS3 57+09 38105
ATCS 53+£05 58+£0.7
Table 7 Thermal Fatigue Test Results
Sample code Spallation initiation Total spallation
APS1 190 700
APS2 600 1150
APS3 100 600
ATCS 400 1100

the G, values, at least for the APS samples. This arises due to
bond coat oxidation and thus a residual stress field increase.

Different behavior is observed for the ATCS samples. A low
critical strain energy release rate value corresponds to high ther-
mal fatigue resistance. First of all, the metallic bond coating in
ACTS samples is not oxidized, and the intensity of the residual
stress field is low. The good performance of the ATCS samples
in thermal fatigue tests is due to the combined effect of low re-
sidual stress field and an unoxidized interface. These features,
connected to a diffuse microcracking pattern (Fig. 8), suggest
that stresses developed during the thermal transient do not
strongly influence the interface. Nevertheless, low G, values are
related to low wetting of the substrate during plasma spraying
process.

5. Conclusion

A method for evaluating adhesion in TTBCs has been pro-
posed. It is based on a fracture mechanics approach of the Vick-
ers indentation technique and allows the interfacial critical
energy release rate to be obtained. As an example of the applica-

56—Volume 3(1) March 1994

tion of this method, the dependence of adhesion on deposition
temperature has been considered. The consistency of the results
is confirmed by thermal fatigue tests of samples sprayed in air.
Future steps for improving the indentation test will be
the evaluation of phase angle, to compare this methodology
with the other fracture mechanics tests.>%] ZBe influence of
the residual stress field on G, values will also be considered.
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