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Abstract

When exposed to high-velocity impacts or extreme dynamic stretching, thin structures

made of aluminum, copper, and tantalum exhibit fragmentation behavior characterized by
a range of fragment sizes and residual velocities (1). Since the 1940s (2), understanding
the dynamic fragmentation of metallic structures under intense loading has been a major
scientific challenge at the intersection of various military and civilian applications. Precisely
predicting the fragment size distribution, fragment velocity, and the time to fracture remains
an essential challenge in this domain.
To determine the characteristic dimensions of these fragments, we rely on Linear Stability
Analysis (LSA) ((3-5)), which examines the response to small perturbations of a thin struc-
ture under extreme loading conditions. LSA enables the identification of the most unstable
mode of perturbation. This analysis provides a foundational metric for predicting the scale
of fragmentation patterns that emerge under dynamic loading.

In such a dynamic configuration, the combined effects of inertia and multiaxial stress within
the neck region governs the instability development ((6-9)). Specifically, inertia stabilizes
long-wavelength modes, while the multiaxiality of the flow stabilizes short-wavelength modes.
Consequently, the most unstable mode has a wavelength that tends to fall within an inter-
mediate range-a critical characteristic for accurately modeling fragmentation phenomena.
Identifying and modeling this intermediate wavelength is essential for predicting fragmenta-
tion behavior, as it governs both the initiation and development of localized necking prior
to complete material rupture.

Historically, Classical Linear Stability Analysis (CLSA) is based on the frozen coefficient
theory and assumes an exponential growth of perturbations, facilitating the modeling of
the early stages of instability under moderate dynamic loading conditions. However, this
approach faces limitations in highly dynamic regimes. To overcome these limitations, an
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eXtended Linear Stability Analysis (XLSA) approach has been developed in (10-11) which
relaxes the frozen coefficient approach and does not assume an exponential growth of in-
stabilities. This model is expected to provide a more accurate and continuous description
of the localization process. The XLSA allows us to follow the development of instabilities
continuously over time, enabling the characterization of the most unstable mode and track-
ing the development of localized necking in thin metallic structures under dynamic extension.

In our research, the XLSA model is adopted to reproduce the local thinning development
in cylindrical and annular metal structures (12). We supplement the XLSA approach with
finite element simulations, providing a comparative basis for refining analytical predictions
and validating model accuracy. Results indicate that both 1D and 2D-XLSA models pro-
duce reliable predictions for long-wavelength perturbations, while the 2D-XLSA model offers
a more accurate evolution of short-wavelength instabilities. Leveraging insights from the
2D model, we propose to enhance the 1D model by modifying the multiaxial stress effects,
thereby achieving predictions that align more closely with numerical observations. More
precisely, a parametric study on the magnitude of the stress multiaxiality contribution is
conducted showing that the Bridgman approach is not accurate for modes with intermediate
to small wavelengths. While the most unstable wavelength remains largely not modified, the
rate of development of the perturbation is highly sensitive to this contribution.

The combination of analytical modeling with finite element simulations, enables to improve
the 1D approach, providing a more accurate description of the evolution of multiple necking
during the early stages of the deformation.

This work was carried out in the framework of the joint Lab LRC FRAGDYN between
French CEA DAM, ISAE-SUPAERQO, Université de Lorraine, IMT Mines Saint-Etienne and
CNRS.
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