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bstract

he effect of interface roughness and thickness of thermal barrier coating (TBC) on the interfacial shear mechanical properties of electron beam-
hysical vapor deposited (EB-PVD)-TBC was examined using as-sprayed and polished bond coats (BC) 200 �m and 500 �m TBC thickness
ystems, by using a barb test method. The residual compressive stress in the TBC layer from the interface to the top surface was measured, by using
aman spectroscopy. The interface toughness related to the interface roughness and the thickness of the TBC. The interface toughness was larger

or the BC as-sprayed TBC system than for the BC polished TBC system. The delamination of the TBC propagated within the TBC layer adjacent

o the interface for the BC as-sprayed TBC; for the BC polished TBC, this occurred at the interface between the TGO and the BC. Moreover, the
nterface toughness was larger in the 500 �m thickness TBC than in the 200 �m thickness TBC. The relation of interface toughness to interface
oughness and thickness of the TBC was associated with the interface residual compressive stress and with the interface sliding friction during the
elamination of TBC.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Thermal barrier coatings (TBCs) are enabling materials in
he design of advanced gas turbine engine systems.1,2 Based
n ceramics with low thermal conductivity, such coatings
rovide thermal insulation to actively cooled metallic com-
onents, allowing designers to optimize system performance
y maximizing combustion temperatures. Given the role of
BCs in shielding structural components from damaging ther-
al environments, coating durability is of primary importance.
mong the TBCs, air plasma-sprayed (APS) and electron
eam physical vapor deposited (EB-PVD) yttria-partially sta-
ilized zirconia TBCs have been widely studied in recent

ears because of their potential ability to substantially extend
urbine lives and improve engine efficiencies.1–5 In particu-
ar, EB-PVD-TBCs have recently received attention because

∗ Corresponding author. Tel.: +81 29 859 2223; fax: +81 29 859 2401.
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he coatings are expected to surpass APS-TBCs in mechan-
cal performance, owing to their specific columnar structure.
hus, understanding the mechanisms that dictate coating fail-
re of the EB-PVD-TBCs has been the subject of intense
esearch.

It is well-known that coating failure is governed by a series
f events that include crack nucleation, propagation and coa-
escence, leading to coating spallation.5–11 For failures caused
y the large compressive stresses that develop within the coat-
ng, delamination crack growth occurs under principally mode
I loading—particularly for longer cracks with fully developed
rack wake contact zones. Hence, the durability or lifetime is a
irect function of the mode II toughness of the interface. Thus, it
s important for understanding failure behavior of TBC to mea-
ure interface fracture toughness between the TBC and bond
oat. The authors12 have recently reported a novel methodol-

gy, the barb test method, for measuring the interfacial fracture
oughness of the TBC systems. The approach is particularly use-
ul in capturing crack growth behavior under mode II loading
onditions, and is amenable to measurement of both short-crack

mailto:GUO.Shuqi@nims.go.jp
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.196
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nd long-crack behavior. The authors successfully measured the
nterface toughness of an EB-PVD-TBC system, through using
his technique. However, the influences of the interface rough-
ess and the thickness of the TBC on the interface toughness
re little known. Therefore, it is required for the EB-PVD-TBC
ystems to learn the effect of interface roughness and coating
hickness on the interfacial shear mechanical properties. In this
ork, the interface toughness of EB-PVD-TBC was measured

n three TBC systems with different interface roughness and
oating thickness, by using a barb test method. The effects
f interface roughness and coating thickness on the interface
oughness were examined.

. Experimental

.1. Materials

The materials used in this study were prepared by the electron
eam physical vapor depositing (EB-PVD) of 4 mol% Y2O3-
artially stabilized ZrO2 powder on a MA738LC nickel-based
uperalloy substrate with a NiCoCrAlY bond coat overlayer.
he bond coat (BC) was deposited by low-pressure plasma
pray deposition to a thickness of ∼100 �m, and has an overall
omposition of 32 wt.% Ni, 21 wt.% Cr, 8 wt.% Al, 0.5 wt.% Y,
ith the balance Co. The deposition of TBC was performed on
high-powder EB-PVD coater (Von Ardenne Anlagentechnik
mbH/TUBA150) directly on the substrate plates. This coater

onsists of three chambers: loading chamber, heating chamber
nd coating chamber. Before the substrates were loaded onto a
otation stage in an electron beam deposition chamber, the BC
urfaces were polished up to 800 grit and cleaned using an ultra-
onic cleaner. The substrates were preheated up to 950 ◦C by
graphite heater in the heating chamber for ∼20 min below a

acuum prior to deposition. The preheated substrates were then
ransferred to the coating chamber that was heated to approxi-

ately 800 ◦C. The TBC layers of 200 �m and 500 �m thickness
ere respectively deposited on the substrates kept at 950 ◦C with

n electron-beam power of 45 kW, a chamber pressure of 1.0 Pa,
nd a stage rotation speed of 5 rpm. During deposition, oxygen
s passed through the coating chamber, in turn this results in the
ormation of a thermally growth oxide (TGO) layer between the
BC layer and the BC. In addition, in order to obtain a rough

nterface, a TBC layer of 500 �m thickness was deposited on
n “as-sprayed” BC substrate under the same process condition.
hese EB-PVD-TBC systems were supplied by the JFCC (Japan
ine Ceramics Center, Nagoya, Japan). The obtained three kinds
f TBC systems were therefore:

1) PL-TBC200: BC polished with 200 �m TBC thickness;
2) PL-TBC500, BC polished with 500 �m TBC thickness;
3) AS-TBC500, BC “as-sprayed” with 500 �m TBC thickness.
After deposition, the cross-section of the TBC was polished
ith a diamond paste with granules of down to 1 �m in size.
he interface morphology between the TBC and the BC was
haracterized by scanning electron microscopy (SEM).

s
w
h

Fig. 1. Shape and dimensions of the specimen for barb testing.

.2. Interfacial shear mechanical properties measurement

Test specimens with dimensions of 40 mm × 6 mm × 3 mm
ere cut from the EB-PVD-processed TBC specimens, using a

onventional mechanical cutting procedure. The cut faces were
round through standard metallurgical procedures to (1) obtain
pecimens with the desired final thickness, (2) introduce parallel
urfaces, and (3) eliminate mechanical flaws introduced during
he cutting process. The TBC layers were then notched at a
istance of 3 mm from the end of the specimens, to define the
ength over which crack growth occurs. The remaining TBC
egments were carefully removed with a WC polishing tool.
wo specimen pieces prepared in this manner were then affixed
ack-to-back, using an alignment tool and epoxy adhesive, to
orm the final barb test specimens. The shape and dimensions
f the obtained barb test specimen are shown in Fig. 1.

The barb tests were performed in ambient air at room tem-
erature using a screw-driven mechanical test system (Model
utograph AG-500E, Shimadzu Corp., Kyoto, Japan). The

chematic illustration of the loading fixture utilized for the barb
esting is shown in Fig. 2. Details of test fixture for barb test

ethod were reported elsewhere.12 Testing was performed with
constant crosshead displacement rate of 0.1 mm/min. The

orce-displacement response during the barb testing was digi-
ized and continuously recorded using a digital memory scope
ORM 1200, Yokogawa Electric, Tokyo, Japan). A minimum
f five specimens were tested for each measurement. After test
ompletion, the specimens were examined using SEM to inves-
igate the crack path selection, and general morphology of the
racture surfaces. In addition, the fracture surface after the test-
ng was analyzed using a Laser meter (1LM15, Laser Tech Co.,
okyo, Japan) to determine the interface roughness.

.3. Measurement of residual stress
The biaxial stress in the TBC layer was measured by Raman
pectroscopy for the TBC coatings at various states, in a manner
as similar to that reported elsewhere.13,14 The measurements
ave been conducted at room temperature in ambient air using
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Fig. 2. Schematic illustration of the loading fixture utilized for the barb testing.
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Fig. 3. Typical SEM images of interface morphology between the TBC and the BC in
showing a rough interface for AS-TBC500 compared with PL-TBC500.
ramic Society 27 (2007) 3425–3431 3427

green laser at wavelength of 532 nm in a specially designed
icro-Raman spectrophotometer (NRS-1000, Special version,

ASCO Co., Tokyo, Japan) to obtain the Raman shift for the
BC. A laser spot (with a size of 4 �m) was positioned and
canned in the TBC layer along the TBC/TGO interface as well
s from the interface to the top surface at intervals of 20 �m.
n the present study, the shift for the tetragonal ZrO2 Raman
ine located at about 640 cm−1 was used to calculate the resid-
al stresses in the TBC layer. Details of the procedure were
eported elsewhere.13 In addition, in order to calculate the resid-
al stress, a previous calibration was required15 and for the TBC
tudied each cm−1 of shift corresponds to 220 MPa. Thus, the
iaxial stress in the TBC can be given according to the relation-
hip between the frequency shift and the biaxial stress as in the
ollowing:

= 0.22(Π0 −Πi) (1)

here σ is the biaxial stress (GPa),Π0 the Raman shift from the
aman peak at the stress-free condition which is to be 640 cm−1,
nd Π i is the Raman shift from the Raman peak at a stressed
ondition.

. Results

.1. Interface morphology

In Fig. 3, SEM micrographs of the interface morphology
etween the TBC and the BC for the studied TBC systems

re presented. A thin thermally grown oxide (TGO) layer is
hown in darker contrast between the TBC and the BC. The for-
ation of the TGO layer is a result of the inward diffusion of

xygen and the outward diffusion of Al during the deposition.

the EB-PVD-TBC systems: (a and c) PL-TBC500, and (b and d) AS-TBC500,
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or PL-TBC200 and PL-TBC500, the low-magnification image
eveals that the TGO layer is relatively flat (Fig. 3(a)), and its
hickness is approximately 0.5 and 0.8 �m, respectively. Under
igh-magnification image (Fig. 3(c)), although the TGO layer
s smooth at the TBC side, at the BC side certain ‘blocky’ par-
icles 0.2–0.7 �m in diameter are present (indicated by arrows
n Fig. 3(c)). This indicated that the TGO protruded into the
C in some locations. Differing from the PL-TBC200 and PL-
BC500, for the AS-TBC500 the interface reveals a sawtoothed
hape (Fig. 3(b)), showing the undulated nature of the BC/TGO
nterface. The TGO layer is not uniform between the TBC
nd the BC, and its thickness has a range of 0.5–2 �m. High-
agnification image reveals details of the TGO, TBC and BC

ear the interface (Fig. 3(d)). Block particles 1–3 �m in diame-
er are formed at the TGO front adjacent to the BC. In isolated
ocations, the TGO appears to form within the BC beneath the
nterface (indicated by arrows in Fig. 3(d)).

.2. Interface mechanical properties

.2.1. Force–displacement curve
In Fig. 4, typical plots of response load versus crosshead

isplacement (P–u), obtained from barb testing of the studied
B-PVD-TBC systems are presented. These curves show a sim-

lar response of load to displacement. The load increases nearly
inearly up to a load, Pd, at which a small load drop happened,
ith the exception of an initial nonlinear segment corresponding

o compliance associated with test fixture and specimen align-
ent in the self-aligning mechanisms. The load, Pd, corresponds
o the point at which the applied load is sufficient to initiate
elamination of the TBC layer from the underlying substrate.
fter the initial load drops, the load increases to the maximum

oad, and then the load dropped sharply. In particular, in the

m
i
w
i

ig. 5. SEM images of the fracture surfaces on the metallic substrate side exposed b
L-TBC500, and (b and d) AS-TBC500 (TBC: thermal barrier coating, BC: bond co
ig. 4. Typical force–displacement curves obtained during the barb testing for
he three studied EB-PVD-TBC systems.

ase of PL-TBC200, the load dropped for three or four times
rior to complete delamination. This behavior suggests that the
ropagation of the interfacial delamination occurs incremen-
ally. Complete decohesion coincides with the final drop to zero
esponse force.

.2.2. Fracture surface observations
In Fig. 5, typical SEM micrographs of the exposed metallic

C side of the fracture surface after TBC delamination for the
tudied TBC systems are presented. In the case of PL-TBC500,
he low-magnification image reveals the complex crack growth
ehavior under shear loading mode. The failure surface was a

ixture of exposed metallic BC, regions of TGO, and remain-

ng thin TBC layer (Fig. 5(a)). In addition, some wear tracks
ere observed on the exposed fracture surface. High-resolution

mage showed more clearly the fractured, embedded segments

y the delamination of the TBC layer in the EB-PVD-TBC systems: (a and c)
at, and TGO: thermally growth oxide).
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In Fig. 6, an example of the distributions of the residual com-
pressive stress in the TBC layer from the interface to the top
surface for the studied TBC systems is presented. In the case of
PL-TBC200 and PL-TBC500, the residual compressive stress
S. Guo et al. / Journal of the Europea

f TGO and the thin TBC layer bonded to these TGO particles
Fig. 5(c)). This indicated that the delamination occurs along a
ixed pathway through TGO/BC or TBC/TGO interfaces. This

nterface delamination behavior is independent of the thickness
f TBC.

In the case of AS-TBC500, on the other hand, the low-
agnification image shows that the fracture surface on the
etallic BC site was relatively rough compared with PL-
BC500 (Fig. 5(a and b)). Under high-magnification SEM
xaminations, it is clearly revealed that the fracture surface is
rincipally TBC with some patches of TGO (Fig. 5(d)). Also,
olumnar grains consisting of TBC may be observed. This
ndicated that the delamination proceeded essentially within
he TBC layer, with the crack propagating along either the
GO/TBC interface or the TBC layer adjacent to the TGO

ayer, as a result of the presence of pores and cracks within
he TBC layer adjacent to the TGO which provide a cracking
ource for the EB-PVD-TBC system studied. This difference in
rack propagation path for the two TBC systems is attributable
o the BC surface roughness before deposition that controlled
he properties of the TBC layer formed near the interface.

.2.3. Interfacial toughness
Assuming (1) that all of the strain energy stored in the TBC

ayer and the substrate prior to initiating delamination is released
n developing new surface area during crack propagation, and
2) that the delamination is uniform along the crack tip with-
ut buckling, the interfacial toughness, Gi, for a TBC system is
pproximately obtained12 from barb test by

i ≈ P2
d

4

(
1

Esubhsubw
2
sub

+ 1

Etbchtbcw
2
tbc

)
(2)

here E, h and w are Young’s modulus, thickness and width of
pecimen, respectively, the subscripts sub and tbc refer to the
ubstrate and the TBC layer, respectively. For the test config-
ration used here (Fig. 1), the thickness of the substrate, hsub,
s much greater than that of the TBC layer, htbc (hsub � htbc),
nd the width of the substrate and the TBC is the same, i.e.,
sub = wtbc. Young’s modulus is taken to be Esub = 200 GPa

or the substrate16 and Etbc = 44 GPa for the EB-PVD-TBC.17

ere, the anisotropic nature of the TBC elastic properties is
eglected. Because the initial load drop obtained in the P–u
urve is believed to correspond to the onset of the TBC layer
elamination from the substrate, the interface toughness of the
BC layer from the substrate is determined using equation (2)
ith the initial force, Pd; the instantaneous force drop behavior

fter the maximum load (Fig. 4) was neglected. It is found that
he measured average interface toughness was approximately
4 J/m2 and 106 J/m2 for the PL-TBC200 and PL-TBC500,
espectively. In the case of AS-TBC500, the obtained inter-
ace fracture toughness was approximately 123 J/m2. With the

resent experimental method, these values are roughly the mode
I strain energy release rates (ψ≈ 90◦) for either the TBC/BC
nterface or the TBC layer, dependent upon the observed fracture
ath selection.

F
i
T

ramic Society 27 (2007) 3425–3431 3429

.3. Residual stress

The interface residual compressive stress measured along the
BC/TGO interface is summarized in Table 1. The interface
ompressive residual stress is larger for PL-TBC500 than for
L-TBC200, showing that the thick TBC layer led to larger

nterface residual compressive stress. In addition, it is found
hat the interface residual compressive stress is larger for PL-
BC500 than for AS-TBC500. It is known that the interface

esidual compressive stress is caused by the growth strains in
GO and the thermal expansion misfit between the TGO and

he TBC. Thus, it is believed that the major cause of low resid-
al compressive stress for AS-TBC500 is the presence of defects
pores and cracks, Fig. 3) in the TBC layer adjacent to the inter-
ace because these defects result in a relaxation of the interface
esidual compressive stress.
ig. 6. Distributions of residual compressive stress in the TBC layer from the
nterface to the top surface for (a) PL-TBC200, (b) PL-TBC500, and (c) AS-
BC500.
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Table 1
Average interface compressive residual stress, average interface roughness amplitude, and average interface toughness

Coating materials Average interface residual
stress, σr (GPa)

Average interface roughness
amplitude, Ar (�m)

Interface fracture toughness,
Gi (J/m2)

PL-TBC200 0.934 15.15 84
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obtained in AS-TBC500 is correlated with interface frictional
contribution between the TBC and the BC evidenced by the pres-
ence of significant wear tracks observed in the SEM views of
L-TBC500 1.284
S-TBC500 1.216

n the TBC layer showed almost no change from the interface
o the top surface, independent of the thickness of the TBC, i.e.,
o significant relation between the residual compressive stress
nd the measurement position in the TBC layer (r = 0.047 and
.108). On the contrary, in the case of AS-TBC500, the resid-
al compressive stress in the TBC layer significantly decreased
rom the interface to the top surface, showing significant rela-
ion of the residual compressive stress to measurement position
r = 0.726). This larger difference in the distribution of the resid-
al compressive stress for BC as-sprayed and polished TBC is
resumably to be attributed to a stronger ratcheting of the TGO
ith the TBC for AS-TBC500 than for PL-TBC200 and PL-
BC500, as a result of the smooth interface between the TBC
nd the BC for the latter compared with the former (Fig. 3).
his stronger ratcheting at the interface for AS-TBC500 led to

he residual compressive stress slope from the interface to the
op surface on cooling because the thermal expansion coefficient
f the BC material is larger than that of the TBC material.

. Discussion

It is known that the interface toughness is linked to the prop-
rties of the BC, TGO, and TBC as well as to the interface
oughness and thickness of TBC. In the studied TBC system, the
nterface roughness and thickness of the TBC affect the resid-
al compressive stress at the interface and in the TBC layer,
n turn affecting the delamination crack propagation path as
ell as the interface toughness. In Fig. 7, a correlation of the

nterface toughness to the residual compressive stress at the

nterface for the studied TBC systems is presented. It is found
hat the interface toughness of AS-TBC500 is the largest among
he three studied TBC systems although the residual compres-
ive stress at the interface is lower for AS-TBC500 than for

ig. 7. Plot of interface toughness as a function of average interfacial residual
ompressive stress.

F
E

16.20 106
22.95 123

L-TBC500 (Table 1). This finding suggested that the rough
nterface led to larger interface toughness because of the pres-
nce of a sawtoothed shape interface for AS-TBC500 compared
ith a flat interface for PL-TBC500 (Fig. 3). The roughness of

racture surfaces after delamination for the studied TBC systems
as measured under a laser optical microscopy; the observed

mages are shown in Fig. 8. This clearly shows that the inter-
ace roughness is larger for AS-TBC500 than for PL-TBC500.
his is consistent with SEM observations of post-tested speci-
ens (Fig. 5). The measured average roughness amplitude of the

nterface for three studied TBC systems is shown in Table 1. It is
een that the average roughness amplitude is significantly larger
or AS-TBC500 than for PL-TBC200 and PL-TBC500. This
uggests that a possible reason for the high interface toughness
ig. 8. Examples of interface roughness measured on fracture surfaces for the
B-PVD-TBC systems: (a) PL-TBC500, and (b) AS-TBC500.
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he post-tested specimens (Fig. 5(a)). The wear tracks observed
n the failure surfaces show that the crack faces remained in
ontact during crack advance because the presence of the wear
racks indicated a sliding along the spalling interface during
he testing. The influence of interface friction on the inter-
ace toughness is documented in the literature. Mumm and
vans18 showed that the mode II toughness value of the TGO/BC

nterface (Γ II ≈ 56 J/m2)18 was lower than that of the oxide
Γ II ≥ 100 J/m2).19 This low mode II toughness is attributable
o the bending effect of the TGO/TBC bilayer as well as to short-
ning of the zone subject to friction over the full length of the
elamination. In the present study, for AS-TBC500 the delami-
ation is located within the TBC adjacent to the interface and the
ough interface is observed (Figs. 3, 5 and 8), compared with PL-
BC200 and PL-TBC500 which showed that the delamination

ocated at the TGO/BC and/or TBC/TGO interfaces had a flat
nterface. This suggests that the bending effect of the TGO/TBC
ilayer is diminished and that the zone subject to friction is large
or AS-TBC500, compared with PL-TBC500. Thus, larger fric-
ional contribution for AS-TBC500 than for PL-TBC500 was
xpected along the wake of the delaminations because the rough
nterface for the former resulted in larger frictional resistance
ompared with the latter.

. Conclusions

The interface shear mechanical properties of structures con-
isting of as-sprayed and polished bond coats with 200 �m and
00 �m TBC were evaluated, by using the barb test method. The
nterface compressive residual stress was measured by Raman
pectroscopy. The major results obtained are as follows:

1) The average interface toughness measured was 84 and
106 J/m2 for PL-TBC200 and PL-TBC500, respectively.
The delamination crack propagated at the TGO/TBC, and/or
TGO/BC interfaces.

2) The average interface toughness measured was 123 J/m2 for
AS-TBC500, and the delamination crack propagated within
the TBC layer adjacent to the interface.

3) The interface toughness was larger for the AS-TBC500 than
for the PL-TBC200 and PL-TBC500. This was attributed
to larger interface residual compressive stress and larger
frictional effect for the former than for the latter.
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