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ARTICLE INFO ABSTRACT

Keywords: A comprehensive model to predict the stress evolution in a multilayer coating during its use in
Concentrated solar power plants solar receivers is proposed. The model takes into account residual stress in the coatings, ther-
Multilayer coating mal gradient in the structure and high temperature phenomena like oxide scale growth and creep
Oxidation relaxation. The numerical tool developed in this work can help to understand the complex inter-
Creep relaxation play of these phenomena occurring in all the materials involved. Additionally, the present model
Stress evolution can be used to assess high temperature data like creep when it is compared with an experimental
Computer simulation case.

1. Introduction

The central receiver system, one of the main concentrating solar power (CSP) technologies is now moving to
the forefront and becoming an emerging option for large-scale electricity production. A CSP must demonstrate high
longevity (>30 years) while operating in extreme conditions : high temperatures, cyclic oxidation quelle REF?. The
periodic temperature changes and/or non-uniform temperature fields within the system during operation lead to the
generation of thermal stresses in the system. Moreover, as the operation period extends, high temperature phenomena
like creep deformation, oxidation as well as phase transformation take place, leading to the redistribution of stress field
in the system. The question of which material is the most suitable for different temperatures is still under study quelle
REF?.

Among the possible choices for the material of the receiver, multilayer coating systems appears as promising
candidates. In such systems, delamination and/or failure of coatings occur when the stress in coatings approaches
their critical strength, resulting in a loss of protection for the metallic substrate in high temperature environment. For
this reason, ongoing researches focus on stress evolution in multilayer coating systems subjected to external (thermal
and/or mechanical) loading(s) to fulfill the following objectives: 1) to understand the role of external loads and the
influence of the aforementioned high temperature phenomena 2) to estimate and further improve the reliability and
durability of the coating(s)/substrate systems for multilayer coating system in CSP technology.

To our knowledge, a comprehensive model that could fulfil these two objectives is lacking today. Although mod-
eling of oxide growth scale on metallic substrate combined with creep deformation can be found in literature [1-7], a
lot of characteristics of CSP solar receivers are not taken into account in the previous studies like 1) thermal gradient
induced in the system by the solar radiation flux on the top surface and heat exchange with of an heat transfer fluid
2) coating on all surfaces of the receiver 3) impact of initial residual stress in the coating induced by the deposition
technique. The purpose of this work is to provide a comprehensive model to predict the stress evolution of the system,
including initial residual stress, thermal gradient, oxide scale growth and creep relaxation. After a description of the
model, it is applied to a multilayer system composed of a molybdenum-based alloy coated with AIN polycristalline
film. This part aims at understanding the complex links between the existing high temperature phenomena. In a second
part, the model is applied and compared with an experimental case, an iron-based alloy coated with an AIN/Al,O5 mul-
tilayer subject to cyclic thermal oxidation. In that case, we show that the model can be used to assess high temperature
data like the creep activation energy.
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ORCID(S):
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2. Experimental details

For the substrates, a slow creeping oxide dispersion strengthened FeCrAl (Kanthal APMT, Sandvik) and a molybdenum-
based alloy (TZM, Goodfellow Metal, 99 wt% Mo, 0.5 wt% Ti, 0.1 wt% Zr and C) are chosen. The thickness of TZM
and APMT is 1 and 3 mm, respectively. Prior to AIN deposition, APMT is oxidised at 1100°C during 25 h to form
a 1.5 um thick alumina layer. This thermally grown alumina layer acts as an accommodation layer to avoid cracking
during AIN synthesis. 40-um-thick AIN coatings are deposited on all faces of the pre-oxidised substrate by chemical
vapor deposition. Details on deposition conditions are given in [8]. Briefly, in-situ produced AICl; (from reaction
between Al and Cl, at 800 K) reacts with NH; to form AIN at 1200°C. In-plane residual stress of AIN thin films were
estimated at room temperature after deposition by using the sin?y method.

Cyclic oxidation is performed in a laboratory furnace at 1100°C under air. The sample was then removed rapidly
from the furnace and naturally cooled down. After each cycle, the evolution of stress with oxidation time is obtained by
Raman spectroscopy and Photoluminescence piezospectroscopy (T64000 spectrometer, Horiba Jobin-Yvon) at room
temperature to evaluate the magnitude of stress in AIN and Al,O; respectively. The excitation source is an Art -laser
with 514 nm wavelength. Its power is adjusted to prevent shift of frequency resulting from heating of samples. The
bi-axial residual stress in AIN is determined with the shift of E, phonon frequency [9]. The residual stress in the
thermally grown alumina is deduced from the shift of the R-lines, coming from the photoluminecence of chromium
impurities [10, 11].

3. Model construction

3.1. Schematic representation

A typical, stress-free multilayer system with a substrate coated in both faces is schematically illustrated in Fig.
1. The n individual layers are stacked to the upper part of a substrate, while m layers are stacked to the lower part.
Each interface is considered to be flat and the bonding between two adjacent layers is considered to be perfect. The
z-axis coordinate is defined such as the mid-plane of the substrate is located at z=0. The subscript t and b denote the
layers above (z>0) or below (z<0) the substrate respectively, as well as i the layer number ranging from 1 to n (or m).
The t1 layer is in direct contact with the upper surface of substrate. The thickness of substrate, oxide, and individual
coating layers are denoted as 7, 1, , or ¢, ,, and 7, ,; or 7, ,; depending on their z position, respectively. 7, , represents the
thickness of the oxide grown on the top surface of the system whereas ¢, is that of the oxide on the bottom surface.
The z coordinate of the interface between the coating layers i+1 and i is defined as z,. ;; with the following relationship:

y i
Zopi = sign(k) - (ES + 2 Tekj)
= M

. 1 k=t
sign(k) = 1 keb

Moreover, the z coordinates at the outer-surface of the oxides are:

t

s
Zos = +

E Z‘c,ti + to,t (23)

n
i=1

¢ m
Zobh = _(ES + z tc,bi + to,b) (2b)
i=1

Usually, the total thickness of a multilayer coating system is much smaller than its in-plane dimensions (x-y plane).
The system could be considered to be an infinite thin plate (typically t;/ > 7., ; >100). In such case, its bending
results in an equal biaxial in-plane stress, i.e. o, = o,. Moreover, all materials are considered to be isotropic.

3.2. Model definition
The multilayer coating is deposited by chemical vapor deposition technique on a metallic substrate. During its
normal use in solar receivers, the coating/substrate system is subjected to thermal cycling under air between room

Chen et al.: Preprint submitted to Elsevier Page 2 of 18



Modeling coating systems for solar receivers

[ top oxide NI R | )

coating tn ' . tein

coating ti | tesi

coating t1 | [

substrate 4 top =

Coating b1 : : Toii

coating bi : Lepi

Coating bu j o Tom

(ST Ratom oxid I — e LR

(a)

Figure 1: Schematic representation of the multilayer coating system: (a) a typical stress-free multilayer coating system;
and (b) bending of the system induced by asymmetric stresses, leading to a convex curvature.

temperature and a high temperature plateau followed by an holding time at this temperature during several hours
(duration of sun exposure). Under such conditions, stresses will be developed in the system. Four contributions
are modeled in the present work : residual stress induced by the coating deposition (CVD), thermal gradient in the
multilayer coating system during its use in solar receivers, creep deformation and high temperature oxidation. Each of
these contributions are detailed below.

3.2.1. Residual stress induced by CVD

Prior to the CVD deposition of the AIN coating, we assume an initial stress-free state for the substrate at the
deposition temperature and a uniform temperature field within the system during deposition. Polycrystalline films
usually grow through the nucleation of discrete crystal clusters or islands on the substrate surface. Successive stages
including the growth of islands, impingement of islands and their coalescence take place to form a continuous surface,
and thus grain boundaries. The film thickness just after islands coalescence is usually of the order of 30 nm or less
[12]. Subsequently, the film evolves by grain coarsening and grain growth, which leads to further thickening [13]. The
evolution of growth stresses through these complex stages is not yet fully understood. However, for a given process,
the growth stresses are usually reproducible and the final values remain constant at ambient temperature for a long
time [14]. Therefore, it is assumed that the value of growth stress is constant for each coating (or film), and uniform
throughout the thickness of the corresponding layer.

In the present study, we suppose an elastic relationship between the growth stress and strain, as:

o = __Eei e, . 3)
c,g,i 1— Ve, c,g,i
where E_; and v, ; are the Young’s modulus and Poisson’s ratio of coating i respectively. o, ; is the final growth
stress for coating i, €, , ; is the corresponding strain. The opposite sign between stress and strain is due to the substrate
constraint. For the following analysis, ¢ >0 denotes tensile stress while o <0 denotes compressive stress.

Stresses arising from changes in physical environment also contribute to residual stress distribution within the
system. Different from the growth stresses, such externally induced stresses are commonly referred to as extrinsic
stresses. Generally, only the thermal stress is taken into account. The thermal stress is a consequence of thermal
strain mismatches due to different thermal expansion coefficients of layers and the temperature fluctuation from the
deposition temperature (T 1) to ambient temperature (T final)- FOr each layer, i, the thermal strain, €, ;, is written
as:

growt

Tfinal
€n.i =/r a;(TYdT “4)

growth

where a is the temperature dependent thermal expansion coefficient, Ty, and T f;,,; denote the deposition and final
temperature (generally equal to ambient temperature) of CVD growth respectively.
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Based on classical beam theory, Hsueh [15] assumed that the total strain of the system could be decomposed into a
uniform strain to maintain displacement compatibility and a bending moment induced by asymmetric stresses. The
total strain is thus described as:

Z_tB

€=c+

)
r

where c is the uniform strain, z=tp the position of the bending axis and r the radius of curvature. In Hsueh’s definition
[15], ris positive when the curvature of system (1/r) is convex, and vice versa (1(b)). The same formalism is used here.
The biaxial residual stresses in each coating (or film) and in the substrate are expressed as:

EC,,' z—1p
Oci = (C + r - ec,g,i - €c,th,i) (63-)

E z—1p
Oy = _ (C + P - es,th) (6b)

N

where E is the Young’s modulus, and v the Poisson’s ratio of materials. The stress distribution within the system is
depending on the three unknown parameters c, t,, and r, which can be determined upon three boundary conditions
[15]. The details are given below.

3.2.2. Thermal gradient in the multilayer

The previous section describes the stress inherent to the deposition of the coatings by CVD. In the following,
we consider stress arising from the use of the system (CVD grown layers and substrate) under solar radiation. Here,
we consider a general case in which the multilayer coating system is subjected to an imposed heat flux, q, at the
top surface only . The top and bottom surfaces of the system are rapidly heated up to different temperatures T, and
T, respectively. To simplify the problem, we assume that (1) the heat transfer within the system during the thermal
cycling is only steady-state conduction; (2) no interface, convection and thermal radiation resistance exist; (3) the heat
flux is maintained constant during the thermal cycle; and (4) the temperature of heat transfer fluid is the same as the
temperature at the bottom surface (i.e., Tyrp=T}).

According to the Fourier’s law, for the multilayer coating system illustrated in 1, the relationship between the heat
flux q and the surface temperatures can be expressed as:

L) - Ty@)

Rtatal(t) (7)
t.(t 1, (B 1,5 c L, [l(t) c I, 5i (D)
Ryt = —+ —+ — + +
rora j's /lo,t /lo,b i=1 c ti ; c bi

where T,(t) and T,(t) are time-dependent temperatures at the top and bottom surfaces respectively. R, is the total
thermal resistance of the system and A the thermal conductivity. It is assumed that thermal conductivities are constant
during thermal cycling. Then, we can derive the temperature at the position z for a given time t:

op(D—2Z
Ty() +q _” Zop(1) < 2 < Z py (1)
15(1) m
L0 -z tepi® 1,0
Ty +a(————— = ¥ =) Zepil) <2 S Zep-1)(®)
e,bi j=itl b ob
5(0)
T 0) = T, 4 (s - 3 1o _ a0 <zt (8)
5 b q A P /1‘>’b,- Ao,b 2 S
15(1) m
S04z =2 1) fesi@®) _ Top(®)
Ty () + (010 T ) Zegi-n() <z Lz (1)
: i= ’ ’
z,, (t) z Lo, (’)
Ty (1) + g(== Ry () + - ) Zen() <z < Z"”(t)

L

As it is described after, the thickness of the system will vary during the thermal cycling due to the oxidation of
coatings at high temperature. Therefore, the temperature field, T(z,t) is redistributed at each time step.
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3.2.3. Creep deformation
In the present study, to simplify the model, the secondary creep stage is assumed during thermal cycling since a
large fraction of the creep life is within this stage [16]. Based on Norton’s power law [17], a largely phenomenological,

macroscopic relationship between steady-state creep rate, €,,, and corresponding stress, o, is expressed as follows:

cr? cr?

€., = sign(o,,) - A - exp(— f}r) -0, ©
where A is the creep prefactor, k is the Boltzmann’s constant, Q,,. is the activation energy for creep, and n is the creep
exponent. Q,, is often found to be the activation energy of lattice self-diffusion [16]. The sign function sign(c,,) is
defined as o, /|0, |.

We assumed that heating and cooling periods are relatively short compared to the holding period, i.e., 10 h of
holding time and less than 1 min of heating and cooling. Therefore, creep behavior is neglected during the heating
and cooling periods, and the creep strains accumulate only during the high temperature plateau. Moreover, creep is
considered in all the elements of the structure: the coatings, growing oxide scales and substrate. The instantaneous
creep strain at z coordinate, €,,.(z, t), is written as:

€. (z,t +dt) =€,(z,1) +€,(z,1) - dt (10)

Here also, the creep strain is recalculated for each time step due to the evolution of the system structure and the
stress field during thermal cycling.

3.2.4. High temperature oxidation

During the high temperature exposure under air, oxidation takes place. Oxide scales are formed at the outer surfaces
of the system. The growth of scales is accompanied by the generation of a large residual stress due to the intrinsic
oxide growth strain in the lateral direction, resulting in the redistribution of the stress field in the system. Based on our
previous study, we assume a linear oxidation behavior for AIN [8]

When the oxidation is controlled by a surface reaction, the oxide scale grows linearly. We assumed that in this
analysis the lateral growth strain in the oxide, €015 is constant when oxidation follows linear kinetics, with a value of
€,,=0.001 deduced from our experiments. Furthermore, when the oxide scale grows, the coating thickness decreases.
Assuming an isotropic behavior for both coating and substrate, the decreasing thickness of the oxidized coating can be
expressed as:

Q'coatin 1

g\ =

_dtcoating =( )3 - dtaxide (1)
Qoxide

where Q.. and €4, are the volume of coating and oxide per metal ion respectively.

3.2.5. Summary of assumptions
The aforementioned assumptions are:

Initial stress-free state for substrate at deposition temperature, and a uniform temperature field in the coat-
ings/substrate system during deposition;

Temperature field in the system is assumed to be uniform at ambient temperature;

Steady-state thermal conduction within the system when it is subjected to thermal loading;

Secondary creep and oxidation take place only at high temperature, and are neglected during the heating and
cooling periods;

Creep strain accumulates following Norton’s power law;

Constant intrinsic growth strain for coatings and constant thermal conductivities during thermal cycling;

The lateral growth strain remains constant when the oxide growth is linear;

Perfect bonding between two adjacent layers.
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According to the assumptions shown above, creep strain is updated for each time step :
€. (z,t + A1) = €,,.(z,1) + €,.(z,1) - AT (12)
with

A At during the holding time at the high temperature plateau (13)
T =
0  during the heating and cooling process

where At is the time increment and At the increment of holding time. In the case of oxide growth with a parabolic
law, the lateral strain, €,; must also be updated for each time step (eq. 23 in Appendix A).

3.2.6. Stress evolution and simulation procedure
Following Eq. 5, the instantaneous total strain, e(z, t), at the position z is expressed as:

z —1g(1)
r(t)

where c(t), tg(t) and r(t) are the time-dependent uniform curvature, bending axis position and radius of curvature,
respectively (see Eq. 5).

Thus, the general set of equations for the calculation of biaxial stress at the position z, 6(z, t), can be written as:

e(z,t) =c(t) + (14)

-

6,5(2,1) = IJ—E(::,) [€(z,1) = €51 p(2: 1) = €y crp(Z:8) = €515 — €0 ] Zop(t) £ 2 L 2 (D)
o-c,bi(z, t) = %[e(z, 1) — ec’th’b[(z, ) — €C’c,’b[(z, 1) — €C’g’b,-] Zc,bi(t) <z< zc’b(,-_l)(t)
Yo,(2,1) = 26z, 1) = € y(2) = €r (2. 20 <z W0 (15)
Gc,ti(z’ t) = %[6(2, t) — ecyth’n-(z, 1) — ec’c,’ﬁ(z, 1) — ec’g,”] zc’,(i_l)(t) <z< zc’”(t)
o-o’,(z, 1) = 1_‘:;{ le(z,t) — eo’,h’t(z, 1) — eo’c,’t(z, t) — €olt — €O,t] zc’m(t) <z< zo,,(t)

where €, €,,, and €, are respectively the creep strain (egs. (9) and (12)), the lateral growth strain and the intrinsic
CVD growth strain (Eq. 3) in the coatings and the thermal strain. ¢, and ¢, represent the total strain at the top
and bottom surface of system just before the formation of first layer of oxide, respectively. The instantaneous thermal
strains, €,;, are defined as the expansion due to temperature change from the temperature at which the stress-free state
could be assumed to the instantaneous temperature at the position z, such as:

-

T(z,1)

eo’th’b(z, t) - Toxide(2) ao’b(T)dT Zo,b(t) <z< Zc,bm(t)
T(zt)
Cotnbi(2:1) = Tgr:wrh bi @ p (AT z, (1) < 2 < 2y 1y(0)
T(z.0) —1,(0) 1,(t)
1 6inE D = Sy AT SR < 2S5 (16)
T(z,t)
€C’th’ti(z’ H= Torowtni ac’”(T)dT Zc’f(i—l)(t) <z= Zc,ti(t)
_ [Tz
eO,th,r(Z, f) = T, ige(2) ao,,(T)dT Zc,m(t) <z< Zo,t(t)

T(z,t) is the instantaneous temperature at the position z (Eq. 8), Ty, i the CVD growth temperature and T, ;4,(2)
is the oxidation temperature (temperature of the oxidation plateau) of the oxide scale at the position z.
Three boundary conditions are used to determine the three unknown parameters c, t,, and 1 :
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(1) The resultant force due to the uniform strain component is zero, therefore:

Zc.,bm(t) EO b
/ —[c(z,1) — €,p p(2:1) — €5 0r p(2,1) — €, (2, 1)]d 2
Zo (1) L=V

n Ze p(i—1)(®) E.,;
+Y / - (€2 1) = €0y pi(Z:1) = € crpi(Z:1) = €c g (2 D]d 2
i=1  Zepi(®) = Ve.bi

2

B ezt = e p(zat) = € (2. 1)d2 (17

_ts0 1 —v
B N

n

Zeui(t) Ec ti
+ / =, [e(z, 1) — €0 1p1i(Z, 1) — €0 cppi(2:1) — ec,g’ti(z, NHldz
Zeyion® 1 T Ve

i=1

Za,r(t) EOI
+ / o 1o v [c(z,1) = €, 4p (2, 1) — €, 04 (2,1) — €, (2,1)]dz =0
Ze m(l o,t

(2) The resultant force due to the bending component is zero, therefore:

/wa’""(') Ep z-— tB(t)d N i /z”v”("‘“(’) Eop z- fB(f)d
. z . 4
zZ Z

o,b(t) 1- Vo,b I'(t) i1 c,b[(t) 1- Vc,bi r(t)
150 n
T OE,  z—tg(t i E.uo z—1p(t
Bl PN / i 27150, (18)
_% 1 —v, r(t) = Sz 1=,y r(t)

Za®) E z—tp(t
N / o 2oip®)
Zc,tn(t) l - Vo,t r(t)

(3) The sum of bending component with respect to the bending axis is zero, therefore:

Ze pm(1) m Ze p(i—1)(1)
/ 6,5(z, 1) - [z —tp(®)]dz + Z / 6.pi(z,1) - [z —1p(1)]dz
V4 V4

o,b(t) i=1 c,bi(t)
L0 no ez )

+ /u(r) o,(z,1) [z —tg()ldz + 2/ o 0..i(z,1) - [z—tp(1)]dz 19)
- i=1 ¥ Ze(i-1)

Zo /(1)
+ / 6,,(z,1) - [z—tp(H)]dz=10
Z(:,m(t)

Eq. 17, Eq. 18, Eq. 19 are iteratively solved with a MATLAB (MATLAB 2019a) code and the resolution of this
set of equations is done by a genetic algorithm. To simplify the model, it is assumed that the increase of the oxide
thickness on the high temperature plateau is small. Thus, the oxidation temperature of the top surface, T, and of the
bottom surface T, are assumed to be constant on this plateau. The initial and final temperatures of each thermal cycle

are defined as T,,;;,,,=25 °C. The procedure is shown in Figure 2 and the main steps are summarized as follows:

Step 1: Initiate the multilayer coating system, €,.,.(z,0) = 0, and €, ; = 0.001. Impose the CVD growth strain in coating
i, €, ;» the deposition temperature T,,,,., and the final ambient temperature T ,,p;¢p;-

Step 2: Calculate the residual stresses within the system using eqs. (4) to (6), and the three boundary conditions
described in the eq. (17) to eq. (19); then, impose the heat flux q and start the thermal cycling;

Step 3: Impose a time increment At;

Step 4: Determine the instantaneous z coordinate, z(t), using egs. (1), (2) and (11);

Step 5: Determine the temperature field T(z,t) within the system using Eq. 8;

Step 6: Determine the thermal strain field €,,(z, ) using Eq. 16, update the creep strain field €,,.(z, t);

Step 7: Solve eqs. (17) to (19) by a genetic algorithm to obtain c(t), t,(t) and r(t);
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Initialize model

{ Calculate residual stresses at Tumpient }

l

Update the thickness of oxides and coatings and }

determine the instantaneous z coordinate z(t)

l

Determine the temperature field T(z,t) }

l

{ Update the thermal strain field e, (z, ), creep stain }

field €.(2,t) and oxide lateral growth strain €, (t)

Update model,
impose time Determine the lateral strain rate field é, (t)
increment At l

Determine the total strain field e(z,t)
and the corresponding stress field o(z,t)

[ Determine the creep strain rate field é.,(z,t) }

I

End of
analysis?

no

Figure 2: Flow chart of the model.

Step 8: Determine the total strain field e(z,t) and the corresponding stress field o(z,t) using eqgs. (14) and (15); then
update the creep strain rate field €,,.(z, t) for the next iteration with eq. (9);
Step 9: If it is the end of the thermal cycling, finish the analysis; otherwise, back to Step 3 for next iteration.

A comparison of results from the present analytical model and from a Finite element analysis (FEA) has been
performed to verify the accuracy of the proposed analytical model. Details on the FEA model and the validation of
the analytical model are given in the Supplementary Material (Figures S1-S3).

4. Results and discussion

The AIN/TZM system appears to be a potentially ideal system for solar receivers thanks to the exceptional ele-
vated temperature strength of TZM. Also, AIN has a reasonable oxidation resistance [8] and has a thermal expansion
coefficient close to the one of TZM. Therefore, such multilayer system is used for the following discussion, Figure
3(a). The 1-mm-thick TZM substrate is covered on all faces with a 60-pum-thick polycristalline AIN coating. Materials
parameters are given Table 1. The residual stress at room temperature induced by CVD deposition has been estimated
to 1290 MPa (e, ,=-0.003) according to the sin®y method. A discussion on the residual stress in AIN coatings and
its effect on global stress evolution during thermal cycling is given in the Supplementary Material (Figure S6). The
simulation is performed for ten cycles, one cycle corresponds to ten hours.

4.1. Effect of oxidation

The heat transfer fluid and the heat flux are respectively set to 1000°C and 10 MW-m~2. Such boundary conditions
leads to a temperature difference of 137°C between the the top and bottom surface of the system. When the oxide
scale growth is taken into account, the geometry of the system will evolve with time due to consumption of the AIN
layer and the growth of the corresponding alumina. The thickness of the oxide scales and coatings versus time are
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Table 1
Material properties of TZM, AIN and Al,O; used in the complete model.
Properties TZM AIN AlO, Reference
Young's modulus E (GPa) 320 340 379 [6]
Poisson's ratio v 0.3 0.21 0.25 [6]
Thermal conductivity 4 (W-m~!.K™1) 103.5 30 10 [18, 19]
Thermal expansion coefficient « (1076-°C~!) fifth-order fitting: a = Z,-S:o BT! [20]
B, (1076-°C!) 5.171 2.474 5.077
B, (106-°C-2) -5.918x107 1.117x10°2 1.432x10°
B, (1076-°C3) 3.522x1073 -1.328x1073 -2.305%x107°
B, (1075-°C™*) -5.012x1078 8.680x107° 2.064x1078
B, (1076.°C~3) 3.164x107! -2.950x10712 -8.839x10712
B (1076-°C%) -7.078x1071 4.057x10716 1.425x1071
Creep exponent n 3.03 1 1.65 [21]
Creep prefactor A (MPa=™-s7!) 1.796x10° 2.928x10'° 6.472x10° [21]
Creep activation energy Q,, (kJ-mol™!) 481 586 460 [21]
Oxidation kinetics / linear €,,=0.001 Experiment
(O;(lgd.i:](irg.ﬁf)exponentlal factor k, / 35.02 / Experiment
Oxidation activation energy E, (J-mol™) / 9.732x10* / Experiment
Volume per Al ion Q (m?) / 2.091x107% 2.132x107% [22]
10 60
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(a) (®) (©

Figure 3: (a) Schematic representation of the AIN/TZM system during operation and thickness evolution of the (b) oxide
scales and (c) AIN coatings on the front-side and backside of system.

presented in Figure 3. Due to the temperature difference established in the system, the oxide growth rate at the top
surface of the system is 2.5 times higher than that at the bottom surface.The thickness exchange factor (from AIN to
Al,O3, eq. (11)) is around 1.01. Therefore, the increase of the total thickness of the system due to oxide scale growth
is not significant. However, the transformation from thermal conductive AIN to less thermal conductive Al,O5 leads
to a redistribution of the temperature field and related thermal strain field during thermal cycling. As illustrated in
Figure 4, the temperature in both coatings and substrate increases with the time. Due to the growth of oxide scale,
the temperature at the top surface of the system is 12 °C higher after 10 thermal cycles. Although it might not be
significant for short high oxidation exposure, it could become relevant for longer time since the creep strain will be
redistributed due to this temperature evolution according to the Norton’s creep power law (Eq. 9).

Figure 5 presents the time evolution of bending curvature with non-growing and growing oxide scale during ten
cycles. Within one cycle (i.e. label 1 to 3), the system goes from a non curved state at room temperature to a concave
shape during heating up to the high temperature plateau and return back to a a slightly convex shape during cooling.
Indeed, the large temperature change leads to a significant enhancement of thermal strain mismatches between the AIN
coatings and the substrate. To compensate such mismatches, the bending strain is strongly reduced to maintain the
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Figure 5: Evolution of the curvature of the system with and without oxidation. Triangles represent the value at ambient
temperature

system equilibrium. Additionally, the curvatures at the high temperature plateau decrease with exposure time at the
beginning of thermal cycling, followed by an increase of the curvature. The oxidation of AIN has almost no influence
on the curvature.

In order to understand such behaviour, the evolution of stresses and creep strains in the growing oxide scale, AIN
coatings and substrate is investigated, as plotted in Figure 6. Figure 6(a) represents the spatial evolution of stress on
the high temperature plateau during the thermal cycling. Globally, the stresses in both AIN coatings and substrate
are almost unaffected by the presence of growing oxide scales (see Figure S4 in the Supplementary Material). Top
and bottom AIN coatings are in tension during the thermal cycling with a value around 1000 MPa during the first
cycle. The substrate is under compression with a value around -120 MPa. During thermal cycling, the top AIN coating
undergoes creep relaxation and the stress decreases to 550 MPa after 10 cycles, while the stress in the bottom AIN
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Figure 6: (a) Normal stress distribution in the system during thermal cycling. Effect of oxidation on the creep strain on
the high temperature plateau in (b) top AIN coating, (c) bottom AIN coating and (d) the substrate.

coating decreases only to 900 MPa. As the creep deformation rate is a function of material temperature (Eq. 9), and
the bottom AIN coating is cooler than the top AIN coating, the development and accumulation of creep strain in the top
AIN coating is more significant. Stress in the top coating is therefore rapidly relaxed. This is further illustrated with
Figure 6(c) and Figure 6(b) where the creep strain is plotted versus time. The creep strain in the top AIN coating is two
order of magnitude higher than in the bottom coating. In the thick substrate, fast stress relaxation and creep saturation
takes place at the AIN top coating/substrate interface (z=0.5 mm), while stress accumulation and acceleration of creep
strain is observed at the AIN bottom coating/substrate interface (z=-0.5 mm, Figure 6(d)). The stress relaxation at the
AIN top coating/substrate interface reduces the corresponding creep strain rate, which in turn, decelerates the following
stress relaxation. Such a negative feedback leads to a saturation of creep strain. On the contrary, compressive stress at
the AIN bottom coating/substrate interface slightly increases during the first thermal cycle. This stress accumulation
results in an increase of creep strain rate. As time extends, the generation of irreversible creep strain accelerates,
resulting in an increase of stress. Therefore, the slope of stress distribution is reversed from negative to positive due to
such asymmetric evolution on both surfaces of the substrate (Figure 6(a)) during the first cycle and the stress gradient
in the system is further strengthened with the number of cycle. This enhancement of the system asymmetry explain
the increase in curvature as observed in Figure 5. Finally, the different oxide growth rate at the top and bottom AIN
coatings reinforce the system asymmetry which give a slightly higher curvature value.

4.2. Effect of heat flux on the front side

The heat flux q is varied from 0.5 to 10 MW-m™2 to illustrate the effect of temperature gradients on the stress
evolution. The q=0.5, 1 and 10 MW-m~2 are adopted to represent the low, medium (realistic) and extremely high
thermal load during thermal cycling. The temperature of the heat transfer fluid is 1000°C and the oxide growth scale
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Figure 7: Temperature distribution along the z direction when the system is subjected to different solar heat fluxes.

is considered.

As shown in Figure 7, the initial temperature difference (just after heating in the first cycle) in the system is 137, 14
and 7 °C for a heat flux of 10, 1 and 0.5 MW-m™2 respectively. For 10 MW-m™2, the large temperature difference within
the system gives rise to the asymmetrical evolution of stress and creep strain as discussed previously. By contrast, the
overall temperature difference can be neglected (less than 15 °C after 10 thermal cycles) when the imposed heat flux
is low (<1 MW-m~2). The corresponding difference of creep strain rate is also reduced in each individual layer, and
the stress evolution on both side of the system can be consider symmetric. As a result, the curvature remains nearly
constant with a low value (below 0.1 m™1), as illustrated in Figure 8(a).

For all cases, large compressive stresses are developed in the oxide scale just after heating in the first cycle, around
-515 MPa (Figure 8(b)). As time increases, creep strains develop in the top (z>0) and bottom (z<0) oxides and leads
to a stress relaxation in both oxide scales. As a result, the stress on the high temperature plateau reach almost zero
after 10 cycles. However, the stress is tensile (> 600 MPa) at ambient temperature due to the higher thermal expansion
coefficient of Al,O5. Such large stresses may induce cracks, interfacial delamination and/or spallation of oxides. This
phenomenon suggests that the design of a multilayer system should account for stresses at both high temperature and
ambient temperature as the opposite sign of stress can affect the system durability in different ways [7].

In the AIN top coating, stresses evolve nearly elastically (up to 930 MPa on the high temperature plateau) with a
low heat flux (<1 MW-m~2). When the imposed heat flux is higher, the higher temperature in the top coating gives rise
to higher creep strain and a more significant stress relaxation (Figure 8(c)). Same trends have been observed for stress
at the center of substrate (Figure 8(d)). Moreover, for heat fluxes of 1 and 0.5 MW-m~2, the stress gradient within the
thick substrate is negligible, while a high heat flux of 10 MW-m~2 generate a complex evolution of stress field in the
substrate as discussed in the previous section.

4.3. Effect of heat transfer fluid temperature

The heat flux is considered to be constant with a value of 1 MW-m~? in the following analysis. Three different
heat transfer fluid temperatures, 900, 1000 and 1100 °C, are selected in the current analysis to illustrate the influence
of the targeted heat transfer fluid temperature (Tyrgr). The temperature difference within the system is less than 15°C
for these three cases. The corresponding temperatures at the top and bottom surfaces are given Table 2.

Figure 9(b) summarizes the evolution of curvature and stress at the three representative positions as a function of
the heat transfer fluid temperature. The curvature is strongly affected by the heat transfer fluid temperature. For Tyyg
of 900°C and 1000°C, the curvature remains nearly constant with a low value (below 0.08 m~!.) while the curva-
ture decreases and subsequently raises for Tyg of 1100 °C. Indeed, while increasing Tytg, despite the insignificant
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Figure 8: Effect of heat fluxes on (a) evolution of the curvature, and stress evolution at (b) oxide/AIN top coating interface
(on oxide side), (c) AIN top coating/substrate interface (on coating side) and (d) the center of substrate; triangles represent
the curvature and/or stresses at ambient temperature.

Table 2
Temperature at the top surface of the system and the thickness of the top and bottom oxide scales after 10 thermal cycles.

Thickness (xm)

T,(C) T, (°C) Top oxide Bottom oxide

900 914 2.4 21
1000 1014 52 4.7
1000 1115 10.0 9.2

temperature difference, the reduce of stress gradient in the thick substrate is accelerated due to the larger creep strain
(higher temperature). Stresses are rapidly redistributed, leading to the sign change of the stress distribution slope.
Stress gradient is subsequently enhanced as discussed previously. As a result, the curvature increases.

Figures 9(b)-9(d) show the stress evolution at the three representative positions. As expected, the high Ty leads
to the fast stress relaxations in each individual layer because of temperature dependence of creep strain rate. These
findings are consistent with the discussions given before. For Tyrg of 1000 °C, it is interesting to note that stress in
the oxide scale relaxes while the evolution of that in both AIN top coating and substrate remains nearly elastic. This
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Figure 9: Effect of temperature at the bottom surface on (a) evolution of the curvature of the system, and stress evolution
at (b) oxide/AIN top coating interface (on oxide side), (c) AIN top coating/substrate interface (on coating side) and (d)
the center of substrate; triangles represent the curvature and/or stresses at ambient temperature.

can be explained by the better creep resistance of AIN and TZM. Nevertheless, the faster relaxation of stress, however,
results in larger tensile stress at ambient temperature in oxide scale (260 MPa and 950 MPa respectively for 900°C and
1000°C).

In spite of small thermal mismatches between AIN, TZM and Al, O3, cooling at the end of each thermal cycle gives
rise to a reversal of stress in oxide from compressive to tensile.

4.4. Assessment of creep properties

We have investigated various factors in the previous sections to study how the daily operation in solar receivers alter
the stress evolution within a multilayer coating system. The above discussions show that the use of a refractory-based
alloy as substrate can induce huge tensile stress in the oxide scales during the cooling stage. This is due to its lower
thermal expansion coefficient than that of Al,O5. In this section, we consider the relatively slow-creeping FeCrAl
alloy, APMT, as the substrate. As it has a larger thermal expansion coefficient, compressive stress are introduced in
the oxide scales during the cooling stage.

We also compared the experimental measurements and stress predicted by the proposed analytical model. The
thermomechanical properties of APMT are summarized in Table 3. Due to the lack of creep properties for APMT, we
herein use the creep parameters of another ODS FeCrAl alloy (MA956) for the calculations [6].

Figure 10 depicts the evolution of stresses at ambient temperature in the top oxide and AIN top coating by ex-
perimental measurements (blue points and curves) and model calculations (orange and green curves). The orange
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Table 3

Material properties of APMT used in the model.

Properties Values Reference
Young's modulus (GPa) 220 [23]
Poisson's ratio 0.3 [23]
Thermal conductivity (W-m=1.K-! 27 [23]
Thermal expansion coefficient (K™!) fifth-order fitting [23, 24]
B, 10.768 K-

B, 4.059x107% K~

B, 5.860x10~% K3

B, -6.174x107° K~

B, 1.065x107!1 K3

B, 4.569x10715 K6

Creep exponent n 4.98 [25]
Creep prefactor A (MPa™-s7!) 78.978 [25]
Creep activation energy (J-mol™") 4.530x10° [25]
Oxidation kinetics parabolic [6]
Oxidation constant k, (m*-s™") 2.366x10°!7 [6]
lateral growth strain rate constant 4.250x10* [6]

curves represent the calculation using creep properties of AIN listed in Table 1, while the green curve represents the
calculations assuming a fast-creeping AIN (A,=2.928x10'> MPa~"-s~1). For the oxide scale, results obtained by the
current model are in good agreement with experimental data with a shift of around -0.5 GPa. The stress decreases
gradually with the increase of oxidation time. On the contrary, the slow-creeping AIN leads to a gradual decrease of
stress (orange curve in Figure 10(b)), which is in contradiction with experimental measurements. However, when AIN
creeps faster (green points and curve), the feature of stress evolution is similar to that of experimental results, but there
still exists an offset of around 0.5 GPa. This indicates that the creep parameters used in the model is not sufficiently
accurate. In reality, AIN creeps faster. It is also suggested that the creep properties of AIN are related to its grain size
[26]. This is one of the key points to be addressed in a future study.

Moreover, it should be pointed out here that, unlike the previous analysis using TZM as the substrate, large com-
pressive stresses are introduced into the oxide scales and AIN coatings during the cooling stage because the thermal
expansion coefficient of APMT is much larger. The steady stress evolution in the oxide scale and the coating (>10 h)
indicate that stresses at high temperature are fully relaxed and tend to be stable. Therefore, the stresses at ambient tem-
perature is solely determined by the thermal mismatches within the system. The offset between experimental results
and model calculations, however, is mainly due to the use of inaccurate thermal expansion coefficients.

5. Conclusion

With the analytical model developed in this study, we have investigated the durability of the multilayer system for
its use in solar receivers. In operation, multiple high temperature phenomena like oxidation and creep relaxation occur.
The numerical tool developed in this work can help to understand the complex interplay of these phenomena in all the
materials involved.

Our observations suggest that variations of curvature are not only determined by the temperature difference (related
to the imposed heat flux), but the temperature in the material (which determines the creep strain and oxidation rate) as
well. In general, employment of a low to medium heat flux and/or a low to medium heat transfer fluid temperature helps
in maintaining the curvature in an acceptable interval (< 0.1 m-1) in the duration investigated (100 h) and therefore
increasing the durability of the multilayer system. Additionally, the thermal mismatches between the oxide, coating,
and substrate should be reduced as much as possible. The choice of material having smaller thermal expansion (than
the oxide) as the substrate will lead to a tensile residual stress in the oxide at ambient temperature, which is considered
to cause cracking and spallation of the oxide scale.

Finally, with the possibility to optimize the multilayer design (materials, architecture) in order to minimize the
stress evolution, the present comprehensive model can contribute to improve the durability and performance of the
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future CSP plants.
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6. References
A. Case of oxide growth with a parabolic law

In the case of diffusion-controlled oxidation, the oxide growth follows a parabolic law such as:
1
.12 (20)

where kp is the kinetic constant, and t is the oxidation time. t, is defined in the previous sections as the oxide scale
thickness.

During isothermal oxidation, the oxide scale freely grows in the lateral direction as well as thickening if the adjacent
layer does not impose any constraint. Since the oxide is not free to expand laterally, the oxide scale is constrained
and in-plane stresses are induced [27]. The lateral growth strain corresponds to the expansion of the oxide scale in
the lateral direction under hypothetical stress-free conditions. In the case of diffusion controlled oxidation of metals,
Rhines and Wolf [28] pointed out that the counter-current diffusion of cations and anions leads to the formation of
new oxide along grain boundaries lying perpendicular to the interface. This results in the generation of lateral strain.
The addition of very thin extra scale can generate large stresses [28]. If the oxide is formed at the oxide/alloy interface
(location B) or outer-surface (location C), no lateral strain will be created. Based on the work of Rhines and Wolf [28],
Clarke [29] developed a model using edge dislocation climb process to model the lateral growth strain. The model
predicts the linear relationship between lateral strain rate, ¢, ;, and oxide thickening rate, 7,,, in the absence of any stress
relaxation [29]:

o,l>

éO,l = 7’]1 . io (21)

where #; is a coefficient as a function of kinetic parameters.
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In the case of the oxidation of nitride ceramics, few studies have focused on the stress evolution during high tem-

perature oxidation. Therefore, eq. 21 is extended to the oxidation of ceramic coatings in the present study. Moreover,
as for creep deformation mentioned above, the oxidation is assumed to take place only during the holding period. The
lateral strain is considered to be independent of the position z and uniform throughout the thickness since the thickness
of the oxide scale is assumed to be very small for each time step [7]. Thus, the time-dependent lateral strain of oxide,
€,,(1), can be written as:

€t +dt) = €,,() + €,,(t) - dt (22)
Therefore, the lateral strain, is initially set to zero (e, ;(0) = 0) and updated for each time step :
€o7l(t + At) = €0,l(t) + €0,l(t) . AT (23)

Then the lateral strain rate €, ,(¢) field is calculated for the next iteration with egs. (20) and (21).
A comparison of stress evolution between linear and parabolic oxide growth is given in the supplementary material

(Figure S5).
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