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Abstract

Columnar thermal barrier oxides either impressed or impacted by projectiles at high temperature develop kink bands. The bands
emanate from sub-surface sites adjacent to the contact zone and extend diagonally toward the substrate. At the boundaries, the col-
umns are cracked, indicating that the material has been weakened, and rendering them preferred sites for material removal upon
subsequent impact. In some cases, the bands reach the interface with the thermally grown oxide and initiate a delamination crack.
The experimental challenges in characterizing the bands and in relating their occurrence to constituent properties and microstructure
are extreme. To address this limitation, the present article explores methods for numerical simulation of the bands. By modeling the
material within the columns as a minimally porous Gurson solid and treating the inter-columnar material as a low density foam, it
will be demonstrated that bands can be simulated consistent with those observed experimentally.
© 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Thermal barrier materials for aero-engines are gener-
ally manufactured by using electron beam physical va-
por deposition. Such materials have a columnar
microstructure [1-7]. They respond to localized loads
imposed at elevated temperature by the formation of
shear bands (Fig. 1(a)) [8,9]. Similar bands have been
observed in materials removed from engine airfoils, after
engine exposure, caused by the impact of foreign objects
(Fig. 1(c)) [10-14]. The severe plastic bending of the col-
umns along the boundaries causes them to crack (Fig.
1(b)), weakening the material. The consequence is an
accelerated rate of material removal during erosion.
While the practical problem involves impact at velocities
in the 300 m/s range [14], similar shear bands are found
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upon quasi-static impression at high temperature [8,9].
Accordingly, this method can be used as a characteriza-
tion probe. One objective of this article is to examine the
potential of this method to establish a protocol for cal-
ibrating a simulation model.

The experimental method requires a rigid substrate
and sphere to confine the deformation to the thermal
barrier layer in a manner analogous to that found in im-
pacted coatings [8]. This is achieved by using alumina
(or sapphire) substrates and spheres. The layer is depos-
ited on the substrate at rates and rotations comparable
to those used for actual airfoils, in order to generate a
similar microstructure. The impression is conducted at
temperatures relevant to turbine applications. While
the method generates shear bands [8], it is arduous. It
is thus unrealistic to expect the phenomenon to be ade-
quately characterized solely by experimental means.
Therefore, the primary intent of this article is to explore
simulation approaches having the intrinsic ability to re-
late the mechanism to the salient constituent properties
and microstructural features. The latter include the
feathery morphology of individual column surfaces,
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Fig. 1. Aspects of kink bands observed in 7YSZ: (a) a band induced by high temperature impression [8]; (b) a higher resolution image of the band
shown in (a) highlighting the plastic bending, as well as the cracks at the boundaries and the separation between columns within the band; (c) a band
found in an airfoil removed from an aero-engine showing a similar band, with the material above the band removed.

isolated pores inside the columns, and an inter-columnar
zone (Fig. 2).

Since the shear bands appear to be intimately con-
nected with the columnar microstructure (possibly anal-
ogous to kink bands found in fiber composites) [15,16],
the preferred approach for numerical simulation is to in-

clude the microstructure explicitly, rather than relying
on a constitutive law. The specific challenge relates to
the constitutive laws to be used to characterize the
slightly porous material comprising the columns and
the highly porous material between the columns. Vari-
ous concepts are explored. Once a viable simulation
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Fig. 2. The two microstructures investigated in the study: (a) material I (7YSZ) with a narrow inter-columnar zone; (b) material II with a wide inter-
columnar zone (7YSZ). Material III is Gd,Zr,0O; having the same microstructure as (a).

method has been identified, it will be used to character-
ize trends in the length and width of the bands as func-
tions of microstructure and composition.

2. Measurements
2.1. Materials and procedures

The measurements have been conducted on three dif-
ferent materials (I, IT and IIT) with the initial microstruc-
tures depicted in Fig. 2. Two of the materials have the
same composition (7 wt.% yttria stabilized zirconia:
7YSZ) but different microstructures, in the sense that
the inter-columnar zone, width b, is wider in material II
(Fig. 2(b)) than in material I (Fig. 2(a)). Material III is
Gd,Zr,0; with microstructure similar to material I
(Fig. 2(a)). Materials I and III were deposited in the elec-
tron beam system at the University of California, Santa
Barbara, while the material 11 was deposited by an
industrial process. During deposition, the substrates were
actively heated to 1000 °C and rotated around a horizon-

tal axis above the source ingot. Evaporation was achieved
with a 40 kV electron beam at ~6 kW, with an oxygen
partial pressure of ~0.67 Pa. The oxide layer thickness
was ~200 um.

The tests were performed in air within a furnace lo-
cated inside a servo-hydraulic test frame, which allows
the loads to be measured as the spherical sapphire in-
denter (~500 um diameter) penetrates. By using a dis-
placement gage connected through the furnace to the
loading platens, the associated displacement may also
be estimated. After a plastic impression is created on
the surface (Fig. 3(a)), sectioning through the center of
that impression reveals the profile and allows determina-
tion of the plastic penetration (Fig. 3(b)). In all cases,
the impressions are found to be spherical, indicating that
they conform to the shape of the indenting sphere with
minimal elastic recovery. Comparison of the final pene-
trations ascertained from the gage with those found
from the cross-sections reveals a substantial discrep-
ancy: the actual plastic penetrations are less than the
gage displacements. This discrepancy arises even though
the gage is in the hot zone close to the indenting sphere.
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Fig. 3. (a) A plan view of a plastic impression created by a rigid sphere at 1150 °C. (b) A cross-section of the plastic impression in (a).

Accordingly, the load-displacement responses are
revised using actual plastic penetrations. This is
achieved by scaling the measured displacements to the
penetration ascertained from the cross sections.

2.2. Results

Trends in load with penetration are plotted in Fig. 4(a).
For a specified penetration, the 7YSZ with the narrower
inter-columnar zone (material I) supports an appreciably
larger load than material II with the same composition
but more widely separated columns (Fig. 2). The corre-
sponding load levels for material III (the Gd,Zr,O,) are
comparable to those for material I. The major implication
is that the penetration loads are governed primarily by
microstructure and are insensitive to composition. The
penetration pressures, p (hardness), for materials I and
IT are plotted in Figs. 4(b) and (¢) as a function of the plas-
tic penetration, dp. (These results should supplant those
presented in an earlier publication [8].) They fit the linear
relationship:

P = po(Op1/heve), (1)

where /i, 1s the thickness of the oxide layer and p, is a
reference pressure (15 GPa for material I and 5 GPa for
material IT).

A range of the kink band patterns found in the exper-
iments is presented in Fig. 5. As noted in a previous inves-
tigation [8], the bands are planar (not axisymmetric): they

are normal to the plane having the largest inter-columnar
zone width, as governed by the direction of rotation dur-
ing deposition [1]. Consistent with previous observations
[8], material II with the wide inter-columnar zone densifies
beneath the impression and forms inclined bands between
the dense and unaffected domains (Fig. 5(a)). Conversely,
material I (as well as material I11) exhibits multiple kink
bands with minimal densification (Fig. 5(b)), except for
that associated with the flattening of tops of the columns.
Typically, the bands have inclinations relative to the ver-
tical in the range, 35-45°. Generally, they appear to initi-
ate sub-surface close to the center of the impression and
extend downward. The bands are planar and align normal
to the direction with the widest inter-columnar gaps (i.e.,
along the rotation axis). The bands have width, w =~ 2d,
where dis the column width. They vary in length in a man-
ner yet to be characterized. The cracks at the band bound-
aries partially penetrate the columns with appreciable
opening displacements (Fig. 1(b)), indicative of accompa-
nying plasticity. Within the bands, the columns separate
as a consequence of their rotation.

3. Simulation methods

3.1. Strategy

A tractable approach for incorporating the micro-
structure has been sought by conducting numerous
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Fig. 4. Measurements obtained during sphere indentation at 1150 °C:
(a) load as a function of plastic impression depth for all three
materials; (b) the indentation pressure as a function of plastic
penetration for the 7YSZ material I; (c) the indentation pressure as a
function of plastic penetration for the 7YSZ material II. The lines in
figures (b) and (c) are simulated results that, based on the present
model, give the best fit to the data. These fits are used to calibrate the
model.

preliminary calculations and by selecting the approach
that rendered shear bands most closely resembling those
found in the experiments. A full 3D model is not viable
for the extensive calculations need to understand the

mechanism. Among the 2D options, a plane strain
(rather than axisymmetric) model appears to be prefera-
ble, possibly because the bands are planar [8]. The pres-
sures deduced from the model can be connected to those
obtained experimentally by using standard results from
penetration mechanics [17]. To obtain column displace-
ments similar to those found experimentally, sticking
friction is invoked at the contact between the sphere
and the surface [9]. The other key choice concerns the
representation of the inter-columnar zone. Two possibil-
ities have been considered.

(1) Following a previous study [9] the microstructure was
modeled as discrete columns with gaps. Where the col-
umns contact during impressing, the surfaces were
assigned a friction coeflicient. The variables are the
column width, the gap width and the inter-columnar
friction coefficient. This model has the evident disad-
vantage that the in-plane stiffness is zero.

(i1) Since there is a material between the columns (Fig. 2),
as well as a finite in-plane tensile modulus [18], this
zone is modeled as a highly porous medium using a
constitutive law developed for metal foams [19]. This
approach allows the known in-plane modulus to be
matched. Moreover, since there is isolated porosity
internal to the columns (of order 10%), the columns
can be represented by a model for a minimally porous
material, such as the Gurson solid [20].

The initial calculations have revealed that model (ii)
provides a superior representation of the indentation
pressures and the shear bands. This model is elaborated
in the following section and used for the ensuing calcu-
lations presented in Section 4.

3.2. Numerical scheme

The columns are treated as elastic/perfectly plastic
with isolated porosity. The yield strengths are obtained
from measurements conducted on single crystals in the
(100) orientation [21], representative of the texture
developed during deposition [1]. The measurements are
not at the same composition (10YSZ instead of
7YSZ). But since there are no data for 7YSZ, in order
to proceed, we assume minimal composition dependence
in this range. To incorporate the porosity, the Gurson
law, which is available as an option in ABAQUS, is
used. The potential is given as [20]:

[

2
¢ = (i) + 2¢,f" cosh <q220_Y> —(1+4¢,/?) =0,
(2)

where ¢ = /(3/2)S :S is the Mises equivalent stress
and S is the deviatoric part of the Cauchy stress, o.
The yield strength of the fully dense material, gy, is a
function of ¢!, the equivalent plastic strain. The void
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Fig. 5. Images of the range of different shear bands found in impression tests: (a) densified zone and shear band in material II (7YSZ with wide inter-
columnar zone); (b) shear band without densified zone in material I (7YSZ with narrow inter-columnar zone); (c) magnified image of (b) showing the
plastic bending that occurs within the kink band; (d) multiple kink bands found in material III (Gd,Zr,0O; with narrow inter-columnar zone).

volume fraction term, f* is related to the initial value, f,
and that upon complete loss of load carrying capacity,

fF; by

f if £ < fe
f= +§2§_§°(f fo) i fo<f<fe,
2 _
q3

The unknown parameters, ¢, ¢», ¢3, are calibrated in the
following manner. The uniaxial yield strength of the
dense solid is taken as the value measured for 10YSZ
single crystals at 1150 °C [21], oy = 400 MPa. With this
choice, preliminary calculations are used to reveal that
shear band formation is primarily affected by the choice
of ¢,. Consistency is achieved by using: ¢, =5 and
g1 = ¢q3=1. Based on observations [1,22], the initial
porosity is taken as: f. = 0.1. The void fraction at load
loss is assumed: fF=0.9. The Young’s modulus
E =200 GPa and Poisson ratio v = 0.25 are adopted in
all cases.

The inter-columnar zone has relatively low volume
fraction of solid, comprising dendritic features with
necks connecting adjacent columns (Fig. 3). This topol-
ogy is reminiscent of open cell foams [19]. Accordingly,
a foam model [19,20], which is also an option in ABA-
QUS, has been implemented. The crushable foam model
has an elliptical yield surface

[(pt2p0+p> +(%)T/2—‘#:0, (3)

where p, is the yield strength of the material in hydro-
static tension and p, (&) the corresponding strength in
hydrostatic compression (as a function of volumetric
plastic strain). The quantity,

M=o / Vpra—soto—pa) — e @

is the slope of the p—¢ plane that defines the axes of the
elliptical surface: where gy is the initial yield strength in
uniaxial compression; and p. is the initial value of p..
The protocol used to calibrate the model is described
in the ensuing section.

4. Simulation results

The calculations are all performed using a TBC thick-
ness of 200 um, comparable to that for the samples used
to perform the indentations. Two values of the inter-
columnar zone width have been chosen to represent the
microstructures shown in Fig. 2. For this purpose, the in-
ter-columnar zone is considered to include the domain of
“feathery” porosity along the sides of the columns:
whereupon, b/d=1/16 and 1/2 for materials I/III and
11, respectively (with b referring to the gap width between
columns). It is not possible to conduct independent
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measurements of the unknown parameters that charac-
terize the inter-columnar zone. They are selected on the
basis of comparisons with the measurements of the
indentation pressure (Fig. 4) and of the shear band pat-
terns (Fig. 5). Initial calculations reveal that the intra-
column porosity and the yield strength of the material
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Fig. 6. Various shear bands obtained by simulation. All are for an
initial intra-columnar porosity of 10%: (a) microstructure comparable
to material II, with inter-columnar width, b/d = 1/2 and the following
parameters: intra-columnar yield strength, oo = 400 MPa, initial inter-
columnar strength, 20 MPa (in tension and compression) with com-
pressive strength increasing to 400 MPa at a strain of unity; (b) same as
(a) except that the initial strength of the inter-columnar zone has been
increased to 40 MPa. Note that this change suppresses the shear bands;
(c) microstructure comparable to materials I and III with inter-
columnar zone width, b/d = 1/6: otherwise the properties are the same
as (a).

in this zone are the two most important parameters
affecting the indentation pressure and the incidence of
shear bands. To obtain a consistent best fit to the pres-
sure data, this comparison (Figs. 4(b) and (c)) indicates
that the tensile stress at yield is, oy~ 20 MPa and re-
mains invariant through the indentation. However, due
to densification, the compressive strength must be al-
lowed to vary from the same initial value (oo ~ 20 MPa)
to the yield strength of the dense solid (g9 = 400 MPa)
when the volumetric plastic strain reaches unity. This
procedure incorporates the increase in indentation pres-
sure with penetration (Fig. 4). Unless indicated other-
wise, these choices are used for all ensuing calculations.

Typical deformation pattern, with associated kink
bands, are presented in Figs. 6 and 7. All the results in
Fig. 6 are for an intra-columnar porosity of 10%. Those
in Fig. 7 are for a corresponding porosity of 2%. The re-
sults in Figs. 6(a) and (b) refer to material II with the
wider inter-columnar zone (b/d = 1/2). Those in Figs.
6(c) and 7 are for materials I/IIl with a narrower

\ @

J

Fig. 7. Simulated shear bands for microstructure I or III with inter-
columnar zone width, b/d = 1/6, assuming an initial intra-columnar
porosity of 2%: (a) overview and (b) magnified view of the opening
between columns within the band.
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inter-columnar zone, b/d = 1/6. Note that the deforma-
tion pattern for material II becomes relatively homoge-
neous and the bands are eliminated (Fig. 6(b)) when the
inter-columnar material has somewhat higher strength
than that needed to fit the indentation pressure results
in Fig. 4 (i.e., 40 MPa instead of 20 MPa). For material
I, multiple bands are formed (Figs. 6(c) and 7), but the
pattern changes as the intra-columnar porosity changes
from 10% (Fig. 6(c)) to 2% (Fig. 7). The correspondence
between these simulated responses and the observed
behaviors summarized in Fig. 5 provide affirmation of
the utility of the current modeling approach.

The lengths and widths of the bands have been ascer-
tained as a function of the impression depth (Fig. 8) for
the models most representative of materials I and II.
The principal features are as follows. The bands only
form when the impression depth exceeds a threshold,
Owm. Thereafter, the band length, ¢, increases linearly
with increase in impression depth. They can be fit by
the approximate relationship

{ ~ éo[épl - 5th]/htb07 (5)

where the length scale £, = 1.7 and 3 mm for materials |
and II, respectively. The corresponding thresholds are:
Ot/ hipe = 0.07, 0.04. Upon initiation, the bands are nar-
row, but increase in width as they become fully devel-
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Fig. 8. Calculations of the trends in (a) shear band length and (b) band
width as a function of the impression depth for materials I and II.

oped, with asymptote w ~ 2d. The latter is consistent
with the observations (Fig. 1).

5. Implications

A combination of Figs. 4 and 8 provides the basis for
predicting the lengths and widths of shear bands created
by the impact of hard projectiles. To ascertain this infor-
mation, we note that the plastic work done by a spher-
ical projectile (radius R, density p and velocity v), as it
penetrates is [17]: Wy = npRéfﬂ. This work counteracts
the kinetic energy of the projectile: Wy =2nRv%p.
Accordingly, the plastic penetration is related to the
velocity by

(-3

Incorporating p from (1) gives

(Zfif - B Gn) . (6b)

The shear band length is then obtained from (5) as:

/ 2 v?2p < R >2 o
— 3,z — . 6¢c
I 3 Po Pibe Pive ( )

By letting, ¢ =0, the threshold velocity below which
there should be no shear bands becomes

_ (Jn 3/2htbc 3 po
v (i) FYE (o

The critical velocity at which the shear band extends
through the TBC layer to create a delamination is ob-
tained by equating £ to g, giving

htbc 5(11 32 htbc 3 Po
.= - P 6
! {Ko " h[bj R\2p (6¢)

By assuming that the particles have the density of sil-
ica, p=2.5X% 10° g/m3, that /g, = 100 um and that the
particles have radius, R = 50 pm, the threshold velocities
for materials I and II are 110 and 30 m/s, respectively.
Recall that these apply when the TBC is at 1150 °C. Lar-
ger threshold velocities are expected at lower tempera-
tures [8]. The corresponding critical velocities are, 300
and 70 m/s, respectively.

6. Conclusion

Measurements and observations of shear bands that
form in columnar thermal barrier oxides when impressed
or impacted by hard particles have been used to motivate
the development of a simulation procedure. The mea-
surements indicate a strong influence of microstructure
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on the deformation loads as well as on the propensity for
shear band formation. The composition appears to exert
a much smaller influence. The microstructural observa-
tions suggest that the material be regarded as two dispa-
rate materials: an intra-columnar zone with minimal
isolated porosity adjoined by a highly porous inter-
columnar zone. Preliminary finite element calculations
have indicated that the former may be modeled as a
Gurson solid, while the latter can be incorporated into
a finite element scheme by invoking a response character-
istic of that found for foams. The unknown constituent
properties for the inter-columnar zone are calibrated by
overlaying simulations of the indentation pressures with
experimental measurements.

Once calibrated, the model has been used to demon-
strate shear band features that closely resemble those
found experimentally. Moreover, the development of
the bands as the projectiles penetrate has been predicted
for two different microstructures. The results have been
used to define two characteristic impact velocities: one
representing the threshold for shear band formation
and the other a critical velocity above which the bands
propagate to the interface and induce delaminations.
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