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Abstract To protect liquid rocket combustion chamber

walls, a coating may be applied on the hot gas side.

Recently, a new metallic coating system, applied with

high-velocity oxyfuel spray, has been developed. To

investigate the damage mechanisms of these coatings under

large thermal loads, laser cycling experiments were per-

formed, where the coating surface is heated up with a high-

power laser to get a large temperature gradient, similar to

the conditions in the combustion chamber. In these laser

cycling tests, different damage mechanisms like large-scale

buckling of the coatings or vertical cracks were observed.

The main aim of this paper is to understand the failure

mechanisms and to identify critical loads leading to coating

failure. Tensile tests, laser cycling experiments and finite

element simulations were carried out to determine critical

elastic strains for crack initiation and gain a better under-

standing of the mechanisms and the critical loads for

buckling.

Keywords aerospace � MCrAlY � HVOF � thermal

cycling � interface cracking � finite element modeling

Introduction

Combustion chambers of large liquid-fuel rocket engines

like the Vulcain 2 are exposed to large thermal loads.

Although the combustion chamber is regeneratively

cooled by cryogenic fuel in internal cooling channels

(Ref 1, 2), damage mechanisms like blanching (Ref 3, 4)

and the doghouse effect (Ref 5-9) can be observed. These

failure mechanisms are a limiting factor on the combus-

tion chamber life. To increase the combustion chamber

lifetime with respect to reusability and to enhance the

efficiency by increasing the hot gas temperatures and

pressures, the combustion chamber wall may be protected

by a thermal barrier coating. This coating reduces the

maximum temperature of the combustion chamber wall

material and protects the wall against the oxidizing

atmosphere.

In preliminary work (Ref 10-13), a new coating system

was developed based on the findings from previous studies

(see ‘‘Development of a New Coating System’’ section). In

the present study, this coating system is tested in laser

cycling experiments with a high heat flux to provoke dif-

ferent damage mechanisms like vertical cracks or interface

separations. These damage mechanisms are elucidated in

detail, assisted by finite element simulations. Critical loads

for interfacial failure and for the growth of vertical cracks

were determined from the simulations. Tensile tests on

coated samples were used to validate the critical strains for

vertical crack growth.

Based on the investigations in the present work, design

guidelines are provided for coating design in rocket com-

bustion chambers. The critical loads for coating failure can

be transferred to a failure model for coating design and

coating lifetime prediction in the combustion chamber.

Thermal Barrier Coatings for Rocket Combustion

Chambers

Thermal barrier coatings (TBC) are state of the art in sta-

tionary gas turbines and aero engines (Ref 14, 15). Usually,

they consist of a metallic bondcoat and a ceramic topcoat
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(Ref 16-18). But the harsh environmental loads in rocket

combustion chambers necessitate the development of new

coating concepts.

For rocket combustion chambers, coatings with ceramic

topcoats as used in gas turbines and aero engines were, for

example, tested by NASA (Ref 8, 19), within the German

National Technology Programme on Cryogenic Rocket

Engines TEKAN (Ref 20-22), at the German Aerospace

Centre (Ref 5, 23, 24), at the Keldysh Research Centre

Moscow (Ref 25) and within the current German research

project SFB TRR40 (Ref 13, 26-28).

In thermal tests, some of these ceramic coatings showed

a good performance and a significant increase in the

combustion chamber lifetime (Ref 5, 8, 24). But in

experiments with large heat fluxes and thus large temper-

ature gradients, namely plasma-assisted burner rig (Ref 25)

and laser cycling experiments (Ref 13, 26, 28), delamina-

tion, buckling and spalling of the coatings were observed.

Furthermore, due to the large heat flux, very thin ceramic

coatings are necessary (Ref 29), and the high heat flux

combined with the low thermal conductivity will lead to

extreme temperature gradients and thus thermo-mechanical

loads in the ceramic coatings.

Other work focused on metallic coating systems: Dif-

ferent variations of NiCrAlY or NiAl were tested (Ref 30-

32) as well as chromium topcoats (Ref 33, 34) or a mixture

of chromium and copper (Ref 32, 35, 36) or chromium,

copper and aluminum (Ref 37, 38). These coatings showed

a good oxidation resistance and a sufficient protection of

the combustion chamber wall (Ref 35, 37, 38). The coat-

ings were mostly tested in isothermal oxidation tests or in

burner rig tests with low heat fluxes (see also ‘‘Laboratory-

Scale Thermal Testing of TBC’’ section), where no sig-

nificant coating damage was observed (Ref 31, 32, 36). A

full-scale engine test with a chromium topcoat in the

Russian RD-180 engine led to the formation of vertical

cracks propagating from the chromium surface into the

nickel bondcoat, but the combustion chamber showed no

damage, not even geometrical changes (Ref 33).

The different chemical compositions and coefficients of

thermal expansion of the substrate material (copper and

copper alloys, see ‘‘Thermomechanical Loads on the

Coatings’’ section) and the coatings require a bondcoat.

NiCrAlY bondcoats, as used in gas turbines and aero

engines, are not suitable here: On the one hand, the mis-

match in thermal expansion between copper alloy and

NiCrAlY leads to microcracks at the interface and even a

delamination of the coatings (Ref 13, 26, 39). On the other

hand, the chemical gradient leads to interdiffusion and the

formation of diffusion pores at the interface (Ref 32, 40).

Consequently, other bondcoats were tested, for example a

CuCrAl alloy (Ref 32). Other studies focused on graded

coatings consisting of copper (or copper alloy) and the

topcoat material (Ref 41, 42). In the studies with CuCr

topcoats, no bondcoat was necessary (Ref 32).

Development of a New Coating System

In preliminary studies (Ref 10-13), a new coating system

has been developed based on the findings from previous

research. The development focused on a metallic coating

system since it was found that ceramic coatings were not

suitable for the high heat fluxes in the combustion chamber

(see above). Although, in standard TBC applications, a

ceramic topcoat is essential for a sufficient thermal insu-

lation, the large cooling heat flux in the rocket combustion

chamber and the high thermal conductivity of the copper

wall (larger by a factor of 15 than the thermal conductivity

of the metallic coatings) lead to an adequate insulation by

the metallic coatings.

To enhance the coating adhesion, a bondcoat was

developed additionally. The coatings were applied with the

high-velocity oxyfuel spray (HVOF) process. The main

advantage of HVOF, compared to other atmospherical

spray processes, is the high particle velocity. This results in

a short time exposure of the particles in the oxidizing flame

(oxide content in the coatings\ 1%) and a large kinetic

energy of the particles and thus a relatively good adhesion

and a dense coating structure (porosity\ 1%)

(Ref 12, 43, 44).

For the topcoat, the nickel-based superalloy Rene80

(Ref 45) was chosen (Ref 10). It has the composition Ni-

Cr14-Co9.5-Ti5-Mo4-W4-Al3 (wt.%), a high solidus

temperature of 1493 K and a good high temperature

strength and oxidation resistance (Ref 45, 46).

For the bondcoat, a new NiCuCrAl alloy was developed

by modification of existing NiCrAlY alloys (Ref 11). It has

the composition Ni-Cu30-Al6-Cr5 (wt.%). The addition of

copper enhances the chemical compatibility and reduces

the mismatch in thermal expansion between copper-based

substrate and nickel-based coating (Ref 13). The better

chemical compatibility results in a better interdiffusion and

thus adhesion of the coatings (Ref 10). The mismatch in

thermal expansion would have led to large thermal stresses

at the rough interface between coating and substrate

(Ref 12, 13) and thus the formation of delamination cracks.

Since the newly developed alloy has an intermediate

coefficient of thermal expansion between copper and the

topcoat alloy (Ref 11), these stresses could be reduced

(Ref 12).

Laboratory-Scale Thermal Testing of TBC

The short review in ‘‘Thermal Barrier Coatings for Rocket

Combustion Chambers’’ section shows that it is essential to

test the coatings under high heat loads to investigate
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realistic damage mechanisms. A large heat flux is neces-

sary to reproduce the thermal shock and the high temper-

ature gradient in the combustion chamber wall and thus

high thermal strains (see ‘‘Thermomechanical Loads on the

Coatings’’ section).

TBCs for gas turbines are, for example, tested in burner

rig tests, where the coating surface is heated by a hot-gas

flow, while the substrate’s backside is cooled by pressur-

ized air. In these tests, surface temperatures of 1773 K or

more can be achieved within a few seconds, and the

maximum heat flux can reach 0.1-1 MW/m2 (Ref 16, 47).

These loads are suitable to test coatings for turbine engine

application; however, for rocket engines, larger heat fluxes

are necessary.

Larger heat fluxes can be, for example, achieved with

plasma jets: In a test bed at the Keldysh Research Centre in

Moscow, heat fluxes of up to 26 MW/m2 were achieved

with plasma heating of the coating surface and high-pres-

sure water cooling of the substrate (Ref 25). Another

possibility to produce large heat fluxes is heating with laser

radiation. The laser beam can be moved over the surface

(Ref 48) or divergently widened with a special optics to

produce a broad laser spot on the surface (Ref 49-54). With

laser powers in the order of magnitude of some kilowatts,

high heating rates can be achieved. This results on the one

hand in a thermoshock. On the other hand, a large thermal

gradient can be achieved even without cooling on the

backside during the first seconds of the experiments

(Ref 48, 51, 52). In experiments without a cooling system,

heat fluxes of approximately 2 MW/m2 are reached

(Ref 51, 52). With cooling, for example with liquid nitro-

gen, heat fluxes of 8.5 MW/m2 [measurement (Ref 50)] to

22.5 MW/m2 [simulations (Ref 49)] are reported (these

experiments were conducted without a coating).

In the framework of the present research project SFB

TRR40, a miniature combustion chamber is currently under

development, where coated test panels will be examined in

the future. In the final configuration, the heat flux will reach

a magnitude of 14 MW/m2 and a combustion chamber a

pressure of up to 40 bar (Ref 55).

The largest heat fluxes under which TBCs were tested so

far were achieved in a full-scale engine test of the Russian

RD-180 engine with 48.4 MW/m2 (Ref 33, 34). But since

these full-scale tests are extremely expensive, they can

only be used for a final qualification of a coating system.

For coating development, a laboratory-scale experiment

should be used to be able to carry out a suitable number of

experiments.

Within the coating development of the present project

SFB TRR40, a thermal shock laser test bed has been built

up which uses a 3.3 kW diode laser to heat the coating

surface (Ref 26). Depending on the diameter of the laser

spot, heat flux densities of up to 30 MW/m2 are possible.

Although this laser experiment does not reproduce the very

high heat flux in rocket combustion chambers (up to

150 MW/m2, see ‘‘Thermomechanical Loads on the Coat-

ings’’ section), it goes beyond many other laboratory-scale

experiments.

The laser cycling experiment is used in the present study

to provoke different damage mechanisms: Interface dam-

age such as microcracks or pores was observed as well as

large-scale buckling or vertical cracking of the coatings. A

thermally grown oxide (TGO) at the interfaces, like in gas

turbine coatings, was not observed here due to the rela-

tively dense HVOF coatings and thus low oxygen

permeability.

From the findings in the laser cycling experiment, crit-

ical loads for failure were analyzed which are elucidated in

finite element simulations. The critical loads can then be

transferred to simulations of rocket combustion chambers

to predict possible in-service failure mechanisms and cal-

culate the coatings’ lifetime.

Thermo-mechanical Loads on the Coatings

For coating design, it is essential to know the thermal and

mechanical loads in the combustion chamber. Furthermore,

the loads in the laboratory-scale experiments, in this case

the laser cycling experiment, have to be investigated to

qualify the coatings based on these experiments.

Rocket Combustion Chamber

The hot gas in cryogenic rocket engines like the space

shuttle main engine or the Vulcain 2 engine reaches tem-

peratures of up to 3500-3800 K (Ref 56, 57). Since no

engineering material can withstand these high tempera-

tures, the combustion chamber has to be cooled, which is

normally done with cryogenic fuel (in this case hydrogen)

in internal cooling channels in the chamber wall. To enable

a good cooling heat flux, the chamber wall is made of a

high thermal conductive copper alloy, mostly CuAgZr

(Ref 3, 36, 49, 58). This copper liner with its cooling

channels is surrounded by a stiff nickel jacket.

The cooling generates awall heat flux of up to 150 MW/m2

(Ref 42, 59, 60). This results in a large temperature differ-

ence between the hot copper liner and the cold nickel jacket

and thus large thermal strain differences. Compared to the

hot copper alloy, the cold nickel jacket is stiff and constrains

the thermal expansion of the copper wall. Thus, large com-

pressive strains are induced on the hot gas side. Neglecting

the comparatively small strains in the nickel jacket, the

compressive strains on the hot gas side are only dependent on

the temperature and the coefficient of thermal expansion of

the material. If a coating is applied to the hot-gas side of the

copper liner, it is also exposed to large compressive strains.
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With a coefficient of thermal expansion of 16 9 10-6/K

(Rene80 topcoat (Ref 10)) and assuming a temperature

increase of approximately 1000 K compared to the cooled

nickel jacket, these strains reach a magnitude of 1.6%, in

accordance with finite element simulations of a rocket

combustion chamber (Ref 61). The elastic strains evolving

during a combustion cycle determined in finite element

simulations are plotted in Fig. 1: At the beginning of the

cycle (after the pre-cooling in the case of the combustion

chamber), the large heat flux leads to an increase in the

surface temperature. The constraint by the cold nickel jacket

leads to large elastic compressive strains (eE11\ 0). Due to

yielding at high temperatures, the elastic strains are reduced

with further heating. Subsequent cooling down leads to a

contraction of the previously hot coating. Due to the large

plastic deformation at high temperature, the cooling induces

high elastic tensile strains in the coating of 0.1-0.2%. This

cooling phase is not only important for reusable engines:

Also single use engines exhibit this cooling phase after a test

run prior to the flight. For a more detailed discussion, see

Ref 10, 61.

The large elastic compressive strains during heating may

lead to buckling and spalling of applied coatings. The

tensile strains upon cooling may lead to the growth of

vertical cracks, as seen in the Russian RD-180 engine with

a chromium topcoat (Ref 33, 34) (see ‘‘Thermal Barrier

Coatings for Rocket Combustion Chambers’’ section).

Laser Cycling Experiment for Thermal Shock Testing

In the laser cycling experiments, the surface of a coating,

applied on a cylindrical copper block, is heated with a

high-power laser (for details see ‘‘Thermal Cycling’’

section). The fast heating rate of the high-power laser

generates a thermal shock, and the capacitive cooling by

the relatively high substrate volume (16 cm3 in the present

study) leads to a heat flux of up to 30 MW/m2 through the

coating within the first few seconds of the experiment. This

high heat flux causes a large temperature gradient in the

sample, even without an active cooling of the substrate.

This results in mechanical loads similar to the loads in the

combustion chamber (see ‘‘Rocket Combustion Chamber’’

section): Large compressive strains evolve during heating,

and the coatings yield at high temperature. A subsequent

cooling in cold water leads to tensile strains.

The elastic strains evolving during a laser cycle are

plotted in Fig. 1 for comparison with the rocket cycle: At

the beginning of the cycle (after the pre-cooling in case of

the combustion chamber), the large heat flux leads to an

increase in the surface temperature. The cold substrate in

the laser experiment constrains the coating and leads to

large elastic compressive strains (eE11\ 0). Due to yield-

ing at high temperatures, the elastic strains are reduced

with further heating. Subsequent cooling down leads to the

formation of elastic tensile strains (eE11[ 0). For a more

detailed discussion, see Ref 10, 61. The comparison

between laser experiment and rocket cycle shows that there

are still differences in the mechanical loads in the coatings,

but the laser experiment leads to qualitatively similar

loading conditions.

Methods

Coating Process

The coatings in this work were applied with the high-ve-

locity oxyfuel spray (HVOF) process. Rene80 (Ni-Cr14-

Co9.5-Ti5-Mo4-W4-Al3) for topcoat and NiCuCrAl (Ni-

Cu30-Al6-Cr5) for bondcoat were used as powder feed-

stock material. Details of the coating process, parameters

and feedstock materials can be found in Ref 40.

Thermal Cycling

The coatings were thermally tested with laser cycling

experiments. Cylindrical CuCr1Zr substrates with a height

of 50 mm and a diameter of 20 mm were coated on the

front end. The coating surface is heated with a 3.3 kW

diode laser; the laser power is controlled by a two-color

pyrometer to get a constant surface temperature. Every

heating cycle starts with maximum laser power until the set

point temperature is reached. The laser beam is divergently

widened with a special optics to produce a broad focal

point. In the current work, a working distance (between

laser optics and coating surface) of 200 mm is used, where

Fig. 1 Elastic strains from FEM simulations near the coating surface

for a 90-lm-thick coating in a rocket combustion chamber (already

published in Ref 10) and in the laser cycling experiment (simulations

according to ‘‘FEMModel of the Laser Sample’’ section). The coating

in the combustion chamber is additionally exposed to a pre-cooling of

the engine
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the focal point is approximately 10 mm in diameter. The

resulting heat flux density reaches approximately 30 MW/

m2 and leads to a large thermal gradient in the sample

during the first second of each laser cycle, even without

cooling. After each cycle, the samples are automatically

quenched in water to simulate the post-cooling of the

engine after shutdown. A detailed description of the laser

test bed can be found in Ref 26, 61.

The thickness of the coating system including bondcoat

and topcoat was varied from 90 lm to 300 lm, while the

bondcoat thickness was kept constant at 45 lm.

Tensile Tests on Coated Samples

To determine the critical strain for the growth of vertical

cracks at room temperature, tensile tests were performed.

The critical strain where cracks in the coatings start

growing depends on the morphology of the coating surface

since stress concentrations at sharp edges may reduce the

critical strain significantly. To account for these stochastic

microstructural effects, a large probing volume should be

used to investigate critical strains for crack initiation. For

this purpose, coated tensile specimens were tested. Flat

tensile test specimens were machined from a CuCr1Zr

sheet and coated with the Rene80 topcoat material. Due to

the missing heat loads in the experiments and the fact that

vertical cracks originate from the surface of the Rene80

topcoat, a bondcoat is not necessary here. The coated

tensile specimens were continuously loaded in a tensile test

at room temperature, and the strains on the coating surface

were measured with an optical strain sensor GOM Aramis

5 M. The local strains are measured by defining small

rectangle-shaped facets on the surface and optical tracking

of the edges of these facets. Figure 2 shows the evolution

of the strains on the coating surface at different steps of the

tensile test. If a crack runs through the coating, the rect-

angular facets are deformed due to the crack opening and a

local increase in the strain is detected for those facets. This

is shown in Fig. 2 in the left upper area of the images.

The cracks grow at strains where the copper specimen is

not linear elastic any more. Due to the relatively low work

hardening of the CuCr1Zr alloy, the strain distribution in

the specimen becomes inhomogeneous (see Fig. 2a). Thus,

the critical strain for crack growth is not equal to the

overall strain of the whole specimen. Instead, the critical

strain is determined from the optical strain measurements

along the marker in Fig. 2(a), where the first local strain

maxima due to crack growth were detected.

FEM Simulations

To elucidate the failure mechanisms observed in the ther-

mal cycling experiments and to predict possible coating

failure in rocket engine application, finite element simu-

lations were carried out using Abaqus Standard (Ref 62).

The models are described in the following sections.

Material properties for the CuCr1Zr substrate material

were taken from Ref 63-70. For the nickel jacket, material

properties from Ref 71, 72 were used. The parameters for

the coatings were taken from own measurements which are

already reported in Ref 10, 61, 73 and from Ref 46. Except

for the elastic buckling simulations, elastic-plastic material

behavior using isotropic hardening was modeled for all

materials.

Creep was not modeled although the material is

expected to creep rapidly at the high temperatures. But the

plasticity data were obtained from quasistatic compression

tests, where the material is expected to creep at high

temperatures. Thus, it could not be differentiated between

plastic strain and creep strain in the plasticity data for the

material. Furthermore, the remaining elastic strain in the

coatings at high temperatures is small (0.1%) compared to

the plastic strain ([ 1.5%) (see ‘‘Thermomechanical Loads

on the Coatings’’ section). Thus, explicitly allowing for

creep in the simulations has a negligible influence in the

modeling results, which has also been shown in simulations

with a parameter study on a simple Norton creep law.

FEM Model of the Laser Sample

The laser sample was modeled with an axisymmetric

model which was meshed with a minimum of 2300 ele-

ments, depending on the coating thickness. The thickness

of the bondcoat was constant at 45 lm, and the overall

coating thickness including bondcoat and topcoat was

varied from 90 lm to 300 lm, according to the laser

cycling experiments. Axisymmetric quadrangular-shaped

quadratic elements with hybrid formulation and reduced

integration were used. For details of the model, see Ref 61.

The heat flux from the laser radiation is applied to a

circular area with the diameter of the laser spot. To control

the heat flux in order to get a constant surface temperature

similar to the experiment, a user subroutine UAMP

(Ref 62) was developed. The user subroutine models the

temperature measurement with the two-color pyrometer so

that local overheating due to interface delaminations had a

realistic influence on the measured temperature and thus

the heat flux. For this purpose, the electromagnetic emis-

sion Mi at the measurement wavelengths ki of the pyrom-

eter (k1 = 750 nm; k2 = 1100 nm) is calculated at each

node on the coating surface in the FEM model using the

following equation (Ref 74):

Mi ¼
2phc2

k5i
� 1

exp hc
kkiT

� �
� 1
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where h is the Planck constant, c the speed of light in

vacuum, k the Boltzmann constant and T the temperature.

The emission Mi is integrated over the whole coating sur-

face (the measurement area of the pyrometer) for each

measurement wavelength, and the quotient of both values

is calculated.

With a Newton-Raphson algorithm, the apparent surface

temperature as measured by the pyrometer is determined

from the quotient of the emission. The apparent pyrometer

temperature is then used to control the laser power using a

PID controller.

On some samples, the temperature gradient in the

modeled laser sample was compared to measured values

from internal thermocouples in the experiment to validate

the simulations. A good agreement between the modeled

and the measured temperatures was observed (Ref 61).

Modeling of Crack Propagation at the Substrate/Coating

Interface

To determine the energy release rate due to interface crack

propagation in the laser cycling experiments, a small sep-

aration was modeled at the substrate/coating interface. At

the tip of the separation, both crack surfaces were tied

along an area with the width of one element (10 lm). In a

subsequent step, the surface to surface interaction at the

crack tip was released to model crack propagation, and the

change of stored elastic energy in the whole model was

calculated.

A whole laser cycle was thermo-mechanically modeled

for each investigated crack length. Thermal conduction

through the interface separation was allowed in cases

where thermal expansion leads to a crack closure. Radia-

tion was not modeled since the radiation heat flux is neg-

ligible small compared to the heat flux by thermal

conduction (Ref 61). Verification simulations showed

nearly no difference between modeling with and without

interface radiation.

In a restart analysis of the thermo-mechanical modeling,

the crack propagation was carried out at certain time steps

of the laser cycle to determine different energy release

rates during the laser cycle.

Although no dedicated buckling computation was per-

formed in these simulations, the inhomogeneous heating

and thus inhomogeneous deformation of the separated part

of the coating were a sufficient perturbation to cause

buckling in the FEM model if the strain energy was large

enough, see Fig. 3.

Modeling of Buckling

To investigate fundamentals of coating buckling, a sim-

plified model with a 180-lm-thick monolayer was created.

The coating was axisymmetric with a radius of 10 mm,

similar to the coatings in the laser experiments. The

Fig. 2 Strains on the coating

surface at different steps of the

tensile test. The white bar in the

first image indicates the range

for the determination of critical

strain in this area as described in

the text. (a) Whole specimen

strain: 0.36%. (b) Whole

specimen strain: 0.80%.

(c) Whole specimen strain:

1.66%
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substrate was not modeled. Instead, the coating was

clamped on the bottom side with a displacement boundary

condition. Simple, temperature-independent material

parameters were used for the coating: Young’s modulus

was 155 GPa, Poisson’s ratio 0.3 and the coefficient of

thermal expansion 13 9 10-6/K. For plastic buckling, a

yield stress of 1000 MPa was used. The coating was

assumed to be stress-free at the initial state. Afterward, the

temperature was increased using a predefined temperature

field to obtain compressive stresses from the thermal

expansion of the coating material. A delamination was

modeled by deactivating the boundary condition in an area

in the center of the bottom side of the coating, and the

buckling was analyzed in the following two ways.

On the one hand, to investigate whether the structure

buckles, or which load is required for buckling, a linear

perturbation analysis was performed in Abaqus, where a

predefined loading pattern, for example, a temperature

field, is multiplied with a variable factor. Different values

of this multiplier are then calculated by the software for

each buckling mode. For example, when the multiplier of

the first mode (other modes were not relevant for the pre-

sent study) is greater than 1, the structure will not buckle

under the predefined load pattern. A multiplier of less than

1 indicates that the structure will buckle at the predefined

loads (Ref 62).

On the other hand, to investigate the energy release or

the deflection of the buckled structure, a perturbation was

applied with a forced displacement boundary condition in

the center of the detached part of the coating. The dis-

placement was incrementally increased, and the energy

(elastic strain energy and plastic dissipation energy in the

case of plastic behavior) was calculated for the model at

each increment. To eliminate edge effects, the energy of an

area with 2 times the diameter of the buckled structure was

analyzed. Figure 4 shows the energy versus the displace-

ment in thickness direction of the simplified model of a

coating after a temperature increase of 400 K. In this

example, the energy reaches a minimum at a displacement

of 0.08 mm. Thus, the buckling amplitude is 0.08 mm, and

the energy release due to buckling is 0.13 mJ. In cases

where the coatings did not buckle, the energy minimum

was at zero displacement, and the bending of the coatings

did not lead to a positive energy release.

Coating Damage by Vertical Cracks

Creep and plastic deformation due to large compressive

strains at high temperature may lead to tensile strains in the

coatings during the subsequent cooling phase (see ‘‘Ther-

momechanical Loads on the Coatings’’ section). These

strains, if large enough, may cause growth of vertical

cracks starting at the coating surface (Ref 10, 40).

Fig. 3 Simulation of laser cycling experiments with a 180-lm-thick coating system: buckling of the coating during heating. The colors indicate

the three different material sections substrate, bondcoat and topcoat

Fig. 4 Stored elastic energy vs. displacement in the thickness

direction of the center of a buckled plate after temperature increase

of 400 K
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Vertical Cracks in Laser Cycling Experiments

For the examination of vertical cracks in the laser cycling

experiments, other failure mechanisms like buckling (see

‘‘Coating Damage by Buckling’’ section) have to be avoi-

ded. Thus, the coating adhesion was enhanced by a diffu-

sion heat treatment. This post-spray treatment made it

possible to investigate the sensitivity to vertical cracking

up to surface temperatures of 1112 K in the laser cycling

experiments. The results of these experiments are sum-

marized in Fig. 5: At the maximum possible temperature of

1112 K, vertical cracks were observed after 20 cycles at

coating thicknesses of 180 lm and above. At lower surface

temperatures or lower coating thicknesses, neither vertical

cracks nor any other damage mechanisms could be

observed.

Figure 6 shows cut views through typical vertical cracks

in a 180-lm-thick and a 300-lm-thick coating. In both

cases, the cracks run through the upper half of the coating

and stop before reaching the bondcoat material. A kinking

of the crack can be observed at the crack tip in some cases,

as shown in Fig. 7. This crack kinking may be caused by a

residual bending moment, since the highest tensile strains

occur near the coating surface, see also ‘‘FEM Simulations

of Laser Cycling Experiments’’ section. It may also be due

to the inhomogeneous microstructure exhibiting flattened

splats, making crack propagation along splat interfaces

easier in a direction parallel to the coating surface.

Critical Loads for Vertical Cracks

To elucidate the mechanisms of crack growth and to pre-

dict coating failure by vertical cracks in finite element

simulations, it is important to know the critical strain where

the cracks start growing. This critical strain was determined

in tensile tests of coated copper samples according to

‘‘Tensile Tests on Coated Samples’’ section. To determine

the onset of crack growth, the maximum local strain from

the measurements is plotted in comparison with the mini-

mum and the mean value in Fig. 8. The overall strain on

the horizontal axis is measured along the small segment

marked in Fig. 2(a), according to ‘‘Tensile Tests on Coated

Samples’’ section.Fig. 5 Failure Map: vertical cracking of coatings with a different

thickness d and surface temperature T (after diffusion heat treatment

to prevent buckling)

Fig. 6 Vertical cracks indicated with arrows after 20 cycles in the

laser experiment with 1112 K surface temperature. (a) 180 lm
coating thickness. (b) 300 lm coating thickness

Fig. 7 Crack kinking (see arrows) in a 300-lm-thick coating after

laser cycling
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From the maximum value of the strains in Fig. 8, the

onset of the crack growth can be identified at a total strain

of approximately 0.55%.

FEM Simulations of Laser Cycling Experiments

To elucidate the loads in the coatings during the laser

cycling experiments, finite element simulations were car-

ried out as described in ‘‘FEM Model of the Laser Sample’’

section. Figure 9 shows the elastic strains at a point near

the coating surface in the center of the laser spot during the

first laser cycle for different experiments. The evolution of

these strains has been discussed in detail in ‘‘Thermome-

chanical Loads on the Coatings’’ section: During heating,

the coatings exhibit elastic compressive strains which are

reduced due to plasticity at higher temperatures. The

resulting plastic strains lead to residual elastic tensile

strains after the cooling cycle.

The diagram in Fig. 9 shows that coatings with a

thickness below 180 lm exhibit less elastic strains in laser

experiments with the same surface temperature. This is

caused by less thermal insulation by the thinner coatings

and thus a faster heating and larger thermal expansion of

the copper substrate. The influence of the surface temper-

atures can be seen, for example, at a coating thickness of

180 lm in Fig. 9: Lower temperatures lead to less plastic

deformation (due to the larger yield strength at lower

temperature) and thus less tensile strains during cooling.

For the investigation of critical loading conditions

leading to vertical cracks, the finite element simulations

can be compared to the experiments. According to the three

experiments modeled in Fig. 9, a tensile strain of 0.36% is

tolerable without vertical cracks. In contrast, a critical

strain for crack growth at 0.55% was determined in the

tensile tests (‘‘Critical Loads for Vertical Cracks’’ section).

The difference can be explained with residual strains from

the coating process which overlay the strains in the tensile

tests. The residual compressive strains can be neglected in

the simulation of the laser cycling experiment since the

coatings yield during heating so that the stress state at high

temperature becomes independent of the prior history.

Measurements of the residual strains in the coatings by the

bore hole method (Ref 75) showed residual compressive

strains in the coatings of up to 0.1-0.2% after the coating

process. The measured value of the residual strains

explains the difference between critical strain for cracking

in the laser experiments and in the tensile tests.

The cracks stop before reaching the bondcoat, see

Fig. 6. An analysis of the elastic strain profile through the

coating during cooling down in Fig. 10 shows that the

tensile strains are maximal near the coating surface where

the highest temperatures were reached. Below the coating

surface, lower temperatures led to less compressive strain

and less plastic deformation during heating and thus less

elastic tensile strain during cooling. Due to the different

material properties like yield strength and coefficient of

thermal expansion of topcoat and bondcoat, the elastic

strain is discontinuous at the interface and is even lower in

the inside of the bondcoat. Apparently, the small strains in

the coating system below the surface are not large enough

to keep the crack running toward the substrate.

The strain profile in Fig. 10 leads to a residual bending

momentum in the coating, which may cause the cracks to

kink, as mentioned in ‘‘Vertical Cracks in Laser Cycling

Experiments’’ section. Such bending-induced cracks, also

known as edge delaminations, are a typical interface failure

in ceramic TBC systems and were investigated in more

detail, for example, in Ref 76, 77.

Fig. 8 Statistics of the local strains compared to the overall strain

along the segment marked in Fig. 2(a)

Fig. 9 Elastic strains from FEM simulations near the coating surface

in the center of the laser spot during laser cycling with different

coating thicknesses and temperatures. The green curves indicate a

laser cycle where no damage was observed in the corresponding

experiment; the red curve indicates data where vertical cracks were

observed in the experiments

1410 J Therm Spray Tech (2019) 28:1402–1419

123



Failure in the Combustion Chamber and Design

Guidelines

According to previous FEM simulations of a coated com-

bustion chamber segment (Ref 78), as the strains are

essentially relaxed to zero in the hot state, total tensile

strains of up to 2.2% can be expected in rocket engine

application of the coatings (see Fig. 1). These strains are

above the critical strains (0.36%) determined in the pre-

vious sections, and the coatings can be expected to crack

vertically.

For the coating design in rocket engines, it is of great

importance to predict whether the cracks reach the sub-

strate or not. On the one hand, crack propagation into the

substrate can induce critical damage of the cooling chan-

nels and even a failure of the whole rocket engine. On the

other hand, the cracks may kink upon reaching the sub-

strate and propagate along the substrate/coating interface in

Mode I (bending moment caused by the stress gradient) or

Mode II (tensile loads in the coating).

Near the substrate/coating interface, lower temperatures

and thus less thermal expansion and less plastic deforma-

tion compared to the coating surface can be expected. As

seen in the simulations of the laser experiments (Fig. 10),

the resulting tensile strains are lower inside the coating

than near the hot gas surface, and the cracks may stop upon

reaching the substrate, even in the combustion chamber.

For coating design, the strain profile in the combustion

chamber could be compared to the strain profile from the

laser experiments to predict whether the cracks may

propagate into the substrate. However, future work has to

focus on a more detailed investigation of cyclic crack

growth and the determination of critical stress intensity

factors.

Coating Damage by Buckling

During heating, the coatings exhibit large compressive

strains (‘‘Thermomechanical Loads on the Coatings’’ sec-

tion). If these strains exceed a critical value, depending on

the weakness of the substrate/coating interface, the coat-

ings may tend to buckle (Ref 10, 40).

Critical Loads for Buckling

The buckling phenomenon has been investigated in detail

by Hutchinson, Evans et al., Ref 79-82: If the coating is

under compressive load parallel to the surface and if the

coating is detached from the substrate, a critical stress can

be calculated where the coating becomes unstable and

buckles. Assuming that the area of detachment is circular,

the coating can be modeled as a clamped circular plate

according to the von Karman plate theory (Ref 83) (for

details of the solution of this nonlinear plate theory see

Ref 82). According to Hutchinson et al. (Ref 82), the

critical stress rc where the coating starts to buckle can be

calculated by

rc ¼ 4:894 � E

1� m2
� d

2

l2c
; ðEq 4:1Þ

assuming that lc � d. E is the Young’s modulus, m is the

Poisson’s ratio of the coating, d is the coating thickness and

lc is the critical length of the buckled plate, in this case the

diameter of the detached area.

For stresses r[ rc, the height d (maximum distance

from substrate to coating downside) of the buckled coating

can be approximated by the following equation (for a

Poisson’s ratio of 0.3) (Ref 82):

d � d � 1:3808 �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
r
rc

� 1

r
ðEq 4:2Þ

Fig. 10 Micrograph of the

cracked coating (same as shown

in Fig. 6 left) and elastic strain

profile during cooling at the

point of time where the strain is

maximal at the surface,

determined in FEM simulations

of a 180-lm-thick coating with

1112 K surface temperature in

the laser experiment
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This approximation is correct for small differences of r
and rc; for larger values of r, d is overestimated. For

stresses of r = 10 � rc, for example, d is overestimated by

7% (Ref 82).

Influence of Strain Gradient

In reality, due to the large thermal gradient, the strain is not

constant over the coating thickness, and a strain gradient

and thus a bending moment have to be considered. The

influence of this bending moment can be analytically

estimated using simple double-clamped Euler column: In

the solution of the differential equation (see Ref 83), the

additional bending moment vanishes when inserting the

constant boundary conditions at the fully clamped edges.

Thus, the critical Euler load for buckling is independent of

this additional bending moment.

For the clamped circular plate, this calculation becomes

nonlinear and cannot be solved analytically (Ref 82). Thus,

it was elucidated in FEM simulations whether the

assumption from the Euler column is also valid for the

circular plate.

For this purpose, a 180-lm-thick, axisymmetric coating

was investigated with linear perturbation according to

‘‘Modelling of Buckling’’ section. A temperature increase

of 1000 K compared to the initial temperature was applied.

On the one hand, a constant temperature in the coating was

defined; on the other hand, a thermal gradient of 2 K/lm
was defined in a way that the average temperature in the

coating was 1000 K above the initial temperature.

Table 1 shows the load multiplier where the structure

buckles from the thermal buckling analysis according to

‘‘Modelling of Buckling’’ section. For each delamination

size, the multipliers are nearly independent of the (rela-

tively large) thermal gradient. That means the critical

average temperature (and thus strain) for buckling is sim-

ilar with and without a temperature (and thus strain)

gradient.

To compare the simulation results with the analytical

approach, the resulting critical strains for buckling are

shown in Table 2 together with the critical strains

calculated according to Eq 4.1 for each delamination

length. For a delamination length of 2.5 mm, the critical

strains differ by 14%, whereas for larger lengths, the dif-

ference decreases to 3% at lc = 10 mm. This deviation can

be explained by the fact that Eq 4.1 is only valid for

lc � d (Ref 82).

The maximum elastic compressive strain in the laser

cycling experiments, averaged over the coating thickness,

is less than 0.5% for a 180-lm-thick coating. According to

the calculations above, an interface separation with a

diameter of more than 5 mm is necessary for a buckling of

the coating.

Plastic Buckling

The analytical approach is only valid for elastic material

behavior. For plastic buckling, the energy can be consid-

ered: The structure buckles if the total energy in the

buckled state is less than the energy in the unbuckled state.

In the unbuckled state, the strain energy results just from

the elastic compression of the plate. In the buckled state, on

the one hand some of the elastic strain energy is released

due to elongation of the plate; on the other hand, the

structure is bent which results in additional plastic and

elastic deformation energy. The stored energy in the bent

state is less in the case of plastic deformation. Thus, the

energy release due to buckling is larger with plastic

deformation, which results in lower critical buckling strains

ec.
To investigate the effect of plastic deformation on the

energy release, FEM simulations with elastic as well as

elastic-plastic material behavior were performed on the

model with forced displacement according to ‘‘Modelling

of Buckling’’ section. The energy release rate of both

materials was calculated for different initial in-plain

strains; the results are plotted in Fig. 11: The energy

release due to buckling of the elastic plate is[ 0 for elastic

strains larger than 0.67%, whereas the plate with plastic

material behavior has a positive energy release at just

eE[ 0.59%.

Table 1 Multiplier of the predefined load pattern (see ‘‘Modelling of

Buckling’’ section) from the buckling analysis of a thermally loaded

coating with different diameters of delamination, lc, with constant

temperature and with a thermal gradient

lc, mm Thermal gradient Constant temperature

2.5 1.2876 1.2873

5.0 0.3504 0.3504

10.0 0.0909 0.0909

Table 2 Critical buckling strain ec from the buckling analysis of a

thermally loaded coating with different diameters of delamination, lc,

compared to the analytical approach according to Eq 4.1

lc, mm Simulation Equation 4.1

2.5 0.0239 0.0279

5.0 0.0065 0.0070

10.0 0.0017 0.0017
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The Role of Interface Delamination

The analysis above shows that an interface separation with

a length in the order of magnitude of millimeters is nec-

essary to cause buckling of the coatings. Since the largest

interface separations after the coating process are in the

order of magnitude of 10 lm, the growth of these separa-

tions during thermal cycling up to the critical length has to

be elucidated.

Initiation of Interface Cracks

In previous work, it has been shown that small interface

cracks can form in the roughness profile of the sub-

strate/coating interface due to thermal mismatch stresses

(Ref 12, 13, 39, 84). The coefficient of thermal expansion

(CTE) of the copper substrate is, for example, 2-5 9 10-6/

K larger than the CTE of the bondcoat (Ref 10), which

causes thermal strain differences of up to 0.25%. During

heating, this results in compressive stresses near the hills

and tensile stresses in the valleys of the roughness profile,

see Fig. 12. The tensile stresses may induce cracks or crack

growth at existing imperfections, whereas the compressive

stresses may relax at high temperature and cause tensile

stresses in the tips of the roughness profile during cooling

down. Thus, thermal cycling will lead to cyclic crack

growth. This thermal cycling effect on interface cracks has

been investigated in detail analytically and numerically by

Evans et al. (Ref 85) on a wavy interface between a

metallic substrate and an oxide layer.

Small Interface Cracks Grow Together

Once a crack has formed in a hill or valley of the roughness

profile, the stress intensity factor increases, and subsequent

loading leads to a crack growth. Bäker and Seiler Ref 86,

for example, performed simulations with a sinusoidal-

shaped interface between two materials with different

coefficients of thermal expansion (in this case a ceramic

coating and a metallic substrate). They show that the cracks

may grow even into areas aside the tips and valleys. These

cracks may grow together and become larger delamination

cracks.

The mechanisms of delamination crack initiation and

growth have not been addressed yet in the finite element

modeling in the present work because the modeling of

these effects will require complex multiscale simulations.

Furthermore, the stochastic shape of the interface leads to

several side effects. Thus, empirical data have been con-

sidered to define critical interface temperatures at which

crack growth becomes relevant. To determine the critical

temperature for the combination CuCr1Zr substrate/NiCu-

CrAl bondcoat, laser cycling experiments were carried out

previously with a low heat flux, so that buckling was

avoided (Ref 10). It was found that an interface tempera-

ture greater than 973 K leads to a measurable increase in

interface delaminations after 20 cycles. At 973 K and

below, no significant crack growth could be observed in the

laser cycling experiments. Above this temperature, inter-

face cracks grow during thermal cycling as long as the

temperature and hold time are sufficiently low to prevent

an increase in coating adhesion and interface fracture

toughness due to interdiffusion. For example, for the

coating system investigated in this work, an accumulated

hold time of 40 s at an interface temperature of & 1273 K

was sufficient to form a diffusion layer which prevents

interface crack growth during laser cycling experiments

(Ref 10, 40). It has to be noted that, during the first few

laser cycles, the enhanced coating adhesion due to diffu-

sion may not be sufficient, and interface cracks may grow

until the diffusion processes increase the adhesion in

Fig. 11 Energy release due to buckling of a 180-lm-thick coating

with an initial delamination with l = 5 mm depending on the elastic

strain (homogeneous load in the coating): simulations with elastic and

with elastic-plastic material behavior

Fig. 12 Interface stresses due to thermal mismatch at an interface

temperature of 813 K between a CuCr1Zr substrate and a NiCuCrAl

bondcoat (Ref 10)
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further laser cycles. This is especially important when

larger heat fluxes in the experiments lead to larger ther-

moshocks during heating as in the experiments in the

present work.

Growth of Large-Scale Interface Delaminations

If the crack length is larger than the coating thickness,

another effect becomes relevant when a heat flux is

applied: The heat flux through the crack diminishes, which

results in a local overheating of the coating above the

crack. This results in larger thermal expansion and thus

larger compression strains in the detached part of the

coating that causes a driving force for Mode II crack

propagation.

The energy release rate during this crack growth has

been derived from FEM simulations of a 180-lm-thick

coating in laser cycling experiments (surface temperature

of 1118 K) with different initial crack lengths, according to

‘‘Modelling of Crack Propagation at the Substrate/Coating

Interface’’ section. The energy release rate has a transient

maximum during the heating phase (Fig. 13) at about

950 K. Above this temperature, the yield strength of the

coating decreases rapidly (Ref 73), which results in

increasing plastic strain and decreasing elastic strain and

thus decreasing stored elastic energy in the coating.

The maximum energy release rate G during heating is

plotted in Fig. 14 for a different initial crack length

l. G increases with crack length, since the temperature and

consequently the elastic energy per volume of the coating

above the crack increase. At a crack length of 3 mm, the

coating in the simulation buckled.

A critical energy release rate for crack propagation at

the substrate/coating interface is not known yet. But the

increasing energy release rate with increasing crack length

shows that once a critical length is exceeded, a further

crack propagation and thus buckling are very likely.

Buckling in Laser Cycling Experiments

Laser cycling experiments for the investigation of buckling

were carried out on coatings without any post-spray dif-

fusion heat treatment. The cross section of a buckled

coating is exemplarily shown in Fig. 15 for a 180-lm-thick

coating. The results of the buckling investigation in the

laser experiments are displayed in Fig. 16.

Coatings with a thickness of 300 lm failed even at

surface temperatures below 1000 K by large-scale delam-

ination. A differentiation between delamination cracks and

buckling was not possible here. Furthermore, large inter-

face delaminations due to the large heat load on the sam-

ples during coating application led to a vague interface

damage even before laser cycling. Thus, a distinct inves-

tigation of buckling of the 300-lm-thick coatings was not

possible.

For coatings with 180-lm thickness, buckling could be

observed at surface temperatures of 1038 K or above. Here,

two opposing effects influence the buckling: On the one

hand, the maximum surface temperature has no influence

on the maximum compressive strains in the coatings during

heating in the first cycle, as seen in the FEM simulations in

Fig. 17: The elastic compressive strains in a 180-lm-thick

coating during heating exhibit a maximum at 950 K. At

Fig. 13 Energy release rate of a 180-lm-thick coating with an initial

crack radius of 0.5 mm during a laser cycle with 1118 K surface

temperature

Fig. 14 Energy release rate compared to the initial crack length

l during interface delamination growth due to local overheating of the

detached coating during laser cycling: FEM simulations of a laser

sample with a coating thickness of 180 lm and a surface temperature

of 1118 K

Fig. 15 Cross section of a coating which buckled during laser

cycling. Coating thickness: 180 lm, surface temperature: 1118 K
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higher temperatures, the coating yields and the elastic

compressive strains are reduced. An increase in the surface

temperature leads to a further reduction in the elastic

strains due to the lower yield strength, and thus, larger

tensile strains are reached after cooling down (see also the

discussion in ‘‘FEM Simulations of Laser Cycling Exper-

iments’’ section). Consequently, subsequent laser cycles

lead to less elastic compressive strains compared to the first

cycle (see also Ref 39). The larger the surface temperature

is, the lower the compressive strain is in the second and

following cycles.

On the other hand, higher surface temperatures cause the

growth of interface delaminations. This effect plays a

major role in the buckling behavior of the 180-lm-thick

coatings and explains why buckling was observed at

1038 K although the largest compressive strains occur in

experiments with lower temperatures: Below 1038 K sur-

face temperature, the interface temperature is lower than

the critical temperature for delamination crack growth

(973 K, see ‘‘Small Interface Cracks Grow Together’’

section). Without these interface cracks, buckling of the

coatings is not possible (‘‘The Role of Interface Delami-

nation’’ section).

At 135 lm coating thickness, buckling was observed

only at surface temperatures of 1118 K. Above 1118 K

surface temperature, plastic yield leads to less compressive

strains during subsequent cycles compared to experiments

with lower surface temperatures (see above). Compared to

the 180-lm-thick coatings, the thermal insulation by the

135-lm-thick coatings and thus the temperature difference

between coating and substrate are less. This causes a

reduction in compressive strains in the coatings which is

sufficient to prevent buckling above 1118 K surface tem-

perature. At lower surface temperatures, the strains were

not reduced; however, below 1118 K surface temperature,

the damage by delamination cracks at the interface was less

due to the lower interface temperature, and buckling could

be prevented.

Coatings with a thickness of 90 lm did not buckle in the

experiments, although large interface cracks could be

observed at temperatures above 1100 K. A reason that the

coatings did not buckle is the relatively low compressive

strain compared to thicker coatings due to a faster heating

and thus larger thermal expansion of the substrate, caused

by the low thermal insulation of the thin coatings.

In many cases, at least two cycles are necessary for the

coatings to buckle. However, the moment of buckling is

not reproducible: For example, 180-lm-thick coatings

buckled with the same laser cycling parameters after 1, 2 or

6 cycles. This may be caused by the stochastic shape of the

substrate/coating interface: The roughness profile and

imperfections at the interface have a great influence on

interface crack growth.

However, in one example the coating buckled even in

the first cycle, the results show that mostly a certain

number of thermal cycles are necessary to produce inter-

face separations which are large enough to induce buck-

ling, as discussed in ‘‘The Role of Interface Delamination’’

section.

The diameter of the interface separation of the buckled

coatings with 180 lm thickness was approximately

3.2 mm and in good agreement with the critical crack

length for buckling determined in the FEM simulations in

‘‘Growth of Large Scale Interface Delaminations’’ section,

where a critical crack length of 3.0 mm was calculated.

One reason for the larger crack length observed in the

experiments is a crack growth after buckling, as investi-

gated in detail by Hutchinson et al. in Ref 79. Furthermore,

the FEM simulations may exhibit some error due to

inevitable simplifications of the model. Overlying residual

compressive strains after coating application (see ‘‘FEM

Simulations of Laser Cycling Experiments’’ section) have

Fig. 16 Failure map: buckling of coatings with a different thickness

d and surface temperature T. Different from the results shown in

Fig. 5, no heat treatment was performed to improve coating adhesion

Fig. 17 Elastic strains from FEM simulations near the coating

surface in the center of the laser spot during laser cycling of a

180-lm-thick coating with different surface temperatures. The green

curves indicate a laser cycle where no damage was observed in the

corresponding experiment; the red curve indicates data where the

coating buckles
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only an influence during the first laser cycle. Plastic yield at

high temperature leads to elastic strains independent on

residual compressive strains.

Thermal History Influence on Buckling Sensitivity

When exposed to high temperatures, diffusion processes

may enhance the coating adhesion and, thus, hinder crack

growth along the interface between coating and substrate.

Thus, interface cracks may not grow to the critical length

for buckling according to ‘‘Small Interface Cracks Grow

Together’’ section. This effect has been investigated by a

diffusion heat treatment of the coated samples prior to laser

cycling experiments.

The experiments showed that, at a coating thickness of

180 lm, a diffusion heat treatment of 0.5 h at 773 K was

sufficient to prevent the coating from buckling at a surface

temperature of 1112 K, although in the center of the laser

spot, the interface between coating and substrate was

damaged by delamination cracks along an area with a

diameter of approximately 1 mm. Between these cracks,

the coating was still adhering at small areas. The laser

power did not show any evidence for rapid crack growth or

buckling.

After a heat treatment of 6 h at 973 K, the coatings

showed neither buckling nor delamination cracks even

after 20 laser cycles at 1112 K. This heat treatment was

successfully used to prevent buckling in the experiments

for the investigation of vertical crack growth in ‘‘Coating

damage by Vertical Cracks’’ section.

The results from the experiments with the post-spray

diffusion heat treatment show that it is important to con-

sider the thermal history of the coatings for buckling pre-

diction in future failure models. Furthermore, a diffusion

heat treatment could be included to the manufacturing

process of the copper liner of the rocket engine to prevent

the growth of delamination cracks or buckling of the

coating.

Failure in the Combustion Chamber and Design

Guidelines

The discussion above shows that a critical interface sepa-

ration is necessary to induce buckling of the coatings. It

was found that it is sufficient to keep the temperature of the

substrate/coating interface below a critical value of

973-1073 K to prevent the growth of critical interface

cracks. Furthermore, it has to be noted that in rocket

combustion chambers, the overheating of the coatings

above an interface separation may even lead to a partial

melting of the coatings because of the larger heat flux and

the fact that the surface temperature in the laser experi-

ments in this study is controlled and in the combustion

chamber not. This makes even delamination cracks smaller

than the critical length obtained here for the conducted

laser cycling experiments crucial for a coating failure.

Simulations of coatings in a reference combustion

chamber show that the maximum interface temperature is

below 800 K (Ref 39). In this case, the coatings can not be

expected to buckle. Furthermore, the coatings’ adhesion

can be enhanced by a diffusion heat treatment, for example

for 6 h at 973 K.

Conclusions

Metallic coatings for rocket engines may exhibit two main

failure modes when exposed to thermal shocks and large

heat fluxes: vertical cracks and buckling. Both are caused

by the large thermal gradient resulting from the large heat

flux. The failure modes were investigated in the present

work in laser cycling experiments, tensile tests and finite

element simulations. The main conclusions can be summed

up as follows:

Vertical Cracks

• Tensile strains during cooling may induce vertical

cracks.

• The tensile strains are caused by plastic yield at high

temperatures and subsequent contraction during cooling

down.

• Vertical cracks start growing at the coating surface at

strains greater than 0.36%.

• The cracks may stop growing before reaching the

substrate due to a strain gradient in the coating.

Buckling

• Compressive strains during heating may induce

buckling.

• The compressive strains are caused by the different

temperatures and thus different thermal expansions of

coating and substrate.

• A requirement for buckling is an adequate damage of

the substrate/coating interface, e.g., by delamination

cracks.

• Small delamination cracks grow due to thermal

mismatch stresses at the substrate/coating interface.

• Overheating of the coating above small interface cracks

can cause a crack growth and even buckling.

• Buckling was prevented in the experiments by keeping

the substrate/coating interface temperature below

1000 K.
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• Diffusion processes due to longer heat exposure

increase the coating adhesion and increase the critical

temperature for substrate/coating interface failure.

• Delamination and thus buckling can be hindered by a

post-spray heat treatment. In this work, a heat treatment

of 6 h at 973 K showed good results.
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