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ABSTRACT: Metallic energy absorption components should be able to absorb energy 
in different ways, depending on the type of the applied loads, namely axial compression, 
bending moment, shear loads, tensile forces, or a combination of these. A stable response 
through the whole deformation process is always expected, however, this depends essentially 
on geometrical parameters such as length and cross-section, as well as on material 
properties. Expanded metal meshes are manufactured upon an in-line expansion of partially 
slit metal sheets, creating a mesh with openings, formed by strands and bonds, a geometric 
confi guration that may be exploited for energy-absorbing systems. This paper presents an 
experimental study on the structural response of expanded metal meshes (standard and 
fl attened) subjected to tensile forces. The study also examines the infl uence of the annealing 
heat-treatment on the mechanical behavior of the expanded metal meshes. The results 
show that the fl attened meshes are capable to absorb more energy than the standard ones. 
In addition, it is noticed that standard meshes are more sensitive in terms of the structural 
responses to the heat-treatments than the fl attened meshes.

RESUMEN: Los componentes metálicos usados para absorber energía deben ser capaces 
de absorber la energía de diferentes maneras dependiendo del tipo de las cargas aplicadas, 
es decir, compresión axial, fl exión, corte o fuerzas de tracción, o una combinación de éstas. 
Se espera siempre una respuesta estable a través de todo el proceso de deformación; 
sin embargo, esto depende esencialmente de parámetros geométricos como la longitud 
y la sección transversal, así como de las propiedades del material. Las mallas de metal 
expandido se fabrican mediante la expansión parcial en línea de láminas metálicas, creando 
una malla con aberturas formadas por venas y nodos, una confi guración geométrica que 
puede ser aprovechada en sistemas que absorban energía. Este trabajo presenta un estudio 
experimental sobre la respuesta estructural de mallas de metal expandido (estándar y 
aplanadas) sometidas a fuerzas de tracción. El estudio también analiza la infl uencia del 
tratamiento térmico de recocido sobre el comportamiento mecánico de las mallas de metal 
expandido. Los resultados muestran que las mallas aplanadas son capaces de absorber 
más energía que los estándares. Además, se observa que las mallas estándares son 
más sensibles que las mallas aplanadas, en términos de la respuesta estructural a los 
tratamientos térmicos.

1. Introduction
After its invention, expanded metal has been widely used 
around the world for many years; as a consequence, 

hundreds of patents are found in the literature regarding 
possible applications for expanded metal [1]. These 
applications fall into three main areas: furniture, 
construction, and energy- absorbing systems. In the 
manufacturing process of expanded metal sheets, the 
material undergoes slitting and stretching modifying the 
mechanical properties of the base metal, enhancing its 
strength. Additionally, there is a reduction of the weight per 
unit of area, which is an asset when designing lightweight 
structures. Expanded metal sheets are regularly fabricated 
[2] in two basic types: standard expanded metal (SEM) and 
fl attened expanded metal (FEM). These two sheets are 
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hurricane conditions due to windborne debris impact from 
high-speed winds, [6] investigated a roofi ng system made 
of SEM panels, the results showed that the roofi ng system 
was able to resist penetration by heavy objects through the 
winds. A series of experimental and numerical studies have 
been conducted [7-9] on the collapse of tubes made of SEM 
meshes subjected to axial compression. The results showed 
that the collapse mechanism depends on the orientation of 
the expanded metal cells. The energy absorption capacity 
of the expanded metal meshes can be enhanced by either 
using FEM meshes [10] or adding material in concentric 
geometries [11].

The structural behaviour of SEM sheets under tensile 
loading was investigated numerically and experimentally 
[12]. The study was aimed at studying the infl uence of the 
expanded metal cell orientation with respect to the applied 
load. Thereafter, [13] conducted a series of experiments to 
obtain the mechanical properties of expanded metal sheets 
by correlating Vickers hardness measurements to yield 
strength values through Tabor relationship. It was found 
that the yield strength is higher in the nodes than in the 
strands of the expanded metal cells.

This paper is aimed at investigating the structural response 
of expanded metal meshes (SEM and FEM) subjected to 
tensile forces. The study also examines the infl uence of 
the annealing heat-treatment on the energy absorption 
capacity of expanded metal meshes.

2. Materials and methods
In this investigation, the expanded metal sheets were made 
from an ASTM A569 steel coil. Table 1 shows the chemical 
analysis of the base material determined experimentally 
using a spark emission spectrometer model SpectroLabIV.
(a) HR, Hot Rolled; CQ, Commercial Quality 

Figure 2 shows a schematic view of an expanded metal cell; 
the pattern is characterized by a rhomb shape with two 
orthogonal axes, a vertical one dv in the slitting direction 
and a major one dh. Besides, the pattern is composed of 
strands, with a thickness t and a width a, and connecting 
nodes that allow continuity in the mesh. Expanded metal 
meshes with two geometries, SEM and FEM, were studied 
in the experimental program; its characteristics are 
presented in Table 2.

quite different in geometry and mechanical properties. The 
fl attened type undergoes additional cold-work, in which the 
standard sheet is passed through a cold-roll reducing mill. 
Figure 1 shows a typical expanded metal pattern.

Figure 1 Typical standard expanded metal pattern

Currently, there is a search for new materials in engineering 
design; expanded metal is called upon giving an answer to 
several challenges. Waste material from the manufacturing 
process is almost none, since the base metal is cut and 
stretched to the fi nal form. In addition, the use of expanded 
metal sheets reduces considerably the weight of any 
structural element or structure made of it.

Regarding energy absorption applications, metallic energy 
absorbers under axial compressive loads may fail in various 
modes, namely axial crushing, global and local buckling, 
depending essentially on geometrical parameters (length 
and cross-sectional variables). On the contrary, energy 
absorbers built on composite matrix fail due to a combined 
mechanism characterized by yielding and fracture.
In [3], FEM sheets were used as core replacements for 
closed-cell honeycombs in sandwich panel structures. 
These pyramidal lattice trusses were tested under shear 
and through-thickness compression; the results showed 
improvements in collapse strength of these modifi ed 
lattices. A series of experimental and numerical studies 
were conducted aimed at investigating the energy 
absorption capacity of SEM and FEM meshes used to absorb 
seismic energy in reinforced concrete moment resisting 
frames [4, 5]. In order to mitigate material damages under 

Table 1 Chemical analysis of ASTM A569 steel, all elements in wt.%
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420.00 ± 6.87mm and a free testing length of 270.00 ± 3.23 
mm. At the end of the specimens, a steel plate of 190.00 ± 
2.12 mm in width, 75 ± 1.14 mm in length, and 3.20 ± 0.12 
mm thickness was welded in order to distribute uniformly 
the applied load by the machine loading platens, and to 
avoid excessive stress concentration on the mesh ends. 
Finally, the specimens were fixed to the equipment using 
a gripping device especially designed for this purpose as 
shown in Figure 3. 

Figure 3  Geometry and dimensions in (mm) for 
the test specimens

3. Results and discussion

3.1. Load-displacement 
responses and deformation 
patterns
Figure 4 illustrates the progressive displacement observed 
in the SEM and FEM specimens tested under tension. 
This deformation sequence is consistent with the results 
obtained in [10]. 

Figure 2 Schematic view of an expanded metal 
cell

It is important to point out that FEM meshes are the result 
of flattening SEM meshes; it indicates that to obtain the 
former, the mesh undergoes further plastic deformation 
when passed through the cold-rolling process, and the 
strands are also twisted, enhancing both the yield strength 
and the bending capacity of the strands for FEM meshes. 
Recently, [13] demonstrated empirically using Tabor’s 
equation, that the yield strength for FEM meshes is greater 
than for SEM meshes.

In order to investigate the influence of the annealing on the 
energy absorption capacity of the meshes, a temperature of 
950 °C and eight exposure times, ranging from 15 minutes 
to 120 minutes in 15 minutes steps, were selected. To 
guarantee repeatability [14], these variations of the heat-
treatment were applied to three samples of each mesh 
type, SEM and FEM, totaling 48 annealed specimens; i.e. 
24 SEM specimens and 24 FEM specimens. Additionally, six 
samples in as-received condition were used for reference. 
The purpose of applying annealing with different exposure 
times was to cause differences in the microstructure of the 
specimens. An Electric Resistance Furnace JH®, model 
HET. 80, was used for the heat treatments. The inside 
temperature of the furnace was controlled at every moment 
during the early stages of heating.

According to the ASTM Standard E 8M-04 [15], the 
specimens were subjected to tensile load using a Page 
Wilson servo-hydraulic testing machine model 60HD with 
a load cell of 20 Ton capacity. The axial load-displacement 
history was measured at a cross-head speed of 5 mm/min. 
A personal computer equipped with the PACAM-PA/MPC.2a 
v1.3 data acquisition software [16], was used to record the 
measurements from the load cell.

Figure 3 shows a schematic view of the tested specimens; 
the samples had width of 180.00 ± 1.54 mm, a full length of 

Table 2 Dimensions and technical specifications of the expanded metal meshes
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is desirable for energy-absorbing systems, where energy 
should be absorbed in a stable and controlled manner.

A signifi cant scatter is observed in the responses as the 
exposure time changes for SEM specimens (Figure 5a). 
For FEM specimens the main variation occurred between 
the specimens in as-received condition and the remaining 
annealed specimens. In the latter, the energy absorption 
characteristics remained almost constant as observed in 
Figure 5b. A closer look at the load-displacement responses 
for SEM and FEM meshes, in as-received conditions, show 
a signifi cant enhancement in the response for FEMs. As 
mentioned earlier, the yield strength and the cross-section 
of the strands are larger due to the fl attening process.

3.2. Energy absorption 
properties
Tables 3 and 4 shows the experimental results (average) for 
the expanded metal meshes tested herein. The measured 
response parameters were initial peak load (Fpeak), mean 
load (Fm), and the energy absorbed (Ea).

The energy absorbed Ea, is calculated with Eq. (1) by 
integrating the load-displacement curves as:
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Figure 4  Progressive displacement of as-received 
condition SEM meshes under tensile loading

All tested samples underwent progressive collapse 
characterized mainly by bending of the strands in the areas 
close to the nodes. From a structural point of view, the peak 
load is achieved when the plastic capacity of the strands is 
attained, it means that plastic hinges are attained and the 
material yields freely, until the cells are closed.

Figures 5a and 5b show the average load-displacement 
curves of SEM and FEM specimens, respectively, in both, 
as-received and annealed conditions for the different 
stages of heating at 950 °C, with a exposure time ranging 
from t=15 min to t=120 min, at 15 min intervals. Regarding 
the structural behavior of the specimens, the responses are 
very stable for both specimens, exhibiting a gradual load 
increase until a plateau region is reached; i.e. the initial 
peak load Fpeak is reached, and then the load remains almost 
constant with increasing displacements. This behavior 

(a) SEM specimens                                                                        (b) FEM specimens

Figure 5  Average load–displacement responses for SEM and FEM specimens in as-received and 
annealed conditions (from t=15 min to t=120 min at 950 °C)
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For FEM specimens, the energy absorption characteristics 
are considerably reduced after annealing, with slight 
changes in terms of the exposure times. In Table 4, it is 
observed that the peak load for the as-received specimen 
is Fpeak=1.50kN, and for the specimen exposed 120min 
is Fpeak=0.69kN, that represents a reduction of 64%. 
Comparing the remaining two parameters, mean load and 
energy absorbed, for these specimens similar results are 
attained. However, a comparison of the energy absorption 
characteristics for the annealed FEM specimens shows low 
variability in the corresponding values. As an example, for 
a specimen with exposure time t=15min: Fpeak= 0.84 kN, Fm= 
0.84kN, and Ea=122.43J; and for a specimen with a exposure 
time t=105min the corresponding values are Fpeak= 0.81 kN, 
Fm= 0.77kN, and Ea=111.73J. From the results presented 
in Tables 3 and 4, it is possible to conclude that annealing 
induced relaxation of residual stress caused during the 
flattening process, and then causing a more uniform 
response and energy absorption characteristics for the 
FEM specimens.

The results presented in Tables 3 and 4 were calculated from 
the average load-displacement curves shown in Figure 5. 
These results show that the highest peak loads Fpeak are 
obtained for the as-received condition specimens, 0.88kN 
and 1.50kN for SEM and FEM specimens, respectively. As 
discussed in the previous section, this enhancement for 
FEM meshes is ought to an increase in the yield strength 
and bending capacity, and hence the mechanical properties 
in the bonds strongly influence the tensile response.

The experimental results also reveal the variation in the 
energy absorption characteristics of the SEM and FEM 
meshes due to the annealing. For SEM specimens in Table 
3 the peak load is reduced 38.6%, from Fpeak=0.88 kN for 
the as-received specimens to 0.54kN for the specimens 
annealed 120min. This reducing trend is also observed for 
the mean load Fm. Nevertheless, the absorbed energy Ea 
increases and the response become smoother (Fig. 5a) for 
the annealed specimens, the largest increase is observed 
for the specimens with an exposure time of t=45min.

Table 3 Average energy absorption characteristics for SEM meshes

Table 4 Average energy absorption characteristics for FEM meshes
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4. Conclusions 
The energy absorption capacity of expanded metal meshes 
(standard and flattened) subjected to tensile loading 
was investigated experimentally herein. This study also 
examined the influence of annealing with different exposure 
time on the mechanical behavior of the expanded metal 
meshes. From the experimental results, the following 
conclusions can be drawn:

• Annealing reduces the energy absorption capacity 
of expanded metal meshes subjected to tensile 
loading. This reduction in capacity increases with 
the exposure time for SEM meshes.

• The energy absorption characteristics can be 
substantially improved by flattening the SEM 
meshes, i.e. by using FEM meshes.

Furthermore, this paper represents a contribution to the 
understanding of the structural behaviour of expanded 
metal in energy absorption applications.
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