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Abstract

Six kinds of nickel foam/polyurethane co-continuous composites were successfully prepared by
vacuum feeding. The effects of pore size, volume density and metal arris thickness on the tensile
properties of nickel foam /polyurethane co-continuous composites were investigated. The relation-
ship between the tensile strength and elongation at break of the composite and the structural
parameters of the nickel foam was established, which can be used to estimate the tensile strength and
elongation at break of the composite. The nickel foam reinforced composite with moderate metal arris
wall thickness had high elongation at break, and the metal phase and the resin phase had good
synergistic deformation ability, which can effectively improve the tensile properties of the composite.
While increasing the strength, the metal skeleton also had a good toughening effect on the
polyurethane.

1. Introduction

Co-continuous composites are composed of two components (ceramic and metal generally). The two phase
presents respective continuous and network interpenetrating structure in space. In 1992, Clarke [1] officially put
forward the concept of co-continuous composites. Co-continuous composites have the advantages of small
density, high specific strength, high heat conductivity, high electrical conductivity and good wear resistance due
to the unique structure. A lot of research works were carried out on co-continuous composites [2—10] and were
mostly about metal /ceramic co-continuous composites such as Al,O3 /Al and SiC foam/Al co-continuous
composites. The research on metal /resin co-continuous composites has not been fully exploited.

Polyurethane (PU) elastomer, also known as PU rubber, is a kind of block polymer. A PU macromolecule is
composed of soft segments and hard segments. Oligomer polyols’s flexible long chains constitute soft segments
while diisocyanate and chain extender constitute hard segments. Soft segments and hard segments are arranged
alternately. Soft segments have high-elastic state while hard segments constitute a glassy state. PU elastomer has
a good ability to elastic deformation, good damping performance and good corrosion resistance. But its
application is significantly restricted because of the low strength [11, 12]. PU was strengthened by adding fillers.
The strengthen forms are as follow: I particle reinforcement (0 dimension), adding SiO, and Al, O3 particles
[13, 14]; I fiber reinforcement (1 dimension), adding glass fibers and carbon fibers [15, 16]; III layer
reinforcement (2 dimension), adding glass and quartz fiber fabric [17, 18]. These strengthen forms have
disadvantages such as reinforcement phase discontinuity and anisotropy. And co-continuous composites can
show better performance [19, 20]. In view of the corrosive medium erosion condition, the authors prepared the
Ni foam/PU co-continuous composites using the method of vacuum feeding. Ni foam is a common porous
metal material whose pores are interconnected and metal arris are arranged continuously in space. Ni foam has
high strength and good corrosion resistance [21]. Nifoam/PU co-continuous composites are constructed by
interpenetration of the PU and the Ni foam into each other, therefore a co-continuous structure which shows
the combined advantages of the PU and the Ni foam is formed.

© 2019 IOP Publishing Ltd


https://doi.org/10.1088/2053-1591/ab2f9d
https://orcid.org/0000-0003-4280-1466
https://orcid.org/0000-0003-4280-1466
mailto:duandl@imr.ac.cn
mailto:duandl@imr.ac.cn
mailto:duandl@imr.ac.cn
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/ab2f9d&domain=pdf&date_stamp=2019-07-17
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/ab2f9d&domain=pdf&date_stamp=2019-07-17

I0OP Publishing Mater. Res. Express6(2019) 095103 JX Wanget al

Table 1. Different specifications of the Ni foam.

3

Order number PPI Pore size pm Volume density g cm ™
1 100 254 0.8
2 50 508 2.3
3 50 508 1.3
4 50 508 0.5
5 25 1016 1.7
6 25 1016 0.8

Table 2. Chemical composition of the bicomponent PU glue.

Component A 2,6—TDI (toluene-diisocyanate) polyester-type
prepolymers
Component B Dihydric alcohol chain extender (curing agent)

Mechanical properties are the basic material nature with great influence on the service performance of the
material [22, 23]. The mechanical behavior characteristics of co-continuous composites are particularly
noteworthy. Dukhan et al [24] prepared aluminum foam—polypropylene interpenetrating phase composites
with three kinds of pore sizes through an injection molding process. The stiffness of the composites was found to
increase with decreasing pore size. The smaller pore size allowed more cells to exist across the thickness of the
specimen, and thus increased the bending stiffness of the composite. Lu et al [25] prepared co-continuous
Si3N,/Al composites with different Al content through the squeeze casting. When the volume percentage of Al
increased, the Vickers hardness of the composite decreased, the flexural strength decreased and the fracture
toughness increased. The rod-like beta-Si;N, grains contributed to the fracture toughness of composites by pull-
out, crack deflection and crack bridging. Liu et al [26] prepared a new SiC/2024Al co-continuous composite
with lamellar microstructure by freeze casting. The high mechanical properties of composite are the results of
comprehensive effects of few defects, lamellar microstructure and clean and well bonded interfaces between the
metal and ceramic phase. Crack deflection and plastic deformation at crack tip in Al phase is the main
toughening mechanism in these composites. Sang, Kezheng et al [27] prepared interpenetrating Al,O3/Cu
composites. The bending strength of the composites increased with increase of the ceramic fraction, and failure
of the composite occurred by ductile fracture of the metal followed by fracture of the ceramic. Liu et al [ 28]
studied mechanical behavior of aluminum foam/PU interpenetrating phase composites under monotonic and
cyclic compression. The cyclic test results reveal that the recoverable deformation of composites derives from
the elastic deformation of Al foam skeleton and the hyper-elastic deformation of PU. It can be noted that the
mechanical properties of co-continuous composites are influenced by the mechanical properties of two
component materials, and are also influenced by structure factors such as the pore size and volume fraction. The
metal/ceramic co-continuous composites widely existed the shortcomings such as poor two-phase interface
wettability, weak interfacial bonding, mismatch when the two phase deformed and fractured. In this article,
tensile test of Nifoam/PU co-continuous composites were carried out. The factors influencing the composites
tensile properties such as pore size, metal arris thickness and volume density were discussed.

2. Experimental

2.1. Material preparation
Table 1 shows the six kinds of specifications of the Ni foam selected. The different specifications were produced
in JiLinZhuoEr new materials co company limited. The PU glue sinwe9603 used was produced in
ShenZhenXinWei new materials company limited with chemical components presented in table 2.

The PU glue component A and component B were mixed in proportion, and were injected into the pores of
Ni foam using the method of vacuum feeding, curing at room temperature, as shown in figure 1. Prepared foam
Ni/PU co-continuous composites were filled completely with few holes. Metal phase and resin phase formed
unique interpenetrating network structure. Figure 2 is the macro photos of prepared foam Ni/PU co-
continuous composites 50PPI2.3 /PU.

2.2. Tensile test
Referring to Chinese standard GB/T228.1-2010, the prepared foam Ni/PU co-continuous composites were
machined into the predetermined size with CNC milling machine for tensile tests using German Zwick/Roell
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Nickel foam resin
Vaccum pump
Figure 1. Schematic diagram of the vacuum feeding apparatus.
Metal phase
Resin phase
Figure 2. Ni Foam /PU co-continuous composite 50PPI 2.3 /PU surface morphology.

7%
|

Figure 3. Tensile text sample size.

company electron—tensile tester Z050. The sample size is shown in figure 3. The sample thickness is 4 mm. The
loading rate was 0.5 mm min . The Ni foam was processed into a specified size using a wire cut electric
discharge machine, as shown in figure 3, 4 mm in thickness. The tensile test conditions were consistent with the
tensile test of the Nifoam/PU co-continuous composite. Each tensile test was repeated at least three times to get
reliable results. The sample fracture morphologies after tensile test were observed with Japanese keyence
company digital microscope VHX—6000 and American FEI company scanning electron microscopy (SEM)
Inspect F50.
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Figure 4. The tensile strength of Ni foams (F-Ni), composites and the pure PU (PU).
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Figure 5. Load and displacement curves of composites and pure PU.

3. The experimental results and discussion

3.1. The tensile strength and fracture morphology

Asyou can see in figure 4, the tensile strength of all Ni foams and composites is much higher than pure PU. The
tensile strength of the composite 50PPI 1.3 /PU and 50PPI10.5/PU is higher than that of the corresponding Ni
foam, and the others is reversed. For composites, when the pore sizes are the same, the higher the volume density
of Ni foam are, the higher the tensile strength of corresponding composites. When volume density of Ni foam is
low, tensile strength difference of different pore size composites is small. When volume density is high, the
tensile strength of the 50 PPI composites is significantly higher than 25 PPI composites.

Asyou can see in figure 5, as the load increases, elongation of pure PU presents the approximate linear
growth, breaking at the highest point. For composites, the obvious elastic deformation stage can not be seen in
load-displacement curve. In the stage of plastic deformation, the slope of load-displacement curve gradually
dwindles until sample breaking.

The tensile curve of the composites is not smooth with a big or small jump, which is related to the
inconsistency in the deformation and fracture of the metal phase and resin phase inside the composite, as
discussed in detail in section 3.4.

In figure 6, the elongation at break of the composites is much less than that of the corresponding Ni foam.
This is because PU can restrict deformation of Ni foam. For these composites, with low volume densities and
large pore size, then the larger the elongation at break of composite is. When volume densities are high, the

4
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Figure 6. The elongation at break of Ni foams and composites.

elongation at break of the 50 PPI composites is significantly higher than 25 PPI composite. In addition,
elongation at break of the pure PU obtained was 14%.

Figure 7(a) is pure PU fracture. As shown, the crack was initiated at the edge and corner of the sample, and
extended to the diagonal place, making the whole resin fracture. The fracture surface was smooth, and
perpendicular to the loading direction, presenting the characteristics of brittle fracture. White bright lines on the
fracture showed the direction of crack propagation.

Figure 7(b) is a photograph of the tensile fracture of the composite 25PPI 1.7 /PU. It can be seen that the
three resin fractures A, B and C on both sides of the fracture correspond to each other, and the gap between the
left A, B and Cresin fractures was smooth. The smooth resin phase was maintained after the metal phase and the
resin phase are debonded. The corresponding metal phase can be seen between the right A, B and C. When the
metal arris in the composites was approximately perpendicular to the direction of the force, the metal arris will
be separated from the resin phase under the tensile stress. When the metal arris was approximately parallel to the
direction of the force, the metal arris will deform locally and fracture under the tensile stress. Three kinds of
fracture morphology of composites: resin phase fracture, metal phase fracture and debonding of resin phase and
metal phase was obtained. Therefore, the fractures of the composites are scraggly, and the tensile strength
increased. Similar morphologies also appear in other composites, as shown in figure S1.

3.2. Effect of foamed Ni structure on composites tensile behavior

From 3.1 the tensile behavior of the composites is heavily affected by the Ni foam metal skeleton. To understand
the Ni foam structure clear its preparation method is introduced as follows: the organic foam was electrically
conductively treated, and the metal layer was electroplated, then the organic foam was removed by burning, and
finally Ni foam was heat-treated. Therefore, the Ni foam metal arris had a hollow triangular prism structure, as
shown in figure 8. Figure 9 is a schematic diagram of a single metal arris. Table 3 gives the metal arris structure
parameters of different Ni foams. a is the thickness of the galvanized coating (metal arris wall thickness), and b is
the side length of the triangular prism section.

Gibson and Ashby’s studies [29] have shown that at high porosity, the tensile strength of the metal foam was
proportional to the 1.5th power of the relative density. For Ni foam/PU co-continuous composites, the authors
found:

First, set the variablek,

a1.7

k= 5 e))
Where a is the metal arris wall thickness, the unit is zm; P is the pore size, the unit is ym. Figure 10 is obtained by
curve fitting the data using software origin 8.0.

The fitting curve equation is
t = 1704k 4 1.4064 2)
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(b) composite 25PP1 1.7/PU

Figure 7. The tensile fracture morphology.

Figure 8. The tensile fracture morphology of composite 50PPI 1.3 /PU.
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Figure 9. Schematic diagram of metal arris and metal arris section.
Table 3. Metal arris structure parameters of
different Ni foams.
Ni foam Thickness a yum Lengthb um
100PPI0.8 21 115
50PPI2.3 102 346
50PPI1.3 59 230
50PPI0.5 30 173
25PPI1.7 125 503
25PPI0.8 87 411
—— fitting curve
g v
S 144 e
~—
-
© . /
=
)
=
w
o /
m 7~
]
5 A
=
0 T T T T T T
0.000 0.004 0.008 0.012
k
Figure 10. Relationship between k and tensile strength.
which is
al 7
t = 1704— + 1.4064
P2
R =0.95212
F = 0.003 38 3)

Where tis the tensile strength, the unit is MPa; R is the correlation coefficient, the more tending to 1, the better
the fitting effect; F is the confidence probability, the more tending to 0, the better the fitting effect. It can be seen
from equation (3) that the thicker the metal arris wall is, the higher the tensile strength of the composite. P>
represents the cross-sectional area of the pore. The smaller the sectional area was, the denser the metal arris
distribution. The physical meaning of equation (3) was that in the Ni foam/PU co-continuous composites, the
metal arris was thick and densely distributed, and the composites had high tensile strength. It can be seen that the

tensile strength of the composites are mainly determined by the structure of the Ni foam.
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Figure 11. Relationship between wall thickness of metal arris a and elongation at break.
Table 4. Different specifications of the Ni foam/PU co-continuous
composites.
Composite Composite density
sample (gem™?) Niyoloe PUyo106
100PP10.8/PU 2.3 8.99 91.01
50PP12.3/PU 3.5 25.84 74.16
50PPI1.3/PU 2.7 14.61 85.39
50PPI10.5/PU 2 5.62 94.38
25PP11.7/PU 3 19.1 80.9
25PP10.8/PU 2.3 8.99 91.01
Pure PU 1.6 — —
The fitting curve equation in figure 11 is
§ = —3.383 x 107%a + 0.0047a + 0.007 13
R =0.904 56
F =0.077 49 4)

Where 4 is the elongation at break; a is the metal arris wall thickness, the unit is ym; R is the correlation
coefficient; F is the confidence probability. It can be seen from equation (4) that if the metal arris wall thickness is
too large or too small, the elongation at break will be reduced. Composites with moderate metal arris wall
thickness had larger elongation at break.

3.3. Synergism of Ni foam and PU

The studies of Zhang et al [30] and Nurazzi et al [31] have shown that good synergy between the reinforcing
phase and the matrix can greatly improve the mechanical properties of the composite. Therefore, in this section
the effect of Ni foam structure on synergy was discussed further. According to the compound mixing law [32],
this paper proposes synergistic factor Q as follows,

tcomposite = Q X (tNi X Nivol% + tpy X P[Jvol%) (5)

Equation (5) indicates that the reinforcement phase and the matrix are weighted averaged to estimate the tensile
strength of the composite. Where t is the tensile strength, the unit is MPa; vol% is the volume fraction. Q is the
synergistic factor of PU and Ni foam. The volume fraction of the resin phase in the composite is calculated
according to formula (6).

pcomposite = PNi foam + Pru X PUVD]% (6)

Where p is the volume density, p is measured by the weighing drainage method. The volume fraction of the
metal phase in the composite is the quotient of py;; foam and pyj;. The specific results can be seen in table 4.

tni X Niyore, was considered to be the nominal tensile strength value of the Ni foam as shown in figure 4, and
the Q value of the different composites are calculated, as shown in figure 12. It can be seen that all Q values are
between 0.5 and 1. This may be due to the interlocking of the interpenetrating network structure, which hinders

8
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Figure 12. The Q values of the different composites.
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Figure 13. Relationship between Q and elongation at break.

the structural deformation of the Ni foam as shown in figure 6 and causes the tensile strength of the metal arris in
the composite to decrease.
The fitting curve equation in figure 13 is

Q=3.7376 x & + 0.272 13
R = 0.926 02
F = 0.008 01 @

Where 4 is the elongation at break; R is the correlation coefficient; F is the confidence probability. As shown in
figure 13, the Q value is linearly related to the elongation at break. The elongation at break of the composite is
large, indicating that the synergistic deformation ability of the PU and the Ni foam was good. This implies that
the PU minimizes the influence on the deformation of the Ni foam. The Nifoam does not reduce the
deformation of the PU, whereas increases the deformation amount, such as composite 50PPI 1.3 /PU. When the
elongation at break increases, the Q value increases, indicating that the good synergistic deformation of the PU
and the Ni foam was beneficial to increase the tensile strength of the composite. If the thickness of the metal arris
wall was too large or too small, the elongation at break will be reduced and the Q value will be lowered. Therefore,
when the metal arris wall thickness was moderate, the synergistic deformation ability of the PU and the Ni foam
was good, and the tensile strength of the PU can be effectively improved.

3.4. Tensile fracture process and toughening mechanism

Under the tensile stress, the soft segment of the molecular chain undergoes elastic deformation. As the stress
increases, the molecular chain begins to slip, the hydrogen bond between the molecular chains breaks, and the
molecular chain is oriented in the direction of the force until the molecule chain break [33]. Since the hard
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Figure 14. The tensile fracture morphology of pure PU.

segment in the molecular chain was in a glassy state, the pure PU exhibited the characteristics of a brittle material
once the fracture occured. A large amount of debris was formed on the fracture, as shown in figure 14. Due to
some undulations in the fracture, some fragments of specific height and specific angle showed white bright lines
under optical microscope observation, as presented in figure 7(a).

The deformation and fracture process of composites under tensile load can be divided into three stages: I.
Metal phase and resin phase undergo elastic deformation; II. Resin phase undergoes elastic deformation and
metal phase undergoes plastic deformation; III. Resin phase and metal phase debond and fracture, the entire
composite fractures. It should be noted that the plastic deformation of the metal phase was composed of two
parts. First part was the structural deformation of metal arris such as collapse of the pore structure, bend of some
metal arris in the direction of the force. Second part was crystal deformation of the metal phase. In the stages I
and I, the resin phase and the metal phase deform synergistically. In the later stage I1, as the tensile stress
increased, the resin phase and the metal phase no longer deform synergistically, and the two phases deformed
respectively and mutually hinder deformation. In the early stage III, some interface debonds and a few weak
metal arris and resin phase fracture. Thus, the rigidity of the whole material decreased meaning that the slope of
the load-displacement curve gradually decreases. Finally, a few metal arris are simultaneously bearing the load,
and fracture when they reach the limit of structural deformation and crystal deformation. After the resin phase
breaks, the elastic deformation was returned.

The Ni foam had a similar regular dodecahedral structure [34], and the Ni foam/PU co-continuous
composite can be considered to be composed of a number of regular dodecahedral units. Each unit is composed
of twelve pentagonal metal arris wrapped with PU, and the interface between the unit and the unit was a resin
phase surrounded by pentagonal metal arris. The tensile fracture in figure S1 is multi-celled and dodecahedral
unit can be seen individually. But in some areas there will be a large piece of flat resin phase fracture. In the tensile
test, the load increased from small to large, and the main crack initiated at the weakest internal defected. When
the main crack propagation was subjected to large resistance, the secondary crack began to initiate and
propagate. When the main crack passed through a large area, the tensile fracture will have a large area of smooth
resin phase. The main crack tends to expand inside the resin phase and at the interface of the two phases. When a
metal arris perpendicular to the crack propagation direction was encountered, crack bridging and crack
deflection occurred. The secondary crack had a small driving force and a short stroke, and converges inside the
respective dodecahedral units, leaving a multi-cell structure after the fracture. When a crack spreads from one
unit to another then the propagation direction changes. The breakage of the resin phase occurred at the interface
between the unit and the unit, presenting a small piece of resin fracture; or occurs inside the unit, presentinga
large piece of resin fracture, as shown in figure 15.

The tensile fracture work was the area obtained by integrating the load-displacement curve of figure 5, which
can reflect the toughness of the material to some extent. Figure 16 shows the tensile fracture work of different
composites and PU. It can be seen that the tensile fracture work of all composites was much higher than that of
pure PU. When the volume density was low, the tensile fracture work of the 100PPI composite was the smallest;
when the volume density was high; the tensile fracture work of the 50PPI composite was significantly higher than
that of the 25 PPI composite. Tensile strength and elongation at break work together to affect the toughness of
the material. When the metal arris wall was thick, the tensile strength was high, but the elongation at break was
low. So the thickness of the metal arris was increased, and the Nifoam /PU co-continuous composite were not
necessarily toughened. The toughening of PU by foamed Ni includes the following five aspects (1) Toughness

10
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(a)composite 100PPI 0.8/PU (b)composite 50PPI 2.3/PU

Figure 15. The tensile fracture morphology.
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Figure 16. Tensile fracture work of composites and pure PU.

fracture of metal arris. Metal arris act as a ductile phase and required to absorb a large amount of energy during
fracture (2) Metal arris deformation needed to overcome its own resistance to work (3) Metal arris deformation
needed to overcome the binding of the resin phase to work (4) Metal arris deformation needed to overcome the
two-phase interface resistance to work (5) Resistance to crack propagation. Some cracks generated at defects
such as pores inside the resin, and crack propagation encountered metal arris, causing crack bridging and crack
deflection. Some cracks initiated at the interface of the two phases and expanded along the two-phase interface
until they converge with other cracks. These crack propagations consume energy. Therefore, the Ni foam can
not only increase the strength of the PU but also increase its fracture toughness.

4. Conclusion

(1) Sixkinds of Nifoam/PU co-continuous composites were successfully prepared by vacuum feeding.

(2) The relationship between the tensile strength and elongation at break of the composite and the structural
parameters of the Nifoam was established, which can be used to estimate the tensile strength and elongation
atbreak of the composite.

(3) The Ni foam reinforced composite with moderate metal arris wall thickness had high elongation at break,
and the metal phase and the resin phase had a good synergistic deformation ability, which can effectively
improve the tensile properties of the composite.

11



I0OP Publishing Mater. Res. Express6(2019) 095103 JX Wanget al

(4) Due to the toughening of the metal skeleton in many aspects, the tensile strength and tensile fracture work
of the composites are much higher than pure PU. Compared with other composites and pure PU, composite
50PPI 1.3/PU had high tensile strength, elongation at break and tensile fracture work, whose mechanical
property was the best.
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