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ABSTRACT. The report involves experimental data, constitutive modeling, analytical, analytical-numerical and
numerical methods, as well as, computational investigations towards an understanding the damage growth in metal
matrix composites with periodically distributed fibers at high temperatures and creep conditions within the
framework of micromechanical approach and representative volume element. Development of damage in metal
matrix composites has been analyzed for such composite constituents as matrix, reinforcement, interfaces and
coating. The constitutive laws of elastoplastic deformation and anisotropic creep at high temperatures, as well as, the
kinetic equations of damage growth have been considered. Tension-compression asymmetry of composite
constituents and initial anisotropy of matrix materials were taken into account. Implementation of the integrated
constitutive model into ABAQUS, ANSYS and in-house developed software has been considered in a form of the
computer-based structural modeling tools to assess the stress redistribution over time throughout the metal matrix
composite, as well as, for damage analysis and for lifetime prediction studies. The outcome of this analysis is related
to the practical recommendations on how damage growth in metal matrix composites may be controlled in order to
reduce materials degradation over time, and extend lifetime of metal matrix composites in high temperature
applications.
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1. Introduction
At present, Metal Matrix Composites (MMCs) have been intensively developed due to the number of important
applications. All MMCs have a metal (or a metallic alloy) as the matrix. There are four kinds of MMCs [1]:
1). Particle-reinforced MMCs;
2). Short fiber- (or whisker-reinforced) MMCs;
3). Continuous fiber- (or sheet-reinforced) MMCs;
4). Laminated (or layered) MMCs.

Common matrix metallic materials are Aluminum and Aluminum Alloys, Titanium Alloys, Magnesium and
its Alloys, Cobalt, Copper, Silver, Nickel, Iron, Niobium and Intermetallics. The reinforcement can be metallic or
ceramic. Recently, novel MMCs reinforced by graphene were developed [2], and it was found that MMCs
reinforced by those particles give competitive economical and isotropic characteristics at high temperatures.

In this report, special attention will be given to short fiber- and continuous fiber unidirectional MMCs. In
particular, continuously reinforced MMCs, such as silicon carbide fiber reinforced titanium matrix composites, are
one of the candidate materials in rotating components of gas turbines for aerospace applications at temperatures up
to 550°C [3]. These composites are stronger, more temperature resistant and have a lower weight to stiffness ratio
than conventional metal alloys [4]. New fabrication methods for MMCs including physical vapor deposition and
additive manufacturing were developed for aerospace applications [5].

The functionality and reliability of MMCs at high temperatures are strongly related to the damage growth
and stresses redistribution over time in the structures. A methodology for durability analysis of MMCs is needed that

includes experimental investigations, as well as, constitutive and numerical modeling.

The thermomechanical properties of MMCs are determined by a combination of the properties of the
microstructural phases and the internal architecture formed by them. This architecture must be described using 3D
techniques taking into account that the phases are distributed nonuniformly in MMCs, have complex morphologies,
form interconnected structures and present contiguity between those structures [6]. Furthermore, all these



morphological aspects may change under thermomechanical cyclic loading. Development of synchrotron
tomography using high energy synchrotron radiation gives the possibility to reveal the 3D structure of
heterogeneous materials with sub-micrometer spatial resolution, as well as, the length scale, where the basic
mechanisms of inelastic deformation and damage take place, and determine the macroscopic behavior of MMCs [6].
In this way, the 3D microstructure of a whisker reinforced titanium alloy has been studied, and practical
recommendations related to the damage development have been formulated [6]. Also, the growth of creep damage
in MMCs has been investigated using X-ray tomography, and the necessary experimental data have been provided
for validating numerical simulations of creep damage evolution, e.g., by Monte Carlo methods or finite element
simulations [7]. Additionally, the evolution of fatigue damage in a 35vol% SiC fiber/titanium alloy composite has
been studied using X-ray computed tomography [7]. Different damage mechanisms found earlier in carbon fiber
reinforced epoxy laminates [8] were investigated from the tomographies in MMC deformed during tensile testing
[7], such as, matrix cracking, interply delamination, fiber-matrix debonding and fiber cracking.

Thus, synchrotron tomography using high energy synchrotron radiation provides a thorough knowledge of
creep behaviors and damage mechanisms of fiber reinforced composite materials at elevated temperature which are
required for their engineering applications. However, such experiments are costly and time consuming, and,
therefore, the development of simulation methods for predicting creep and damage growth in MMCs is also
necessary.

In general, there are two types of studies in nonlinear mechanics of composites commonly referred to as
macromechanical and micromechanical. Macromechanical studies of composite materials are done at the
macrostructural level using homogenized nonlinear properties of composites including nonlinear elasticity,
elastoplastic deformation, creep and damage evolution related to the initial anisotropy and tension-compression
material asymmetry [9-23]. In contrary, micromechanical studies of composite materials are based on the
reinforcement/matrix interactions and properties of composite constituents (matrix, reinforcement, interfaces and
coating) at the microstructural level, as well as, on the various homogenization techniques [24-27].

As a rule, micromechanical modeling of MMCs with periodically distributed fibers assumes the
consideration of a repeating unit cell that serves as representative volume element (RVE) of a periodic composite
material. This means that the RVE must be statistically equivalent to a real microstructure of composite under study.
Most of the creep models in micromechanics of MMCs were used under assumption of the creep behavior of the
metal matrix and linear elastic deformation of the fiber. Also, there are several methods in micromechanical
modeling of periodic MMCs at high temperatures and creep conditions, such as, analytical, analytical-numerical
and numerical ones. There are no rigorous boundaries between these methods.

Most of the analytical methods in creep micromechanics of MMCs are based on the two different
approaches [28, 29]. The first one includes the Eshelby (mean stress or mean field) theory, which treats the
strengthening of composites reinforced with elastic ellipsoidal inclusions. It is assumed that the inelastic strain in the
matrix is uniform along the loading axis. The second one includes the shear-lag theories, in which strengthening
was attributed to the load transfer through shear stresses from the matrix to the fiber at the interface along the
loading axis.

A new analytical shear-lag based model for prediction of the steady state creep deformations of short fiber
composites subjected to an applied axial load has been developed by Mondali et al. [30]. A perfect fiber/matrix
interface is assumed, and the steady state creep behavior of the matrix is described by an exponential law. In the
following, this analytical model was modified using Hermite polynomials, hyperbolic trigonometric functions and
power series [31]. A novel analytical method has been discussed by Monfared [32] for predicting steady state creep
of short fiber composites using shear-lag theory, imaginary fiber technique and polynomial displacement functions.

The objective of the paper by Li et al. [33] is to study the creep behavior and stress relaxation in the
unidirectional fiber reinforced MMCs under biaxial loading. An analytical solution has been obtained using the
Eshelby theory. Diffusion along the fiber/matrix interface and related creep are considered while the interface slip
and the creep deformation of the matrix are not taken into account [33]. Based on the Eshelby theory, analytical
solution for interfacial diffusion-induced creep of particulate MMCs under triaxial loading has been obtained by Sun
et al. [34]. Also, analytical investigation of transverse creep in unidirectional fiber reinforced MMCs caused by
diffusional relaxation and interface slip has been presented by Xu and Guo [35] using the Eshelby theory. In the
following, such model was applied under general transverse loading conditions [36].

The difference between the Eshelby theory and the shear-lag model has been discussed by Fernandez and
Gonzalez-Doncel [37] for the creep predictions in particle-reinforced MMCs. Eshelby model provides more rigorous
predictions in composites with particles of low aspect ratio or when particles shape is close to an ellipsoid. On the
other hand, shear-lag theory is expected to give good predictions in composites with elongated or large aspect ratio
particles. Furthermore, it is much easier to use the shear-lag theory than Eshelby model in the analytical stress
analysis.



A number of combined analytical-numerical methods were developed in micromechanics of inelastic
composites [24-27]. The computation time of such approach is reduced by at least an order relative to the
pure numerical analysis. A characteristic feature of such approach is the simultaneous use of various linearization
techniques and homogenization theories, such as, self-consistent (Hill’s) scheme, Mori-Tanaka theory, generalized
self-consistent ~ scheme,  generalized method of cells, transformation field analysis, the
asymptotic homogenization method, etc. Initially, the homogenization theories must be used in order to address the
periodic boundary value problem for RVE of a periodic composite material. However, such approach has a number
of limitations for practical use in the nonlinear analysis. The analytical-numerical methods were compared in the
context of elastoplastic deformation of composites [38]. It is established that the transformation field analysis and
the Mori-Tanaka method are preferred to the self-consistent estimate. An incremental secant mean-field
homogenization procedure was developed for nonmonotonic loading for composites made of elastoplastic

constituents [39]. The transformation field analysis was used to study the elastoviscoplasticity coupled with damage
of a long fiber unidirectional metal matrix composite [40]. The generalized method of cells was applied to analyze
the linear viscoelasticity of unidirectional composite [41]. The Mori-Tanaka scheme combined with the
transformation field analysis was used to study the elastoviscoplasticity of composites [42]. A three-phase Mori-
Tanaka method and transformation field analysis approach are developed within a unified framework that allows
simulation of both ductile and discrete damages in different phases (fiber, matrix and interface) of composite
materials [43]. In this way, the rate-dependent viscoelastic and viscoplastic response of the matrix phase was taken
into account. The asymptotic homogenization method was used to investigate the 3D mechanical behavior of
isotropic viscoelastic matrix reinforced by square (or hexagonal) arrangements of elastic transversely isotropic long
(or short) fibers [44]. The finite volume based asymptotic homogenization was applied to viscoelastic unidirectional
composites [45]. The matrix microcracking, interface debonding and interphase discrete damage at the fiber ends

related to the elastoviscoplasticity of a short fiber reinforced composite were studied by Chen et al. [46] using the
modified Mori-Tanaka method the transformation field analysis. The variational incremental mean-field

homogenization model [47] was developed to analyze the elastoviscoplasticity of a periodic composite material.
Predicting the viscoelastic behavior of unidirectional fiber reinforced composites based on the generalized self-
consistent method was compared by Hine and Gusev [48] against available experimental data. A nonuniform
transformation field analysis was done in [49] for composites with different elastoplastic characteristics under
tension and compression, but without consideration of creep.

Note that viscous material behavior means the sensitivity of the stress-strain response of a material to
the rate of straining. In general, the viscous response assumes that strain includes the viscous part (some function of
time), as well as, elastic (reversible) and plastic (permanent) parts. Basically, the elastoviscoplasticity of a material
is similar to the high temperature creep behavior, however, in general, the long term creep deformation
cannot be predicted satisfactorily by a model based on the elastoviscoplasticity.

The Mori-Tanaka scheme was used by Chun and Daniel [50] to study transverse creep deformation in a
unidirectional MMC. The high temperature deformation of short fiber reinforced MMCs including plasticity and
creep was studied by Tsukamoto [51] using the Mori-Tanaka method. Creep of matrix and diffusional mass transfer
at the interface are taken into account. The generalized method of cells was applied to analyze the creep deformation
of a unidirectional composite subjected to longitudinal and/or transversal loading [52]. The
asymptotic homogenization method was used by Wu and Ohno [53] to study the effect of fiber arrays on the
anisotropy of creep in a unidirectional MMC. In the following, the theory of asymptotic homogenization of periodic
media and Continuum Damage Mechanics were applied to analysis of nonlinear elastic deformation [54-56] and
high temperature creep [57] of fiber reinforced composites subjected to a wide range of external loads taking into
account matrix cracking, interface debonding, and fiber fracture and pull-out. Also, the generalized method of cells
and Continuum Damage Mechanics were used by Khafagy et al. [58] to study the creep behavior of fiber reinforced
composites. Additionally, the Mori-Tanaka method and Continuum Damage Mechanics coupled with the
commercial finite element analysis software ANSYS were applied to analysis of elastoviscoplasticity of short fiber
reinforced composites [59].

On the contrary, the use of pure numerical methods regarding the micromechanical modeling of nonlinear
creep and damage in MMCs, in particular, the finite element method (FEM) together with linearization techniques
has a number of advantages in comparison with the analytical-numerical methods because there are no restrictions
on the geometry, material properties or number of phases in modeling. A comparison between FE approach and
Mori-Tanaka theory was given for unidirectional fiber reinforced linear viscoelastic composites under transverse
loading conditions [60, 61]. Nonlinear creep of composite constituents (matrix, fiber and interface) was not included
in analysis [60, 61]. A FE technique has been formulated to study the elastoviscoplasticity of a SiC-Ti composite at
the high temperature taking into account interface cracking [62]. It was established numerically that initial
debonding is strongly influenced by thermal residual stresses. No long term creep was included in analysis. The
FEM was used by Feyel and Chaboche [63] for modeling the elastoviscoplastic behaviour of long fibre SiC/titanium
alloy composite. The two examples of simulation, such as, a beam subjected to bending and a reinforced compressor
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disc subjected to centrifugal loading, have been considered [63]. The influence of the fiber/matrix interface strength
on the macroscopic behavior and damage of composite has been discussed. The redistribution of stresses due to long
term creep is not considered in these two examples. Nonlocal plasticity effects on the tensile properties of MMCs
are analyzed by Niordson and Tvergaard [64]. The FE technique coupled with advanced contact algorithms [65, 66]
gives the possibility to incorporate modeling the matrix—reinforcement assembly process, material temperature
dependency as well as damage to study the elastoplastic deformation of SiC/Ti-15-3 unidirectional composite
laminates. Again, the effect of creep was not considered in [65, 66]. The 3D FE micromechanical model was
developed by Aghdam and Falahatgar [67] to study effects of thermal residual stress, fiber coating and interface
bonding on the transverse behavior of a unidirectional long fiber SiC/ titanium alloy Ti—-6Al-4V composite. The
presented model takes into the consideration three phases, i.e. the fiber, coating and matrix, as well as, two distinct
interfaces, one between the fiber and coating and the other between coating and matrix. The applicability of such
model was to investigate effects of various bonding levels of the interfaces on the initiation of damage during
transverse loading of MMC. Two different failure criteria, which are combinations of normal and shear stresses
across the interfaces, were used to predict the failure of these interfaces. In the following, this micromechanical
model for the SiC/ Ti-6Al-4V composite was employed by Aghdam et al. [68] and by Mahmoodi et al. [69] to
study elastoplastic deformation and failure modes during biaxial tension/compression loading and under off-axis
loading, respectively. The creep deformation was not considered here. The FE-based simulations performed in [70]
show that the consideration of the nonlinearity and the tension/compression-asymmetry seems to have the
highest impact on the elastoplasticity of unidirectional fiber reinforced composite.

Numerical modeling of the high-temperature longitudinal time dependent behavior of continuously
reinforced titanium matrix composites (SiC/Ti-6242) has been done by Figiel and Giinther [4]. In this way, the two
viscoplastic matrix models have been used, such as, two-layer viscoplasticity model and the model of Chaboche,
together with the FEM-based code ABAQUS and ANSYS, respectively. There is a good agreement between the
simulated and experimental creep curves for SiC/Ti-6242 composite in its axial direction. A modeling approach
associating a micromechanical analysis and a filament damage accumulation was developed to describe the creep
behavior of continuous fiber reinforced titanium matrix composite in the longitudinal direction [71]. First, a
numerical approach based on the cylindrical cell model and FEM provides an estimation of the average axial stress
in the reinforcement during creep. Second, the critical value of this average stress which is necessary to predict the
creep life of the composite is determined with the help of a filament damage accumulation model [71]. Modeling of
the elastoplastic deformation and creep of continuously reinforced SiC/Ti-6242 composite has been performed by
Martin and Carrére [72] using the RVE. Axial and transverse loadings have been analyzed with the help of a
bidimensional plane strain FE analysis. The interfacial properties have been modeled with extreme conditions
(perfectly bonded or completely debonded interface) or with the use of a stress debond criterion. The best choice
remains to use a cohesive zone model [72]. Redistribution of stresses influenced by creep was studied by Ahmadi
and Ataee in unidirectional fiber reinforced composite using the Norton power law and the FEM. An anisotropic
creep behavior of unidirectional fiber reinforced composite was analyzed by Fliegener and Hohe [73] by employing
the Kelvin-Voigt viscoelastic model and commercial FE software. Numerical modeling on creep responses of
aligned short fiber reinforced composites was given by Wang and Smith [75] through the viscoelastic model with
a Prony series expansion and ABAQUS software. Numerical simulation of creep was done by Liu et al. [76] for the
transverse response of fiber reinforced composites using the Sokolovsky-Perzyna elastoviscoplastic model, the 3D
FEM framework and the Newton-Raphson linearization method. Perfect bonding was assumed for the interface
between the matrix and fibers. The viscoelastic response of a unidirectional fiber reinforced composite was studied
by Katouzian et al. [77] by employing the FEM. The model predictions of creep strains were compared with the
experimental data.

Thus, we agree with the conclusion made recently in [78] that, up to now, micromechanical lifetime
prediction studies of unidirectional fiber reinforced composites at the conditions of high temperature creep,
damage growth and material tension-compression asymmetry do not exist in the literature.

2. Experimental data
The introduction of titanium matrix composites (TMCs) into industrial applications was closely related to the
experimental investigations of their mechanical properties, in particular, by National Aeronautics and Space
Administration (NASA) and German Aerospace Center (DLR). Unfortunately, useful information about their
mechanical properties is scattered in the literature [79].

2.1. Stresses and damage
In the present report, we take into account that multiaxial stress states in turbine blades made of silicon carbide fiber
reinforced TMCs can be generated due to the thermal loads, as well as, due to centrifugal forces. Special attention is
paid to the experimental data obtained at the DLR [4, 80, 81]. Hence, in order to study the degradation of
composites, which may occur in-service up to 550 °C and limit the performance of turbine blades, the test
specimens were subjected in the DLR laboratory to conditions, which simulate the in-service condition as close as
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possible. The composite material was processed by deposition of the matrix alloy on the silicon carbide fibers using

the magnetron sputtering process. The near-alpha titanium alloy Ti-6242 was used as matrix material. Its nominal
composition is Ti—6%Al-2%Sn—4%Zr—2%Mo-0.1%Si (wt. %). The SiC fiber SCS-6 was used as long fiber
reinforcement. The fiber is covered with a protection layer, which consists mainly of carbon. Testing in the DLR
laboratory realizes cyclic thermal (Fig. 1) and mechanical loading in the axial direction of the sample. A heating
periodt;, a dwell time t, —t; and a cooling period t3 —t, in the applied test cycle should be introduced in order to

represent the degradation of composite during an entire flight of a jet engine.
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An applied axial tensile loading reproduces the centrifugal force acting on the turbine blade. In general, the

temperature T and the load can act over time under an in-phase and out-of-phase loading mode (Fig. 2).
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Fig. 2. Schematic representation of thermomechanical cyclic loading [80]

It was found [80] that out-of-phase thermomechanical loading generally leads to a stronger reduction in fatigue life
than in-phase loading. This seems to be controlled by matrix cracking whereas failure during in-phase cycling
appears to be dominated by fiber failure.

Also, the mechanical properties of TMCs were studied intensively by NASA [82]. In this regard, the
unidirectional fiber-reinforced composite SCS-6/Ti-2411 was considered. This is a TMC manufactured using the
titanium alloy Ti-2411 (Ti-24Al-11Nb) and silicon carbide-based fibers SCS-6 with carbon-rich coating layers. The
shear strength of the SCS-6/Ti-2411 interface was investigated using fiber push-out test method (Fig. 3). In this way,
it was possible to measure the relative fiber/matrix displacements at room temperature related to fiber sliding and
interface debonding [82]. In the following, the single fiber fragmentation test method was developed in [83] to study
the interfacial shear characteristics of Ti/SiC composites at elevated temperature.
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Fig. 3. Schematic representation of fiber push-out test method [82]



Obviously that initiation and growth of damage is closely related to the stress state in unidirectional fiber
reinforced TMCs at the conditions of creep and fatigue with multiaxial stress state under thermomechanical cyclic
loading. On the other hand, development of structural defects (vacancies, dislocations, pores, voids, microcracks,
foreign atoms, grain boundaries, interfaces between fiber and matrix) with temperature and time will also change the
distribution and magnitude of the residual stresses (thermal stresses, phase transformation stresses) that occur after
manufacturing processing.

There are various sources of the operation induced stresses in TMCs:

a) Thermal induced stresses resulting from temperature changes and differences of the coefficient of thermal
expansion of composite constituents.

b) Intrinsic growth stresses due to oxidation, chemical reactions, phase transformations, etc.

c) Stresses due to the deformation and damage development under the applied loading and environmental
influences.

The consideration of the residual stresses in TMCs is quite important in the structural analysis of the
system. However, this is not enough in order to understand the mechanisms of composite degradation over time that
affect essentially the lifetime reduction of turbine blades at high temperatures. Therefore, it is necessary to identify
the time dependent phenomena related to the thermal, chemical, mechanical and structural degradation of TMCs at
high temperatures over time. These time dependent phenomena can be investigated experimentally. The phenomena
under consideration are creep, fatigue, oxidation and phase transformation.

2.2.Creep

Titanium alloys at high temperatures exhibit creep deformation considered as a time-dependent irreversible
deformation process. Even in the initial stages of the creep process in titanium alloys, dislocations, impurity atoms
and voids accumulate at the grain boundaries to form grain boundary cavitation. As microscopic cavities at the grain
boundaries get larger and coalesce, dislocations, impurity atoms and voids move out to grain boundaries, and micro-
cracks along the grain facets begin to be formed. Growth and coalescence of these microcracks leads to the creep
rupture in the final stage of the creep process with the formation of macrocracks with some preferential orientation,
often, direction perpendicular to the maximum principal stress. Thus, creep deformation changes the microstructure
of the titanium alloys by introducing dislocations, impurity atoms and voids in the initial stages, microscopic
cavities in the following, and microcracks in the final stage of the creep process, all of them, at the grain boundaries
with some preferential orientation. Furthermore, the velocity of the growth of already existing grain boundary
microscopic cavities and microcracks, and of the nucleation of new ones essentially depends on the intensity of
creep deformation. On the other hand, creep deformation of titanium alloys is influenced by the growth of
microscopic cavities and microcracks. This influence begins at the primary and secondary stages of the creep
process, and can be visible in the tertiary stage due to increase of the creep strain rate, preceding the creep rupture.
The creep rupture case without increase in the creep strain rate can also be observed in titanium alloys.

Thus, creep deformation and material deterioration in titanium alloys due to growth of creep damage occur
parallel to each other, and they have a reciprocal effect. Obviously that creep damage growth in the matrix leads to
the degradation of titanium matrix composite over time.

A schematic of typical creep curves for MMCs with continuous and discontinuous reinforcement is shown
in Fig. 4. It is stated [1] that composites with continuous fibers exhibit a short primary creep regime, followed by a
long steady-state regime. However, the creep curves of continuously reinforced unidirectional titanium matrix
composites exhibit in the tests in the longitudinal and transverse directions a short tertiary creep stage before rupture
[80, 84].

Strain
Strain

[ 1 [

Time Time
Fiber Reinforced Discontinuously Reinforced

Fig. 4. Schematic of creep strain versus time for fiber reinforced and discontinuously reinforced MMCs [1]

Figure 5a shows the creep behavior of the Ti-6242 alloy in the temperature interval from 450 to 550 °C.
The creep behavior of this titanium alloy at 500 °C is also discussed in [84]. Figure 5b demonstrates the creep
behavior of a unidirectional SCS-6/ Ti-6242 composite at 550 °C under tension in the longitudinal direction. The
creep rupture data for this composite are shown in Fig. 5c.
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The comparison of the longitudinal and transverse creep curves at 500 °C for a unidirectional SM1140+/Ti-
6242 composite is presented in [84]. Results of the creep tests up to rupture in tension for SM1140+/Ti-6242
composite are given in Table 1. Creep tests clearly demonstrate that the composite under study is more creep
resistant in the longitudinal direction than in the transverse direction due to the weak nature of matrix-fiber
interfacial bond and week interfacial diffusion.

Table. 1. Experimental creep rupture data at 500 °C for SM1140+/Ti-6242 composite [84]

Fibre direction

Applied stress

Rupture hife

Rupture creep strain

(MPa) (h) (%)
o 943 45 1T 0.08*
1051 921T 0.07*
1069 J1SIT 0.14*
1098 193 0.13
1152 16.7 0.08
1202 .68 -
90° 150 1000 1T 0.073*
250 400 IT 0.16
270 M0 IT 0.45*
300 240 038
320 200 044

IT: interrupted test.
* The reported value for an interrupted test is the creep strain at the end of

the test.

Mechanisms leading to the creep rupture of the TMC can be summarized as follows [84].

1

Longitudinal loading. The stress relaxation in the matrix increases the load borne by the fibers. Thus,

fibers breaks are thus produced during the creep deformation. Those fibers breaks induce stress
concentrations on the neighboring fibers. Therefore, final creep rupture of the composite results from the
accumulation of fiber fractures.
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2) Transverse loading. The matrix controls the global creep deformation of the composite, but the load
carried locally by the matrix is controlled by the strength of the interface. For low applied stresses (inferior
to the critical stress), interfaces remain partially damaged, and load is sharing between the fibers. For high
applied stresses (greater than the critical stress) all the interfaces are broken, and the load is totally carried
by the matrix. The localization of the stress in the matrix induces the creep rupture of the composite.

In the following, a comparative analysis of the creep damage mechanisms under transverse loading has
been given for the two unidirectional TMCs (SCS-6 /Ti-6242 and SM1140+/Ti-6242) [85].

In order to reproduce correctly the creep deformation in the transverse direction of the composite using the
creep constitutive model it is necessary to take into account the anisotropic creep properties of the titanium alloy
induced by the matrix texture. For example, the experimental data obtained on the samples taken in different
directions of a Ti—-6Al-4V plate demonstrate the initial anisotropy of creep [86, 87]. So, the rupture time of the
longitudinal samples is less by a factor of 30 than one obtained on the transverse samples for one and the same value
of the tensile stress in the creep experiments.

Also, Fig. 6a, b shows that the titanium alloy Ti-6242 [88] belongs to the broad class of structural materials
[14, 23, 89-109] with different stress-strain diagrams in tension and compression.
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Fig. 6. Stress- strain diagram for Ti-6242 at room temperature under tension (a) and compression (b) [88]

Additionally, Fig. 7a, b shows different creep properties of the Ti-6242 alloy [88] in tension and
compression. The difference in the durations before rupture of the Ti-6Al-4V samples under tension and
compression reaches several orders of magnitude [86, 87]. Thus, titanium matrixes like many structural materials [9,
14, 23, 110-140] demonstrate different creep behavior under tensile and compressive loading types at the same
temperature and for one and the same absolute value of the stress. In general, the tension/ compression asymmetry
of the titanium alloys is a characteristic feature of the deformation behavior of light alloys [141]. Additionally note
that the silicon-based materials also show different mechanical responses under tension and compression [142].
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Fig. 7. Time-dependent behavior of Ti-6242 alloy at room temperature under compression with 907 MPa (a)
and under tension with 897 MPa (b) [88]

As a conclusion, it is necessary to take into account simultaneously the initial anisotropy and tension/
compression asymmetry of the matrix material during the constitutive modeling of unidirectional fiber reinforced
TMCs under multiaxial loading, as well as, to modify a number of the well-known constitutive models [143-155]
towards the consideration of the effect of the kind of loading on the anisotropic time-dependent material behavior.

2.3. Fatigue
The TMCs used at high temperature in aerospace applications are subjected to cyclic mechanical loading as well as
periodic temperature variation during the start-up and shut-down of the engine, which gives rise to the so-called



thermomechanical fatigue (TMF) and life limitation of the components. In many cases isothermal low cycle fatigue
(LCF) tests were used to evaluate the TMF life because of expensive equipment and time-consumption for TMF
test. Therefore, it is necessary to clarify TMF behaviors of TMCs under the simulated service conditions in the
laboratory for the safety and reliability of the used materials.

The LCF tests at 550°C and the TMF tests with temperature cycles between 100°C and 550°C for a
unidirectional SCS-6/ Ti-6242 composite were conducted at the DLR [4, 80, 81]. The TMF behavior of the
composite was studied either in-phase (IP) or out-of-phase (OP) (Fig. 8). The fatigue life data for SCS-6/ Ti-6242
composite are presented in Fig. 8. It is seen that at the same temperature portion, the fatigue life under IP mode is
much longer than OP mode. Under OP mode, the high tensile stress at minimum temperature acts on the specimen,
and fatigue microcracks can easily nucleate. In contrast to this, the tensile stress is lowered in IP condition because
of the significant improvement of the deformability of the alloy at the high temperature. As a result, the fatigue
microcrack initiation is delayed under IP mode.
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Fig. 8. Isothermal and thermomechanical fatigue life for SCS-6/Ti-6242 (fiber content Vf:0.35) [80]

Cyclic tension-compression loading (stress ratio R <0) of TMCs differs from the tension-tension loading
[156]. Once the microcracks are initiated, they open (damage growth) and close (damage healing) periodically. This
leads to friction in the fiber-matrix interface, and shear stresses in the bridging fibers due to microscopic mismatch
of the microcracks while closing, resulting in a reduction of fiber strength and rapid failure of the composite. The
fracture surfaces of specimens tested under tension-tension and tension-compression loading are shown in Fig. 9. It
is seen that the fatigue life strongly depends on the mean stress as well as on the loading mode. In the tension-
tension mode the opened matrix microcrack induces shear failure of the fiber-matrix interface, and thus, fiber
breakage occurs at the weakest location within the debonded length. Under tension-compression loading the same
debonding mechanisms occur. However, the fibers do not fail at their weakest point within the debonded length but
are weakened by friction and shear forces in the region of the matrix microcracks. The fracture surfaces of fibers and
matrix are nearly in the same plane resulting in an apparent shorter debonded length. Even so it can be assumed that
the debonding mechanism is similar in both cases, since the mechanisms of load sharing and fiber-matrix load
transfer are depending on the materials properties and not on the loading conditions.

A

R = 0, 0,y = 600 MPa, N, = 805.580 R = -1, Oy, = 582 MPa, N, = 147.600

Fig. 9. Comparison of the fracture surfaces for TMC under tension-tension loading (left) and tension-
compression loading (right) [156]

The TMF tests for SCS-6/ Ti-6242 composite are conducted in [157] under stress control using a stress
ratio R of zero and a temperature cycle between 100 and 450°C. It is seen (Fig.10) that ratcheting occurs in the
composite due to the cyclic softening of the matrix material.
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Fig. 10. Maximum and minimum mechanical strain as a function of the TMF cycles [157]

Tension-tension fatigue properties of a SiC fiber reinforced TMC were studied at room temperature [158].
Matrix cracking, fiber/matrix interface debonding and fiber pull-out phenomenon were observed.

In order to describe the fatigue damage evolution and ratcheting in SCS-6/ Ti-6242 composite using the
constitutive model it is necessary to have the experimental data for titanium alloy Ti-6242. The fatigue life data for
Ti-6242 alloys of different microstructure [159] are presented in Fig. 11.
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Fig. 11. Stress amplitude as a function of cycles to failure for Ti-6242 alloys of different
microstructure (TP1, TP2, TP3) at room temperature [159]

The LCF tests at 350°C for Ti-6242 alloy were conducted with the applied total strain range Ae= 1.2% and
with the strain ratio R, = &, / €max =0 and 0.6 [160]. Quick decreasing of maximum and minimum stresses with
number of cycles occurs at the fixed temperature before failure (Fig. 12). This is the combined action of ratcheting
and fatigue damage accumulation in these experiments.

Fig. 12. Development of maximum and minimum stress with cycle number for Ti-6242 at 350°C [160]
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The LCF tests at different fixed temperatures for Ti-6242 alloy were conducted with the applied strain
range Ae/2= 0.7% and with the strain ratio R, =-1 [161]. Quick decreasing of the stress amplitude with number of

cycles occurs before failure (Fig. 13). This effect can be explained by the combined action of ratcheting and fatigue
damage growth.

800

F— o RT -
700 4
=
o
=, 600
o
1_3‘ d — —— —
2 _ N
3 om0 ) -~
£ ' 380°C
7 450°C
400 4
£ - —
5] - -
™~ 550°C
300 1 850°C
200 L
o - - : T T 1
0 1000 2000 3000 4000 5000 £000

Numbar of Cycles

Fig. 13. Development of the amplitude stress with cycle number for Ti-6242 with Ae/2=0.7% and R, =-1
[161]

2.4. Phase transformation
The matrix material Ti-6242 belongs to the near- « titanium alloys which combine the good creep resistance of « -

alloys with the high strength of (« + g )-alloys. The formation of the « phase, its morphology, volume fraction,
size, distribution is influenced by the phase transformation kinetics during heat treatments [162,163]. The
microstructure of Ti-6242 can be manipulated by changing the solution-annealing temperature to below the 3 -

transus (T, ). The o - morphology is also influenced by the cooling rate. In this regard, specimens were solution
annealed at various temperatures below T, to control the volume fraction of primary « -phase and were

subsequently shot-peened [164]. The influence of the changes in primary « - phase on the low-cycle dwell-time
fatigue (LCDF) life was determined and compared to the conventional LCF properties of the Ti-6242 alloy. The
increasing primary « - phase associated with lower solution temperatures appears to increase susceptibility to
LCDF (Fig. 14) and ratcheting. This effect may be related to the nucleation mechanism involving an association of
transgranular microcracks with slip across the « - grains [164].
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Fig. 14. Dwell- and low-cycle fatigue data for Ti-6242 where the reported stress is the peak stress and the
minimum stress is zero [164]
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2.5. Oxidation
Oxidation of the carbon protective coating in SCS-6/ Ti-6242 composite has been studied at temperatures of 400,
500 and 600 °C up to a maximum time of 800 h [165]. Weight loss and thickness reduction of the initial 3.5 pm

thick protection layer is measured as a function of the time. Also, the influence of the oxidation on the strength of
the fiber has been investigated experimentally. Thus, the chemical strain in the protective coating influenced by the
oxidation, as well as, oxidation induced stresses and oxidation damage should be considered in the constitutive
model in order to study mechanical response and damage evolution in TMCs at high temperatures.

Also, the oxidation of the protective coating was observed (Fig. 14) in the creep tests of a unidirectional
fiber reinforced SCS-6/Ti-6Al-4V composite at temperatures from 427 to 650 °C and stresses from 621 to 1380
MPa [166]. The results indicate that oxidation damage in the protective coating and inefficient load transfer under
creep conditions significantly decreased the capability of broken fibers to carry load.

Fig. 15. SEM micrograph of oxidized protective coating in SCS-6/Ti-6Al-4V composite under creep
conditions [166]

3. Constitutive modeling
Let Xx; (i =1,2,3) denote coordinates of a material point in the initial (undeformed) configuration of the composite

constituents (matrix, reinforcement, interfaces and coating), while X; are its coordinates in the deformed (current)
configuration at a given instant of time t (t=0). Assume, for simplicity, that the initial configuration of the
composite constituent and its current configuration are referred to the same coordinate frame x; (i =1,2,3).

In the Lagrangian formulation of the constitutive model at finite strains it is necessary to introduce the
Cauchy-Green strain tensor as an important strain measure in the reference configuration of the composite
constituent in the following form [167]:

gij :O'S(Ui,j +uj,i +uk'iuk’j), (1)
where u;(x, %, %3,t)= X; = are the components of the displacement vector of the material points at time t in
directions x;, X,, X5, respectively. It is not difficult to obtain the material time derivative of the Cauchy-Green
strain tensor

g'J = OS(UI’J +uj,i +Uk’il]k‘j + Uk'juk’i ), (l,J,k :1,2,3), (2)

where the dot above the symbol denotes a material time derivative. The rate of strain tensor in the current
configuration of the composite constituent can be defined as follows [167]:

i ou;
Xy OX;
The connection between &; and d;; has a form [167]:
oX, X,
=k g 4
ij 6Xi 6Xj ki ( )
or
an 8x| .
=& - 5
ij oX; X €kl 5)

Then the additive decomposition of the time derivative of the total Cauchy-Green strain tensor and of the
rate of strain tensor acting on the current configuration of the composite constituent to a linear elastic part, nonlinear

elastic part, plastic part, creep part and chemical one may be postulated, respectively, in the following form:
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&y =& TEL; YE] TETE (6)
and
d; =dj +d° +df +di +d;. @)
The second Piola-Kirchhoff stress tensor z;; in the composite constituent can be expressed in term of the
Cauchy stress tensor oy; as follows [167]

ox: OX;
Tij =J°'k|67'ka—le (8)
and
4 OX; OX;
g =J lTkla—'gj’ )
Kk OX

where J is the Jacobian of deformation; F is the matrix of the deformation gradients in the current configuration at
time {;J =detF; F= {%} = [5” +U; j] J(i,j=123); &; is the Kronecker delta.
OX; ’
Tr

Now we introduce objective stress rate, such as, the Truesdell derivative oy, of the Cauchy stress tensor

which is essential in order to formulate the constitutive equations for the mechanical response of the composite
constituent in the rate form. Note also that the material time derivative of the Cauchy stress tensor oy , i.e. Gy, IS

affected by rigid-body motions, and it is not objective (not frame-indifferent) [167]. The Truesdell derivative of the
Cauchy stress tensor and the material derivative of the second Piola-Kirchhoff stress tensor are connected by the
relation [167]:

=Joy a Mt (10)

which is similar to Eq. (8). Then the relation between aﬂ and dﬁ will be accepted in such a form

ou = Auslds —d7 —d? —dg —d). (1
Here Ay, is the symmetrical tensor of the appropriate elastic constants in the generalized Hooke's law. By
substituting Eq. (11) into Eq. (10) and then taking into account Eqg. (5) we obtain

Z.-ij = Ajkl(‘é‘kl —ék"f _ékF; _‘élfl _éksl): (12)
where
ox; OXj ox, Ox
A i M O OX
A = P X, X, X, X,

It is not difficult to establish that condition Ay, = A; of symmetry is valid.

(mn,rs=123). (13)

Considering the composite constituent, in general, as the anisotropic material with different behavior in
tension and compression, the connection between the kinematic tensor e, in the current configuration and the

Kirchhoff stress tensor T,, can be written as follows [9, 11, 12, 111]:

i T
2

Here Tk| = \]Uk| ; eoTe :Tije" ; Te :Tl +T2 ’Tl :bijTi

ij 3 T = QjaTijTa s b and a;;,are the second order and fourth

i
order material tensors; T, and T/ are the linear and quadratic joint invariants of the Kirchhoff stress and the
material tensors; T, is the equivalent Kirchhoff stress; e, is the scalar function which depends on T, , as well as,

some structural parameters, and which specifies for each physical state of the composite constituent (nonlinear
elasticity, plasticity, creep). For example, such structural parameters can be the Kachanov-Rabotnov damage
parameter o [168, 169] reflecting the growth of damage, and the healing parameter h [170-173] describing the

healing of damage affected by loading and environmental factors. Thus, e, is some function of T, , @ and h. Damage
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parameter is increasing with time from the initial value @ = w at the reference instant to the final value ® = .. at

the instant of rupture. In the simplest case it is possible to accept that @y =0 and @, =1. Also, the healing
parameter is increasing with time from the initial value h=hy at the reference instant to the final value h=h, . In the
simplest case we can accept that hy=0 and h, =1.

In the case of the nonlinear elasticity, the kinematic tensor e, = dy°is the nonlinear elastic part of the rate
of strain tensor in the current configuration, and it is necessary to specify e, as some function of T,,®, and h to

reflect damage growth, deformation hardening and deformation softening in the composite constituents under
nonlinear elastic deformation.

For plastic deformation of the composite constituent, the kinematic tensor e,, =d,; in Eq. (14) is the plastic

part of the rate of strain tensor in the current configuration, and it is necessary to define the conditions when d,} =0
in the cases of elastic deformation, of unloading or neutral loading, as well as, the condition of loading.

Considering creep deformation of the composite constituents, it is possible to assume that the kinematic
tensor e, =d in Eq. (14) is the creep part of the rate of strain tensor in the current configuration, and the scalar
multiplier in Eq. (14), for example, in the case without healing of damage can be defined as

— V(Te)a)r . (15)

en =
0 (1_(0—”1)”1
Different examples on how to specify function v(Te) and creep damage evolution equation for w are given in [14,

23, 174].
For orthotropic materials with coincidence of the coordinate axes with the principal directions of anisotropy
Eq. (14) takes the following form [9, 11, 12, 111]:

T, + T, + T T
ell — eo[allll 11 a:I.1-2|-2 22 a1133 33 + bll\]’ e12 — 2e0 afLZ-ZII._Z 12 (l, 2’ 3) (16)
2 2

Here the symbol (1, 2, 3) means that the rest of the relations can be obtained from Eq. (16) by circular transposition
of lower indexes 1, 2 and 3;

T, =8y, Ty5 + By T + Baggs Tag + 28415 T3y o + 284135 Ty Tag + 28505105 Tag + 48151, T3 + A8u313 T35 + 485 T
T, =by Ty +b,,Ty, +105Tos. 17)
Further simplification of Eqgs. (16), (17) for orthotropic materials when the coordinate axes coincide with
the principal directions of anisotropy is related to the following requirements [175,176]

By = 851, 28419 = —838p , 41, = 38,8y, +a5; (1,2, 3) (18)
using the six material parametersa,;, a,,,a5, &, ,8,;anda;,. Then it is easy to obtain from Eqgs. (16)-(18) the
following tensor connection [176]

1
3121T11_*(a11a22T22+ana33T33) 1 (3a.a.,+a2]|T
_— S 4Dy |, e12=5e0£—Laﬂ nile (1,23, (9
, 2

where Tz2 = a121T1i + azzszzz + a§3T323 =@, 11Ty — 83853111 T3 — pp853 T, Tos + (3311322 + 3122 )Tlg + (3a11333 + a123 1% +

+ (3322333 +ag, )T223
Another possible simplification of Egs. (16), (17) for orthotropic materials with coincidence of the
coordinate axes with the principal directions of anisotropy is related to the requirements [177] a;,,, =G, + H,,

By = Fo + Ho, 3555 =G + Ry, @115 = —Hg, 83 = —F, 1433 = =G, 28451, = No, 28,505 = Ly, 28,5, = M, based on
the six material parametersG,, H,, F,, N,, L,and M. Then the equivalent Kirchhoff stress has a form

T =T+ \/ HO(T 1 T2 )2 +F (T 2 Tss )2 +G, (T s T )Z + 2N, T3 + 21Ty + 2MTj5 . (20)
In a particular case of the transverse isotropy with a single axis of symmetry 1 the following equalities in
Egs. (16), (17) take place bzz = b33 1999 = Agaz3r Qy1pp = Qypgzy Bipgp = Bigizy Aoy = 23-2323 + 833 -
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For composite constituents with the initial isotropy of mechanical properties it is necessary to accept in
Egs. (16), (17) the conditions, such that by, =b,, =0y, 81111 = 8y = Agzz3, Au12p = Q133 = oags Aip1p = Byzrs = A s
Byyyy = 28y, + 815

ou; auj .
—LbL ——=|and the Jaumann stress derivative [167]

Remark 1. Using the spin tensor £2; =0.5
X  OX;

J
Gij

symmetry condition Ay, = Ag;; -

Remark 2. As mentioned recently [178], up to now there is nothing more fundamental in nonlinear
mechanics of anisotropic materials with tension-compression asymmetry than the constitutive framework [9, 11, 12,
111] developed in the early 1980s.

Remark 3. The model under discussion was used intensively by researchers in Ukraine [179, 180], Russia
[181-184], Japan [185, 186], South Korea [187-189], China [190-193], Switzerland [194-198], UK [199-201] and
USA [202, 203], however, without referencing the original sources [9, 11, 12, 111].

Remark 4. The present model reflects in a particular case the characteristic features of the anisotropic
bimodular materials [10-12, 22, 204-210].

Remark 5. The chemical part of the rate of strain tensor in the current configuration of the composite
constituent can be defined using Fick’s second law of diffusion [120, 123, 211-217].

Remark 6. Procedure for the identification of material parameters in the constitutive equations has been
developed in [218-220].

Remark 7. The constitutive model under discussion can be extended to the case of the anisotropic creep
hardening under nonproportional loading according to the approaches [221, 222]. Formulations of the kinetic
equations for fatigue damage in the composite constituents are given in [223-234].

= Gjj — 2,0, + 03, €2, instead of the Truesdell stress derivative in Eq. (11) does not provide satisfaction of the

4. Numerical modeling and simulation

Two different arrangements of fibers are considered for numerical calculations of multiaxial stresses and damage in
the unidirectional TMCs subjected to thermomechanical loading under creep conditions, namely, rectangular and
hexagonal arrangements. In this regard, two types of the unit cells (Figs. 16 a, b) are taken into account with
periodic boundary conditions.

In the first case (Fig. 16 a) we take into the consideration three composite constituents, i.e., the fiber,
protective coating and matrix, as well as, two distinct interfaces, one between the fiber and coating and the other
between coating and matrix. Also, the other RVE (Fig. 16 b) has to be considered.

Uraforrn bourndary conditions

Coating Matrix
(C+TiB,) )

Fig. 16. The RVE for rectangular (a) and hexagonal (b) arrangements of fibers in TMCs with details of
composite constituents [84, 85]
Analysis of stress distributions over time in TMCs, damage analysis and lifetime prediction studies of
composites are related to the consideration of the nonlinear initial/ boundary value multiphysics problem [174, 235,

236]. The Lagrangian variational functional for this problem at finite strains can be written in such a form [23]:
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At;) = 0507 | A (&5 — bij Néwa — Prr )+ 70 iy 2~ [T RuydS (21)
o S
p
with
Pl = &l + &) + €+ én (22)
Now, from the variational equation 64 =0 the linearized equation of equilibrium and natural boundary conditions,

expressed in the terms of displacement rates, can be obtained as follows:
(Tkj(élk +Ui’k)+‘[kjui'k)j =O,X€Q (23)

and
(T'kj(5ik +Ui,k)+Tiji,k)nj=¢i,X€5p (24)

Here, we assume that the TMC under consideration at an initial instant of time t =0 occupies a finite region 2 in
the three-dimensional Euclidean space. The surface 042 of the region £ is always assumed to be bounded, closed
and partially smoothed one. The body is fixed on the part of surface S,, and it is loaded by the surface force

P= (Pl, P,, P;) per unit area of the undeformed surface S p - Also, assume that the volume forces are absent.

The finite element models derived from Figs. 16 a, b may help to effectively simulate the influences of
thermomechanical loading and environment on the micromechanical behavior of TMCs under high temperature and
creep conditions. For this purpose, the constitutive framework given by Egs. (12) and (14) needs to be incorporated
into ABAQUS [174, 209], ANSYS [120, 214, 215, 217] and in-house developed software [238-241] in a form of the
computer-based structural modeling tools. These software packages give the possibility to calculate the time
dependent multiaxial stress distribution, as well as, changes of damage parameter at a discrete site of composite
constituents under applied loading conditions as a function of the TMC parameters, environmental factors and
composite functionality, and additionally to predict the lifetime of a TMC. It is established numerically that the
titanium matrix controls the global deformation of the composite, while the interfaces control the load carried by the
matrix. The observed interface damage is the interface debonding. Considering the interface damage evolution, it is
possible to distinguish two main domains which define a critical stress (Fig. 17). The first domain (below the critical
stress) is characterized by slight interface damage leading to a low creep rate for a long period of time [85]. The
second domain (above the critical stress) related to a higher creep rate is characterized by appearance and
propagation of the interface debonding leading to a creep rupture.
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Fig. 17. Interface damage evolution: (a) below the critical stress, (b) above the critical stress [85]

5. Conclusion
Present report is a continuation of the author's review cycle [242-244] in the field of nonlinear solid mechanics for
aerospace applications.
Also, this report was written during the 2022 russian military attacks on the Saltivka district, Kharkiv,
Ukraine, using Tigrs, artillery shells, bombs and rockets [245].
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