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Abstract

The fracture toughness of thermal barrier coatings (TBC) is a critical mechanical
property that governs damage resistance. Catastrophic delamination of TBC under
erosion conditions occurs in TBC with low toughness. Prior research has explored
indirect and complex experiments to measure TBC toughness, but the miniaturized
nature of the multi-layered coating makes it difficult to quantify its intrinsic toughness.
This paper integrates computational modeling and experimental approaches to
estimate the TBC toughness and the substrate delamination strength. The results
show that a typical newly fabricated yttrium stabilized zirconia coating under service
conditions has a toughness estimated in the range of 0.1 to 0.5 MPa-m%? and a
toughness of thermally grown oxide layer in between 1.5 to 1.7 MPa-m*2, The analysis
also determined that a thermally grown oxide with a fracture toughness above 2.0
MPa-m?2 would not delaminate under the service conditions. Overall, the approach
demonstrates the value of integrated computational material approaches, which can

save time and enhance predictive power.
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Introduction

Aeroengine manufacturers require modern gas turbines to operate at increasingly
higher temperatures to reduce CO:2 emissions and achieve better fuel efficiency.
Thermal Barrier Coatings (TBCs) (Figure 1 a) are a critical material solution that offers
thermal insulation in the hottest engine sections, allowing them to work at higher
temperatures and for a longer lifespan. A typical TBC system consists of three layers
as shown in Figure 1 b). A ceramic Top Coat (TC), an active Thermally Grown Oxide
(TGO) layer that thickens with the engine aging, and a metallic Bond Coat (BC). TCs
are normally manufactured using Electron Beam Physical Vapour Deposition (EB-
PVD) on rotating turbine components such as the high-pressure turbine blade in
Figure 1 a). Ceramic structures are separated by inter-columnar gaps and feathery
structures that result from secondary grain growth (Figure 2). Columnar TBCs offer

high damage tolerance, which is required by high thermal cyclic applications [1].
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Figure 1 (a) Turbine blade in aero-engine cutaway and TBC SEM image, (b) EB-PVD TBC
schematic with thickness ranges of each layer [2] [3].



SEM MAG: 600 x SEM HV: 20.0 kV VEGA3 TESCAN

View field: 461 ym WD: 10.07 mm 100 pm
Det: BSE Bl: 10.00 Cranfield University

Figure 2. SEM image of TBC cross-section and zoomed view of the top coat column’s feathery
edges shown in the yellow circle.

During service, TBCs are subjected to chemical degradation (e.g., oxidation, corrosion,
etc) and mechanical erosion from the impact of airborne particles ingested by the
engine. Currently, industry standard TBC corresponds to 7wt% yttrium stabilized
zirconia (7YSZ) [1] and attempts to introduce new materials resulted in poor erosion
resistance due to the apparent lower fracture toughness [4][5][6]. Therefore, identifying
TBC toughness becomes a critical aspect to ascertain erosion resistance and predict

TBC service life in an erosive environment.

The small thickness of TBCs and the heterogeneity of their structure prevent the
implementation of standardized fracture toughness testing. Hence, TBC toughness
has often been indirectly estimated by indentation methods [7], which are time-
consuming, ambiguous, and sometimes unavailable (e.g., at high temperatures and
high deformation rates). Indeed, prior approaches rely on multiple assumptions to
justify a closed correlation among observable quantities (local stress, penetration
depth, and energy applied) with toughness. As a result, toughness estimation may be
unreliable and may have significant uncertainty, especially when extrapolated to

service conditions.

Prior computational efforts [8][9] have compared the response of TBC with
experiments to study different material and microstructural effects during thermal



cycling. However, only a few approaches have focused on structure-sensitive
approaches capable of estimating the coating toughness. Hence, we present
substructure-sensitive finite element simulations (FEM) with columnar multi-layered
microstructure to quantify TBC toughness by comparing simulation results with foreign
object damage (FOD) experimental observations. This approach identifies various
observable indicators that are employed to characterize toughness and delamination
resistance at high temperatures and high strain rates. The results present a novel
solution to estimate the mechanical response of TBCs under realistic service

conditions.

Experimental characterization

TBC samples were fabricated on a 1.6 mm thick Nimonic 75 substrate with a NiAl bond
coat deposited by Chemical Vapour Deposition and a top coat of 7YSZ deposited by
EB-PVD using a Von Ardenne EBE150 system. Samples were tested in an erosion rig
schematically depicted in Figure 3, which simulates FOD from millimeter-sized
particles impacting turbine blades TBC at speeds above 100 m/s [10][11]. The rig
directs hot gas at 1000°C towards samples to reach typical TBC service temperatures
of 800~880°C. A total of 0.1g Honite particles with a diameter between 700 pum to 850
pm were added to the airstream to impact the TBC sample at high speed. Prior
experimental efforts [12][13] have demonstrated that this method results in damage
mechanisms and extensions similar to those suffered by turbine engines during
service. Moreover, the rig allows one to measure and control precisely the

environment at a fraction of the cost of running a real engine.

Figure 4 exemplifies the damage induced by the erosion rig on a TBC sample. Figure
4 a) corresponds to the top view of the TBC while Figure 4 b) presents a scanning
electronic microscopy (SEM) image of the sample cross-section, which was cut and
polished along the highlighted line. The average impact penetration depth (dmax in
Figure 4 b) measured from cross-section images is a key damage indicator of TBC
FOD as shown in previous studies [14][15][16][17].



Figure 3. Schematics of erosion rig — furnace (H), gas tube (T) connecting furnace and TBC

sample chamber (S), erosion particle feeding device (F) [11][18].

(a)

SEM HV: 20.0 kV WD: 9.86 mm VEGA3 TESCAN
SEM MAG: 600 x Det: BSE
View field: 461 ym  Date(m/dly): 11/26/20 Cranfield University

Figure 4. (a) Top-view of a damaged TBC sample with yellow cut line and red polish line, (b)
SEM image of TBC cross-section under crater at the highlighted red area, note the kink-
band on the TBC.

Modeling approach

FEM models in Abaqus/CAE 2022 were implemented to conduct Dynamic/Explicit
analysis that simulates the FOD impact on TBC. The models shown in Figure 5 consist
of a 1 mm thick substrate covered with three layers: TC, TGO, and BC with a thickness



of 170 ym, 1 ym, and 25 pm, respectively; the TGO thickness corresponds to a pristine
coating that has not been aged. Experiments [14][15] suggest that FOD results in an
affected area with a typical radius of 350 um. Therefore, the TBC model employs a
sample side length of 1mm as shown in Figure 5. Furthermore, the FOD particle
corresponds to a rigid ball 850 um in diameter and an impact speed of 100 ms™*, which

agrees with experiments to model the expected highest velocity.

Both 2D and 3D models depict a simplified TC composed of columnar beams with a 1
gm inter-columnar gap. The 2D model in Figure 5 (a) employs quadratic elements to
represent rectangular 10 um columnar TC and continuous TGO with a mesh size of 5
pum, while the BC and the substrate have 4 um and 25 um mesh size, respectively.
Both models have the same boundary conditions, in which the TBC is fixed at the

substrate bottom and pinned supported at the edges of the modeled sample.

The 3D model in Figure 5 (b) employs a mesh size of 6.8 um for the columnar TC and
TGO, 12.5 ym for the BC, and 25 pm for the substrate. The TC corresponds to a 3D
array of square-shaped cross-section columns with a constant inter-columnar gap.
Compared to the TBC microstructure in Figure 2, feather arms and intra-columnar
porosity have not been explicitly represented in the models for simplification. Instead,

a Coulomb friction model captures intercolumnar and top surface-ball interactions.

AT
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Figure 5. FEM models represent a foreign object impacting a TBC with three layers. (a) 2D
model, (b) 3D model. Note both the 2D and 3D models have employed the array of

continuous columns to represent the EB-PVD TBC columnar microstructure.

Material attributes

Much of the inelastic response of TBCs comes from the progressive compactification
of the TC, which lacks significant strain hardening mechanisms. Hence, we proceed
by approximating the TC response as an elastic-perfectly plastic response, which has
often been used to represent compactification [19][20]. This model corresponds to a
linear elastic response up to the yield stress, after which the stress remains constant
with further straining. As demonstrated by Matsuzawa et al. [21], the yield stress of
7YSZ ceramics (0v) is strain-rate dependent. Given that experiments [14] have shown
that TC and BC experience strain rates of about 108 st around the impact crater, the
models should convey strain-rate effects. Hence, we employ a yield stress constitutive

model with a power law dependence [14][22] on the strain rate,
oy (&) = 0y(0) [1 + (;)F] (1)

in which ag,(0) is the quasistatic yield stress, & corresponds to the instantaneous
strain rate while C and P are material parameters related to the Johnson-Cook rate
dependence model [23]. The unavailability of high strain-rate related data for zirconia
makes it difficult to precisely calibrate the material yield stress at a high strain rate.
Instead, we mimic the response of AIN ceramics [24], for which the dynamic yield

stress is approximately three times its quasi-static yield stress. Thus, as a first-order



approximation we assume that zirconia has a similar response to AIN ceramics and
we employed a multiplication factor of three to characterize TC and BC yield stresses

at a high strain rate.

During FOD experiments, the sample temperature is on average at 840°C, at which
the fracture stress of TGO (Opebonding) iS approximately 100 MPa according to the
fracture map of alumina [25]. By further assuming that a strain rate multiplication factor
of three applies to Opebonding, We estimate the fracture stress of alumina under testing

conditions to be approximately 300 MPa [6].

The FOD particle is modeled as an elastic ball that does not break during impact.
Given the lack of data, the yield stress of the TGO is approximated by that of the TC
without any significant effect due to the relatively small thickness of the TGO. Table 1
presents the material properties, which were estimated from experimental data at high
temperatures. We highlight that we will proceed with the analysis assuming these are
independent parameterizations and we will perform a sensitivity analysis rather than

calibrating the parameters to match exactly our experimental results.

Table 1 TBC model material characterisations [14][26][27][28][29][30]

Material Density | Young’s | Poisson’s | Yield Strain-rate
(kg/m3) | modulus ratio stress | dependent
(GPa) (MPa) | yield stress
(MPa)
FOD Honite at 1500 72 0.23 N/A N/A
Particle room temp
TC 7YSZ at 5900 62 0.25 180 X3 =540
900°C
TGO Alumina at 3500 325 0.25 180 540
800°C
BC NiAl at 5900 110 0.31 120 X3 =360
800°C
Substrate | Nimonic 75 8360 165 0.3 190 N/A
at 800°C




TGO cohesive contact

The delamination between the TGO and the BC is evaluated with a cohesive contact
model shown in Figure 6 a). The cohesive contact model is defined by the traction-
separation law in Figure 6 b) [8], which is characterized by the three parameters:
elastic behavior of the cohesive contact represented by modulus (K), damage initiation
stress level (Opebonding), and fracture energy (Gc) defined by the area under the curve.
As demonstrated next, we considered an integrated engineering approach that
validates these parameters based on the debonded crack length observed on

experimental samples.
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Figure 6. a) 2D Model FOD simulation shows the separation of TC/TGO from BC governed
by the cohesive contact applied between TGO and BC. b) Traction-separation law of

cohesive contact [8].

Modeling Results

Parameter sensitivity analysis

Given the experimental difficulties in identifying material constants, we proceed with a
sensitivity analysis running 2D and 3D simulations with small changes to the
parameters in Table 1. For each simulation, we quantified the impact penetration depth,
which is a useful indicator of FOD damage. Figure 7 presents the penetration depth
(d) calculated with 2D models using ranges for the values of the TC density (p'©),
Young’s modulus (E™), Poisson’s ratio (v'¢), static yield stress (oy'), thickness (h™),
inter-columnar gap (g), friction coefficient of the top TC surface (up) and friction
coefficient of the column edge surface (pc). The results in Figure 8 demonstrate that
density and elastic properties have a minimal effect on the FOD penetration depth;

hence, the role of the feather crystal orientation in affecting FOD is secondary. The



column edge friction coefficient and the inter-columnar gap affect the penetration by
about 10% to 30%, respectively, which agrees with the results by Wang et al. [7]
despite assuming a bilinear kinematic hardening model. Finally, the yield stress affects
the most penetration prognosis, but an increase in yield strength of 500% only

changes the penetration by 40%.
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Figure 7. Effects of each TC property on FOD penetration depth (8) quantified with the 2D
model sensitivity tests with FOD particle of 850 um diameter impacting at 100m/s. Properties

changed one at a time within an interval of change noted in blue.

Next, we considered the sensitivity to particle diameters between 700 and 850 um and
impact velocity between 50 to 100 m/s at 900°C. In this case, we employ inter-
columnar gaps of 1 um and a static yield stress of TC is 180 MPa with a multiplication
factor of three for the strain-rate-dependence. Figure 7 summarizes the FOD
penetration depths from five experimental samples using 2D and 3D models. These
results show a surprisingly close match between models and experiments, even when
considering independent best estimates for some material properties. Thus, model
input uncertainty is not detrimental enough to affect the model predictive power of the
penetration depth, which is related to kink bands and delamination inside TBC
[14][15][16][17].
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Figure 8. Effects of Honite particle diameter (700~850 um) and speed (50~100 m/s) on FOD
penetration depth (&) compared between experiment samples, 2D and 3D FEM models,

showing a close match

Kink bands and crack indicators

Given the brittle nature of TBC, the maximum principal stress is a natural damage
indicator parameter for the potential of crack initiation. Indeed, the red stress
concentrated zones shown in Figure 9 closely resemble the experimental kink bands
in Figure 4. The kink-band-like field corresponds to tensile stresses that arise from the
bending of the columns and highlight the value of representing the TBC substructure.
The results present a compactification zone right under the impact point, continued by

a kink band with a chevron pattern in the range of 45~90 MPa for a 2D model.
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Figure 9. Maximum principal stress computed with a 2D model of TBC after the impact of a

spherical rigid particle with a diameter of 850 um and speed of 100 m/s (units in MPa)



Figure 10 a) depicts the 3D model along with SEM images from a FOD experiment
sample. Both models and experiments develop similar compaction zones underneath
the top surface around the impact center, which gradually reduces as the cross-section
moves away from the center. At the cross-section in the medium point between the
impact center and the crater edge (Figure 10b), there is no compaction, but cracks
have developed underneath the top surface in the middle area. These cracks correlate
with the location of the maximum principal stresses in TC (60 to 90 MPa), which is
taken as the critical stress to crack the column. The maximum principal stress depicts
a chevron crack pattern (kink-band) from the bending of the columns. Notably, for
similar impact speed, columns in 3D models become less bent compared to bending
in 2D.

At the impact center and the medium position in Figure 10a/b, severe cracking occurs
at kink bands. SEM images show the kink bands start from the middle of the TC and
propagate towards the TGO. The 3D model shows similar patterns by painting red
elements with principal stress between 60 and 90 MPa. In Figure 10, cracks near the
crater boundary are also found in the SEM image. These cracks are not as open as in
the kink bands and they are around the circular crater boundary near the top surface.
The 3D model also shows several red elements with local principal stresses in the

range of 60 to 90 MPa around the circular crater boundary in Figure 10.
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Figure 10. Comparisons of 3D model prediction with experimental SEM image of the three

cross-sections located across the impact crater

Estimation of TGO interface delamination fracture energy

Our sensitivity analysis shows that simple material models and independent
estimations of material properties carry good intrinsic predictive power for particle
penetration and kink band formation. Indeed, several researchers have modeled
particle penetration and supported the use of simple models to quantify complex
attributes such as fracture toughness and delamination [31].

The cohesive contact model between TGO and BC is governed by the three

parameters, K, Gc, and Opebonding @s defined in Figure 6 b). Since the TGO is a thin



(1pum) layer formed by alumina (a-Al203), the elastic behavior of TGO is governed by
Young’s modulus of TC, which is estimated to be 62 GPa at 900°C [28]. The peak
(debonding) stress Obpebonding iS about 100 MPa according to the transcrystalline
cleavage fracture stress of alumina at 800°C [25]. After inspecting the sample, the
longest TGO delamination crack length is approximately 120 um, as shown in Figure
11.

Figure 11. Experiment measurement of the maximum length of delamination occurred at the
TC/TGO or TGO/BC interfaces at one side of the TBC.

We can estimate the fracture energy by assuming that the longest delamination crack
was caused by a ball with the largest diameter (850 um) traveling at the fasted speed

(100 m/s). Hence, we performed a sensitivity study with the 2D model, assuming a



range of fracture energies and computing the corresponding TGO interface
delamination length as shown in Figure 12. The results in Figure 13 demonstrate that
a decrease in fracture energy increases the delamination crack length. The
experimental observation in Figure 11 with a 120 um crack corresponds to a fracture
energy G between 35 Jm to 45 Jm as shown in Figure 13. These results agree with
prior reports [7], which estimated the fracture energy to be about 20 Jm= to 38 Jm~
for TBC samples after 35 thermal cycles. Since our samples were newly fabricated

and had not been aged, we would expect their fracture energy to be higher.

Figure 12. Detail of the simulated delamination crack matching the experimental results in

Figure 9. The results suggest that the fracture energy G is between 35 Jm2 to 45 Jm2
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Kink-bands crack analysis and TC fracture toughness

The simulations suggest that the minimum crack initiation tensile stress is 45 MPa and
60 MPa for 2D and 3D models, respectively. Hence, we can estimate the tensile stress
required to fracture the TC is in the range of 45 to 90 MPa. Following linear elastic
fracture mechanics, the critical stress intensity factor (Kic) of a sharp crack can be

computed by,
Kic = ovra f(a/W). 2)

Following the critical stress computed with simulations, we assume stress o = 45 ~ 90
MPa, geometry factor f(a/W) = 1.122 [32], and an initial crack length (a) between 2~7
um as measured in Figure 14. The resulting Kic is between 0.1~0.5 MPa-m*?, which
agrees with Evan’s estimation of YSZ mode-I fracture toughness between 0.1< Kic <1
MPa-m'2[22][28]. Thus, we demonstrate that simulations, FOD experiments, and
material characterization can be effectively integrated to identify the crack initiation

stress and TC Mode-I fracture toughness.



Figure 14. TC SEM image showing the micro-cracks on column edges

Estimation of the TGO interface fracture toughness
The fracture energy can also be related to the critical stress intensity factor,
Ge= (Kic)?/E, (3)

along with the TC Young’s modulus to compute the critical fracture toughness of the
delamination at the alumina interface. Following our calculation of Gc, the fracture
toughness of the TGO alumina interface at 800°C is estimated as Kic = 1.5~1.7
MPa-m¥2, The fracture toughness of TGO has not been reported in the existing
literature, but measurements of plasma-sprayed alumina coatings using indentation
resulted in 0.5 ~ 2.5 MPa-m*2 depending on manufacturing routes [33]. By comparison,
our estimated range of TGO fracture toughness lies within the experiment-measured
range of toughness of alumina coating, thus the estimation can be considered

reasonable.

Discussion

The measurement of mechanical properties in TBCs is a challenging task given their
small dimensions and complex microstructures. Rather than solely relying on costly
and time-consuming coating indentation experiments, we have presented a blended
approach that integrates information from various sources. We implemented finite

element models and sensitivity analyses to identify the material properties that most



affect particle penetration and coating delamination. The independent identification of
these properties mitigated model input errors while models were further validated by
comparing penetration depths and cracking patterns from experiments. Our integrated
computational materials engineering approach offers the benefit that the uncertainty
of the results can be further characterized and reduced with additional experimental
testing and characterization. In addition, by analyzing components used in-service,
our approach provides a unique strategy to estimate the mechanical properties under

operational conditions.

Figure 13 further demonstrates the potential to integrate the computational approach
to the selection and design of materials. A modest increase in fracture energy of the
TGO interface to reach 50 Jm? (equivalent to 1.8 MPa-m2) would reduce the
delamination length by 50% from 120 ym to 60 um. Furthermore, an increase of
fracture energy of the TGO interface above 70 Jm~ or 2.0 MPa-m2 would result in no
delamination at the alumina interface estimated from Figure 13, and this value can be

considered as the optimal fracture toughness value for TBC design.

The TC Young’s modulus also plays an important role in interface toughness and a
TC bottom layer near the substrate with high Young’s modulus is desirable as well for
increasing FOD resistance. In this case, a stronger, tougher, and dense YSZ bottom
layer in TC would also be helpful to increase the alumina interface toughness. These
findings have confirmed the dependence of interface delamination on the alumina
fracture stress, energy release rate (fracture energy), and Young’s modulus of TC as

reported in the existing literature [14][22][28].

Conclusions

This paper integrates experiments with 2D and 3D finite element models that explicitly
represent the microstructure of TBC to simulate the damage induced by the impact of
foreign objects. Crack-dependent parameters were adjusted to match crack
morphology and length observed in experiments. In this way, material parameters
such as fracture stress and energy release rate of the TBC were identified, from which

the fracture toughness of TC and alumina interface are calculated.



The analysis estimated material properties independently and assessed model input
sensitivities. Best estimates of material parameters informed models to predict
localized damage at kink bands and estimate the interface delamination. In terms of
the TBC samples, the fracture toughness of TC was estimated to be around 0.1
MPa-m¥2 to 0.5 MPa-m2 and the fracture toughness of the TGO interface was about
1.5 MPa-m'2 to 1.7 MPa-m¥2. These ranges derived from models agree with the

values reported in the literature for similar materials.

Our analysis also determined that a TGO with a fracture toughness above 2.0
MPa-m*2 would not delaminate under the service conditions replicated in the erosion
test. This modeling approach can be used to design novel TBC by optimizing

microstructure, micro-porosity, column size, inter-column friction, and yield strength.

The novel integrated computational approach of material engineering enables a simple
characterization of TBC toughness under service conditions and offers great potential
to support the design of novel TBC systems. Compared to the conventional
experimental methods, using the integrated approach is also more cost-effective and
less time-consuming. The approach can also be employed to design the composition
and microstructure of TBCs and advance erosion-resistant systems for next-

generation coatings.
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