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Abstract

Ceramic-metal functionally graded materials (FGMs) have been extensively used in aerospace
engineering where high strength and excellent heat insulation materials are desired. However, their
performance depends highly on the internal residual stress, which is generated inevitably due to the thermal
mismatch of ceramic and metal. In this paper, based on the nanoindentation test, the field distribution of the
residual stress of porous ZrO2/(ZrO2+Ni) ceramic-metal FGMs is measured. The residual stress field
measured by nanoindentation agrees qualitatively with the finite element simulation results. Then a
constitutive relation is established to investigate the effects of residual stress on the macroscopic deformation
behavior of porous ZrO2/(ZrO2+Ni) FGMs, which agrees well with the bending and compression
experiments. It is found that residual stress can improve both the flexural strength and stiffness of the porous
ZrO2/(ZrO2+Ni) FGMs, by densifying and compensating the tensile stress of the porous middle layer (ZrO3)
during the bending process, respectively. However, it has no obvious influence on the ultimate compressive
strength of the porous ZrO2/(ZrO2+Ni) FGMs, but mainly influences its initial stage of elastic deformation in
the compressive behavior.
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1. Introduction

Thermal Protection System (TPS) is covered on the surface of the aircraft as the thermal protecting layer.
However, due to the complex shape and structure of the aircraft, a unibody design and manufacture of TPS is
infeasible, therefore it is unavoidable to connect lots of thermal protection components. As a result, the thermal short
problem caused by the gap between thermal protection components cannot be ignored [1]. The thermal short may
lead the interior part of the fuselage structure to an extreme high temperature, severely influencing the heat
insulation property of the TPS. In the process of service, the TPS has to withstand not only thermal loads, but also
mechanical loads as well as harsh chemical environments, repeatedly without failure [2]. Therefore, in the study of
the TPS, the analysis of the heat short effect and the use of the high temperature resistant thermal short blocking
material with high strength are indispensable. Many efforts have been done on metallic thermal protection system,
including the design and characterization of thermal insulation material/structure [3-8], however, the thermal short
blocking material/structure has been rarely studied. Functionally graded materials (FGMs) are ideal candidates for
the applications requiring multifunctional performance. For example, the ceramic-metal FGMs can be designed to
take advantages of the mechanical strength of metals and the heat and corrosion resistance of ceramics [9]. Zhang et
al. [10] fabricated and experimentally investigated the microstructure and thermal-mechanical properties the porous
ZrO,/(ZrO2+Ni) ceramics and found that they had a low thermal conductivity and high strength. Therefore, the
ceramic-metal FGMs can be a potential candidate for thermal short blocking materials. However, most of the FGMs
have thermal residual stress due to a gradually macroscopic change in composition, and the residual stresses are
destined to affect the mechanical property and service reliability of the FGMs [11-12]. So it is of great importance to
understand and be able to predict the distribution and magnitude of thermal residual stress in the FGMs and multi-
layer materials.

Residual stress can have both advantageous and disadvantageous effects on the performances of the FGMs. On
the one hand, residual stress can be designed to enhance the fracture toughness of ceramics. Studies conducted by
Blugan et al. and Bermejo et al. showed that the residual compressive stress in laminated ceramics arising from the
mismatch in coefficients of thermal expansion between the different layers can enhance the fracture toughness
remarkably [13-14]. On the other hand, residual stresses are not only produced within FGMs and multi-layer
materials, but also in the interface between the ceramic and metal, which may cause the debonding of the layers.

Based on the basic assumptions of the shear-lag theory, Nairn and Mendels [15] proposed an optimal shear-lag



method for the plane stress problems of the layered material, which can give the analytical expression of the
interlaminar shear stress and the residual normal stress of each layer of the multi-layer materials. Suhir [16]
established the theoretical model of residual stresses in multi-layer material interface with the theory of bending
stress, and the distribution formulae of stress such as shear stress, normal stress and peel stress were deduced. These
models have great significance in predicting residual stress theoretically, however, they both have some ideal
assumptions, which greatly limited their ranges of application. For example, Nairn assumed that the peel stress
perpendicular to the interface is zero, and Suhir assumed that at least one of the multi-layer components is thick and
stiff enough, so that this component and the assembly as a whole do not experience bending deformations.

Many test methods are currently available for the estimation of residual stress [17-19]: X-ray diffraction,
strain/curvature measurements, hole drilling, etc. However, the widespread applications of each of these methods for
most practical situations are restricted because of accuracy of measurement, spatial resolution, and applicability to a
broad range of materials. X-ray diffraction is only applicable to materials that are of reasonably fine grain size, and
the expensive delicate apparatus also limits its applications. The residual stress obtained by the strain/curvature
measurements is the overall residual stress, and may not be applicable for coatings and FGMs, who have uneven
distribution of the residual stress. Hole drilling has more widely applications, but it is necessarily destructive and
cannot be directly checked by repeat measurement. Since residual stress is a key parameter that should be
considered for material design and quality inspection, it is of great significance to characterize the unevenly
distributed residual stress of ceramic-metal FGMs. Nanoindentation test has been widely used for measurement of
local hardness and modulus of at the micro and nano scale. It has been proved that nanoindentation test data can be
used for extracting specific material properties. For example, Giannakopoulos and Suresh [20] developed models to
convert experimental data into material properties by considering the effect of pile-up and sink-in, as well as strain
hardening. Chen et al. [21] developed models to convert nanoindentation test data into residual stress, substrate
effect and creep of some homogenous bulk elastic-plastic materials. By measuring local properties, the unevenly
profile of the residual stress can be obtained by nanoindentation, with high spatial resolution.

In this paper, firstly a nanoindentation experiment is conducted to study the nano mechanical property of the
porous ZrO,/(ZrO.+Ni) ceramic-metal FGMs, which are fabricated as the thermal short blocking materials by cold
isostatic pressing and pressureless sintering (CIP-PLS), and whose microstructures and properties are experimentally

studied [10]. Then a method for charactering the residual stress of porous ZrO2/(ZrO,+Ni) ceramic-metal FGMs is



adopted based on the nanoindentation test. The residual stress field measured by nanoindentation qualitatively
agrees well with the finite element methods. At last, the flexural and compressive behavior of the porous
ZrO,/(ZrO2+Ni) ceramic-metal FGMs are investigated by FEM, the effects of residual stress on the flexural
behavior as well as the nonlinear compressive behavior are analyzed in detail and compared with experimental

results.

2. Characterization of Residual Stress and its influence on the mechanical behavior of FGMs

2.1. Residual stress and Nanoindentation characterization

Porous ZrO,/(ZrO,+Ni) ceramic-metal samples of ®8 mm (diameter)x34 mm (height) are fabricated [10], with
the height of the bearing load layer (layer a, 12% porosity), transition layer (layer b, 15% porosity) and middle layer
(layer ¢, 30% porosity) being 1,=9mm, I,=3mm, and I.=10mm in x direction, respectively (see Fig.1). Due to the
mismatch in coefficients of thermal expansion between different layers, residual stresses are generated inevitably
during the cooling process form sintering temperature to room temperature. For the dimension in axial direction is
much greater than that in radial direction, and the constituents' properties vary along the axial direction, during the
cooling process, the FGMs shrinks mainly in axial direction, producing unevenly distributed residual stresses. As the
thermal expansion coefficient of ZrO; is lower than that of Ni, the middle layer ¢ (ZrO.) of the FGMs shrinks slower
than that of the layer a and layer b, therefore, the middle layer ¢ (ZrO,) will be compressed, the bearing load layer a
(ZrO2+30 vol. %Ni) will be tensed, and the transition layer b (ZrO,+15 vol. %Ni) will part be compressed (near
middle layer c), part be tensed (near the bearing load layer a).

To investigate the effects of residual stress, the samples of 5mm>5mm>34mm are cut off from the as-sintered
ceramics and are conducted for nanoindentation test. The selected indentation points are shown in Fig.2. The
nanohardness and modulus test of the porous ZrO./(ZrO,+Ni) ceramic-metal FGMs are performed on
Nanomechanical Test System (T1-900 Tribolndenter, Hysitron Inc., USA) with a Berkovich tip, whose maximum

indentation load and displacement are 10mN and 5 um . The indenter is first brought into contact with the surface

and the load is increased up to 10mN or 2mN (interface) in 10s at a constant load rate. The load is then hold constant
for 2s and gradually decreases to zero in 10s. The Oliver-Pharr method [22] is used to calculate the reduced modulus

E, and indentation hardness H from load-displacement curves.
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where S is the contact stiffness and can be determined by curve fitting the upper portion of the unloading curve and
measuring its slope at peak load S =(dF/dh)|h:hW , A is the projected area of the contact, and F_,, is the

maximum indentation load. The sample’s modulus can be obtained using the reduced Young’s modulus:
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where E and g are Young’s modulus and Poisson’s ratio of the sample, respectively. E; and g are Young’s
modulus and Poisson’s ratio of the indenter probe, respectively.

Suresh and Giannakopoulos [20] developed a method by comparing the difference in contact areas of stressed
and unstressed materials, when indented to the same depth. The contact areas can be measured either indirectly, by
measuring the contact stiffness and relating it to the contact area through Eq. (1), or directly, by imaging the contact
impression. However, due to the influences of the stress on the contact area are relatively small, this method is more
appropriate to the situation where the residual stress is near the yield stress and where the pile-up within materials is
appreciable. In this section, a dimensional analysis approach is used for the ceramic-metal FGMs based on the
previous work of Chen [21]. Although it may have less analytical significance, the methodology can be applicable to
a more complicated situation in the same way without modification and thus it has less restriction. The constitutive
relation of an isotropic strain hardening material under uniaxial tension are given by

o =

Ee, ¢<YI/E
Ke", e>Y/E

(4)



To ensure continuity, the strength K can be defined by the Young's modulus E , yield strength Y, and strain

hardening exponent n as

K=Y(E/Y) (5)

The relationship between the applied load F and the penetration depth h, by dimensional analysis, can be

expressed as

F=f(E,v,Y,nh,0) (6)

Applying the IT theorem in Eqg. (6), we obtain:

In, =11, (I1,,v,n,0) (7)

Where 1, = F/Eh?, TI, =Y / E are dimensionless functions.

Define the effective yield strength Y~ as

Y7 =(YK)" (8)

By performing finite element analysis for a series of materials with 0 < n < 0.5, the relationship between F /Eh?

and Y"/ E is found to be approximately linear and independent of n [21], which can be expressed as

F = EhI1, (Y / E,n) ~ ENI1, (Y™ / E,0) =5.626Eh’ (Y / E)** (9)

When there exists residual stress o, in the specimen, by using dimensional analysis, Eq. (9) can be rewritten as

F/Eh? =TI, (Y /E,n,o, /Y") =TL.(Y"/E)x[1+T1,(Y"/E,0, /Y")] (10)



Eq. (10) is reduced to Eq. (9) when o, =0, I1,=0.

By assuming a proper initial stress which represents the residual stress in the finite element model, Chen et

al.[21] studied the indentation responses of 16 groups of materials with different E ,Y ,n, and o, . They found that

the relationship between F/Eh® and o;/Y* for different Y"/E is essentially linear, the slope y can be

approximated by
7 =19.726(Y" /E)+0.0182 (11)

Substituting Eq. (9) and (11) into (10), the residual stress can be expressed as

O,

r __ * O,S_L *
v _[5.626(Y /E) Ehz} /[19.726(\( /E)+0.0182] (12)

With known E, Y~ a series of nanoindentation experiments can be performed. For each test, its F /Eh? value

can be extracted from the corresponding F —h curve. By Eqg. (12), it is possible to find the residual stress. Some of
the material properties used are shown in Tablel [23-26], where the specific methods for obtaining the materials
properties such as Y , K can be seen in the following part B.
2.2. Finite element modeling

To verify the correctness of characterizing residual stress by indentation method, a finite element model is
constructed by the commercial finite element package ABAQUS, where the specimens are assumed to be stress free
at the temperature of 1200 <€ (i.e., reference temperature), at which the sintering process is assumed to end [27]. So
to all analyzed systems, the final residual stresses are only generated due to the cooling of the whole specimens from
the reference temperature to room temperature (25 <€). Here, the FE model is the same size as the experimentally
tested rectangular specimen (34 mm>5 mm>5 mm, with [,=9mm, l,=3mm, and l;=10mm in x direction). The mesh

division is performed with 78,040 8-node hex elements (C3D8R). The material properties are shown in Tablel,



where the material constants in each composition for finite element analysis, such as Young’s modulus, coefficient

of thermal expansion (CTE) and Poisson’s ratio, are calculated as follows [28-29]:

_ 8E, (1 - P)(L+ 14,)(23+8 )
©B(L+ 14,)(23+8u4) + P(5+ 44) (37 —8p) ¢ (13)

=0, , H=[h

where P is the porosity, E,, o, and 4, are all dependent on the ceramic volume fraction and can be expressed

from the Vegard's rule below [30]

M, =MV, +M_ V. (14)

ce " ce

where M represents the material property parameters (E , « and u ), V., donates the ceramic volume fraction,

and subscript ce and m represent ceramic and metal, respectively.

To study the influence of residual stress on the mechanical performances of the porous ZrO,/(ZrO2+Ni) ceramic-
metal FGMs and compare with the experimental results [10], firstly we compute the residual stress of the
experimentally tested rectangular specimen (34 mm>3 mm>4 mm, with 1;=8mm, l,=4mm, and l;=10mm in X
direction), which is slightly different from our nanoindentation experimental specimen. Then we continue to
simulate the three-point bending and compressive process with the existing of the residual stress. The bending
process is assumed to be pure elastic with a 30 mm span, which is the same as that in our previous work [10].

Considering the plastic yielding of the Ni metal phase and the porous properties of the ZrO2/(ZrO,+Ni) ceramic-

metal FGMs, the compressive process is assumed to exhibit the three regions: (I) elastic region characterized by
elastic modulus; (II) stress plateau region characterized by a shallow slope corresponding to the plastic yielding of
the Ni metal phase; and (IIT) densification region characterized by a relatively steep slope.

The constitutive relation of layer a and layer b is expressed as:


app:ds:subscript

Ee, o <Y(in elastic)
oc=1Ke", Y <o<og,(in plastic) (15)

K'e", o, <a(indensification)

where E=E,, E, is the elastic modulus of layer a and layer b, respectively. K is the strength coefficient and
0<n<1 is the strain hardening exponent in each layer. Notice that in densification region, the constitutive relation

is assumed to have a similar expression as that of in plastic region, but with n'>1. Y is the compressive yield
strength before the plastic deformation of Ni and is taken to be the same as that of Ni. Considering the effect of

porosity, Y can be written as [28-29]

Y =(Q1-P)o, (16)

where P is the porosity for layer a and layer b, o, ; =159MPa [31] is the compressive yield strength (0.2% offset)

of pure dense Ni. Considering that there is no plastic for the ceramic phase, here we assume the strain hardening

exponent during the plastic deformation stage is the same as that of Ni, i.e. n=0.147 [32], then by considering the

continuity between region (I) and region (II) at o =Y , the strength coefficient can be given by

K=E"/Y"" @17)

Gibson and Ashby established [33] an equation to describe the relationship between the relative stress o, loy,

and the relative density p/ p,

= —c(Zy (8)

S0 Po

where o, is the collapse stress of the porous ceramic-metal FGMs when the densification occurs, o, is the yield

stress of the corresponding solid ceramic-metal FGMs and is taken to be o, ,;, o is the density of the porous



FGMs and p, is the density of the solid, respectively. C is a geometric constant and q is density exponent. The
values of q are in the range 1.0-6.3 for porous materials with higher relative density (lower porosity) [34]. Maiti et
al. [35] concluded that C[J 0.65 and q=1.5.

When the densification occurs, stress increases rapidly with the increasing of strain, the constitutive relation of

the densification region (III) is assumed to be expressed as

o=K'e" (19)

Given that the porosity is low, K is taken to be the elastic modulus of layer a and layer b, respectively, but with

n >1 to reflect the densification effects. By considering the continuity between region (II) and region (III) at

o=0,, n can be expressed as

N =[L+In(K/K)/In(o, / K)In (20)

The typical stress-strain curve for porous ceramics under compression contains two stages, in the initial stage,
the load increases linearly. When the load exceeds the crushing strength, the sample starts crushing and the load
maintains a constant value, namely, the sample fractures completely only after experiencing a great deal of strain
[36]. Costa Oliveira et al. [37] reported that as porous ceramics reach their compressive limit, parts of pores collapse,
to release stress and thus generating strain, maintaining a certain amount of “plasticity”. The constitutive relation of
layer c is expressed as:

(21)

Ee, o<o, (inelastic)
O = . -
O, O =0 (in"plastic")

where E =E_ is the elastic modulus of layer ¢, o is the crushing strength and is taken to be 872MPa, which is

the compressive strength of the pure porous ZrO, ceramics obtained by compression test in our previous work [10].
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3. Results and Discussion

3.1. Nanoindentation Characterization of Residual Stress and Comparison with Simulated Results

Figure 3a-b show the nanoindentation experimental results of layer b (ZrO,+15%Ni). The indentation points are
shown in Fig.2, with local coordinates being x=0.5 mm, 1 mm, 1.5 mm, 2 mm, and 2.5 mm, respectively. We can
see that both E and H vary at different locations in x direction, increasing monotonously with the variation of
positions from the interface near layer a (tensile stress region) to the interface near layer ¢ (compressive stress
region). This result shows that residual stress indeed influences the response of the porous ZrO,/(ZrO,+Ni) ceramic-
metal FGMs during indentation processes. Moreover, this result qualitatively agrees with those reported in previous
investigations (for example, Oliver’s [38] and Suresh’s [39]), namely, the effect of compressive stress tends to
increase the modulus and hardness, while the tensile stress tends to reduce it. Therefore, we can characterize the
residual stress of the porous ZrO,/(ZrO2+Ni) ceramic-metal FGMs base on the nanoindentation test.

Figure 4 plots the corresponding residual stress profile in layer b (ZrO,+15 vol. %Ni). We can see that the
prediction by nanoindentation qualitatively agrees well with the finite element simulation result. Combing with the
results in Fig.3, one can find that the maximum changes in E and H from tension state (38 MPa) to the unstressed
state are 7% and 44%, respectively, compared with that of 3% and 22% for compressive state (-38 MPa) to the
unstressed state. Therefore, the effects of tension are more pronounced than those of compression. These results
agree with those reported in the previous investigation [38].

The nanoindentation experimental results of layer ¢ (ZrO;) are shown in Fig.5a-b, where the local coordinates of
the indentation points are x=0.5 mm, 1 mm, 1.5 mm, 2 mm, and 3.5 mm, respectively, as shown in Fig.2. Figure 6
plots the relevant residual stress profile. We can see that the prediction by nanoindentation qualitatively agrees with
the finite element simulation result. It is found that both the modulus and hardness are not constants in the same
layer but vary nonmonotonously with the increase of x. This trend is in consistent with the axial residual
compressive stress produced in layer c. The data clearly show that compressive stress has a great effect on the
modulus and hardness of ZrO, ceramics, increasing in compressive stress leads to increase in E and H. The
maximum increment in E and H are up to 16% and 73% compared with point 5 (x=3.5mm, -37MPa) and point 3
(x=1.5 mm, -88 MPa), respectively. Notice that the modulus of point 5 is very close to but slightly greater than the
modulus used in FE in Table 1(115.43GPa, without stress effects), which also proves that computing the equivalent

parameters with Eq.(13) is applicable. Compared with Fig.4, one can see that the effects of per unit residual
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compressive stress on E and H for pure ceramic (layer c) are greater than that of ceramic-metal mixtures (layer b). It
may be concluded that residual stress influence more remarkable for ceramic over that of metal. This is yet to be
further analyzed by our following experimental results.

Figure 7a-b show the nanoindentation experimental results of the interface between layer ¢ and layer b. The
indentation points selected are shown in Fig.2, where the local coordinates are y=0 mm, 0.55mm, 1.1mm, 1.65mm,
and 2.2mm, respectively. Considering the weak strength of the interface, the maximum load is decreased from
10mN to 2mN, seen in Fig.7a. The axial residual stress in the interface is plotted in Fig.8. Again, the prediction by
nanoindentation qualitatively agrees with the finite element simulation result. Residual stress in the interface is
compressive in the center, gradually decreasing and turns to tensile stress as approaching the edge. One can see that
both the modulus and hardness vary monotonously with the increase of y from the center to the edge of the interface,
decreasing in compressive stress leads to a decrease in E and H. The E and H of the interface both have a decline
compared with that of layer c. Also, The maximum decrements in E and H from compressive state (-50 MPa) to the
unstressed state are 16% and 150%, respectively. These results show that residual stress especially the interfacial
residual stress has a great effect on the mechanical properties.

Figure 9a-b illustrate the nanoindentation experimental results of layer a (ZrO,+30 vol. %Ni), the relevant
residual stress profile is plotted in Fig.10a-b. The selected indentation points are shown in Fig.2, with local
coordinates being x=1 mm, 1.5 mm, 2 mm, 3.5 mm, and 5 mm, respectively. We can see that the variation trends of
E and H are in consistent with the residual tensile stress, which show that tensile stress has a great effect on the
hardness and modulus of ceramic-metal mixtures, increasing in tensile stress leads to decrease in E and H. The
maximum increments in E and H from tension state (85 MPa) to the unstressed state are 4% and 46%, respectively.
Compared with ceramic-metal mixtures with less metal content (see Fig.3 and Fig.4), one can see that as the
increase of metal content, the effects of per unit residual tensile stress on E and H for ceramic-metal mixtures
decrease. Therefore, residual stress (tensile stress or compressive stress) has a greater effect on ceramic than that of
metal.

From above, we conclude that residual stress (tensile or compressive) induces changes in the apparent elastic
modulus and indentation hardness of the ceramic-metal FGMs, which can be used to characterize the distribution of
residual stress. The comparison with finite element results indicates the feasibility of the nanoindentation

characterization of residual stress profile, especially for the turning points of tensile and compressive residual
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stresses in layer a and layer c, respectively. Further analysis with nanoindentation and FEM results, one can find that
the residual stress in layer ¢ (ZrO) and the interface of layer ¢ (ZrO.) have the greatest quantitative difference (see
Fig.6 and Fig.8), this is mainly because the “yield strength” Y =872MPa used for porous ZrO, ceramic (see Eq.(21))
is essentially not the yield strength but the crushing strength, which is a result of the collapse of pores releasing
stress and thus generating strain, maintaining a certain amount of “plasticity”. For ceramic-metal mixtures, i.e. layer
a (ZrO2+30 vol. %Ni) and layer b (ZrO2+15 vol. %Ni), the maximum relative error are 30% and 40%, respectively.
Due to the lack of the experimental data of material properties such as Y , K for each layer, the methods we use to
obtain the Y ,K can only represent the real value approximately, which result in the quantitative difference in
residual stress predicted by nanoindentation and FEM. Therefore, uniaxial tension experiments are needed to get the
material properties of each layer in the future work.
3.2. Influence of Residual Stress on the Mechanical Performances

In this section, a rectangular ZrO/(ZrO2+Ni) ceramic-metal specimen (34 mm>3 mm>4 mm, with 1,=8mm,
lb=4mm, and l.:=10mm in x direction) is studied, the three-point bending and compressive process with the existing
of the residual stress is simulated by FEM and compared with experimental results [10] to investigate the influence
of residual stress. Here, the load conditions are the same as that of our previous work [10], namely, a 30 mm span
and a crosshead speed of 0.5 mm xmin for the three-point bending process, and a crosshead speed of 0.05 mm x
min~t for the compressive process. Figure 11 shows the flexural strength-displacement curves of the porous
ZrO,/(ZrO2+Ni) ceramic-metal FGMs obtained by flexural test and FEM. The experimental result is the average
value of the five experimental results in Fig.5b of our previous work [10]. Here, four different cases are simulated
by the FEM, namely, (i) ceramic-metal FGMs without residual stress (RS) and densification (DS), (ii) ceramic-metal
FGMs with only residual stress, (iii) ceramic-metal FGMs with only densification, and (iv) ceramic-metal FGMs
with residual stress and densification. During the bending process, densification occurs because of the compressive
stress produced in the top of the middle porous layer (ZrO,). Here the densification is simulated by decreasing the
porosity, namely, increasing the modulus from 115.43 GPa to 140 GPa. Comparing the case with RS and DS to the
case without RS and DS, we find that the flexural strength and stiffness of the ceramic-metal FGMs are increased by
10% and 33% over that of later, respectively. Also, by comparing the cases with only RS and only DS to the case
without RS and DS, one can see that compressive residual stress and densification can influence the flexural strength

and stiffness of the porous ZrO,/(ZrO,+Ni) ceramic-metal FGMs, respectively. On the one hand, the residual
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compressive stress can compensate the tensile stress produced in the bottom of the middle layer (ZrO2) during the
bending process, therefore, improving the flexural strength of the porous ZrO2/(ZrO,+Ni) ceramic-metal FGMs. On
the other hand, the residual compressive stress can promote the densification process of the middle porous layer
(ZrO2) during the bending process, which improves the stiffness of the porous ZrO,/(ZrO.+Ni) ceramic-metal FGMs.

Figure 12 shows the compressive strength-displacement curves of the porous ZrOy/(ZrO,+Ni) ceramic-metal
FGMs obtained by compressive test and FEM. The experimental result is the average value of the five experimental
results in Fig.4b of our previous work [10]. The one without axial residual stress is also plotted as comparison. We
can see that the compressive strength-displacement curves of the porous ZrO./(ZrO+Ni) ceramic-metal FGMs

exhibits the three regions: (I) elastic region; (IT) stress plateau region; and (III) densification region. It is found

that the residual stress has no obvious influence on the ultimate compressive strength of the ceramic-metal FGMs in
contrast to the case without residual stress. The residual stress only produces limited influence on the strength-
displacement relation in a shallow deformation range. The influence deformation ranges are (0, 0.6%) in strain,

namely, the elastic region (I) and stress plateau region (IT) . For the two cases without and with residual stress, the

apparent Young’s modulus decreases from 92.5 GPa to 34.6 GPa and the reduced amplitudes reach up about 63%.
From above, we conclude that the decreased ultimate compressive strength should be attributed to the low
compressive strength of Ni (159MPa) [31] compared with that of ZrO,, while the residual stress decreases the
apparent Young’s modulus of the compressive strength-displacement curves and shows influence at the stage of

initially elastic small deformation.

4. Conclusions
This paper provides a method for charactering the residual stress of porous ZrO./(ZrO2+Ni) ceramic-metal
FGMs based on the theoretical work of Chen, where the nanoindentation experimental data are used for extracting
residual stress field. It is found that residual stress predicted by nanoindentation qualitatively agrees well with the
finite element simulation results. Nanoindentation experimental results indicate that the residual stress (tensile or
compressive) induces changes in the apparent elastic modulus and indentation hardness of the ceramic-metal FGMs,
during which residual stress has a greater effect on ceramic than that of metal, and tensile stress influences

pronounced than those of compression.
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Influences of residual stress on mechanical performances of the porous ZrO,/(ZrO,+Ni) ceramic-metal FGMs
are investigated, the axial compressive residual stress can improve both the flexural strength and stiffness of the
porous ZrO,/(ZrO,+Ni) FGMs simultaneously. Residual stress has no obvious influence on the ultimate compressive
strength of the porous ZrO,/(ZrO,+Ni) ceramic-metal FGMs, but mainly influences the initial stage of elastic

deformation in the compressive behavior of the porous ZrO/(ZrO»+Ni) ceramic-metal FGMs.
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Figures and Tables

Table1 Material properties for porous ZrO,/(ZrO,+Ni) ceramic-metal FGMs

material T E ¢ K n Y M
(°C) (GPa) (10%/K) K (MPa) (MPa) (MPa)
25 198.67 8
ZrO; 600 166.76 9.20 0.315 - - - -
1127 118.94 10.25
ZrO; 25 115.43 8
(30% 600 96.89 9.20 0.315 872 0 872 872
porosity) 1127 69.11 10.25
25 205 12.73
Ni 600 176.82 17.93 0.3 455.638  0.147 159 269.159
1127 127.65 22.51
ZrO+15%Ni 25 153.88 8.71
(15% 600 129.72 10.51 0.313  380.278  0.147 135.15  226.621
porosity) 1127 92.70 12.09
ZrO2+30%Ni 25 163.08 9.41
(12% 600 138.04 11.82 0.311  395.056  0.147 139.92  235.109
porosity) 1127 98.83 13.93
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Fig.1  Schematic composition and optical photograph of the fabricated porous ZrO2/(ZrO2+Ni) ceramic-

metal FGMs. a), b)
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Fig.2  IHlustration of the indentation points on porous ZrO2/(ZrO2+Ni) ceramic-metal FGMs.
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Fig.11  The flexural strength-displacement curves of the porous ZrO2/(ZrO2+Ni) ceramic-metal FGMs

obtained by flexural test and FEM (RS-residual stress, DS-densification, expt.-experiment).
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Fig.12 The compressive strength-displacement curves of the porous ZrO2/(ZrO2+Ni) ceramic-metal FGMs

obtained by compressive test and FEM (RS-residual stress, expt.-experiment).

29



