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Abstract

The phenomena governing the durability of thermal barrier coatings (TBCs) are affected by their high temperature mechanical

properties: especially the mechanisms of material removal upon particle impact. Some high temperature properties can be explored

using an impression test described in a companion article. The utility of the test is contingent upon a method for deconvoluting

aspects of the stress/strain response from load–displacement measurements. A numerical procedure having this attribute is de-

scribed, and applied to TBCs with a columnar microstructure. The method elucidates the extent of the plastic deformation and

densification as well as the column distortions caused by the impression. It is also capable of exploring the deformation hetero-

geneities observed experimentally, such as shear bands, by embodying salient constituent properties, such as the column width,

contact friction, and inter-columnar friction. Comparisons with measurements provide some understanding of the plastic response

of several thermal barrier systems.

� 2003 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Thermal barrier systems used in gas turbines utilize

various ternary oxides as the outermost insulating layer

[1–3]. The prevalent oxide is yttria-stabilized-zirconia

containing 7 wt% yttria (7YSZ). Newer materials for
this application include gadolinium zirconate (Gd2Zr2
O7) [4], as well as zirconia with mixed rare earth stabi-

lizers, such as gadolinia and yttria [5,6]. In principle,

these materials are preferable to 7YSZ, because of their

lower thermal conductivity. In practice, their durability

is limited because of their susceptibility to erosion

caused by sequential small particle impacts. One of

the material properties affecting erosion durability is the
plastic response at elevated temperature [7,8]. The

plastic deformation is visually apparent in a cross sec-

tion of a partially eroded material with a columnar
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microstructure (Fig. 1) produced by electron beam

physical vapor deposition (EB-PVD). Images of this

type reveal a densified zone with associated plastic

bending of some of the columns (Fig. 1). Shear bands,

which are also apparent, become planes for preferential

material removal during subsequent impacts [9].
Therefore, in order to assess the reliability and in-

tegrity of thermal barrier coatings at high temperature,

its plastic behavior such as the hardness needs to be

characterized. In this study, the spherical indentation

test is adopted to measure the hardness and plastic re-

sponse of the thermal barrier systems. A companion

article describes a high temperature impression probe

(Fig. 2(a)) for assessing the deformation resistance of
actual EB-PVD layers and its application to a range of

thermal barrier materials [9]. The probe is applicable to

thermal barrier coatings with the columnar microstruc-

tures created by EB-PVD methods [2,3]. The loading

system is rigid at high temperature (it uses sapphire for

the substrate and the indenter), such that the measure-

ments probe the deformation of the coating, only. The
ll rights reserved.
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Fig. 1. A cross section of a 7YSZ material impacted at high temper-

ature.
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intent of this article is to perform simulations that allow

de-convolution the flow stress, and other properties, as

well as the plastic strain, from the load/deflection re-

sponse of a quasi-static indentation experiment. Exper-

imental and numerical characterization of dynamic
impact on thermal barrier systems (also known as for-

eign object damage) have been addressed elsewhere [8].

Indentation measurements performed on homoge-

neous, isotropic bulk materials [10,11] can be used to

extract the yield stress rY and indentation modulus M
using:

H ¼ P=A ¼ cbrY; ð1Þ
and

S ¼ b
2ffiffiffi
p

p M
ffiffiffi
A

p
; ð2Þ

The hardness H is the ratio between indentation load
P and projected contact area A. The initial unloading

slope is denoted by S and M ¼ E=ð1� m2Þ, is the

plane-strain modulus. In these formulae, the finite

compliances of the measuring system and the indenter

tip have been neglected. The yield strength and Pois-

son ratio of the bulk material are rY and m, respec-

tively. The constant cb is a constraint factor [12] that

depends on indenter shape and material properties,
and b is a shape factor (b ¼ 1 for axi-symmetric

indenters and b¼ 1.03–1.05 for indenters with square

or rectangular cross-sections) [13]. For most bulk en-

gineering materials cb � 3, independent of the inden-

tation depth [12,14]. 1 These formulae cannot be

applied to inhomogeneous coatings, such as columnar/

porous TBCs, for several reasons. (a) The micro-
1 For metals it is observed that the hardness increases with

decreasing indentation depth, when the penetration is in the sub-

micron regime generally believed due to strain gradient hardening. We

ignore this effect for the TBC.
structure is compliant and anisotropic due to the gaps

between the columns. (b) Intercolumnar friction must

be addressed. (c) The impression depths can become

large enough for the measurements to be affected by

the properties of the substrate [14,15]. To incorporate
these effects, the finite element method (FEM) is used.

The method allows the material properties and mi-

crostructures to be varied over a wide range.

Basic experimental information obtained using this

test is summarized on Fig. 3 [9]. Load/deflection curves

measured at elevated temperature (1150 �C), summa-

rized on Fig. 3(a), indicate differences in response

between materials governed by their respective defor-
mation resistance. Observations of cross sections

(Fig. 3(b)) show a variety of deformation responses,

including shear bands, with features comparable to

those found after impact (Fig. 1). One objective of the

simulations is to relate the incidence of these bands to

the columnar microstructure of the material.
2. Model description

The axi-symmetric model for impression of the

TBC, thickness htbc, is shown in Fig. 2(b). The in-

denter is a rigid sphere with radius R (250 lm in the

experiments [9]). A load P is imposed, resulting in an

impression of depth, d, and contact radius, a. The

columns are modeled as annuli around the center of
symmetry. They are assumed to be straight and par-

allel before deformation, all having width d, with gap,

w, between columns. The number of columns that can

be included in the model is restricted by computa-

tional time. The following results include about 20–24

annular columns within the contact zone. In the ex-

periments, the number of columns intersected within

the plane of the contact is 50 (Fig. 3(b)), such that the
actual number in contact with the indenter in the

three-dimensional geometry is about 2000. This dif-

ference causes some of the foregoing results to be

qualitative in nature, as elaborated below.

The material in the TBC columns is considered to be

isotropic, with properties representative of porous zir-

conia. The base (non-porous) TBC material is consid-

ered to be elastic-perfectly plastic, with yield stress rY,
and governed by a Von Mises yield surface. Prior as-

sessments indicate that the Poisson ratio, taken to be

m ¼ 0:25, should have minimal affect [16]. The initial

porosity within each TBC column is considered to be,

f0 ¼ 0:1, and the elastic-perfectly plastic Gurson model

[17] is employed to represent the material. Coulomb

friction is assumed at the contact with the indenter,

lcontact, and between columns, ltbc. Provided that the
indentations are shallow such that the substrate effect is

negligible [14], dimensional analysis dictates the fol-

lowing general relationship:



Fig. 2. (a) schematic of the test configuration which is inserted into a high temperature servo-hydraulic loading system [9] to impose the loads and

measure the displacements. (b) Schematic showing of the axi-symmetric model for impression of the TBC.
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P
pa2rY

¼ F
rY

E
;
d
d
;
d
h
;
w
h
; lcontact; ltbc

� �
; ð3Þ

where the initial porosity is understood to be fixed at

f0 ¼ 0:1. Here, the strain hardening effect at the high

temperature is ignored. The effects of friction and

Poisson�s ratio are also neglected since they play only
minor role during indentation [14]. The contact is as-

sumed to be frictionless and the Poisson�s ratio is taken

to be 0.25 for the TBC. To take advantage of the co-

lumnar microstructure, we further assume that the in-

dentation does not cause any material pile-up or sink-in.

Based on these assumptions, the normalized hardness

can be sufficiently characterized by the dimensionless

groups shown in (3). These parameter groups are then
implemented in the finite element analysis.

Finite element calculations were performed using the

commercial code ABAQUS [18]. The option for finite

deformation and strain was employed. A typical mesh

comprises about 20 000 4-node axisymmetric elements

with reduced integration. The projected contact area is

calculated by analyzing the nodes in contact with the

indenter. To obtain representative results, d=h ¼ 0:1 and
rY=E ¼ 0:001 are adopted in all cases. The primary

emphasis concerns the effects of the column gap, w=d,
and frictional conditions lcontact, ltbc on the change in

normalized hardness �H � P=pa2rY, as the penetration

depth d=d increases.
3. Sphere indentation

Loads and pressures have been computed for a range

of frictional conditions at the contact, lcontact, as well as
variations in the gap width and inter-columnar friction

coefficient (Fig. 4). Consistent with prior assessments,

there is essentially no effect of lcontact (Fig. 4(a)). These
curves are not smooth because of the discrete nature of

the contact events. The influence of gap width (Fig. 4(b))

is shown for sticking friction between the columns

(ltbc ¼ 0:5). Note that the indentation pressure increases

with decreasing gap size. Moreover, as the penetration

increases, more TBC columns contact and stick, causing

the pressure to increase. At the deepest penetration, for

the narrowest gap, the pressure approaches the limit
of homogeneous material, cb ! 3. The influence of inter-

columnar friction is explored for a narrow gap,

w=d ¼ 0:001, using sticking contact (ltbc ¼ 0:5), sliding
contact (ltbc ¼ 0:1), and frictionless contact ( ltbc ¼ 0).

The results are summarized on Fig. 4(c). When friction is

absent, the load, P=pa2rY � 1:6, is insensitive to pene-

tration, d=d (Fig. 4(c)). In this limit, the TBC is about

50% softer than its homogeneous counterpart. For finite
inter-columnar friction, larger loads are needed to

overcome the slip resistance, causing the hardness to

increase both with penetration and with increase in

ltbc. The same analyses reveal trends in the column

deformation and densification with contact friction

(Fig. 5). Stresses have been ascertained but these are not

shown. Note that the columns bend away from the center

of symmetry when the contact is frictionless, but toward
the center for sticking friction. For finite, but small,

friction coefficient (lcontact ¼ 0:1), the columns remain

almost straight, with a slight bending toward the center.

Superposing the experimental results obtained for

7YSZ at 1150 �C onto the theoretical results in Fig. 4(b)

indicates one aspect of the protocol for using the



Fig. 3. (a) Load/deflection measurements obtained by impressing three

different thermal barrier oxides at 1150 �C. (b) Scanning electron image

of a polished cross section through the Gd2Zr2O7 specimen impressed

at 1150 �C. Note that the shear band forms beneath the center of

contact and extends outward at an inclination of about 45�. Also note

that the columns bend away from the center of symmetry. (c) Image of

the same impression shown on Fig. 3b, highlighting the contact pe-

riphery to show the direction of the column bending.

Fig. 4. Indentation pressure P=ðpa2rYÞ as a function of normalized

indentation depth d=d presented for different microstructures: (a) The

effect of contact friction, with lcontact ¼ 0:1 and 0.5 ; (b) The effect of

gap sizes for three representative gap width,w=d ¼ 0:001, 0.01 and 0.02;

the experimental results obtained for 7YSZ at 1150 �C are also shown;

(c) The effect of inter-columnar friction, with ltbc ¼ 0, 0.1 and 0.5.
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simulations to de-convolute the measurements. A best fit

is obtained by using the unknown yield strength as a

parameter. This procedure reveals yield strength,

rY � 50 MPa [9]. The method does not appear to be
discriminating with regard to gap width, but the rela-

tively large positive slope, d �H=dðd=dÞ, associated with

the measurements seems to exclude the possibility that

the columns are frictionless. Ascertaining the actual



Fig. 5. Trends in the column deformation and densification (color coded) with various contact friction and inter-columnar friction conditions. Note

that the characteristics of column bending are very sensitive to the contact friction.

X. Chen et al. / Acta Materialia 52 (2004) 565–571 569
value of the friction coefficient, ltbc does not appear

realistic, because the relatively small number of col-

umns used in the calculations would underestimate the

influence of friction. Additional insights about inter-

columnar friction emerge in the next section.

The sign of the column bending observed experi-

mentally (Fig. 3(c)) allows lcontact to be ascertained,
using the column boundaries as fiducial markers. The

concept is comparable to the use of embedded, sub-

surface grids to evaluate plastic deformation [12]. The

observed bending (Fig. 3(c)) is inconsistent with a

frictionless contact (Fig. 5(d)). It also appears to be

inconsistent with sticking friction (Figs. 5(a) and (b)).

The best match between the calculations and observa-

tions occurs for a finite, small friction coefficient,
lcontact � 0:1 (Fig. 5(c)). This relatively low friction

might be attributed to the fact that the column tips

flatten in order to conform to the shape of the indenter

[9]. Note that friction coefficients in the range,

lcontact � 0:1, are consistent with prior assessments of

related indentation contact problems [12,16].
4. Shear bands

The axisymmetric model appears to be too con-

strained to reveal the occurrence of shear bands. A plane

strain model subject to flat (punch) indentation is more
amenable to investigation of the deformation heteroge-

neities (Fig. 6). Preliminary calculations of this type

indicated that heterogeneous deformations resembling

the experimentally observed bands (Fig. 3(b)) only arise

when both of the friction coefficients (ltbc and lcontact)
are finite, but relatively small. They do not arise either

for frictionless interfaces or for sticking friction. A
synopsis of the results revealing heterogeneous defor-

mation is presented on Fig. 6(a) and (b), focusing on the

column shapes rather than the stresses (for variety,

Fig. 6(a) plots the shear stress and Fig. 6(b) plots the

Mises stress). For friction coefficients, ltbc � 0:2 and

lcontact � 0:1, and a yield strength representative of

7YSZ at 1150 �C (rY � 50 MPa), the deformation pat-

tern that develops in the columns (Fig. 6(a)) is compa-
rable to that observed in the experiments (Fig. 3(b)).

Note that gaps between the columns that occur in the

region of the band are synonymous with the gaps found

experimentally. Upon using a much higher yield

strength (rY � 4 GPa ), representative of these materials

at much lower temperature, the shear band seems to

extend in the opposite sense (Fig. 6(b)), originating at

the contact periphery. This orientation has not been
observed experimentally.

The conclusion to be drawn from this assessment is

that the susceptibility of the columnar microstructure to

shear bands is contingent on the nature of both the

contact and inter-columnar friction, requiring finite but



Fig. 6. (a) Sequential contour plots of the shear stress in TBC columns under flat indentation, with wd ¼ 0:1, lcontact ¼ 0:05 and ltbc ¼ 0:2. Notice the

occurrence of shear bands. (b) Sequential contour plots of the Mises stress in TBC columns under flat indentation, with wd ¼ 0:1, lcontact ¼ 0:1 and

ltbc ¼ 0:1. The shear bands develop when both lcontact and ltbc are finite but relatively small.
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small friction coefficients. Additional studies are needed

to reveal the details.
5. Conclusion

Calculations have been performed that allow inter-
pretation of results obtained using a high temperature

probe applicable to thermal barrier oxides with a co-

lumnar microstructure. The variables in the calculations

include the contact friction, lcontact, the inter-columnar

friction, ltbc, the width of the gaps between the columns,

w, and the yield strength of the base material of the TBC

columns, rY.
The indentation pressure (normalized by the yield

strength, �H ), when calculated as a function of the im-

pression depth, indicates constraint factors insensitive to

lcontact, but dependent on ltbc and w. It is shown that

comparisons with measurements [9] allow determination

of rY and provide estimates of ltbc. At 1150 �C, rY � 50

MPa was inferred for the base material. Given 10%

initial porosity, the yield strength of the porous material
is about 45 MPa. The calculations reveal the bending of

the columns within the impression zone as a function of

lcontact. The columnar boundaries act as internal fiducial

lines such that, upon comparison with observations, the

contact friction has been assessed as lcontact � 0:1.
Plane strain calculations have been used to gain some

insight into the conditions that allow shear bands to
form in columnar systems. These show, qualitatively,

that relatively low friction coefficients (lcontact and ltbc),
in conjunction with high yield strength, rY, favor the

heterogeneous deformations. Additional studies are

needed to reach quantitative conclusions. Given their

importance to material removal by particle impact,

studies of shear banding will continue.
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