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Abstract 

The objective of this work is to develop a methodology to measure the high temperature stress 

in the bond coat, and investigate its role on the surface rumpling. We first presented an 

analytical model to evaluate the high temperature stress using X-ray sin2Ψ technique coupling 

with the curvature measurement at room temperature. A typical NiCoCrAlY bond coat with a 

Hastelloy-X substrate was employed as a model sample. During exposure at 1150 ºC, the bond 

coat was under tension at high temperature, increasing parabolically from 1.05 MPa after 12 h 

to 3.81 MPa after 120 h. To understand its effect on the surface rumpling, the bond coat surface 

roughness was recorded as a function of time, and compared with a bulk NiCoCrAlY alloy. A 

strong correlation between the bond coat stress and the surface roughness was identified. In 

addition, the origination of the bond coat stress and the rumpling mechanism were discussed. 
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It was revealed that the high temperature stress in the bond coat was caused by the volume 

shrinkage from β-γ transformation, mainly due to the inter-diffusion. The grain sliding 

accompanied with diffusional creep in response to the bond coat stress controls the roughening. 

Keywords: Bond coat; Rumpling; High temperature stress; Inter-diffusion; Phase 

transformation. 
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1. Introduction 

Bond coat is an important part of the thermal barrier coatings (TBCs) used in industrial gas 

turbines. A dominant failure phenomenon has been found that the crack extends along the 

interface between the thermally grown oxides (TGO) and the bond coat, which is associated 

with the progressive surface roughening [1-3]. The roughening also termed as rumpling, 

ratcheting or undulation. It initiates cracks nucleation and propagation as the TBCs experience 

thermal cycling. Eventually, the cracks coalesce to cause the TBC to buckle or spall. Extensive 

works have been carried out to investigate the reasons of the rumpling. However, the 

mechanisms that govern the surface rumpling of the bond coat are still not fully understood. It 

has been generally accepted that the stress in the TGO [4-6], either from the growth at high 

temperature or the thermal mismatch upon cooling, is the primary driving force for the 

rumpling at the bond coat/TGO interface [7]. However, when thermal cycling in vacuum, the 

rumpling still occurs [7]. In this case, there is no (or negligible) TGO formation. This implies 

that the bond coat itself should be a dominant factor for rumpling. Chen and Hemker proposed 

that the strains caused by the martensitic transformation in the NiPtAl bond coat might be a 

major factor [8]. However, thermal cycling at a temperature above the martensitic temperature 

(i.e., 1050-1150 °C, no martensite transformation occurs at this temperature range) the 

rumpling amplitude does not show significant difference with the thermal cycling at room 

temperature [7, 9]. In addition, the bulk alloy with the same composition exhibits a much 

smaller propensity to rumple under the same treatment [10]. This demonstrates that the 

presence of substrate is essential for the surface roughening. At high temperature, inter-

diffusion between substrate and bond coat occurs, which could change the bond coat volume. 
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Since the volume change is constrained by the substrate, a stress will be produced in the bond 

coat at high temperature. The high temperature stress in the bond coat might play a dominant 

role on the surface rumpling.  

However, due to low yielding strength of the bond coat, the stress in the bond coat (e.g. 

NiCoCrAlY) at high temperature is only several MPa [11]. Determining such low stress using 

conventional technique (e.g., X-ray) is extremely difficult, which is beyond the detectable limit 

of the instruments [10, 12]. Nevertheless, the real limitation of this approach is that it provides 

information on only the net elastic strain, and not the plastic deformation associated with the 

concurrent relaxation process. Therefore, it is necessary to develop an alternative approach to 

estimate the high temperature stress in the bond coat, which is crucial to understand the 

rumpling mechanisms. 

The objective of this work is to develop a method to measure the high temperature stress in the 

bond coat, and investigate its role on the surface rumpling. In this study, an alternative approach, 

based on X-ray sin2Ψ stress and the curvature measurement at the room temperature, was 

employed to evaluate the stress. The basic idea is to evaluate the net plastic strain (e.g. the bond 

coat or the substrate) at high temperature, and then the high temperature stress can be derived 

based on the corresponding creep mechanisms. The paper was organized as follows. First, the 

methodology to determine the stress was introduced and an analytical model was developed. 

To validate this, a typical NiCoCrAlY bond coat on superalloy system was used as model 

specimen. The total strain and the elastic strain were determined using curvature and X-ray 

techniques, respectively. The surface roughness of the bond coat was recorded as a function of 
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time and compared with that of a bulk alloy with the same composition. To elucidate the role 

of the bond coat stress, the progressive surface rumpling was correlated with the stress in the 

bond coat at high temperature. Finally, the origin of the bond coat stress as well as the 

mechanisms for the rumpling were also discussed. 

2. Methodology 

In this section, we first presented the methodology to quantitatively evaluate the high 

temperature stress in the bond coat. It is known that the bond coat system consisted of elastic 

and non-elastic strain after cooling from high temperature exposure. The elastic strain can be 

determined from X-ray and the total strain can be measured from the dimension change (e.g., 

curvature measurement). The non-elastic strain at the room temperature can thus be obtained 

and equals to the non-elastic strain at high temperature if a fast-cooling is used. Provided that 

the non-elastic strain at high temperature is known, the stress can be evaluated based on the 

creep properties of the system. 

Fig. 1a is a schematic of an as-deposited bond coat/substrate system, which is slightly curved 

due to the quenching stress and thermal misfit stress after deposition [13, 14]. y = 0 defines as 

the interface between the bond coat and the substrate. hbc and hs are the thicknesses of bond 

coat and substrate, respectively. y = hbc means the surface of the bond coat, and y = −hs means 

that of the substrate. Fig. 1b shows a state during heating. Compared with the as-deposited state, 

the curved shape becomes flatter.  

At high temperature, the TGO growth and inter-diffusion will introduce phase transformation 

in the bond coat, leading to shrinkage or expansion of the bond coat [15]. Assuming no 
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constraint from the substrate, a strain, ΔεT, will be generated in bond coat (Fig. 1c), which is a 

hypothetical state (framed by a dotted box). The symbol with a superscript “T” refers to the 

high temperature state. 

 

Due to the substrate constraint, both of the bond coat and the substrate will have internal 

stresses. As shown in Fig. 1d, a tensile stress T

bc  will act on the bond coat, and a compressive 

stress T

s  on the substrate. These two opposing stresses are in equilibrium, namely: 

s

T

sbc

T

bc hh                               (1) 
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where   is stress. The subscript “bc” represents the bond coat, and “s” substrate. Those 

stresses could lead to the creep deformation in both bond coat and substrate [16-18]. 

Mechanistically, creep deformation can be achieved by dislocation (i.e., Norton’s law), grain-

boundary diffusion (i.e., Coble creep), lattice diffusion (i.e., Nabarro-Herring creep), etc [17], 

which can be written as: 

 t,TTT                                 (2) 

where T  is the creep strain, T  the creep stress, and t the time. Likely, the creep strains of 

the bond coat and the substrate at high temperatures can be expressed as  t,T

bc

T

bc   and 

 t,T

s

T

s  , respectively, as shown in Fig. 1e. 

Once the system is cooled from high temperature, both elastic and non-elastic strains will be 

preserved in the system. If the bond coat is free to deform, the elastic strains in bond coat and 

substrate will be different and that difference is Δε in a hypothetical schematic (Fig. 1f). If the 

bond coat is constrained by the substrate (Fig. 1g), the system will have a uniform elastic strain 

  (since the displacement compatibility is required) and a pair of equilibrium forces (marked 

by arrows). To balance the bending moment induced by this pair of forces, bending of the 

system occurs. 

Fig. 1h depicts the final state of the system after cooling. M means the bending moment. The 

total strain of the system at room temperature can be expressed as: 

nee                                  (3) 
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where ε is strain, and the superscripts “e” and “ne” denote elastic and non-elastic, respectively. 

The elastic strain of the system at room temperature, e , is composed of a uniform component, 

 , and a bending component, 


 (Fig. 1g-h): 

  ee   y


                       (4) 

where e  is the curvature induced by elastic strain. y is the position in the coordinate system 

(−hs ≤ y ≤ hbc). δ is the neutral axis (Fig. 1h) [19, 20]: 

 ssbcbc

2

ss

2

bcbc

2 hEhE

hEhE




                             (5) 

where E is the elastic modulus.  

The elastic strains in the bond coat and the substrate, e

bc  and e

s , are equal to: 

)(0 bc

ee

bc hy                          (6-a) 

)0( s

ee

s  yh                          (6-b) 

The variables   and e  in Eq. (4) can be determined from three boundary conditions of the 

model shown in Fig. 1. Firstly, the sum of forces due to the uniform strain component (i.e., the 

force in Fig.1g) is zero: 

  0ssbcbc   hEhE                          (7) 

Secondly, in Fig. 1h, the sum of forces due to the bending strain component is zero: 
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0
bc

s 0
bc

0

ss   dyEdyEdyE
h

h




 
                    (8) 

Thirdly, in Fig. 1h, the sum of bending moments is zero: 

  0e

0
bc

e
0

s

e

s

bc

s

  ydyEydyEydyE
h

h






            (9) 

Based on the above three boundary conditions, we get 

ssbcbc

bcbc
1

1

A

A

hEhE

hE




 

                         (10) 

and 
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         (11) 

The first item on the right side of Eq. (3), e , can be written as a function of the elastic 

mismatch strain Δε: 

    bcs21

e  AA hyhy                    (12) 

Similar to e , the second item on the right side of Eq. (3), ne , which means the non-elastic 

strain of the system at room temperature, is also composed of two components: 

Cne,Tne,ne                              (13) 

where Tne,  is the non-elastic strain at high temperatures, and Cne,  is the non-elastic strain 

occurred during the cooling process. ne  can be expressed as [19, 20]: 
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   bcs

nene  hyhy                        (14) 

where ne  is the system’s curvature induced by non-elastic strain. 

According to Eqs. (3), (4) and (14), the total strain of the system at room temperature is equal 

to 

 
nee

nee







 y
                       (15) 

where   is the system’s curvature (shown in Fig. 1h). 

Generally, material constants involved in the Eq. (2) are already known for the substrate, but 

unknown for the bond coat due to the changing composition at high temperature. For this 

reason, we will measure the stress in the substrate, and then based on force balance, the stress 

in the bond coat at high temperatures can be obtained. In sum, detailed methodology is 

described below: 

i. Preparing a bond coat/substrate sample, and measuring its thicknesses and elastic 

moduli, namely, hbc, hs, Ebc, and Es. 

ii. Heating the sample to high temperatures, and then quenching fast, so that the non-

elastic strain in Eq. (13), Cne, , can be negligible. 

iii. Applying Eq. (15) to the substrate (i.e., e

s

e   ), and rearranging that equation, viz.: 

  
 0 

AA

A
s

21

2e

s

ene 


 yh
y 

           (16) 

iv. On the right side of Eq. (16), all the variables’ values are available. Specifically, the 



11 

 

actual curvature of the quenched sample,  , can be experimentally measured. The 

elastic strain of substrate, e

s , can be measured by the X-ray, which is performed on 

its bottom surface. So y is equal to −hs. δ, A1 and A2 can be calculated by Eq.(6), (10) 

and (11), respectively. As a result, the left side of Eq. (16), the system’s curvature 

induced by non-elastic strain, ne , can be obtained. 

v. The average non-elastic strain of the substrate at room temperature, 
ne

avs, , is a function 

of ne , and can be calculated by: 

    ne

ss

ne

0

ne

avs, 2//
s

 hhdyy
h

 


              (17) 

where the subscript “av” refers to the average value. 

vi. Because the sample was fast quenched ( 0Cne,  ), and according to Eq. (13), 

Tne,

avs,

ne

avs,   , which means that the non-elastic strain produced at high temperatures in 

the substrate is retained to the room temperature. Consequently, the substrate’s non-

elastic strain at high temperatures is equal to its creep strain (
T

s

Tne,

avs,   ).  

vii. Identifying the specific form of the creep formula  t,T

s

T

s   (Eq. (2)) for the substrate. 

viii. Performing the isothermal treatments at high temperature. Obtain the average non-

elastic strain in the substrate 
ne

avs,  (equal to the creep strain T

s ) for each isothermal 

treatment (refer to step iv). Fit the substrate’s creep formula  t,T

s

T

s   using these 

tne

avs,  experimental data. Therefore, the specific value of 
T

s , namely, the high 

temperature stress in the substrate, can be statistically determined. 

ix. Lastly, the high temperature stress in bond coat, 
T

bc , can be indirectly obtained 

through Eq. (1). 
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In this study, we will employ this approach to measure the high temperature stress in the bond 

coat. A typical NiCoCrAlY bond coat with a Hastelloy-X substrate system, which is widely 

used in industrial gas turbine, was used as a model sample. First, the evolution of the curvature 

and the elastic stress in the substrate were measured as a function of heat exposure time. Then 

the stress in the bond coat was estimated based on above theory. In addition, the origination of 

the high temperature stress was discussed, and its effect on the roughening of the bond coat 

was also investigated. 

3. Experiment 

3.1. Sample preparation and heat exposure 

The NiCoCrAlY (Ni-23Co-17Cr-12.5Al-0.6Y in wt.%) bond coat was deposited by HVOF on 

a Hastelloy (Ni-22Cr-18Fe-9Mo-1.5W-0.10C in wt.%) substrate (55 mm × 100 mm × 4 mm). 

The as-deposited bond coat is approximately 600 μm thick, comprised of a mixture of β (dark 

contrast) and γ phases (bright contrast), as shown in Fig. 2a-b. Beam (55 mm × 4 mm × 4 mm) 

bond coat/substrate samples were cut and used for the curvature and the X-ray measurements. 

On a relatively thin substrate, the force contributed by the stress presented in the bond coat will 

easily cause the substrate to bend. The substrates were thinned using electro-spark cutting, 

grinded using 1500 grit papers and then polished. The final dimension of the sample was 55 

mm × 4 mm × 2.1 mm. Annealing was performed to eliminate the residual compressive stress 

introduced by the grinding and polishing processes. This was achieved by wrapping the 

samples with a Ti foil and sealing them in quartz tube in vacuum. The annealing was conducted 

in vacuum for 20 h at 800 °C and then cooled in furnace to room temperature. The selected 

temperature is high enough to relax the stresses, but low enough to prevent inter-diffusion [13].  
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To study the volume change of the bond coat and the substrate after heat exposure, rectangular 

(10 mm × 4 mm × 2.1 mm) bond coat/ substrate samples were also cut. The edges of the sample 

were grounded using grit papers. To compare the surface roughness of the bond coat with the 

bulk alloy, the bulk alloy with the same composition was prepared by spark plasma sintering 

(SPS, FCT-HP D25/4-SD). The NiCoCrAlY powder was first packed in a graphite die with an 

internal diameter of 28 mm, and then separated by graphite paper and sintered at 1050 °C in 

vacuum (< 1 mbar) at a load of 50 MPa for 10 minutes. As shown in Fig. 2c, the as-sintered 

bulk alloy is fully dense and also comprised of γ-phase (bright contrast) and β-phase (dark 

contrast). Disc samples (28 mm in diameter and 2.1 mm in thickness) were cut from the bulk 

alloy. The bulk alloy were grounded and polished. This produced a similar initial root-mean-

square roughness Sq (~ 0.01 μm) for all samples. 

Isothermal test was carried out at 1150 °C in a chamber furnace in ambient air for different 

periods of time up to 120 h. After isothermal treatment, the samples were cooled in liquid 

nitrogen to retain the samples’ non-elastic deformation occurred at high temperature. 
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3.2. Microstructure and TEM characterization 

The cross-sectional microstructure of the sample was examined using scanning electron 

microscopy (SEM, FEI Quanta 200) operating in the back-scattered mode. Grain size of the 

substrate was evaluated using electron backscatter diffraction technology (EBSD, Zeiss Supra 

55). Moreover, the EBSD measurement can obtain the information of the crystal orientation, 

which is used to verify whether the substrate is isotropic and the elastic properties of the 

substrate is uniform. Area maps were recorded at a minimum of five locations. EBSD data was 

analyzed by HKL Channel 5 software. 

Phases of the bond coat and substrate are also characterized using the selected area electron 

diffraction (SAED) in transmission electron microscope (TEM). TEM cross-sectional samples 

of bond coat/substrate system were prepared via the cutting of disks 4 mm × 2.1 mm× 2 mm 

in dimension and mechanical polishing to a thickness of about 60 μm. The portions of the bond 

coat/substrate interface were reduced further to ~10 μm by mechanical dimpling (Model 656, 

Gatan Inc.) followed by final polishing. The final perforation of the sample was conducted via 

precision argon-ion milling (model 691, Gatan Inc.), using an acceleration voltage of 4 kV. 

TEM experiments were conducted using a Tecnai F30 G2 microscope (FEI) at 300 kV. 

3.3. X-ray sin2Ψ and curvature measurements 

In order to obtain the average non-elastic strain in the substrate (
ne

avs, ) (as indicated in step iii-

iv), the elastic strain of substrate (
e

s ) and the curvature of the sample ( ) should be obtained 

in advance. 
e

s  by the X-ray sin2Ψ technique, and   can be measured by the curvature 

method. 
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The X-ray sin2Ψ technique was carried out using a Proto iXRD system with a Mn Kα radiation 

(λMn = 2.1031 Å) on the bottom surface of the substrate in a bond coat/substrate sample, as the 

measurement geometry shows in Fig. 3. The diffraction peak from the (311) plane of γ phase 

at the 2θ angle around 154° was selected for measurements [10]. The twin detectors 1 and 2 in 

Fig. 3 captured the opposite sides of the diffraction cone, thus enabling two Ψ offsets to be 

measured simultaneously. A 3° oscillation in the β angle was used at each tilt. Both position 

and width of the diffraction peaks were obtained by fitting the profile with Gaussian function. 

To eliminate the instrument background, a gain measurement was always made on a non-

diffracting ferrite material before the measurements. A total of nine measurements with an 

equal interval along the length direction of each sample were performed. 

 

The curvature method was conducted using an optical microscope (BX51M Olympus). 

Specifically, the sample was placed under the lens and moved horizontally at 1 mm per time 

(X axis) and at each position, the sample surface was focused and the focus was recorded as 

the vertical height (Z axis). The curvature of the sample can be obtained by fitting the X-Z 

profile using a circle function [21]. To ensure reliability of the results, a 50× optical lens was 

employed and 50 measurements were performed for each sample. 
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3.4. Surface roughness measurement 

To study the effect of the high temperature stress on the surface roughness of the bond coat, 

the evolutions of surface roughness for the bond coat/substrate samples and the bulk alloys 

were detected using a profile-meter (ZeGage, Zygo). To avoid the effect of TGO layer on the 

surface roughness of bond coat, the TGO layer was removed prior to the surface roughness 

measurement. This was achieved by a dissolved method using a NaOH solution (20 mol/L) at 

200 °C for up to 24 h. The rumpling magnitude was characterized by the root mean square 

roughness, Sq. For each sample, at least 10 areas (0.3 mm × 0.3 mm) were measured. 

4. Results 

4.1. Microstructure evolution of the bond coat with heat exposure 

Fig. 4 shows the TEM bright field image and the corresponding SAED patterns of β and γ 

phases along the [010]β and the [011]γ orientations, respectively, in the as-deposited bond coat. 

The SAED pattern of β phase reveals superlattice reflections which confirms the ordered state 

of the phase. But the SAED pattern of γ phase reveals no superlattice reflection which also 

confirm that the disordered state of the phase and there is no order γ’ phase formation in the 

bond coat. This suggests that no γ’  γ order-disorder transformation happens during the heat 

exposure, where the transformation will be related to the volume change [22]. 

Fig. 5a and e show the cross-sectional SEM images of the as-deposited sample and the sample 

after heat exposure for 48 h, respectively. Enlarged views are also illustrated on the right of the 
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corresponding images. The bond coat undergoes two changes after heat exposure. First, the 

homogeneous β/γ mixed mono-layer changes to three layers: a γ layer at the top, a β/γ mixed 

layer and a γ layer at the bottom. Second, grain sizes of the β and γ phases in the β/γ mixed 

layer increase. Fig. 6 presents the volume fractions of β and γ phases in the bond coat as a 

function of heat exposure time, which were estimated based on the area fractions of each phase 

by processing the cross-sectional images of the coatings. The results show that the volume 
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fraction of γ phase increases with heat exposure time, whereas that of the β phase shows an 

opposite trend because of the phase transformation from β to γ phase. The phase transformation 

occurs at high temperature because it is inhibited during the fast cooling. Plots of volume 

fractions of the β and γ phases in the bond coat versus heat exposure time, t, can be fitted using 

the following functions [23]: 

 β0

m

ββ
βk ftf                           (18-a) 

γ0

m

γγ
γk ftf                           (18-b) 

where the subscripts “β” and “γ” refer to the β and γ phases, respectively; k and m are constants 

depending on the heat exposure temperature; fβ0 and fγ0 are the initial volume fractions of the β 

and γ phases, respectively. From fitting, the constants m of the β and γ phases are about 0.56 

and 0.60, respectively. This suggests that the phase transformation is diffusion-controlled. The 

phase transformation might change the bond coat’s volume and thus influence the high 

temperature stress in the bond coat. 
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4.2. Elastic strain of substrate evolution with heat exposure 
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Fig. 7a shows a typical example of the (311) plane spacing dΨ as a function of sin2Ψ. The 

acquired dΨ–sin2Ψ plots were fitted with a straight line. The well consistency of the two lines 

obtained from two tilting angles (+Ψ and –Ψ) indicates that the out-of-plane shear stresses and 

stress gradient in the X-ray sampling region are negligible. The elastic strain can be correlated 

with the slope by [10]: 

 

 















 

2

s sin

1

1

1 n

nhkl

dd

d
                        (19) 

where dn is the interplanar spacing along the surface normal (Ψ = 0). dn was estimated based 

on the (311) diffraction peak of the γ phase. With Poisson’s ratio of the substrate νs (= 0.31), 

the elastic strains in the bottom of the substrate, 
e

s (y = −hs) determined using Eq. (19) are 

shown in Fig. 7b. The strain evaluated by the X-ray only comes from the macro-stress, i.e., the 

elastic misfit between the bond coat and the substrate (See Appendix A for details). In as-

deposited condition, the bottom surface of the substrate is under compression. After heat 

exposure, the compressive strain increases slightly after initial heat exposure. Further heat 

exposure changes the compressive stress to tensile, and then the tensile stress gradually 
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increases. The analysis on this elastic strain evolution with heat exposure is also presented in 

Appendix A. 

4.3. Curvature evolution with heat exposure 

Fig. 8a presents the cross-sectional SEM images of the as-deposited sample (I) and 48 h heat-

exposed sample (II). The corresponding 2-D circle fitting profiles (curvature curves) are shown 

in Fig. 8b. For both samples, the bond coat is always on the concave side, and the curvature of 

the bond coat on the concave side is defined to be positive. The sample bends more after heat 

exposure for 48 h. The evolution of curvature ( ) with heat exposure time is presented in Fig. 

8c. It can be seen that the curvature is positive in as-deposited condition and increases with the 

heat exposure time. The curvature indicates that the total strain of the system increases with 

heat exposure. Then based on the measured elastic strains in the bottom of substrate, the 

curvatures of the system and the Eq. (5), the curvatures induced by elastic strain, e , and non-

elastic strain, ne , as a function of heat exposure time are calculated and shown in Fig. 8d. 
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5. Discussion 

5.1 The origin of high temperature stress in the NiCoCrAlY bond coat 

It has been demonstrated that, during high temperature exposure, the β phase gradually 

transformed to γ phase (Fig. 6), which induced by the TGO growth and the inter-diffusion with 

the substrate [10]. The β-γ phase transformation involves a volume shrinkage up to 38% [24]. 

To illustrate such volume shrinkage, the cross-sectional images around the sample edge were 

taken. As shown in Fig.9, with an increase of the time, the edge gradually shrinks, especially 

the γ layer at the bottom region of bond coat (the inter-diffusion layer). 

The observation is further confirmed by the corresponding edge profile in Fig. 9d. The 

horizontal dashed line presents the bond coat/substrate interface while the vertical gray dashed 

lines refer to the initial edges. The profiles clearly show that: 1) the edge of the bond coat 

progressively decreases as the exposure time increases; 2) the edge close to the coat/substrate 

interface, namely γ layer at the bottom of bond coat and the inter-diffusion layer of the substrate, 

shrinks more as the exposure time increases. Since the inter-diffusion zone of the substrate is 
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much thinner than the bond coat, the influence of this zone on the high temperature stress can 

be neglected. Therefore, the high temperature stress in the bond coat is mainly caused by the 

volume change of bond coat due to the β-γ phase transformation. 

 

5.2 Determination of the high temperature stress 

As indicated in the steps iii-v, provided that the elastic strain in the bottom of substrate (Fig. 7) 

and the curvature (Fig. 8) are known, the system’s curvature induced by non-elastic strain can 

be calculated. The influence of the TGO can be neglected since it was removed using NaOH 

solution. In the calculations, the elastic moduli of the bond coat and the substrate are listed in 

Table 1 [25, 26]. According to Eq.(17), the creep strain (
T

s ) are obtained and plotted in Fig. 

10. It can be seen that the compressive creep strain of substrate increases with heat exposure 

time.  
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The creep strain of the substrate is about −6×10-4 after heat exposure for 120 h (Fig.10). Since 

the β to γ phase transformation results in a volume shrinkage of ~38% [24], the strain in one 

direction, γ-β , is about −15%. Hence the average strain induced by the phase transformation 

for 120 h is about ΔfβΔεβ-γ = 15%×(−15%) = −0.0225, where βf  is the volume fraction 

change of β phase (about 15% from Fig. 6). It can be seen that the strain rate induced by the 

phase transformation is much larger than the strain rate induced by the creep, which implies 

that stress generation in the bond coat is much faster than the stress relaxation. Therefore, the 

stress in the bond coat is dominated by the phase transformation, which is proportional to the 

volume fraction change. The stress in the substrate (
T

s ) can be expressed: 

                  ββ m

s

m

ββ

T

s kkkk ttf                        (20) 

where k and ks are constants. This equation will be substituted into the creep equation 

 t,T

s

T

s  .  

If the creep of the substrate follows the dislocation creep mechanism, i.e., Norton’s law [27]: 
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where n is the stress exponent, which does not change with stress at a constant temperature; kB 

is the Boltzmann constant; and 

 TQDD R/exp vv0v                          (22) 

Since that the stress as a function of time has been obtained (Eq. (20)), the creep strain of the 

substrate can be written by: 

                        dtt
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B

vv

-1
T

s k
k

bB
                       (23) 

Subsequently, the constant (ks) can be obtained from fitting the creep strain-time data using Eq. 

(23), and the material parameters are summarized in Table 1 [27]. Finally the stress in the 

substrate at the high temperature (
T

s ) is obtained using Eq. (20) and the stress exponent (n) is 

0.34. It was reported that n should be > 3 under dislocation creep [28, 29]. This indicates that 

the substrate would be subjected to the diffusional creep (Coble and Herring-Nabarro creep) 

rather than the dislocation creep. 

To discuss the creep mechanism of the substrate, a creep mechanism map of the pure nickel for 

a grain size of 100 μm [17, 30] has been employed, due to lack of the data on the Hastelloy-X 

at 1150 °C. This map shows that Coble creep is in the lower part of temperature range (T/Tm < 

0.8), and Herring-Nabarro in the upper part (T/Tm > 0.8). The heat exposure temperature and 

the melting point in this study are 1423 K and 1726 K [26], respectively, therefore T/Tm is 
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larger than 0.8. In addition, the grain size of substrate is ~300 μm measured by EBSD 

(Appendix B), which is larger than the pure nickel in the map (100 μm). With an increase in 

the grain size, the Herring-Nabarro creep occurs more easily [17]. Therefore, the substrate was 

subjected to both Coble and Herring-Nabarro creep. 

The creep strain (
T

s ) in the both Coble and Herring-Nabarro regime can be expressed as [29]: 

  d t
Td
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where the effective diffusion coefficient, Deff, is presented by: 
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with 

 TQDD R/exp bgb0gb                         (26) 

and d is the grain size of substrate (around 300 μm). Then, the creep strain-time data (Fig. 10) 

was fitted using the Eq. (24). From fitting, the constant (ks) is obtained as −0.12 ± 0.02, and 

the high temperature stress in the bond coat 
T

bc  is 1.05 MPa at 12 h and increases 

parabolically to about 3.81 MPa after 120 h exposure, as Fig. 10(inset) shows. The high 

temperature stresses are agreement with those measured by X-ray [10].  

5.3 Effect of high temperature stress on the surface rumpling 

Fig. 11a presents the surface roughness of the bond coat ( bcq,S ) and the bulk alloy ( aq,S ) with 

different heat exposure times. In contrast to the bond coat, the bulk alloy shows a much smaller 
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roughness increase under the same condition, which is in agreement with the previous studies 

[23]. To elucidate the role of the bond coat stress, the surface roughness ( bcq,S ) is correlated 

with the stress (
T

bc ) at high temperature, as shown in Fig. 11b. It is evident that the surface 

roughness increases near-linearly with the tensile stress in the bond coat. This finding indicates 

that the high temperature stress in the bond coat might be the dominant factor for the surface 

rumpling. 

 

 

Nychka et al. proposed that the grain sliding in the bond coat at high temperature occurs in 

response to the compressive growth stress in the TGO, namely tensile stress in the bond coat 

due to the force balance [18]. On the basis of the stress results in this study, the bond coat stress-
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driven surface rumpling mechanism can be proposed: at high temperature, when the stress in 

the bond coat exceeds a critical flow stress, the grain sliding occurs and grains will move 

relative to one another with surface uplifts, leading to the surface roughening macroscopically. 

It is worth noting that such mechanism is universal, whether the high temperature stress in the 

bond coat is compressive (induced by volume swell), or tensile (induced by volume shrinkage). 

Schematic of the surface rumpling mechanism is shown in Fig. 12. The critical flow stress for 

the bond coat can be inferred by the surface roughness-high temperature stress plots (Fig. 11b) 

and is about 0.5 MPa, which is the minimum stress to active the grain sliding. The mechanism 

can be used to explain the surface rumpling behaviors of other two typical bond coats: 

1) Pt-γ/γ’ diffusion bond coat: 

The bond coat consists of a two phase γ and γ’ microstructure and exhibits a comparable 

strength with the superalloy substrate at high temperature [31, 32]. In addition, it has been 

found that the high temperature stress in this bond coat is close to zero (e.g., 1150ºC), due to 

the low stress and high creep resistance, the rumpling of this type of bond coat is negligible 

compared with β phase based bond coat [31, 32]. 

2) β-(Pt, Ni)Al bond coat: 

Such bond coat exhibits a significant volume change due to the progressive phase 

transformation from the as-deposited single phase β to a two phase β + γ’ microstructure and 

the inter-diffusion of elements after oxidation [18, 24]. This volume change leads to a 

significantly large stress. Since the β-(Pt, Ni)Al has a much lower resistant to plastic 
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deformation than the Pt-γ/γ’ bond coat at high temperature (e.g., >750 °C). Therefore, under 

the high temperature stress, the β-(Pt, Ni)Al bond coat exhibits an intense roughening [18]. 

Compared with the β-(Pt, Ni)Al bond coat, although NiCoCrAlY has a lower resistance [33], 

the interdiffusion between the bond coat and the substrate is less than the β-(Pt, Ni)Al. It might 

have a lower stress at high temperature and thus a smaller surface roughening. 

 

6. Conclusions 

This work has developed an analytical model to evaluate the high temperature stress in the 

bond coat. Main findings are summarized as follows: 

The methodology for estimating the bond coat high temperature stress includes the following 

steps: 

i. Preparing a bond coat/substrate sample first, performing the heat exposure, and then 

quenching the sample after required heat exposure; 
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ii. Measuring the curvature of the sample using the curvature method and the elastic 

strain of substrate using the X-ray sin2Ψ method; 

iii. Calculating the average creep strain of the substrate, obtaining the creep strain-time 

data; 

iv. Identifying the creep mechanism of the substrate, and using a proper equation to fit 

the creep strain-time data to determine the high temperature stress in the substrate. 

Then the bond coat stress at high temperature can be calculated based on force balance. 

Employing this methodology, the high temperature stress in NiCoCrAlY bond coat on 

Hastelloy-X substrate was investigated. The stress was induced by the volume shrinkage of the 

bond coat as a result of β-γ phase transformation, which is mainly due to the inter-diffusion 

between the bond coat and the substrate. It was found that the bond coat at high temperature 

was under tension, increasing from 1.05 MPa after 12 h to 3.81 MPa after 120 h at 1150 ºC. 

The bond coat surface progressively roughened with heat exposure. In contrast, a bulk alloy 

with the same composition exhibited a much smaller roughness increase under the same 

treatment, suggesting the stress in the bond coat, mainly due to the inter-diffusion, played a 

dominant role on the surface rumpling. 

The surface rumpling of bond coat exhibited a near-linear increase with the high temperature 

stress in the bond coat. It was proposed that the grain sliding in response to the high temperature 

stress in the bond coat is the dominant factor for the surface roughening. A critical stress is 

required to activate the grain sliding, which is about 0.5 MPa for NiCoCrAlY bond coat on 

Hastelloy substrate studied in this work.  
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Appendix A. Origin and analysis of the elastic strain evaluated by X-ray 

The elastic strains obtained by the X-ray sin2Ψ method could consist of macro- and micro-

strains for multi-phase materials, as previous showed [10, 32]. Therefore, it is necessary to 

identify the phase composition of the substrate. Fig. A.1 shows the montage of TEM bright 

field image of the substrate and the corresponding SAED pattern along the [100]-orientation. 

The TEM image reveals the fcc matrix (γ phase) free of any precipitates in the substrate. 

Therefore, the strains measured by X-ray only consist of the macro-strain induced by the elastic 

misfit between the bond coat and the substrate.  

 

The measured elastic strain in the bottom of substrate comes from two sources: 1) the residual 

high temperature strain after cooling process, and 2) the thermal mismatch strain between the 

bond coat and the substrate. In addition, the elastic strain can also decompose a uniform and a 

bending component according to the Eq. (4). The compressive elastic strain in the bottom of 

substrate in as-deposited condition results from the thermal mismatch between 25 to 800 °C. 

The compressive strains after heat exposure for 12 and 24 h, are the combined action of the 

residual compressive high temperature strain and tensile thermal mismatch between 25 to 
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1150 °C. After 24 h, the increase in tensile strain is caused by the thermal mismatch and the 

increasing bending component of strain due to the increase in curvature (Fig. 8). A full 

discussion about the strain evolution is beyond the scope of this report. 

Appendix B. Determination of the grain size of substrate using EBSD 

EBSD maps were used in this study to measure the grain size of substrate and obtain the crystal 

orientation. Since the samples were cooled in liquid-nitrogen, no grain growth occurs during 

the temperature drop. Fig. B.1a shows the typical EBSD maps of substrate after heat exposure 

for 12 h. From the EBSD maps, the grain size of substrate is not uniform and varies from 50 

μm up to an approximately 400 μm. The average grain size is around 300 μm. There is no 

obvious change in the grain size with heat exposure. The {100}, {110} and {111} normalized 

pole figures are given in Fig. B.1b-d. No crystallographic texture was observed from these 

figures, indicating that the substrate is isotropic and the elastic properties of the substrate is 

uniform. 
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