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Compression behavior and constitutive model establishment of fly
ash cenosphere/polyurethane aluminum alloy syntactic foam
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Abstract: The aluminum matrix syntactic foam was fabricated by pressure infiltration technique, and the filling material is

syntactic foam material with fly ash cenosphere as the main component and polyurethane foam as the binder. Split Hopkinson

pressure bar (SHPB) dynamic compression and quasi-static tests were carried out to examine the compressive response of

syntactic foam in this study. Then the dynamic constitutive model was established. Results show that the compressive stress-

strain curve of syntactic aluminum foam is similar to that of other metallic foam materials: both kinds of aluminum matrix

syntactic foams have strain rate effect, and the syntactic foam has higher compressive strength and energy absorption than the

same density aluminum foams. However, due to the different sizes of cenospheres, the dynamic compression results of two

kinds of syntactic foams are different, and the energy absorption effect of syntactic foam with small size under dynamic impact

is the best. In the range of strain rate and density studied experimentally, the curves of constitutive model fit well with the

curves of experimental data.

Key words: fly ash cenosphere; polyurethane; composite foam aluminum; strain rate effect; mechanical property; constitutive
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0 Introduction
high

porosity and large specific surface area due to its

Since aluminum foam has low density,

unique porous structure,it offers potential for energy
absorption, sound absorption, denoise, etc. Hence,
the aluminum foam has been widely used in
aerospace, national defense, automotive protection
and other fields. At present, there has been a lot of
research on aluminum foam materials, mainly
including the influence of relative density, pore size
and other factors on the mechanical properties of

131 With the development of material

aluminum foam
research, a novel composite material was fabricated
by mixing polymer into aluminum, which was called
interpenetrating phases composite (IPC), and the
viscoelasticity of polymer is used to improve the
mechanical properties of foam materials™®. Li et
al. %

aluminium composite, and the results show that the

investigated the compressive behaviour of

quasi-static stress-strain (¢-€) curves of the aluminum
composite are similar to those of aluminum foams.
Lin et al. ™ pointed out that the length and height of
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plateau region of aluminum foam with silicone rubber
is increased and the energy absorption ability is
improved. This finding has indicated that foam
composites have a stable absorption capacity in a
much larger strain range than their foam
counterparts. Subsequently, studies have shown that
aluminum foam filled with polymeric reduces the
compressibility of foam composites, and the
compression plateau region is not obvious, hence, it
will reach its densification stage much more quickly
under a high applied stress level effect of energy
absorption. To enhance the compressibility of
composite foam, Jhaver et al. pointed out that a new
type of material can be made by adding hollow
particles into the polymer and then filling it into foam

called multi-interleaving phase
(811

metal, which is

composite material The mechanical testing &
simulation (MTS) compression experiment has found
that the plateau stress is 42% higher than that of the
resin foam of the same composition, and the energy

absorption is 50% higher. Periasamy et al,*"
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studied the effect of microsphere volume fraction on
aluminum foam composite, and the energy absorbed
by microspheres decreases with the increase of
microsphere ratio. Zou et al. "' examined high strain
rate energy absorption on syntactic foam. Goel et al.
[15] studied the strain rate effect of aluminum matrix
syntactic foam. All these studies show that the
addition of cenosphere into the filling materials can
effectively improve the compressibility and impact
response of the material so as to improve the energy
absorption efficiency. It has become an important
means to improve the energy absorption efficiency of
foam materials to use the foam filled with polymeric
containing hollow particles.

The major attraction of multi-interpenetrating
phases composite(MIPC) is that each constituent can
contribute its most desirable attributes by its
contiguous morphology. Therefore, it endows MIPC
with improved combinations of mechanical and other
properties, However, the structure of this new
syntactic foam is more complex, in order to use
syntactic foams in the advanced applications such as
high speed collision and impact, blast resistance,
aeronautical, and space structures, it is crucial to
understand their behavior under high rate of loading.

In the research of constitutive model, aluminum
Most

researchers have modified and improved the empirical

foam material has been relatively mature.

constitutive model proposed by Sherwood and
Frost'. Hu et al. "™ modified the temperature
term and obtained the empirical constitutive equation
of aluminum foam; Jeong et al. '™ established the
constitutive model of polyurethane foam; Liu et
al. ! modified the density term and established the
of polyurethane foam. For
Zhang et al. !

established the constitutive model of density and

constitutive model

aluminum foam composite,
strain rate of polyurethane filled aluminum foam.
Based on the empirical constitutive model, the
constitutive model of density and strain rate sensitive
terms is established.

At present, the hollow particle materials used to

buffer

microspheres, while it costs more.

mainly glass
Fly ash is the
main component of industrial by-product coal ash

improve protection  are

after pulverized coal combustion in power plants,
which is considered as a pollutant. However, due to
its good mechanical properties such as low density,
high specific stiffness and high specific strength, it

has been gradually developed and applied in

Therefore, fly ash
particles are selected as the main filler in this study.

construction and other fields.

the filling material is a syntactic foam material with
fly ash cenosphere as the main component and
polyurethane foam as the binder.

Based on this, we mainly study the mechanical
foam  under axial

properties  of  aluminum

compression,  analyze its energy absorption
characteristics as well as the strain rate effect of
aluminum foam under different strain rates by SHPB
experiment, The constitutive model of aluminum

foam is fitted with experimental results,

1 Material and sample preparation

The matrix material used in the experiment is
aluminum foam with 6 mm pore diameter spherical
holes, and the wire cutting technology is used to cut
the aluminum foam sheet, as shown in Fig. 1.

Fig.2 Fly ashcenospheres with large cenospheres (a) and little
cenospheres (b)

The selected aluminum foam cells are evenly
distributed. A series of studies have been conducted
on the mechanical properties and behaviors of
aluminum foam in the early stage. It is found that the

mechanical properties of aluminum foam are good and
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the energy absorption effect is significant when axial
compression is performed. The matrix aluminum
foam size is P25 mm X 20 mm and the density is
0. 95 g/cm®. Fly ash(Fig. 2) cenosphere as the main
filler, according to the diameter of fly ash, they are
divided into large (LG ) particles (800 p m —
1000 p m) and little particles (LT) (400 p m —
600 1 m).
white and black materials in the same proportion.

Polyurethane was prepared by mixing
The device principle is shown in Fig. 3, the process is

as follows, and the prepared sample is shown in
Fig. 4(a).

Piston

Polyurethane
mixture

AL foam
Fly ash cenosphere

Mould

Plug
Exhaust hole

Fig.3 Schematic diagram of sample preparation

a) Put aluminum foam samples in the homemade
mold, then insert a plug with exhaust hole at below
end of mold.

b) Fill fly ash into sample from the other end of
mold and vibrate mold until fly ash just covers the
upper end of the sample.

c¢) Select appropriate black and white material
under sample volume, fill in mold after using blender
mixing evenly rapidly, pressure piston into end of
mold.

d) Fix the mold with fixture, and make it foaming,
then foam will be a good sample for grinding,
porosity in 40% —50% of the sample.

Quasi-static compression tests were performed at
ambient using Universal Testing
Machine at a strain rate of 0. 001/s.
three samples tested, the
1.0 g/cm®—1. 33 g/cm®. The load-displacement data
were recorded during the testing and converted to

temperature
For each set
density

were range

stress-strain curves using standard methodology. For

each set three samples were tested, the final data

were gotten by the average.

2 Test results of
compression experiment

quasi-static

The stress-strain curves of composite aluminum

foam at different densities were obtained through
static compression test. The compressed composite

aluminum foam is shown in Fig. 4.

Aluminum foame

(@)

Comparison before and after compression of composite

Fig. 4
aluminum foam

In Fig. 5Ca),
cenosphere composite aluminum foam (ALF-LT) at

the stress-strain curves of little

different densities are compared, and a matrix
aluminum foam (ALF) curve with similar density is
added. It can be found that the compressive stress-
strain curve of syntactic aluminum foam is the similar

which

includes three typical processes: elastic stage, stress

as that of other metallic foam materials,

plateau stage and densification stage. This is due to
the material before filling is porous, and the material
after filling is still porous as the existence of
cenosphere, therefore the form of stress-strain curve
after compression remains unchanged. In order to
quantitatively analyze the energy absorption effect of
foam materials, we use the energy absorption per unit
volume formula proposed by Miltz?* to calculate the
energy absorbed by aluminum foam under axial
compression in different strains. The densification
strain is defined according to the strain at the tangent
intersection of the curve of the platform segment and

the curve of the compaction segment?. The
densification strain of little cenosphere composite
aluminum foam increases from 0. 478 to 0. 449, and
329 mJ/m* to

densification

the energy increases from 7.
13.393 mJ/m® when the
reached. To take the corresponding stress at the

strain 1S

strain of 0. 05 as approximate yield strength *", the
yield strength increases by 76 % after filling under the
same density, and the flow stress increases by 50%
under 20% strain. Comparing the energy absorption
diagram (Fig. 5(b)), it can be found that there exists
a significant increase. For aluminum foam material,
different forms of destruction in hole wall appear in
the plastic platform stage, leading to collapse and
closure of cell pores and absorbing a large amount of
energy. The filled composite foamed aluminum still
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has a large number of pores, which retains the
advantages of the porous material. In platform stage,
the different

aluminum cell pore wall appear, which causes the

forms of damage to the foamed
hollow microspheres in the filler to break and close,
and absorb part of the energy simultaneously, thus
the foam aluminum cell collapses finally. The filled
composite foam material greatly improves the
compressive strength and energy absorption of the
aluminum foam, strengthens the mechanical
properties of the foamed aluminum., and improves the
utilization value of the foamed aluminum as a buffer
energy absorbing material as a whole, therefore, it

has great application prospects.

100+
—a— ALF-Density 1.07 g/cm®
80 —e— ALF-LT-Density 1.10 g/cm®
—a— ALF-LT-Density 1.33 g/cm®
5 60+
=
£ 404
N
20+
0 T T T T T T 1
0 01 02 03 04 05 06 07
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(a)
351
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309 —— ALF-LT-Density 1.10 g/cm’
25 —a— ALF-LT-Density 1.33 g/cm3

Energy absorption (mJ/m®)

0 T T T T
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(b
Fig. 5 Stress-strain curve(a) and energy absorption curve (b) of
aluminum foams filled with little fly ash and unfilled aluminum

foams

In order to analyze the effect of density on the

mechanical  properties of  composite  foamed
aluminum, multiple sets of quasi-static compression
experiments were carried out on composite foamed
aluminum of a certain density range with the same
particle size, and the average value of each group was
taken to reduce the experimental error. Through the
quasi-static compression results of small particle

composite aluminum foam (ALF-LT) and large

particle composite aluminum foam (ALF-LG) as
shown in Figs. 6and 7, it can be seen that the yield
strength increases by 60% with the increase of
density. At densification strain, the absorbed energy
is increased by 50%, which
mechanical properties. In composite aluminum foam,

shows favorable
not only the matrix aluminum foam cell hole collapse
to absorb energy, but also filled material hollow core
ball will crack, which greatly improves the energy
absorption effect of compound aluminum foam. The
greater the density of compound aluminum foam, the
more filling quantity of fly ash polyurethane, so the
strength and energy absorption effect are better,
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Fig. 6  Stress-strain curve(a) and energy absorption curve (b) of
aluminum foams filled with large fly ash and unfilled aluminum
foams
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Fig. 7
same density

Stress-strain curves of different microspheres with the

In order to study the effect of the size of the
floating bead on the energy absorption of the
composite foam aluminum in the given particle size
range, the static pressure results of multiple groups
of similarly sized particles are compared. Only some
data are listed in this paper. The curves in Fig. 7 are
almost coincident, and within this particle size range,
little static

the particle size has effect on

compression.

3 Test results of dynamic compression
experiment by SHPB
The high strain rate tests were conducted using the

split Hopkinson pressure bar (SHPB), as shown in
Fig. 8.
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|
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1— Air gun; 2— Striker; 3,4 — Light electric tachometer; 5 — Strain
gages; 6—Incident bar; 7—Sample; 8 —Transmitter bar; 9— Absorbing
bar; 10—Damper; 11— High dynamic strain indicator

Fig. 8 Schematic diagram of SHPB

A standard SHPB consists of a striker, an incident
bar (input) and a transmitter bar Coutput), with the
specimen sandwiched between the incident and
transmitter bars. The diameter of the bar is 50 mm,
the striker bar, incident bar and the transmitter bar
are 1. 0 m, 2. 5 m and 2. 5 m length, respectively.
Considering that the transmitted wave signal of foam
material is weak, the transmitted wave is measured
by the semiconductor strain-gauges. The striker bar

is suddenly released with high pressure air in order to

which

propagates down the input bar towards the specimen.

generate the necessary compressive pulse,

and acquires the stress-strain curve by high dynamic
strain indicator.

In order to adjust the loading wave style, the
rubber disk with thickness about 2 mm—4 mm and
diameter 10 mm is selected as waveform shaper and
pasted on center of incident bar’ s front end by
vaseline. The adjusted wave style is on longer
original rectangle wave, instead of trapezium wave
with longer rising edge, in which loading wave can
reach balance. The thickness of sample is 20 mm,
and two ends keep even and smooth as far as
possible. The selected composite aluminum foam
density of large particles and little particles is 1. 20+
0.03 g/cm®, the wave forms collected are processed
by the two-wave method, and the stress-strain curves
of composite aluminum foam under several strain
rates are obtained. The plateau stress o, of the
material is calculated by equation”™. For composite
foam, the e, is generally 5%, and the e4 is the
densification strain.

According to the stress-strain curve, when the
strain rate is small, the sample has not became dense
due to the low velocity of the impact bar, thus the
stress-strain curve only obtains the elastic stage and
part of the plateau section. When the strain rate

increases, the impact velocity increases.
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Fig. 9
aluminum foam (a), large cenosphere composite aluminum foam

Stress-strain curves of little cenosphere composite

(b) and aluminum foam(c¢) under different strain rates

In Fig. 9 Ca),

composite aluminum foam under dynamic impact is

the curve of little cenosphere

significantly higher than the quasi-static compression
curve, and the yield strength and platform stress are
higher than the quasi-static one under the same
density (Fig. 9)., which shows obvious strain rate
effect.
cenosphere also have obvious strain rate effect
( Fig. 9(b) ). little

cenosphere composite aluminum foam under impact

The dynamic compression results of large

However, the results of
are different from those of large cenosphere. The
strain rate sensitivity parameter > is computed by
where o is the

using the following Eq. (1),

compressive strength, ¢* is the quasi-static flow
stress at 5% strain, e is the strain rate, wherein,
subscripts ‘d” and ‘q’ define dynamic and quasi-
results are

static conditions, respectively. The

reported in Table 1.

> =t ] (1)
o InCeq /eg )"
Table 1 Strain rate sensitivity parameter of composite aluminum
foam
e(sh ALF/2 ALF-LT/> ALF-LG/2
500 0. 008 93 0.017 00 0. 009 98
1 000 0.017 33 0.018 16 0.021 28
1500 0.028 37 0.016 75 0. 026 69

The strain rate sensitivity parameter of little-
cenosphere composite aluminum foam is about 0. 17,
and there is obvious strain rate effect in the range of
0. 001 s7' —500 s~!
obvious strain rate effect in the range of 500 s™' —
1500 s7 1.

cenosphere increases with the increase of strain rate,

strain rate, while there is no
The aluminum foam parameter of large-
which is close to that of the aluminum foam matrix.

The large cenosphere composite aluminum foam has
obvious strain rate effect in the range of strain rate

studied. Yield strength and platform stress increase
with the increase of relative density. At the same
density and strain rate (500 s~ ' —1 500 s '), the
yield strength of little-cenosphere  composite
higher than that of

cenosphere composite aluminum foam, as shown in

aluminum foam is large-
Fig. 10. Compared with the compression results in
quasi-static condition, at the compaction strain under
the strain rate 1 500 s~ ', the energy absorption of
small particles composite aluminum foam increases by
44% , while that of large particles only increases by
20%. From the results with the same density under
the strain rate of 1 500 s™! (see Fig. 11) comparing
the matrix aluminum foam at densification strain, it
can be seen that the little cenosphere of composite
aluminum foam absorb energy increases by 70%, and
the large cenosphere composite aluminum foam
absorb energy increases by 45%. Therefore, for the
little-cenosphere composite aluminum foam within the
scope of the research of the strain rate, energy

absorption effect is better.
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=
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g
<
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Srain rate (s7')
(b
Fig. 10 Yield strength (a) and plateau stress (b) of two kinds of
composite aluminum foam under dynamic impact

The strain rate effect of composite aluminum foam
is not only determined by the strain rate effect of
aluminum base, but also related to the strain rate
effect of the filled composite foam material. The
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aluminum foam substrate material used in experiment

28] shows

exist strain rate effect, the research by Geol
that this composite foam filled with fly ash in a
certain range of strain rate has obvious strain rate
effect. Two kinds of particle size composite aluminum
foams show different strain rate effects under the
high speed impact, which means that microsphere
size influences impact result of composite aluminum

Two kinds of
compound aluminum foam have the strain rate effect,

foam under the dynamic impact.

and a stronger absorbing energy under high speed
impact.
164
—a—ALF-1500 ™!
—e— ALF-LT-1 500 s
124 —+— ALF-LG-1 500 s~

Energy absorption (mJ/m?)
o0

0_ T T T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6

Strain
Fig. 11 Energy absorbed per unit volume of composite aluminum
foam and aluminum foam

4 Dynamic constitutive model of

composite aluminum foam
4.1 Selection of constitutive model

Johnson-cook constitutive model has been widely
used to describe the mechanical properties of metal
materials. For foam materials, Sherwood and
Frost"'® concluded the empirical constitutive equation

as
o = H(DG(p)M(ese) f(e), (2

where H, G and M are the functions of temperature
T, initial density p and strain rate e, respectively;
f(e) is called the shape function, Sherwood and Frost
express in the form of power series

fl&) = D) Ae'. 3
i=1

Eq. (4) is the temperature term, where T is the
ambient temperature of the experimental sample, T, is
the experimental room temperature, T, is the melting
point of the material, namely

T—T,
T

H(T) = 1=

(4)

In addition, G(p) is the density term, wherein o,

usually selects the minimum density in the

experimental sample.
—p(L—1
G(p) D(Po )+ 1. (5)

In Ref. [21], the empirical constitutive model of
polyurethane aluminum foam is obtained by using this
the empirical

empirical formula. In our work,

constitutive model is used to determine the

constitutive equation of composite aluminum foam.

The

polynomial®®’, and the strain rate enhancement

shape  function uses the  sixth-order

term™'™ is

M(e,e) =1+ Cln =, (6)

€0

where ¢, is the strain rate, and C is the strain rate
sensitivity parameter, which can be obtained by
fitting the experimental data. In general, e, is the

quasi-static strain rate, ¢,=0. 001 s !,

The temperature and density in the above
constitutive model are all single terms, here we do
not consider the temperature term, that is,

H(T)=1. Then the dynamic constitutive model is
established as

- [D(ﬂ—1)+1] [1+C1n§0]2A,&:‘} %)

Qo

4.2 Calculating parameters

Firstly, little cenosphere composite aluminum foam
is fitted with po=1. 10 g/cm®, ¢, =0. 001 s '. The
sixth-degree polynomial fitting for the shape function
f(e) is performed, R*=0. 9989, and the parameters
of the shape function are shown in Table 2.

Table 2 Shape function parameters of little cenosphere composite
aluminum foam(MPa)

Al A2 A3 A4 A5 A6

512.1.6  —5 244 26 200 65 700 81 810 39 030

When the strain rate is 0. 001 s™!, the density term
is fitted, here M(e,e) =1, and the fitted result is D=
4,947, Different strain rate sensitivity coefficients C
can be fitted according to different strain rates, C is
calculated by Eq. (8), and the correlation coefficient
R?is0.984 7.

C=3.704X10"e* —1.37 X 107> +
0. 000 156 7e — 0. 028 67. (8)

For the large cenosphere composite aluminum
foam, the values of each parameter are obtained by
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and the
parameters of the shape function are shown in
Table 3, with R*=0. 999 7.

Table 3
composite aluminum foam(MPa)

the same method as mentioned above,

Shape function parameters of large cenosphere

Al A2 A3 A4 A5 A6

328.6 —3.55 14 010 —32 000 36 400 —15 630

When p, is 1. 10 g/ cm’, the value of D is 5. 25, C
is calculated by Eq. (9), and R? is 0. 984 7.

C =—6.429 X 107%* +0. 000 190 4¢ — 0. 105 3.
(9)
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Fig. 12  Fitting curves of constitutive model of little cenosphere

composite aluminum foam at different strain rates compared with
experimental curves

Finally, the parameters in Eqgs. (8) and(9) of the
two kinds of
substituted

foam are
the constitutive Eq. (7). After
putting in the parameter, the stress-strain curves

composite aluminum

into

under different strain rates are fitted through the
constitutive equation. The fitting results are shown
in Figs. 12 and 13. It can be seen that the little
cenosphere composite aluminum foam has a good
coincidence degree, and the large cenosphere
composite aluminum foam has a good elastic section
fitting under the strain rate of 1 500 s ', but the

plateau stress is slightly lower than the experimental

results.
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Fig. 13  Fitting curves of constitutive model of large cenosphere
composite aluminum foam at different strain rates compared with

experimental curves
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5 Conclusions

Through the quasi-static and dynamic mechanical
properties analyses of composite aluminum foam., the
following conclusions are drawn:

1) A new type of composite aluminum foam with
better mechanical properties and energy absorption
was obtained by filling the spherical open-hole
aluminum foam with a polymer material containing
Under

the effect of energy absorption is

hollow microspheres. quasi-static
compression,
increased by 85% when the densification strain is
reached, which is of great significance for the
development of energy absorbing materials.

2) The of fly ash/

polyurethane composite aluminum foam are affected

mechanical properties
by the density. The density increases from 1. 0 g/cm’
to 1. 30 g/cm®, yielding strength increases by 60%,
and energy absorption increases by 50% with the
increase of density.

3) Syntactic foam can not only improve the
mechanical properties of aluminum foam., but also
affect its dynamic compression results, mainly related
Fly ash/

polyurethane composite aluminum foams have strain

to the size of fly ash floating beads.

rate effects, and the dynamic yield strength under
shock and plateau stress is higher than quasi-static
one, Composite aluminum foam in small particles has
strain rate and strain rate effect within a certain
range, and for larger particles composite aluminum
foam, with the increase of strain rate and strain of
0.2, absorbed energy increases by 50%.

4) The dynamic constitutive model of composite
aluminum foam is obtained without considering the

temperature term.
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