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Abstract An experimental investigation on the porous
bronze at various strain rates is firstly carried out in this
study to explore the effects of relative density and strain
rate in the mechanical behavior. Furthermore, a multi-pa-
rameter constitutive model of describing the rate-depen-
dent behavior for porous bronze is developed. The
parameters in the constitutive model are density dependent,
and the specific forms of these parameters as functions of
relative density are obtained. It can be concluded from the
test results and constitutive model that the high relative
density leads to increase in yield strength and energy
absorption capacity of the materials and the strain rate also
has positive effects on the yield strength and energy
absorption capacity of porous bronze.

1 Introduction

There have been generally three categories of solid materials
(i.e., the low relative density solids, high relative density
solids and medium relative density solids) in industrial
application. The low porosity solids contain the solids that
are in the traditional sense, which are with high relative
density (normally beyond 99 %). The relative density of low
relative density solids is typically below 30 %, such as
woods and artificial cellular and foam materials. These
materials have been a critical candidate for protective
structural used in industry such as automotive, railways and
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aerospace. The wide range of application of porous materials
has interested researchers, so the studies on the mechanical
behavior of porous materials at various strain rates have
been extensively undertaken [1-5].

In order to meet the requirement for both the strength
and energy absorption capacity in practical engineering
application, like the seats of airplane, the medium relative
density solids, whose relative densities are from 30 to
90 %, have been fabricated. Some recent studies about
artificial heavy porous metals (such as porous bronze) have
been reported: Wang et al. [6] studied the behavior of
porous iron and bronze under quasi-static loading and at
low strain rate (10/s) condition, and they also investigated
the effect of powder size in sintering process on com-
pressive behavior of porous copper, which indicated the
effect of porosity on modulus, yield strength and defor-
mation mechanism of the material in quasi-static test [7, 8].
They considered that there existed obvious strain hardening
in behavior of porous iron and bronze, and the effect of
strain rate on dynamic behavior of porous bronze was
evident [9, 10]. The effects of porosity and loading rate on
yield stress, energy absorption and load carrying capacity
of porous bronze and porous iron were reported in [11, 12].
Song and Tane et al. [13—16] investigated the effect of
temperature and strain rate on behavior of porous materials
and compared the load carrying capacity of porous mate-
rials which they fabricated with that of aluminum foams. In
the above articles, the compressive stress level of porous
bronze exhibits the sensitivity of strain rate. However, high
strain rate may produce lower stress of porous bronze,
which was reported in [17], and Wang et al. [18] declared
that strain rate has no effect on the strength of porous
bronze. Furthermore, there is not yet a good understanding
of the constitutive models for these porous metals with
medium-high relative density.
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It is important to obtain mechanical properties of med-
ium porosity solids from a single constitutive model which
is able to describe the behavior at a wide range strain rates
of specific porous metals with different densities. Such data
are essential in realistic numerical simulations for the
industrial design of structures because many engineering
structures may be subjected to complex loadings in service.

In this study, the behavior of the porous bronze under
quasi-static and dynamic loadings was researched system-
atically. The experimental investigations on the mechanical
properties at various strain rates of the porous bronze with
different relative densities were firstly carried out to
explore the effects of relative density and strain rate.
Moreover, a multi-parameter constitutive model that can
fully describe the compressive behavior of porous bronze
was developed based on experimental results, and the
dependency of the model parameters on the relative den-
sities of materials was determined.

2 Experimental study
2.1 Material and sample

The porous bronze was fabricated by powder metallurgy
process under argon gas. As for the chemical composition,
Al and Sn account for 0.4 and 11.07 % of the entire mass
of porous bronze, while the Cu is the base material.

Due to the porous structure, attention is required in decid-
ing the size of samples in order to guarantee good reliability in
measurement. It was suggested that the size of sample should
be 10-20 times as much as the pore size [19]. Examination of
the microstructure was carried out by utilizing optical
microscopy. The average pore sizes of the porous bronze are
approximately 50400 pum for different relative densities, as
listed in Fig. 1. Therefore, the porous bronze was cut into
cylinders with sizes of ¢25 x 10 mm for dynamic testing.
Before testing, each specimen was weighed to calculate their
relative densities. Their respective relative densities of the
porous bronze are 60, 63.5, 69, 75 and 77.5 %.

2.2 Experiments and results

To ensure the reliability of test results, quasi-static or
dynamic compressions were tested repeatedly at least three
times for each relative density of the porous bronze. The
force—displacement data were obtained from universal
material machine, which then was converted to stress—
strain data at a strain rate of 0.001/s. Figure 2 demonstrates
the mechanical behavior of porous bronze with different
relative density under quasi-static condition.

Dynamic tests were performed on the samples by split
Hopkinson pressure bar (SHPB) [20, 21], as shown in
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Fig. 1 Micrograph (x100) vertical sectioning of undeformed porous
bronze with different relative densities: a 60 %; b 69 %; ¢ 77.5 %

Fig. 3. The striker, incident bar and transmitter bars with
the respective lengths of 800, 2000 and 2000 mm are made
of high-strength steel, while the diameter is identical
(37 mm). The specimen is sandwiched between incident
bar and transmitter bar. To reduce the friction effect, grease
was concatenate with samples, the end surfaces of incident
and transmitter bars and also used between bars and pillow
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Fig. 2 Behavior of porous bronze under quasi-static loading
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Fig. 3 Schematic diagram of split Hopkinson pressure bar

blocks that support the bars. A compression wave was
generated when the coaxial impact of striker and incident
occurred. Then, a part of stress wave reflected after the
compression wave reaching the interface between speci-
men and incident bar. The other portion of the stress wave
transmitted through the specimen and the transmitter bar.
The incident pulse and reflect wave which propagated in
the incident bar can be captured by the strain gauges
attached to the middle of the incident bar. Like incident
pulse and reflect wave, the transmitted wave was captured
by the strain gauges but attached to the middle of the
transmitter bar. The original record of incident wave,
reflect wave and transmitted wave can be seen in Fig. 4.
The compressive stress—strain curves of these materials
and average strain rates can be determinate based on the
records of transmitted and reflected waves, respectively.
The compressive stress—strain curves of the porous bronze
with different relative densities at various strain rates
(600/s, 900/s and 1500/s) are shown in Figs. 5 and 6, which
reveal that strain rate has a positive effect on yield strength
of the porous bronze. It should be noted that the relative
density also has an impact on the mechanical behavior of
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Fig. 4 Original record of incident, reflected and transmitted waves

these materials under whether quasi-static or dynamic
condition, i.e., the porous bronze with larger relative den-
sity possess the higher yield strength.

3 Constitutive model

It is well-known that the constitutive model is a theoretical
tool to quantificationally characterize the mechanical
behavior for materials. Therefore, a full mathematical
description for the rate-dependent behaviors of porous
metal at various strain rates is meaningful for the corre-
sponding impact events. According to the suitable consti-
tutive model, researchers could investigate the practical
engineering problems by finite element method. However,
the constitutive models recently presented only based on
the stress—strain curves under quasi-static loading.

In this paper, due to the complexity of the constitutive
models based on deformation mechanism applied in
industry, only a multi-parameter empirical constitutive
model was proposed to depict the entire compressive
behavior of porous bronze with different relative densities
under both quasi-static and dynamic conditions. In this
constitutive model, the uniaxial compressive stress ¢ is
given by:

o= (A@)lr—,;}) (1+80e) (1)

where ¢ is the compressive strain; p = p*/p, is the relative
density of the porous bronze, where p* is the density of
specimen and p; is the density of matrix material; ¢ is the
average strain rate and &y is reference strain rate which was
set as 0.001/s here. The first term of Eq. (1) is used to
describe the universal deformation of porous bronze, and
the second term is used to represent the effect of the strain
rate. The parameters A, «, f§ and B can characterize the
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Fig. 5 Behavior of porous bronze at various strain rates: a with relative density 60 %; b with relative density 63.5 %; ¢ with relative density

69 %; d with relative density 75 %; e with relative density 77.5 %

primary features of the behavior under different loadings.
For instance, parameter A can represent the compressive
yield stress under quasi-static condition. Parameters o and
f simultaneously represents the plastic response of porous
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bronze. The last parameter B represents the dependence of
strain rate. The details of every parameter can be found in
[22]. The number of parameters used in function in Eq. (1)
is only four to minimize the difficulty in utilizing this
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Fig. 6 Behavior of porous bronze with different relative densities:
a at strain rate 600/s; b at strain rate 900/s; ¢ at strain rate 1500/s

function, and this function is continuously differentia, i.e.,
no singularity in the entire domain.

Figure 7 shows the effects of the various values of all
these parameters on the entire stress—strain curves descri-
bed by the constitutive model, where the parameter A is set
as a constant of 40.
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Fig. 7 Illustration of model for various parameters

4 Discussion
4.1 The correction of wave dispersion

In this paper, the SHPB with ¢»37 mm was used in dynamic
tests. It is important that the wave dispersion should be cor-
rected referring to [23]. Therefore, the Fourier transform pro-
cedure [24] was carried out to correct the wave dispersion of
the dynamic data. Figure 8a, b shows the correction of reflect
wave and transmitted wave, and Fig. 8c shows the comparison
between the measured strain—stress curve and corrected curve.
The largest error is no more than 5 %, and there is only little
difference between the yield stress of measured strain—stress
curve and corrected strain—stress curve. Therefore, the wave
dispersion in wave propagation can be neglected in the bars
with size of 37 mm in case of this paper.

4.2 Yield stress

Because there do not exist an obvious yield stage in the
behavior of porous bronze, the yield stress is represented
by the 0.2 % proof stress that can be calculated from the
experimental data. Then, the 0.2 % proof stress is nor-
malized by the 0.2 % proof stress of porous bronze with the
maximum relative density (77.5 %) under quasi-static
loading, to explore the effect of relative density and the
strain rate sensitivity on yield stress of the materials.

Figure 9 shows the effect of relative density and strain
rate on the yield strength of the porous bronze. It is obvious
that the porous bronze with higher relative density possess
higher yield strength, i.e., relative density has a positive
effect on the yield strength of these materials. Meanwhile,
it is observed that strain rate, like relative density, has a
positive effect on the yield strength of these materials.
Therefore, it can be drawn that the yield strength of the
porous bronze is sensitive to the strain rate.
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4.3 Energy absorption
Energy absorption capacity is defined as the capability of

the material for absorbing energy while experiencing large
deformation or brittle fracture. The energy absorption per
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Fig. 10 Energy absorption per unit volume for porous bronze
compressed up to 10 % strain

unit volume can be obtained by calculating the area under
stress—strain curve.

W:/Ogads (2)

The energy absorption per unit volume for porous
bronze were calculated for the same level of strain (10 %)
[11] and shown in Fig. 10. It can be observed that energy
absorption per unit volume for porous bronze at higher
strain rate is higher, so the energy absorption per unit
volume is strain rate sensitive. It also shows increasing
tendency of energy absorption per unit volume with rela-
tive density.

4.4 Parameters of constitutive model

Although there are four parameters in this constitutive
model, determining the parameters that can describe
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Table 1 Value of parameters A, « and  with different relative densities

Relative density 60 % Relative density 63.5 %

Relative density 69 %

Relative density 75 % Relative density 77.5 %

A 41.72 59.57 72.12 92.11 100.06
o 298.0696 279.6605 257.3510 248.4615 2242611
p 291.8111 274.0972 251.8823 242.7743 217.7489
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Fig. 11 Functional relationship of model parameters A (a), o (b), f (¢) and B (d) determined in terms of relative density

experimental compressive behavior of porous bronze
was not trivial in this work. The nonlinear optimiza-
tion procedure was performed firstly to fit the experi-
mental data. This function employed a Gauss—Newton
iterative algorithm to minimize the mean squared error
between the experimental data and the prediction of
the function. Utilizing the first term in Eq. (1), the
value of a convergent parameter set (A, o and f) can
be obtained. Then, the value of parameters A, o and f§
and the data of dynamic experiments were used to
acquire the value of parameter B. Finally, the func-
tional form of the uniaxial compressive stress ¢ only

in terms of compressive strain, initial relative density
and strain rate was obtained by using all the above-
determined parameters. Table 1 shows the value of
parameters with different relative density at various
strain rates.

The functional forms of the parameters in this model
were determined in terms of relative density of the porous
bronze based on the value of parameters obtained above, as
shown in Fig. 11. According to the trends that were
observed from Fig. 11, a serial functions were chosen to
establish the relationship between the relative density p and
the parameters A, o, f§ and B.
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Fig. 12 Experimental and fitting stress—strain curves of porous
bronze: a with the different relative densities; b at different strain
rates

A =216.3p (3)
o= —271.9p* +391.6 (4)
B = —273.1p* +386.8 (5)
B = —0.0205p* + 0.0579 (6)

Figure 11a and Eq. (3) show the effect of relative den-
sities of these materials on the parameter A. It is distinct
that the value of parameter A, which was used to represent
the compressive strength of material increases with respect
to relative density. Conversely, the value of parameters o
and f shows a decreasing tendency with increasing relative
density according to Fig. 11b, ¢ and Egs. (4, 5). However,
the value of parameter o is always larger than that of
parameter § no matter how the relative density changes,
which means the relative density does not affect on the
hardening-like response of the porous bronze. Likewise,
the value of parameter B with lower relative density is
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larger than those with higher relative densities, which can
be seen in Fig. 11d and Eq. (6). Therefore, strain rate
might have a stronger effect on the behavior of porous
bronze with lower relative density.

Comparison between the experimental results and the
prediction of model by using Egs. (3—6) with different
relative densities and strain rates was made in Fig. 12. It
can be seen that a good agreement is observed between the
prediction of model and experimental results. Especially,
the quality of the fitting is remarkable in the elastic region
under quasi-static loading.

5 Conclusions

Porous bronze with different relative densities (60-77.5 %)
was investigated at various strain rates by quasi-static tests
and split Hopkinson pressure bar tests. A multi-parameter
phenomenological constitutive model that is able to depict
the entire stress—strain curves of porous bronze at various
strain rates was further developed. The comparison of
experimental data and the predictions of the model
demonstrated the validity of this model. Following con-
clusions can be drawn from the experimental and analytical
work carried out in the present study:

1. Relative density affects the properties of porous
bronze. The yield strength and energy absorption
capacity of this material rise in terms of the increasing
relative density.

2. The strain rate has an effect on the behavior of porous
bronze. The compressive stress and energy absorption
capacity of the bronze are higher with the higher strain
rate, which is an important fact needed to be consid-
ered for application.

3. The parameters in the constitutive model are density

dependent, and the specific forms of these parameters
as functions of relative density are obtained, which
might be responsible for the changes in yield stress and
the hardening-like behavior of porous bronze.
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