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Abstract. An elasto-plastic finite element method is developed to predict the residual stresses of ther-
mal spraying coatings with functionally graded material layer. In numerical simulations, temperature
sensitivity of various material constants is included and mixture law is used to depict the constitutive
behaviors of FGM layer. The optimized distribution form of the volume fractions of constituents in
FGM is obtained by the first order optimization method in the AL,O3—Ni system. At the same time,
Effects of geometry and materials behaviors on the optimization result are also investigated numeri-
cally. When the length of specimen, the width of FGM layer and thermal expanding coefficient of the
substrate material increase, the optimized distribution parameter p decreases obviously. It is found
that the optimization of the constituent contents in FGM reduces the magnitude of residual stresses to
a large degree and makes the maximum residual stresses to shun the weakest part of the coating
structure.

Introduction

Thermal spraying coatings have been used widely in many fields such as aviation industry, power
engineering, because this kind of materials system possesses synchronously the perfect properties
against the high temperature, wearing and eroding of ceramic materials, and high toughness of
substrate materials [1].

In coating structures, the apparent differences of thermal physical and mechanical properties exist
between the substrate material and ceramic coating. The mismatch will result in the concentration of
stresses and the deformation in the interface between the substrate and the ceramic layer, when the
coating structure is cooled in the production process. Specially, in the intersection region of interface
and free edge, the singularity of stresses will occur and induce the initiation of micro crack. Hsueh et
al [2-7] investigated the dependences of magnitude of residual stresses on the sample dimension,
materials properties etc. by using the experimental observations, analytical solutions and numerical
simulation method respectively.

In order to improve the service performance of thermal spraying coatings, the concept of
functionally graded materials (FGM) was introduced. People believe that the FGM layer between the
substrate and coating layer can decrease the residual stress in the materials system to some degree, at
the same time, and can upgrade the interface strength. However, how to select the appropriate
microstructure and distribution forms of various constituent contents in FGM layer, which agitates the
new interesting of research work. Some important conclusions were obtained and presented by
Kawasaki et al [8-11] and Drake and his colleagues [12-13] in their papers respectively. But, they did
not use the iteration optimization algorithm, and only discussed several special cases of the designing
variables space.

In this paper, some elementary knowledge about the optimization is introduced and applied in the
FEM code. The plastic deformations of FGM layer and the substrate material, and the dependence of
material properties on the temperature are considered in the numerical simulations, to obtain an
accurate description about the mechanical responses of thermal spraying coatings.
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Problem Formulation

In Fig.1, the typical coating structure with FGM layer is shown.
The Al;O3-Ni is selected as the subject investigated. Al,Os is
used as the ceramic coating against high temperature, while the
Ni, a kind of refractory alloy, is adopted as substrate materials. In |
this paper, an assumption temperature dropping from 800K to ¢ Ni
300K is used to study the residual stresses resulted from the . ~
cooling in the production process.

In the two-dimensional plane strain model, the controlling
equations and the boundary conditions are,

Fig. 1 Sketch map of coating
structures with FGM layer
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where, u;, 0y, &, &' &P, and gij(’ denote the displacement, stress, strain, elastic strain, plastic strain
and temperature strain, 4 and u are the elastic constants, a and AT are the thermal expending
coefficient and temperature rising respectively.

The simple linear elastic model is used to describe the behaviors of Al;O3, while isotropic
hardening bilinear model is considered as constitutive law of alloy substrate. As to the FGM layer, the
mixture law, which was presented by Tamura ef al [14] and shown in Fig. 2, is applied in this paper,
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where ¢ =4.5 GPa, o, opand o denote the true stresses in ceramic phase, alloy and graded layer, &,
gpand & are the corresponding strains, V, and ¥} denote the volume contents of two constituents in
FGM.

Tab. 1 Materials parameters of Al,O3 and Ni

Material Temperature ;::ls(: . TEC Youngs Hardening modulus  Poisson
-1

K] [MPa] [K™] Modulus [GPa] [GPa] rate
Al,O3 / / 7.4e-6 380 / 0.25
300 148 10.4e-6 74 0.67 0.31
400 153 11.4e-6 76 0.66 0.31
. 500 140 12.4e-6 70 0.65 0.31
Nickel 600 138 13.4e-6 69 0.64 031
700 115 14.4¢-6 57 0.33 0.31

800 100 15.4e-6 53 0.22 0.31
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where % is the width of FGM layer, y’denotes the distance to the ol
upper surface of the substrate. p is the controlling factor of content
distributions of various constituents, and is selected as
optimization design variables (ODV).

In Tablel, the mechanical parameters of ceramic coating ro > .
material and the substrate are listed. Fig. 2 Mixture constitutive law
of FGM layer

Optimization Algorithm

In this section, we introduce the first order optimization method simply, which is used in our work.
The optimization design variables can be denoted as following vector [15],

=[x, x - x] (12)
x £x, £x!, (i=123,..n). 13)

where Eq.13 describes the span of design variables. # is the number of design variables. The
objective function is indicated by,

f=r). (14)

In the optimization, the constraint conditions can be expressed by the status variables, which are
the functions of design variables.

g (¥ <g’ (i=123,.m)
h < h,(X) (i=123,.m,) (15)
w <w(X)<w!  (i=123,..m,)

m=m +m,+m,. (16)

Where g;, A and w; are the status variables, m is the total number of various kind of constraint condi-
tions. By now, a complete mathematic representation about optimization problem is accomplished.
The unconstrained, non-dimensional objective function, is written as,

Q(faq)=i+ipx(f)+q{‘:pg(g,ﬂiph(h,)+2PW(W,)] (7

0 i=l

where f; is the reference objective function value, g is the response surface parameter, px, py, pr and pw
are the penalties. The design variables are as followings, in the iteration step of j+1,

-’;C‘(,H'l) — ’i:‘(_l) +S‘,J(") (18)
smax *
OSS_/S-I.TOS - 19)

where, d'” is the search direction vector, s;j is the linear search step size. Sj* and smax are the
maximum possible step size and coefficient. d () can be obtained by the Polak-Ribiene method,
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Convergence is assumed when Eq.24 is satisfied, »
’f“’ _fwl)l <7 and |f"’) —f”’)‘ <r. 24)

where £ is the optimized objective function value. In this paper, p is considered as a design variable.

FEM Simulation Results and Discussions

The stresses and deformation in the thermal spraying coating structure, which is shown in Fig.1, are
investigated by finite element method with the introduction of optimization algorithm. The
constitutive law and various materials properties are given in the Section 2.

Calculation results show that the optimized p is 2.51 at @ =30 mm, b = 30 mm, 2= 10 mm. In Figs.
3 and 4, oy and 7y and their distributions along free edge of x = a are shown with the optimized p
value (2.51) and p = 1, which means linear distributions of contents of constituent materials.

It was reported that the introduction of the FGM layer could reduce obviously the residual stresses
induced by the mismatch of materials properties in the coating structure. From Fig. 3 and 4, it is pro-
ved that optimization of content distribution parameter p, will decrease further the residual stresses in
the materials system. In our calculation, the maximum value of oy drops about 30% and oy in the
interface decreases over 50% when p is changed from 1 to optimized value 2.51. However, it is these
stress components that play the most important roles in the spalling and debonding failure of coatings.

Fig. 5 shows distributions of oy and 7 in the whole region investigated, when p = 1 or 2.51
respectively. A significant and interesting phenomenon is also presented in this figure: through the
optimization of constituents contents distributions, the residual stresses in coating structures can be
reduced obviously, at the same time, the position, where the maximum residual stresses occur, is
moved from the interface and free edge to the inner of FGM layer. It means that the optimization
designing makes the most dangerous stress condition to deviate from the most vulnerable region.

It is known that the changes of dimension, material parameters of coating structures will alter the
amplitude and distributions of residual stresses. In this paper, the effects of geometry and material
properties are studied by numerical simulations, and shown in Fig. 6-8.

Fig. 6 shows the dependence of optimized p value on the ratio between the length and width of
samples. In simulations, the widths of samples and FGM layer are fixed in 30mm and 10mm, the
length of samples is changed in the region of 10mm to 50mm. It is found that the optimized p
decreases with the enlargement of samples length.

However, when the length and width of samples are 10mm, 30mm, and kept as constants, the
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optimized variable p decreases from 6.01 to 3.40 with the width of FGM layer increases from 2mm to
10mm. From the Fig. 6 and 7, a conclusion can be made that the content distributions of constituent
materials tend toward the linear form, p=1, with the continuous increments of samples length or
width of FGM layer.

In the above FEM calculations and optimization process, the materials constants listed in Section 2
are adopted. Now thermal expanding coefficient of substrate materials is varied artificially in order to
research its effect to the optimized variable. The length of samples a=10mm, the widths of samples
and FGM layer are 30mm and 5mm. We find that the optimized p value increases with the reduction
of TEC of the substrate material, from 15.4 x 10° K" to 5 x 10° K", as shown in Fig. 8.

In the optimization process, the selection of objective function is very important. We used some
different objective functions in this work, such as oy, 7, ¢*" and & ™. At last, a pure empirical
conclusion is obtained, that oy is the most adequate objective function. When other objective
functions are adopted, the optimization process will attend to one thing and lose another.
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Fig. 5 Distribution of oy and 7, before and after the
optimization analysis
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Fig. 6 Effect of ratio between length and width of Fig. 7 Dependence of optimized p on the width of
samples on the optimized p FGM layer
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Concluding Remarks

In this paper, the finite element method and
optimization theory are applied to investigate .
residual stresses in thermal spraying coatings with

FGM layer. The main results are as followings, o

(1) The optimization of volume content
distributions of constituent materials can reduce the
residual stress to a large degree, compared with one 3
of linear distribution, and can make the residual
stresses peak values depart from the weak region of
coating structures.

(2) Effects of samples dimension and thermal
expanding coefficient of the substrate material on
the optimized variable p are investigated in detail.
The optimized p will decrease with increments of width of FGM layer, ratio between the length and
width of samples and the TEC of the substrate material.

In the future work, the similar research will be done for the optimization of thermal stresses of
coatings, when the multi-layer structure is used as a hot-end component. In addition, the effect of
bonding layer will be probed detailedly.

u’/a“
Fig. 8 Relation between the optimized p value
and TEC of the substrate material
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