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Abstract

Metal-based composites can fail as a consequence of the growth and coalescence of micro-voids introduced with the manufacturing
process. These detrimental phenomena influence the overall performance of the material to different extents since the macroscopic
characteristics depend on both the local constitutive properties and geometry patterns, which promote various stress concentration
and strain localization effects. The understanding of the different situations that arise in this context is often assisted by numerical
simulations based on the GNT constitutive model, first proposed by Gurson (1977) and then refined by Needleman and Tvergaard
(1984). However, exploring the influence of the most relevant material parameters on the composite response can be excessively
time consuming. Therefore, traditional simulations based on non-linear finite element methods can be replaced by surrogate
analytical approximations, which do not involve large computing costs but exhibit accuracy and sensitivity to the model parameters
consistent with the practical applications. Some examples are presented in this contribution.
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1. Introduction

The performances of structural components made of composites can be optimized by including the
micromechanical details and the local material properties in the design phase. The best configuration can then be
obtained with the aid of parametric studies carried out on (often, numerical) models, which also provide the overall
material strength and identify the likely failure mode(s).
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Metal-based composites fail by two main mechanisms, which consists in the separation of the interfaces between
different constituents (Bolzon and Pitchai, 2017; Palizvan et al., 2020; Bolzon and Pitchai, 2022), and of the
development of cracks in the matrix and/or the reinforcement (Bonora and Ruggiero, 2006). In metals, fracture is often
driven by the growth and coalescence of micro-voids (Babout et al., 2001; Babout et al., 2004). These damaging
processes are promoted by stress concentration effects that are pronounced in ceramic-reinforced metal-based
composites due to the high difference in stiffness of the components; see, e.g. Bolzon and Pitchai (2017) and references
therein.

The phenomenological constitutive law introduced by Gurson (1977) and refined by Needleman and Tvergaard
(1984) (therefore, briefly named GNT) can describe the damage evolution in metals, leading to the formation of
localized strain bands and, eventually, to material separation. These physical phenomena can be reproduced by usually
expensive non-linear finite element (FE) analyses (Vaz et al., 2016).

The computing costs can be reduced in the case of long fiber composites, which are often characterized by a regular
(at least, to some extent) arrangement of the reinforcement. Therefore, simulations can be limited to periodic
representative volume elements. In fact, while strain localization is known to destroy symmetries and provide mesh
sensitive results (Hild at al., 1992), practical applications do not require following the entire material separation process
but only determining its initiation.

However, exploring the entire space of the design variables and finding the optimal design for each component can
be time consuming. Therefore, model reduction procedures play a significant role in this context. Their capabilities
are briefly described in the following.

2. GNT model

GNT plasticity model represents an extension of the classical Hencky-Huber-von Mises (HHM) formulation, where
an additional variable field is introduced to represent the micro-porosity distribution, f. Thus, for instance, the yield
function @ can be formulated as:

® = (Giy)z + 2q,fcosh (—qz 237’;) - (1+q5f% (1)

where: p and g indicate the mean stress and the equivalent deviatoric stress in the classical von Mises’ sense (see, e.g.,
Chen and Han, 1988); o,, represents the yield limit; g4, g, and g5 are other material constants.

The initial porosity value is progressively increased by void nucleation and growth. These processes are controlled
by the distribution of the plastic strains, and described by the rate expression:

f=t-por s (gl ew |5 (52) ) @)

where P and eP represent the volumetric and equivalent (in von Mises’ sense) plastic strain rates, respectively, while
fn, €y and Sy are further model parameters. In particular, fy modulates the nucleation rate of the new voids, while ey
and Sy represent the mean value and the standard deviation of the (assumed Gaussian) distribution of the residual
strains due to the production process.

The actual values of several constitutive properties entering relations (1) and (2) are usually difficult to be
determined, either due to the lack of a direct mechanical meaning or due to their intrinsic origin. However, their
knowledge is essential to reproduce the actual response and failure mode of the material. This is particularly true when
the metal constitutes the matrix of a composite, where the damage distribution is also influenced by geometry details
and imperfections, as shown for instance in Fig. 1. An extensive exploration of the design space is therefore required,
either to structural optimization purposes and/or for parameter identification.
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Fig. 1. Strain localization bands preceding material separation in the transversal plane of a long fiber composite, in the case of regular (left) or
slightly scattered (right) distribution of the reinforcement in a representative volume element.

3. Surrogate analytical models

The computational burden associated to repetitive non-linear analyses can be greatly reduced by replacing the FE
approach with analytical surrogates, which consist in the interpolation of the results obtained from a limited number
of simulations performed for predetermined combinations of the parameter values (training set), tailoring the
numerical efforts on the desired accuracy (Hernandez et al., 2014).

The analytical surrogates can be optimized by the selection of suitable interpolation functions. Radial basis
functions (RBFs) are often employed in this context since they produce good approximation of highly non-linear
mappings starting from a relatively low number of sampling points, freely defined in the assumed parameter space
(Bolzon and Talassi, 2012). Their flexibility allows to improve the results sequentially and, possibly, to include the
output of real experiments in the training set.

Accuracy can be further improved by filtering the noises associated with the initial numerical or experimental
results by data compression schemes, for instance based on proper orthogonal decomposition (POD), see e.g. de
Gooijer et al. (2021). This provision can filter out most disturbances, retaining the essential features of the system
response.

A detailed explanation of these methodologies and their application to smooth problems is presented, for instance,
in Bolzon and Bulijak (2011).

4. Representative results

The damaging processes developing in the metal-ceramic composites considered in this contribution are
characterized by localized phenomena. For example, Fig. 2 shows the plastic strain distribution in the periodic cell of
a fiber reinforced metal-matrix composite with 40% ceramic content under macroscopic uniaxial deformation in the
transversal plane. The graphs display the output of FE analyses carried out for the parameter values defining the corner
nodes of the (typical) parameter domain represented in Fig. 3(a), while the remaining materials characteristics are kept
constant. The strain patterns are similar, but the magnitude differs case to case.
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Fig. 2. Plastic strain distribution at the peak macroscopic stress in a unit periodic cell for the parameter values that define the corner nodes of the
domain represented in Fig. 3(a); in parentheses, the (q;, g,) values corresponding to each graph.
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Fig. 3. (a) The considered sub-domain in the parameter space; (b) the first two main deformation modes recovered by POD from the plastic strain
distributions represented in Fig. 2.

The same information contained in Fig. 2 can be represented alternatively, introducing small sets of factors that
amplify the primary deformation modes, or bases, which can be recovered by POD analysis. The first two of them are
visualized in Fig. 3(b). The number of bases to be considered depends on the desired detail level. However, higher
modes are usually discarded since they mainly reflect numerical (or experimental) noises.

The blue digits in Fig. 3(a) represent the combination factors that allow to reconstruct the graphs in Fig. 2 as a
combination of the modes displayed in Fig. 3(b). These coefficients can then be interpolated to obtain the plastic strain
distribution in the whole parameter domain (see, e.g., the red digits corresponding to one internal point), with an
accuracy comparable to that of the training set.

This approach possesses high sensitivity to the parameter values, also in situations that produce similar results.
This is for instance the case of the microstructure with smaller (10%) ceramic content visualized in Fig. 4. In this case,
the maximum equivalent strain value varies slightly, as indicated in Table 1, despite the large extension of the
parameter space, which spans two orders of magnitude of the initial porosity value, f;. Nonetheless, the different
situations are clearly distinguished by the amplification factors that allow to reconstruct the residual strain field as
combination of the bases shown in Fig. 4(b). Here, the contribution of the second deformation mode is particularly
relevant in highlighting the role of parameter gy.

Table 1. Macroscopic strain at 4% macroscopic strain, microstructure in Fig. 4(b).
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Fig. 4. (a) The considered sub-domain in the parameter space; (b) the first two main deformation modes.
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5. Closing remarks

Surrogate analytical models based on POD reduction and RBF interpolation perform well even in the presence of
localized phenomena. Based on these approaches, small sets of combination factors can effectively replace complex
numerical analyses, exhibiting high sensitivity to the main problem variables. Large parameter spaces can then be
explored in reasonable times to find optimal design solutions and/or identify material parameters not amenable to
direct measurement.
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