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Abstract: A miniature two-material test specimen has been developed for material property characterization. Elastic-
plastic and creep damage models have been applied for a semi-analytical model and a finite element (FE) model to
simulate the miniature specimen tensile and creep tests on a two-material system. An inverse optimization algorithm
has been developed, which can be used to extract the creep properties of the unknown material in the two-material
system. Single material miniature specimen tensile tests have been performed for an aluminum alloy at room temperature
and 400°C and full stage creep tests have been performed for a P91 steel at 650°C. All the tensile and creep test
specimens are brought to fracture failure. The experimental results have been compared to the results from the
corresponding results from conventional uniaxial tensile and creep tests on the same materials and under the same test
conditions. This miniature specimen testing technique and the developed inverse method have the potential to become
a new approach for determining the elastic-plastic and the full-stage creep properties until rupture for a two-material
system at high temperature, e.g. a coating-substrate system.
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Nomenclature

Symbol Definition Units
hy, h, Thicknesses mm
L, Ly Lengths mm
P Force N
S$1, 82 Cross-sectional areas mm?
t time h
0,01,02,0¢q,0r,0. Stresses MPa
Oy1, Oy

u,uq, Uy Displacements mm
£, &1, & Strains

£° Creep strain rate ht
E E E, Young’s moduli GPa
ABny ¢ Creep properties

W, W1, W, Creep damage parameters

B.n Reference stress conversion factors

1. Introduction

A high temperature environment is a common operating condition for many engineering applications, such as power
plants, chemical plants, gas turbines and aero-engines. Failure of high temperature components occurs often due to creep
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fracture and creep damage. In many cases, it is desirable to assess the material behavior and predict the future performance
of certain components or structures for economic efficiency and risk management. For instance, creep strain and damage,
which occur at elevated temperatures for extended periods of time could lead to catastrophic failures of critical
components or structures. A coating-substrate system is a typical case in the scenario of advanced high temperature
applications. Usually the thickness of the coating is small and it is difficult to extract a large specimen for a conventional
uniaxial creep test. Therefore, a miniature specimen testing technique is particularly required in this case. Various types
of small specimen testing technique have been used for mechanical and creep property characterization [1, 2]. These
include the impression creep test (ICT) (e.g. [3, 4]), small punch creep test (SPCT) (e.g. [5-7]), small ring creep test
(SRCT) (e.g. [8, 9]) and small two-bar creep test (STBCT) (e.g. [10, 11]). Figure 1 shows a schematic diagram of the
small specimen configurations and loading arrangements. The ICT and the SRCT are suitable for determining minimum
creep strain rate data but are not able to provide the tertiary stage creep data. The STBCT provides full stage creep data,
but it is difficult to determine which bar fails first. The SPCT can also provide full stage creep data, but the data is difficult
to interpret due to the complex nature of the physical deformation mechanism. The most challenging issue with the SPCT
is the conversion or relationship of the experimental data to the uniaxial creep test. A code of practice was developed to
convert the load and displacement data from SPCT to stress and strain data in 2006 [12]. Although this code of practice
has been accepted by many researchers, the relationships are empirical and have been developed only for a specific testing
geometry. It would be useful if an alternative small specimen testing method with a more straightforward relationship to
the conventional creep test can be developed. There are studies aiming to extract the material properties from mechanical
tests using miniature specimens geometrically similar to the conventional testing specimens (e.g. [13-16]). Generally, the
agreements reported between the miniature and standard specimen tests are promising, though differences are observed
despite that the sizes of some specimens used in the literature are relatively large.

The use of inverse method could provide a tool for improved data interpretation. Many inverse methods have been
proposed to determine the elastic-plastic properties (e.g. [17-23]) from various of testing methods. However, inverse
methods have not been commonly used for the characterization of creep properties (e.g. [7, 21]). The feasibility of
extracting steady-state creep properties using an inverse method has been demonstrated, though the creep damage
properties have not been included [7]. There are also studies on the creep behavior of two-material and multi-material
systems (e.g. [24-28]). It has been shown that the creep damage properties can be determined numerically from the strain-
time curves obtained from the uniaxial creep tests data based on certain assumptions.

The objective of the current study is to develop a miniature specimen testing technique and an inverse method to
determine the elastic-plastic and creep damage properties of an unknown material from a two-material system. The
proposed testing method can be directly related to the conventional uniaxial test. Single material miniature specimen
tensile tests and creep tests were carried out on an aluminum alloy and a P91 steel. Future tests on the miniature coating-
substrate specimen are planned. The inverse method developed shows the potential to extract full stage creep damage
properties of an unknown material from the compound creep testing results of a two-material system based on theoretical
experiments of the two-material system.
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Figure 1. Schematic diagrams showing the small specimen types and loading arrangements: (a) SPCT; (b) ICT; (c) SRCT;
and (d) STBCT.
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2. Two-Material System

The general methodology of the current study includes 1) carrying out single-material tests for a substrate material
and a coating material to obtain the single material responses; 2) carrying out two-material system (e.g. coating on
substrate) tests to obtain the compound responses; 3) applying the developed inverse method to determine the unknown
material properties; 4) using the determined material properties for semi-analytical solutions or FE modelling of the
single-material tests and comparing the predicted material behavior to the experimental results to validate the reliability
and accuracy of the inverse method.

A two-material specimen in tension is shown in Figure 2. The two layers have equal length, L, equal width, d, and
different thicknesses, hi and hy, therefore different cross-sectional areas, S; and S,. It is assumed that the properties of
one of the materials are known in this study (e.g. the substrate material properties are known for a coated system). Since
h; and h; are much smaller than L, it is assumed that the stresses in material 1 and 2 in the uniform section are in a
uniaxial state, i.e. the axial strains in the uniform section are identical.

hy

L2
i :$_i i : | “H‘)S;, material 1

Figure 2. A two-material specimen in tension.
2.1. Tensile Behavior
The equilibrium equation for the two-material system under tensile force, P, can be expressed as follows:
0.5, + 0,5, =P (D)

where g, g, are the stresses in materials 1 and 2, respectively. S; and S, are the cross-sectional areas of materials 1 and
2, respectively. The compatibility equation (the two layers having equal displacements) is:

U =U,=1U (2
or
§=&=¢ ®)

where u1, U2 and &, &, are the displacements and strains in materials 1 and 2, respectively. Assuming a power law
hardening behavior, the elastoplastic stress-strain relationships are expressed as follows:

Ee, £<(;—y
o= 4
Ke”,EZ% )

where K = E",,' ™. E, 0, and n are the Young’s modulus, yield stress and hardening exponent, respectively. The stress
in the known material 1 can be determined as follows:

Ee, €< %
01 = ! (5)

ny 1-nqcnq Oy1
Ei oy, e, g2 £

where E;, 0,,; and n, are the Young’s modulus, yield stress and hardening exponent of material 1, respectively. The stress
in the unknown material 2 can be determined from Eqs (1) and (3):
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P—04S
0y = f (6)

The constitutive equations for material 2 are as follows:

Ty2
Eye, e <2
E;

)

0'2 = o
n 1-nz n y2
E, 20y, 7262, £ 2 5

where E,, gy, and n, are the Young’s modulus, yield stress and hardening exponent of material 2, respectively. These
material constants can be determined numerically.

2.2. Creep Behavior
2.2.1. Steady-State Creep
For steady-state creep, the creep strain rate, £, can be expressed as follows:
£ =Aa™ ©))

where o is the stress and A and n are material constants. Assuming that the properties of material 1, i.e. A; and n,, are
known, the stress in material 1 can be determined with the measured strain rate €€ using Eq (8) as follows:

oy = (™ ©
with the equilibrium and compatibility equations (1)-(3), the stress in material 2 can be determined as follows:

Py s,
o, =—8— (10)

S2

The creep properties of material 2, A, and n,, can be determined numerically from the following constitutive equation:

c 1 nz
£ yny
P_(A_1) $1

E.C = AZO'Z"Z = Az (11)

S2

2.2.2. Creep Damage

A Kachanov type creep damage model can be used to represent the creep behavior (e.g. [29]). The formulations for
the case of uniaxial stress state can be expressed as follows:

:c — gcZeayn

&€ = A(l—w) (12a)
) oX

o=B 0 (125)

where ceq and o are the equivalent and rupture stresses, respectively (ceq=ocr in the case of uniaxial stress); w (0 < @
<1) is a damage variable; A, n, B, %, and ¢ are material constants. For material 1 shown in Figure 1, the constitutive
equations are:

c _ g \™M

£ =4, (1_w1) (13a)
. o, X1

w1 =By T e (13b)

Assuming the creep properties of material 1 (A1, n1, B1, y1, and ¢) are known, the stress g, can be determined from Eq
(13b) by applying the experimentally determined minimum strain rate (MSR), £¢,,,;,, for the steady-state creep, during
which there is no creep damage, i.e. w; = 0:
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s . L
oy = (™ (14)

With the equilibrium and compatibility equations (1)-(3) and Eq (14), the stress in material 2 can be determined as follows:

écmin AT
P=(—4 "5

o =taho_h (15)
The creep constitutive equations of material 2 are as follows:
e Eomingits,\
£ =4, Sz(il—wz) (16a)
i p_(écﬂ)n%sl X2
W2 = oy L (16b)

where Az, ny, By, 2, and ¢, are the unknown creep constants of material 2, which can be determined numerically using
Eq (15), (16a) and (16b).

2.3 Forward Analysis of the Two-Material System

Forward analysis can be performed for any two-material system with the known material properties based on the analysis
presented in section 2.2. A demonstration of the forward analysis of a two-material creeping system with fictional material
properties is presented in this section. The elastic-plastic behaviors were neglected for simplification since the elastic-
plastic deformation was relatively small in these cases. Table 1 shows the creep damage properties of two fictional
materials M1 and M2. The forward analysis was implemented through a semi-analytical computing script developed
based on the Kachanov creep damage model as presented in section 2.2.2. Since the creep properties of the two materials
are known, the compatibility condition (equal creep strain rate), the equilibrium condition and the Kachanov creep damage
equations can be used for semi-analytical solutions. To verify the accuracy of the analytical solutions, FE analysis was
carried under the same conditions and with the same material properties shown in Table 1, using the commercial code
Abaqus 6.14-1. A three-dimensional eight-node brick element with reduced integration (C3D8R) was used for the FE
model. Figure 3 shows the stress contour obtained from the FE analysis (a quarter section of the specimen shown in Figure
2). The stresses in material 1 and 2 in most regions of the uniform section are close to be in uniaxial state, which is
consistent with the assumption taken for the analytical solutions.

The comparison between the semi-analytical solutions and the FE results is shown in Figure 4. Figure 4(a) shows that the
compound creep strains (the creep strains in the two material layers M1 and M2 are equal in both cases) obtained from
semi-analytical solutions and FE analysis agree very well. Figure 4(b) shows the creep damage evolutions of the two
materials. The damage history of the two material layers are different: the MSR in material M1 is much higher than that
in material M2. The analytical solutions and the FE analysis show very close results again. For the semi-analytical
solutions, the instantaneous stresses in the two materials were obtained semi-analytically using the instantaneous damage
values and creep strain rates obtained from the Kachanov creep damage model. The slight differences found between the
results from the semi-analytical solutions and FE analysis might be mainly due to that a uniaxial stress case was assumed
for the analytical solutions while that was not exactly the case for the FE analysis (the stresses in some regions of the
uniform section are not in the uniaxial state as shown in Figure 3). As a result, the equivalent stresses obtained from the
FE analysis were slightly lower than the analytically obtained stresses. This explains the fact that the creep strains and
creep damage values from the FE analysis are slightly lower than the corresponding analytical results, as shown in Figures
4(a) and (b).

Table 1. The material properties of the fictional materials M1 and M2.

Material E v A n B X i)
M1 150 GPa 0.3 5x10%4 11 2x1022 11 5
M2 180 GPa 0.3 5x10% 10 2x1024 10 4.5
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Figure 3. von Mises stress contour of the two-material system with the fictional materials M1 and M2 obtained from

FE analysis.
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Figure 4. Forward creep analysis for the two-material system (M1 and M2) under the load of 42N: (a) creep strain (b)
creep damage.

3. Inverse Method and Application
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3.1 The Inverse Method

An inverse method was developed based on the forward analysis method presented in section 2.3. FE analysis can be
avoided to save computing time since the results of the semi-analytical solutions have been proven to be very close to the
FE analysis. Figure 5 shows a flowchart of the inverse algorithm. The experimental compound creep test results are
supplied as the target values. The known material creep properties (x;) and an initial guess of the unknown material creep
properties (x,) are supplied to the forward analysis method developed based on the Kachanov creep damage model
(section 2.3). A nonlinear optimization algorithm is used to minimize the differences between the predicted compound
creep responses and the experimental results until a set of optimized creep damage properties are obtained for the
unknown material.

Predicted material 2:
x2 = {A2,12, B2, X2, $2}"

Known material 1:

- T
Next iteration xy = {A;,ny, By, X1, 91}

Predicted compound creep responses:
£(x1,X2)2"°, t(xy, X2)2"°

Experimental compound

Ex Ex
creep responses @ £, p' tc 2

Optimisation algorithm

No

P Exp
[|5(x1»x2)c Tf — &ij

Pre
+ |t(x1,xz cij

Exp

=toiy I] — min

Optimised creep properties:

_ [ a0pt _Opt ,opt _oOpt ,0pt T
Xogr= (AT MG" By kg s )

Figure 5. Flowchart of the inverse method.

3.2 Demonstration of the Inverse Method

To demonstrate the application of the proposed inverse method, it was applied to the two-material system used for
the forward analysis presented in section 2.3, assuming that the properties for material M1 are known while the properties
for material M2 are unknown. The objective was to determine the creep damage properties of M2 from the compound
creep responses. Three different loads, 44 N, 46 N and 48 N, were applied to the two-material system with the creep
properties for materials M1 and M2 shown in Table 1 to produce three “theoretical” compound creep stress-strain curves
(equivalent to the experimental compound creep responses shown in Figure 5) as the targets of the optimization. Figure
6 shows the strain-time curves obtained from the optimized creep damage properties compared to the theoretical
experiment. The optimized results agree very well with the target curves for all three different loading forces regarding
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the creep strain rate and the time to failure. To evaluate the quality of the optimization, the creep strain-time curves were
also computed using the creep properties of M2 and the optimized creep properties for a single-material model with three
different loading forces: 75 N, 80 N and 85 N. The comparison is shown in Figure 7. The agreement is still acceptable,
i.e. the strains during the steady-state creep stage are very close for the material M2 (Table 1) and the optimized material
in all three loading forces, although the deviation increases as the creep develops near to failure. These results reveal that
the optimized creep properties are close to the actual properties of the target material M2. It should be noted that the
current inverse optimization algorithm is still sensitive to the initial values of the unknown creep damage properties (e.g.
some initial values could lead to difficulty in convergence to the desired tolerance or extended computing time). This
sensitivity to the initial conditions should be minimized in further development.
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Figure 6. The inverse optimized curves and the target curves.
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Figure 7. The single-material model FE analysis for material M2 (Table 1) and the optimized creep properties.

4. Experimental Testing Using Single-Material Specimens

A miniature specimen tensile/creep testing technique has been developed. Tensile tests have been carried out for an
aluminum alloy with both miniature specimens and large specimens. Creep tests have been performed at 650°C on a P91
steel at different stress levels: 100 MPa, 93 MPa and 87 MPa for both the miniature and large specimens. Figure 8 shows
(a) the geometry and dimensions of the miniature specimen and (b) the loading assembly and experimental set-up with
the specimen mounted to the machine (Tinius Olsen H5KS single column materials testing machine). The loading
assembly were made of a high temperature resistant nickel-based superalloy, i.e. Nimonic 115. The specimen was
clamped at both ends by specially manufactured clamps with machined surface features to strengthen the grip. The
displacement was measured by two linear variable displacement transducer (LVDT) connected to both sides of the loading
part of the machine. The mounted specimen was kept inside a furnace for the tests requiring heating.
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(@)

(b)
Figure 8. (a) Geometry and dimensions of the miniature specimen; (b) The loading assembly and experimental set-up.
4.1. Miniature Specimen Tensile Tests on an Aluminum Alloy

Tensile tests were carried out on an aluminum alloy to be compared to the tensile testing results obtained from the
large specimen to validate the developed miniature testing method. The geometry of the large flat specimen was identical
to that of the miniature specimen while the dimensions were six times of the miniature specimen, e.g. the thickness was
3 mm and the gauge length was 36 mm. It is reported by Yuan et al [30] that the yield strength and ultimate tensile strength
are independent of sample thickness for tensile tests on a rectangular cross-section specimen for thickness > 1mm.

Figure 9 shows the comparison between the tensile testing results obtained from the miniature specimens and the large
specimens at different temperatures. The results from the two types of tests are generally comparable. It is noteworthy
that the difference between the ultimate strengths obtained from the large and miniature specimens was much higher in
percentage at 400°C than at RT. This could be partly due to the possible differences in the actual temperature of the
specimens for the two types of tests (since the large specimen tests were carried out on a different machine) and its effect
on the tensile properties of the material. For example, it is reported that the temperature effects on the tensile properties
of a A319-Al alloy is minimum between -100 and 200°C while the yield strength, ultimate strength and the ductility
varies drastically from 200 to 400°C [31], indicating that a small amount of temperature fluctuation could lead to a rather
large difference in the tensile properties acquired from the tests at high temperatures. Also, the miniature specimen could
be more sensitive to the accuracy of the manufacturing process, e.g. the possible small local variation in the thickness of
the miniature specimen could lead to significant amount of difference in the loading force, hence the calculated stress,
due to the miniaturized overall size. Similarly, possible surface oxidation might have more significant effects on the
tensile responses of the miniature specimen due to the small thickness, though it needs further investigation for
verification.
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Figure 9. Miniature tensile test results on an aluminum alloy compared to the large specimen tensile test at different
temperatures.

4.2 Miniature Specimen Creep Test
4.2.1 Data Conversion

It should be noted that the measurements were taken outside the gauge length region (at the clamped ends) for the
miniature specimen tests because it is very difficult to fit a gauge into the very limited space. Therefore, the measured
displacement was different from the actual displacement of the gauge length. To convert the data obtained from the
miniature specimen creep test to the corresponding uniaxial data, a reference stress method was applied to determine the
conversion relationships for stress and strain. The case of steady-state creep was applied for the demonstration.

Two conversion factors, n and 8, were introduced to define the conversion relationships as follows:

Oref = NO0nom (17)

. A

gref = m (18)
Where yf, Erefr Onom, Lo and A are the reference stress, reference strain rate, nominal stress, the uniform section length,
and the measured displacement rate, respectively. BL, is defined as the equivalent gauge length. The conversion factors
are determined by carrying out a series of FE analyses of the miniature specimen creep test. A Norton power law is
assumed to simulate the creep behaviors of the material, i.e. the steady state creep strain rate £€ is expressed as follows:

& =Ac" (19)
where A and n are material constants. The conversion factor 8 can be expressed as follows:

A

AMonom)™Lo

B (20)

The conversion factors were assumed to depend solely on the specimen geometry and loading mode, so they should be
material-independent. A series of FE analyses of the miniature specimen creep tests were carried out with different
material constants A and n. The parameter n, with the range of 2 to 12, was used for FE analysis. The corresponding value
of A for each n value was calculated assuming a constant creep strain rate, i.e. A,o™ = A;o™ for the convenience of FE
analysis. The steady-state creep displacement-time curves obtained from the FE analyses are shown in Figure 10. It can
be seen that the displacement rates, or strain rates, are very close to each other for different cases, indicating that the
assumption of an approximately constant strain rate is valid. The minimum displacement rate, Ay, was calculated for

each curve. The objective was to find the value of n with which the value of g’ = becomes independent of n.

A(aonom)™Lo
Following the FE analysis, log (') was calculated for a range of values of a (0.5 to 1.2) and the results are shown in
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Figure 11. It can be seen that log (B') is nearly constant for « = 0.984 (a = n), independent of n. Therefore, the
conversion factor 8 can be calculated, i.e. 8 = 1.205.

Displacement (mm)

Time (h)

Figure 10. Steady-state creep displacement with variation of n and A.
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Figure 11. Determination of the conversion factors.
4.2.2 Miniature Specimen Creep Testing Results of P91 Steel

Preliminary creep tests were carried out on a P91 steel at 650°C. The specimen geometry and the
experimental set-up were the same as shown in Figure 6. Constant forces were applied to the specimen to
achieve the stress levels of 100 MPa, 93 MPa and 87 MPa. Figure 12 shows the creep testing results (strain-
time curves) obtained from the miniature specimen and the corresponding large specimen uniaxial creep tests.
The creep strain rates during the steady state agree well for the miniature specimen test and the uniaxial test at
the stress level of 87 MPa. The miniature specimen tests show a higher strain rate and a shorter time to failure
compared to the uniaxial tests at higher stress level such as 93 MPa and 100 MPa. These differences might be
due to the local stress concentration resulting from machining, e.g. near the clamp at the gauge length ends.
Also, the testing results of the miniature specimen could be affected by the amount of clamping force applied
to it, e.g. the pre-existing stress in the material before the creep test. In addition, the differences might be due
to surface oxidation occurring during the tests. A photo of the fractured specimen from the miniature creep test
of 87 MPa is also shown in Figure 12. It shows a fracture surface of about 45° angle and some degree of surface
oxidation. The influences of surface oxidation might be amplified by the small thickness of the specimen. Figure
13 shows the variation of the MSR and the time to failure versus stress level for the uniaxial tests and the
miniature tests, plotted in logarithmic scales. The approximate linear trends indicate the general consistency of
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the miniature specimen creep tests at different loading levels, although there are some differences between the
uniaxial tests and the miniature tests.
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Figure 12. Miniature specimen and uniaxial creep tests on P91 steel at 650°C.

2.6
O Miniature
24 g A Uniaxial
\\ \\
\\ ~
22 RS
—_ \\ A\\
- \\ AN
—_ 2 - \ ~
£ ® N
[ ~
g N A
1.8 | \
\
\
\
\
16 f AN
AY
@)
1.4 1 1
1.9 1.95 2 2.05
Log(c) (MPa)
(@)

11



Revised manuscript 24 Oct 2018

-2.5 T T

O Miniature /
/O

2.7 A Uniaxial ,

31
A

-3.3 + ’ i

Log(MSR) (/h)

35 S

-3.7

1.9 1.95 2 2.05
Log(o) (MPa)

(b)

Figure 13. Variation of (a) the time to failure and (b) the MSR versus stress level, plotted on logarithmic
scales: uniaxial creep tests and miniature creep tests.

5. Conclusions

The methodology development of a miniature specimen testing technique and the associated inverse
method to determine the full-stage creep properties until fracture of an unknown material from the compound
tensile and creep behaviors of a two-material system have been presented. The forward analysis and the inverse
method have been demonstrated through a case study of a theoretical experiment. The semi-analytical solutions
and the FE analysis showed very good agreement. The optimized compound creep behaviors obtained were
very close to the target results. The differences might be due to that the actual stress distribution in the two
material layers was not evaluated by the inverse optimization approach, since the stress was not a measurable
quantity in the experiments. As a result, the stresses in the two material layers acted as the extra ‘variables’
during the optimization process.

Single-material miniature tensile tests and creep tests were carried out on an aluminum alloy and P91 steel,
respectively. The results were compared to those from the large specimen uniaxial tests on the same materials.
The results of the miniature specimen tests were generally comparable to the large specimen uniaxial tests while
some differences were found. Those differences could be a result of the possible local stress concentration due
to machining, the random errors in the manual handling procedures (e.g. the clamping locations), the pre-
existing strains and the surface oxidation. The testing technique might be improved by optimized specimen
design for lower stress concentration factor, enhanced manufacturing quality, minimized influences from
surface oxidation (e.g. carrying out the tests in a protective atmosphere or vacuum) and more accurate
measurement and control of the testing temperature.

For future work, tensile and creep tests will be carried out on a coating-substrate system with the miniature
specimen. The inverse method will be further improved regarding the efficiency and applied to the experimental
results obtained from the extended single-material tests and coating-substrate miniature specimen tests. Full FE
models will be used to simulate the realistic miniature specimen tensile/creep tests of the coated system.
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