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Abstract: Polyetheretherketone (PEEK)/Ni foam co-contin-
uous composites were designed and prepared via the hot
pressing technique, and their erosion-corrosion behav-
iors were evaluated using an impinging jet apparatus in
1% H,SO, and 5% silica sand with a flow rate of 30 m/s.
Optical microscopy and scanning electron microscopy
were used to describe the damage morphologies. A strong
combination was shown between Ni foam and PEEK in the
composites. PEEK was reinforced with Ni foam, and the
erosion-corrosion resistance of the composites increased
with the decreasing density and pore size of Ni foam. Vol-
ume loss under normal impact was higher than that under
oblique impact.

Keywords: co-continuous composite; erosion-corrosion;
forming; PEEK/Ni foam.

1 Introduction

In the hydrometallurgy industry, various facilities suffer
from corrosive attacks of acids, bases, and salts while
bearing the erosive effects of solid, liquid, and gas media.
For example, transporting corrosive fluids with a high
fraction of solid particles or particle agglomerates is a
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common procedure in the mineral leaching process.
A consequence of this procedure is that particles or
agglomerates frequently impact against the walls of the
pipes or process vessels through which they are passing
through; hence, these walls may deteriorate because of
mechanical and chemical actions. Reaction stills, stirrers,
blow-off valves, pipelines, and stuff pumps are vulnerable
parts, and their vulnerability immensely restricts opera-
tional continuity in the hydrometallurgy industry. The
erosion-corrosion damage mechanism also exists in other
industrial processes, such as those in petrol production,
nuclear power generation, and hydraulic engineering.
Therefore, developing new materials that can be sus-
tained in an erosion-corrosion environment is necessary.

A co-continuous composite is a new kind of material
that has developed rapidly in recent years. It differs from
traditional composites in terms of its topological structure
[1]. Both the matrix and the reinforcement phases form
a continuous structure in a co-continuous composite.
The reinforcement phase, which exhibits a 3D network
structure, functions as the skeleton of the composite.
This structure can be made of metals, ceramics, metallic
ceramics, etc. Meanwhile, the matrix phase may consist of
metals or polymers that exhibit good fluidity.

The tribology literature on co-continuous compos-
ites remains limited, probably because the preparation
process is still in an early stage [2, 3]. Most tribological
studies on co-continuous composites have focused on
their sliding wear behaviors [2-8]. Zhang et al. [7, 8] pre-
pared a 3D network SiC/Cu or Al alloy co-composites via
the squeeze casting method. The dry friction and wear
behaviors of these composites were then investigated
on a pin-on-disk friction and wear tester. The results
showed that the composites exhibit better wear resist-
ance than Cu or Al alloys. Such improvement in the wear
resistance of the composites became prominent at high
SiC volume fraction, high temperature, and large normal
load. Moreover, the composites registered high and stable
friction coefficients with increasing normal load. The 3D
network SiC is believed to support the load applied onto
the sliding surface and to restrict plastic deformation and
high-temperature softening of the alloy matrix; thus, the
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composites exhibit significantly improved wear resistance
compared to the alloys. These composites can be devel-
oped as gearing and braking frictional materials. Yan and
Ren [2] and Ji et al. [4, 5] prepared a self-lubricating com-
posite using 3D network metal (Ni, Cu, FeNi, and CuNi)
foams as the skeleton and polytetrafluoroethylene as the
matrix. The tribological properties of these composites
were investigated on a ring-on-block friction and wear
tester, in which the measurement of friction temperature
was performed by three thermocouples embedded in
the material. The results revealed that the friction coeffi-
cients of the composites decreased slightly, whereas the
wear rate substantially decreased compared to those of
homologous polymers. Such decrease is attributed to the
following: (1) metallic skeletons are beneficial to restrain-
ing the plastic flow of the polymeric matrix and (2) heat
can be conducted effectively along the 3D network sup-
porting skeletons. Wang and Liu [6] prepared FeCriWMoV/
TiC metal ceramic foam/Ph-Sn-RE composites, wherein
the solid lubricant and enhancement phases interpen-
etrated throughout the microstructure. The friction and
wear behaviors of the composites were investigated on a
pin-on-disk wear tester over a load range of 30250 N. The
experimental results indicated that the sliding friction
behavior of the composites at 400°C could be significantly
improved, particularly under high loads.

However, no study on the corrosive erosion behavior
of co-continuous composites has yet been reported. Con-
sidering corrosion and wear, developing new erosion-
corrosion-resistant materials based on the combination
of multiple materials is essential to solve the erosion
problem from the structure perspective of the composite
and the corrosion problem from the component selection
perspective of the composite.

An open-cell metal foam is a porous structure with an
interconnected 3D metallic skeleton that exhibits many
interesting properties, such as a unique network structure,
low density, specific mechanical performance, and high
specific surface [9-11]. Concentrated stress can be easily
dispersed and delivered in the metal foam skeleton, which
is beneficial to improve the impact resistance of the com-
posite. Polyetheretherketone (PEEK), which has received
significant attention as a typical high-performance sem-
icrystalline thermoplastic polymer, has become an impor-
tant engineering material in recent years because of its
high mechanical strength and elastic modulus, high
melting temperature, high toughness, easy processing,
and good wear resistance and particularly its excellent
chemical inertness [12-17]. Therefore, a new kind of co-
continuous composite (i.e. Ni foam/PEEK) was designed
and prepared in this study to combine the advantages of
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PEEK and metals. Moreover, the erosion-corrosion behav-
ior of the composite was preliminarily investigated.

2 Materials and methods

2.1 Preparation and properties of
the co-continuous composite

2.1.1 Materials

Ni foams used in this work were produced by Zhuoer New
Material Co., Ltd. Four kinds of Ni foams with different
average aperture, porosity, and pores per inch (PPI) values
were used. The morphologies and properties of the foams
are shown in Figure 1 and Table 1, respectively.

First, the Ni foam samples with a size of ¢ 30 x10 mm
were produced by the wire cutter. Then, they were rinsed
with petroleum ether in an ultrasonic cleaner twice (15 min
for each time) and dried by cool air. Afterwards, they were
cleaned with alcohol in the same way. Finally, they were
treated under 150°C for 1 h to remove the moisture.

PEEK powders with a particle size of 100 um were pro-
vided by Jida Special Plastic Co., Ltd. PEEK powder can
absorb about 0.5% moisture when stored in the atmos-
phere for a long time; thus, molten PEEK will package
the vapor contained in powders under high temperature,
resulting in defects in the composites. Therefore, the
PEEK powder was dehydrated at 150°C for 3 h before mold
forming.

To avoid damaging the dies and reduce the ejection
pressure, the boron nitride mold release fabricated by CRC
Industrial® was chosen for improving the lubrication and
easy demolding.

2.1.2 Manufacturing process

The PEEK/Ni foam composite was fabricated via a hot
pressing technique (also called compression molding)
under controlled temperature and pressure conditions
[18, 19].

The molding equipment is shown in Figure 2. Hydrau-
lic jack was used to provide the desired operating pres-
sure and its maximum pressure can reach 60 MPa. A
high-power heating furnace was used to heat the mold.
The thermocouple located outside the wall of the mold
was used to detect the operating temperature. To make
the hydraulic jack work normally, a thermal insulation
material was placed between the oven and the base plate
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Figure 1: Nifoams used in the work: (A) 25 PPI, (B) 50 PPI, (C) 100 PPI-1, and (D) 100 PPI-2.

Table 1: Characteristic parameters of Ni foams.

Sample name Average aperture (mm) Porosity (%) PPI
PEEK/Ni25 0.87 64.2 25
PEEK/Ni50 0.48 89.4 50
PEEK/Ni100-1 0.17 88.0 100
PEEK/Ni100-2 0.18 97.6 100

Figure 2: Schematic of the preparation device: (1) upper mold, (2)

outer mold, (3) oven, (4) Ni foam, (5) heat-insulating material, (6)
gas-pressure meter, (7) jack, (8) base plate, (9) lower mold, (10)
PEEK, and (11) thermal couple.

to reduce the heat transfer from the furnace to the base
metal. The manufacturing process is described as follows:

10 g PEEK powder was measured and transferred
into the mold (this is 20% more than the calculation
value as overflow during the extrusion process). The
PEEK powder was pressed into blocks under 10 MPa
to remove the air in the powder.

The Ni foam sample was placed under the PEEK bulk,
and the mold was transferred into the oven. To ensure
the molten state and keep the low viscosity of the
PEEK powder, the mold was heated to 400°C at a heat-
ing rate of 10°C/min and kept warm for 5 min.

4 MPa stress was exerted on the internal material
using a hydraulic jack. During extrusion, the speed
should be slow and steady to keep the PEEK pressing
into the Ni foam evenly.

When the upper part of the mold was approaching the
Ni foam sample, pressing was stopped and pressure
was applied for 5 min to keep the molten PEEK flowing
into the Ni foam and filling the voids. The period under
high temperature should not be too long in case the
polymer molecular chain will decompose or cross-link.
The chamber was gradually cooled to 210°C in air. This
temperature was maintained for 40 min to improve
PEEK crystallization.

The composite specimen was demolded when the
temperature decreased to 80°C and was collected for
the erosion-corrosion tests.
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2.1.3 Properties of the co-continuous composite

Four kinds of composites were prepared using PEEK and
different Ni foams. Homologous PEEK polymers without
Ni foam were also made for comparison, and its bulk
density is shown in Table 2 with those of the composites.

The morphologies of PEEK/Ni foam composites are
shown in Figure 3. The insets in the resulting composite
materials show that Ni foam is effectively encapsulated by
PEEK polymer. The fabricated composites exhibit a topo-
logically uniform microstructure and an interconnected
network structure. However, hollow metallic struts dis-
tributed throughout the composite body can be observed,
which indicates that PEEK cannot fill the interior of the
metallic struts. Therefore, the preparation method should
be improved further.

2.2 Erosion-corrosion test method

Erosion-corrosion tests were conducted with a self-made
impinging jet apparatus, which was mentioned in our pre-
vious work [20]. Tap water with 1 wt% H,SO, and 5 wt%
quartz particle (275 mesh) was used as the test medium.
The velocity of the jet for the volume loss tests was 30 m/s.
Two impact angles (i.e. 30° and 90°) were applied during
the erosion-corrosion tests. A liquid jet from a nozzle
with a diameter of 2 mm was impacted onto the center of
the test specimen with a distance of 5 mm between the
jet nozzle exit and the specimen surface. The area of the
specimen was 1.13 cm? and its diameter was 12 mm. Before
the erosion-corrosion tests, the sample surfaces of the co-
continuous composites were ground with 800 grit abra-
sive papers, cleaned in alcohol and dried, and weighed
using an analytical balance with an accuracy of 0.1 mg.
Two hours after the tests, the samples were degreased,
rinsed, dried, and weighed. Each test was repeated twice
to obtain an average weight loss. The densities of differ-
ent composites vary significantly; thus, converting weight
loss values to volume loss values, which provide clearer
comparisons of the damages in different materials, is nec-
essary. The weight loss values were divided by the corre-
sponding densities of the materials to obtain the volume
loss values. The surface morphologies of the samples were

Table 2: Bulk density (g/cm?®) of PEEK/Ni foam.

PEEK/Ni25 PEEK/Ni50 PEEK/Ni100-1 PEEK/Ni100-2 PEEK

4.03 2.12 2.23 1.50 1.32
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analyzed using optical microscopy and scanning electron
microscopy (SEM).

3 Results and discussion

3.1 Results from the impact angle of 90°

The volume loss results of the different materials after 2 h
of erosion-corrosion test in tap water with 1wt% H,SO, and
5 wt% quartz particle (275 mesh) with a jet velocity of 30
m/s and an impact angle of 90° are shown in Figure 4. The
maximum volume loss occurred in the PEEK/Ni25 com-
posite, in which Ni foam exhibited the lowest porosity and
highest bulk density. Figure 3A shows large struts in the
PEEK/Ni25 composite, which can lead to additional tur-
bulence during erosion-corrosion tests [21]. Under normal
impact conditions, the impact energy is mainly dissipated
in roughening the target surface. The roughening process
includes a high degree of plastic deformation of the target
materials under compressive and tensile stresses. The Ni
segment was coarser than the PEEK site (Figure 5A and A”).
No stripping was observed between Ni foam and PEEK in
all four composites after the erosion-corrosion test (Figure
5A, A’, B, B, C, C’, D, and D), which indicates the perfect
combination of these two phases during the preparation
and testing processes. In this work, the advantage of Ni
in the composite is its higher impact strength than that of
PEEK, which is beneficial to the mechanical component
of erosion-corrosion [22, 23]. However, PEEK is better than
metallic Ni in acid media in the chemical damage com-
ponent. Additional volume loss caused by the corrosion
component of the PEEK/Ni25 composite is more than the
decreasing volume loss caused by the mechanical com-
ponent because of the high proportion of Ni phase; thus,
the total volume loss of the PEEK/Ni25 composite is higher
than that of pure PEEK. For the other three composites,
the proportion of Ni foam is considerably lower than that
in the PEEK/Ni25 composite (Table 1), which reduces cor-
rosion. In contrast, the mechanical resistance supplied
by the three Ni foams is not less than that in the PEEK/
Ni25 composite because of their thin walls (Figure 3) and
interconnected 3D structure. Consequently, the additional
volume losses caused by the corrosion component are
less than the decreasing component caused by the high
strength of the three composites; hence, their total volume
loss is lower than that of pure PEEK. The PEEK/Ni100-2
composite exhibits the best erosion-corrosion resistance
because of the highest strength efficiency and lowest cor-
rosion rate of thin Ni foam.
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Figure 3: Morphologies of PEEK/Ni foam composites with Ni foams of different PPl values: (A) 25 PPI, (B) 50 PPI, (C) 100 PPI-1, and

(D) 100 PPI-2.

Ni struts in PEEK can enhance its erosion-corrosion
resistance in water/acid/particle media under an impact
angle of 90°, except for the case in which the additional
chemical corrosion damage is higher than the decrease in
mechanical erosion damage. This phenomenon occurs at
low PPI with thick Ni foam walls.

3.2 Results from the impact angle of 30°

The volume loss results of the different materials after 2 h
of erosion-corrosion test in tap water with 1 wt% H_SO,
and 5 wt% quartz particle (275 mesh) with a jet velocity of
30 m/s and an impact angle of 30° are shown in Figure 6.
The total volume loss rate is significantly lower than that
for the test with an impact angle of 90°.

In this case, although the ductile Ni foam phase is
easily cut and ploughed by quartz particles, impact energy
can be dispersed along the Ni skeletons. Therefore, the Ni
foam phase may be slightly beneficial to the mechanical
component of the erosion-corrosion of composites. For
the chemical damage component, Ni is not as efficient as
PEEK in the acid medium with either normal or oblique
impact. Consequently, the total volume loss of the three
composites is higher than that of pure PEEK. Only the
total volume loss of PEEK/Ni100-2 does not demonstrate

a notable difference with pure PEEK because of its low Ni
foam proportion.

Similar to the results of the 90° impact, no stripping
was observed between Ni foam and PEEK in all four com-
posites after the erosion-corrosion test (Figure 7A, A’, B,
B, C, C’, D, and D’). This finding indicates the perfect
combination of these two phases during the preparation
and testing processes. Maximum volume loss was also
observed in the PEEK/Ni25 composite, which is similar
to the results of the test with the impact angle of 90°. A
deep and long pitting tail along the flow direction can be
observed on the damaged site of the PEEK/Ni25 composite
(Figure 7A and A’) because of the preferential damage of
the ductile Ni phase under low impact angle. The pitting
tail becomes shallow and short as Ni phase proportion
decreases (Figure 7B, B’, C, C’, D, and D’). For pure PEEK,
nearly no pitting tail can be observed on the damaged site
(Figure 7E and E’). Ni struts in PEEK cannot enhance the
erosion-corrosion resistance of PEEK in water/acid/parti-
cle media under a low impact angle.

3.3 Erosion mechanism of PEEK/Ni foam
composites

At the impingement angle of 90°, repeated impacts by
quartz particles on the same site can cause “dislocations”
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Figure 4: Volume loss results of the different materials with an
impact angle of 90°.

of PEEK from the impingement sites. After a given defor-
mation, stress in PEEK exceeds its strength. Small micro-
fractures may develop within PEEK, which causes small
pieces of the material to peel off (Figure 5E”). The impact
of the 30° impingement angle differs from the normal
impact because of the onset of the microcutting and
microploughing mechanisms. The deformation of the
material is similar to that under normal impact but with
additional cuts and ploughs [24], which result in chip
removal in PEEK (Figure 7E’). The perpendicular compo-
nent of the initial energy decreases with the reduction in
impingement angle; thus, the volume loss of PEEK under
oblique impact is significantly lower than that under
normal impact. For the same reason, the PEEK/Ni foam
composites have lower volume loss under oblique impact
than under normal impact. These results seem contra-
dictory to the behavior of PEEK and its short fiber-rein-
forced composites in solid particle erosion characterized
by Harsha et al. [25], in which pure PEEK exhibited peak
erosion at an impingement angle of 30° as well as ductile
erosion mechanism. However, in this liquid-particle
system, even for ductile materials, the erosion rate can
increase with impact angle or exhibit another damaged
peak in addition to the one under 90° [26].

PEEK/Ni foam composites, except PEEK/Ni25, have
lower volume losses than pure PEEK under normal
impact. On the one hand, the Ni phase exhibits serious
deformation (Figure 5A’-D’"), which can absorb impact
energy from quartz particles. On the other hand, impact
energy can disperse along the Ni network. Thus, the Ni
foam can reinforce PEEK under normal impact conditions.

The composites, except PEEK/Ni100-2, have higher
volume losses than PEEK under oblique impact. The
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Figure 5: Morphologies of PEEK/Ni foam composites and pure PEEK
after erosion-corrosion test with an impact angle of 90° observed
using optical microscopy (A-E) and SEM (A’—E’): (A and A") PEEK/
Ni25, (B and B") PEEK/Ni50, (C and C") PEEK/Ni100-1, (D and D)
PEEK/Ni100-2, and (E and E’) PEEK.

Ni phase is ductile and can be easily cut by the quartz
particles; it can also absorb the perpendicular com-
ponent of the impact. The first factor is dominant and
Ni foam cannot reinforce PEEK under oblique impact
conditions.
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Figure 6: Volume loss results of the different materials with an
impact angle of 30°.

PEEK is reinforced by Ni foam through a dispersion
strengthening function. A high bonding strength between
Ni foam and PEEK ensures a synergetic action between
the matrix and reinforced phases. In the PEEK/Ni com-
posite, PEEK can improve the corrosion resistance of Ni
foam, whereas the Ni foam can improve the mechanical
strength of PEEK. The dispersion strengthening function
of Ni foam is enhanced with the increasing PPI and poros-
ity of Ni foam within this test range. Notably, the PEEK/
Ni100-2 composite exhibits the best erosion-corrosion
resistance under both impact conditions. Volume losses
under normal and oblique impacts have a slight differ-
ence. The erosion behavior of the PEEK/Ni100-2 composite
is insensitive to impingement angle, which is important
for its future applications.

4 Conclusions

- Four kinds of PEEK/Ni co-continuous composite were
prepared using Ni foam and PEEK polymer via the hot
pressing technique. The composites have a topologi-
cally uniform microstructure and an interconnected
network structure.

- No stripping was observed between Ni foam and
PEEK in all four composites after erosion-corrosion
tests with impact angles of 90° and 30°. This result
indicates a tough combination between Ni foam and
PEEK.

— Ni struts in PEEK can enhance its erosion-corrosion
resistance in water/acid/particle media under an
impact angle of 90° but not with a low impact angle
of 30°.
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Figure 7: Morphologies of PEEK/Ni foam composites and pure PEEK
after erosion-corrosion test with an impact angle of 30° observed
using optical microscopy (A-E) and SEM (A’-E’): (A and A") PEEK/
Ni25, (B and B") PEEK/Ni50, (C and C") PEEK/Ni100-1, (D and D")
PEEK/Ni100-2, and (E and E") PEEK.

— Both PEEK and the PEEK/Ni foam composite exhibit
higher volume losses under normal impact than
under oblique impact.

— The strength of Ni foam in PEEK composites is
enhanced with the increasing PPI and porosity of Ni
foam within the test range.
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