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Hydroxyapatite (HAP)/polyetheretherketone (PEEK) composites are widely used in the new generation of
bone implant materials. The use of weak magnetic fields can promote the biocompatibility of PEEK
materials. In this paper, FesoNisg alloy nanopowders and FesgNiso/HAP/PEEK composites were prepared
by liquid phase chemical reduction and liquid phase mixing. The prepared FesgNisg alloy nanopowders

have a particle size of about 100 nm and good chemical activity and magnetic properties. The saturation

magnetization (M) of the FesgNiso alloy powders is 70 emu g™t FesoNisq nano-powders in FesoNiso/
HAP/PEEK composites are uniformly distributed in the matrix in the form of individual particles, achieving
nano-level dispersion. With the increase of FesgNisg alloy powders content, the magnetic properties of
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the composites are significantly enhanced. The biocompatibility of FesgNiso/HAP/PEEK composites is

significantly better than that of PEEK and HAP/PEEK materials. The 2% FesoNiso/HAP/PEEK composite has
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1. Introduction

Bone defects are a common clinical condition. When a bone
defect reaches 1.5 times the diameter of the long bone, the bone
defect cannot heal and needs to be repaired.' Artificial bone
material is one of the common bone repair materials, which can
effectively avoid the immune rejection caused by autologous
bone or allogeneic bone transplantation.? Polyetheretherketone
(PEEK) is a rigid semi-crystalline polymer with the advantages of
corrosion resistance, wear resistance, high strength, high stiff-
ness, creep resistance and fatigue strength. Meanwhile, it will
not cause tissue rejection reactions. Due to a low swelling rate
and good self-lubrication, PEEK has potential to be bone
implant material matrix.> Compared with metal implants, PEEK
is more compatible with bone mechanical properties,** but the
biological inertness of PEEK has led to its limitations.®”
Hydroxyapatite (HAP) is one of the main inorganic components
in bone.’ Shucong Yu' dispersed different levels of HAP in
PEEK and found that HAP can effectively improve the biocom-
patibility of PEEK. On this basis, KL Wong et al.*> prepared
a HAP/PEEK composite containing niobium to enhance its
biocompatibility. Wang L.** prepared a fluorine-containing
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the best comprehensive performance, and its biocompatibility is good. The contact angle is only 55.85°.
The M, reaches 1.5 emu g*1 and the hardness reaches 42 HBa.

nHAP/PEEK composite with good biocompatibility and anti-
bacterial properties in vitro.

Another research hotspot for improving the biocompatibility
of PEEK is the use of weak magnetic fields to promote
biocompatibility.'*** Current research shows that magnetic
field can effectively promote bone growth, accelerate fracture
healing, and treat bone nonunion.**** Yan* studied the effect
of static magnetic field (SMF) on the bone formation of rat
femur by a tapered rod made of magnetized and unmagnetized
samarium cobalt. The results show that the local magnetic field
can locally increase the density of bone tissue. Richard Lee-
sungbok® found that acidified titanium-containing titanium
implants can induce bone formation around the implant more
quickly.

The introduction of the magnetic nanopowders into the
artificial bone material not only preserves the structural role of
the artificial bone in the human body, but also introduces
a magnetic field to further enhance the bone repairing ability.
At present, the most magnetic nanopowders used in clinical
practice is Fe;0,.”® Fe;0, is a paramagnetic material with weak
magnetic properties. As a composite reinforcement, it usually
needs to add more amount, which will seriously affect the
mechanical properties and color of the matrix. Fe;O, has strong
oxidizing properties and is easily reduced in the human body,
which affects biocompatibility.

Compared with Fe;O,4, the nano FeNi alloy powders has
strong magnetic properties, which can reduce the amount of
addition in the composite material, and has less influence on its
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mechanical properties and appearance. At the same time, FeNi
powders overcomes the poor magnetic properties of the
elemental powders such as pure Fe powders and pure Ni
powders.

In this study, nano FeNi alloy powders with better magnetic
properties was used to replace Fe;0, powders, which can reduce
the amount of magnetic powders added and have less influence
on the mechanical properties of the matrix.

FeNi alloy nanopowders mainly have two typical compo-
nents: Fes;oNiso and Fe,oNig,. The low cost FesoNis, alloy
powders was selected in this paper. At present, methods for
preparing FeNi alloy nanopowders include vacuum condensa-
tion method, physical pulverization method, mechanical ball
milling method, etc., but the products obtained by physical
methods have low purity and uneven particle size.”” In this
paper, the Fe;oNiso alloy nanopowders was prepared by liquid
phase chemical reduction method, then the FesoNis, powder
was compounded into HAP and PEEK powders by liquid phase
blending method, and then the sample was prepared by
compression molding.

2. Material and methods

2.1 Preparation of Fe;¢Nis, nanopowders and FesoNiso/HAP/
PEEK composite

FesoNiso nanopowders were prepared by liquid phase chemical
reduction. A certain amount of NiSO, (Jinchuan Group Co., Ltd,
CP) and FeSO, (Xilong Chemical Co., Ltd, AR) were dissolved in
deionized water, and after thorough stirring, NaOH (Damao
chemical reagent factory in Tianjin, AR) was added to form
a Fe(OH), + Ni(OH), precursor. Heated to 85 °C, added N,H,
(Damao chemical reagent factory in Tianjin, AR) and stirred for
40 minutes, the color of the solution gradually grayed from
green, and finally turned black, while generating a lot of irri-
tating gas, indicating that the product of the first step was
gradually reduced to FesNis, nanopowders (black precipitate).
After magnetic separation and repeated extraction with abso-
lute ethanol, a suspension of Fe5,Nis, nanopowders in absolute
ethanol was obtained.?® Slowly added 20 wt% HAP (Xian Season
Biotechnology Co., Ltd.), 80 wt% PEEK (Victrex® Manufacturing
Ltd.) powders to the suspension, continue stirring until the
powders was evenly mixed, and heated to 90 °C to remove
anhydrous ethanol. FesoNi5o/HAP/PEEK composite powders was
obtained.

The composite powders were heated to 375 °C in a mold and
held at 15 MPa for 30 min to prepare a bulk composite sample.
The sample types were PEEK, 20 wt% HAP/PEEK, 2% Fe;,Niso/
20 wt% HAP/PEEK, 5% Fe,Nig,/20 wt% HAP/PEEK.

All the samples were uniformly polished with metallographic
sandpaper, ultrasonically treated in an ethanol solution for
30 min, and dried at 70 °C.

2.2 Performance characterization

2.2.1 Characterization of Fe;(Nis, powders and composite
powders. The phase structure of Fes(Nis, alloy was analyzed by
German Bruker-ax D8 ADVANCE X-ray diffraction analyzer
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(XRD, CuKa). The test conditions were as follows: tube voltage
was 40 kV, current was 40 mA, and step size was 0.02°. At the
same time, the microscopic morphology analysis and distribu-
tion of the powders were observed using a high-resolution
scanning electron microscope JSM-6701F (Japan Electronics).

2.2.2 Electrochemical activity test of Fe;,Nis, powders. The
prepared FesoNis, powders was uniformly mixed with conduc-
tive carbon black and polyvinylidene fluoride (PVDF) in a ratio
of 80 : 10 : 10, and ground in an anhydrous ethanol atmosphere
for two hours to prepare a slurry. The slurry was applied to
a 20 mm x 10 mm nickel mesh, and the solvent was removed
by drying to form an electrode. The electrochemical perfor-
mance of Fes;oNis, powders was tested by a three-electrode
system using an electrochemical workstation (Shanghai Chen-
hua CHI760E). Among them, a platinum electrode was used as
an auxiliary electrode, Hg/HgO was used as a reference elec-
trode, and a 1 M KOH solution was used as an electrolyte. The
cyclic voltammetry (CV) test has a voltage range of 0-0.75 V and
a sampling interval of 0.001 V.

2.2.3 Contact angle measurements. The contact angles
were measured by a JC2000A CA system at 20 °C. Prior to these
measurements, all the samples were vacuum dried and kept in
a desiccator.

2.2.4 Biocompatibility. To study the biocompatibility of the
samples (the ability of the bone implant material to integrate
the surrounding bones), samples of different compositions
were soaked in simulated body fluids (SBF). The SBF solution
has the same ion species and concentration as human plasma,
and the in vitro biocompatibility of the sample was character-
ized by studying the apatite formed on the surface of the sample
in SBF solution. However, Fe;oNis, powders is not easy to obtain
nanostructures. In this paper, nanoscale powders were
prepared by a relatively simple liquid phase chemical reduction
method.

Analytically pure NaCl (Xilong Chemical Co., Ltd, AR,
NaHCO;), KCI (Xilong Chemical Co., Ltd, AR), K,HPO,-3H,O
(Xilong Chemical Co., Ltd, AR), MgCl-6H,O (Fengchuan
Chemical Reagent Technology Co., Ltd, AR), HCl (Xilong
Chemical Co., Ltd, AR), CaCl, (Shanghai Yanchen Chemical
Industry Co., Ltd, AR), NaSO, (Damao chemical reagent factory
in Tianjin, AR) and Tris (Sinopharm Chemical Reagent Co., Ltd)
were dissolved in deionized water to buffer the solution to 7.4,
and the volume was adjusted to 1 L. Simulated body fluids (SBF)
were produced.” Table 1 compares the prepared SBF solution

Table 1 Comparison between SBF solution and human plasma ion
concentration

Ion Blood plasma (mmol ) SBF (mmol %)
Na* 142.0 142.0
K" 5.0 5.0
Mg>* 1.5 1.5
Cca** 2.5 2.5
cl- 103.0 147.8
HCO;~ 27.0 4.2
HPO,*~ 1.0 1.0
S0,%~ 0.5 0.5

This journal is © The Royal Society of Chemistry 2019
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with human blood ion concentration, and the pH range of
blood plasma is 7.2-7.4. The samples were each immersed in an
appropriate amount of SBF solution and the temperature was
maintained at 36.5 °C. The SBF solution was changed every two
days. After 7 days, the sample was taken out and washed with
deionized water and then air-dried. The in vitro biocompatibility
of the material was evaluated by scanning the surface topog-
raphy and analyzing the surface Ca and P contents with a JSM
6701F field emission scanning electron microscope (SEM) with
an energy spectrometer.

2.2.5 Mechanical properties. The mechanical properties of
the samples were tested using a CMT series microcomputer
controlled electronic tensile testing machine (China Shenzhen
New Sansi Material Testing Co., Ltd.). A tensile stress-strain
curve was obtained by setting the stretching rate to 2 mm min "
to record the breaking strength. The Barcol hardness of the
composite was measured using a Barcol hardness tester (GYZ]J-
934-1).

2.2.6 Magnetic performance characterization. The hyster-
esis loop of pure Fe;oNi5, powders, HAP/PEEK containing 2%
Fe5oNiso, powders and HAP/PEEK material containing 5%
FesoNis, powders was tested by the American Quantum Design

NiSO~FeSO,

Water bath

95°C

Fig. 1 Schematic diagram of reaction.

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

PPMS-9 physical property test system. The sweep speed was 100
Oe s~ ' and the test temperature was 300 K.

3. Results and discussion

3.1 X-ray and SEM characterization results of FesoNis,
powders

The powders composition of nano FeNi alloy mainly includes
Fe5oNiso and Fe,oNigo. In this paper, FesoNis, alloy nano-
powders were prepared by liquid phase reduction method. The
reaction equation is

ZFCSO4 + N2H4 + 4NaOH — ZFCl + NzT
+ 4H20 + 2NaZSO4 (1)

2NiSO4 + N,H, + 4NaOH — 2Ni| + N1
+ 4H20 + 2Nast4 (2)

Due to difference of Gibbs free energy value (G value) in the
reduction reaction of Fe*" and Ni*', the preparation of alloy
nanopowders must be completed by a two-step process by
adjusting the reaction rate and the concentration of the

RSC Adv., 2019, 9, 10081-10090 | 10083
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Fig. 2 XRD diagram of FeNi powders.

Fig. 3 SEM image of FeggNisg powders.

reactant. First, the reaction rate and the Fe?'/Ni** concentration
ratio was adjusted, and the Ni nucleus was formed. Then, the
reduction reaction was synchronized by adjusting the reaction
rate. Fe?" and Ni*" were simultaneously deposited on the crystal
nucleus to form an alloy after reduction. The schematic
diagram of the reaction principle is shown in Fig. 1.
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Fig. 5 Dispersion of FesgNisg powders in matrix after molding.
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Fig. 6 CV curves of FesoNiso at a scan rate of 0.1V s™%.

Fig. 2 showed the XRD diagram of Fe5,Nis, powders obtained
by liquid phase chemical reduction, in which 1 was the corre-
sponding peak of Fe;oNis, and 2 was the corresponding peak of

5.0kV X15000 WD 83mm Tum

Fig. 4 Mixing of FesgNiso powders in HAP/PEEK powders before molding.
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Fe,0;. Due to the excess Fe*" in the reactant, Fe atom cladding
layer was mainly formed in the later stage of the reaction. With
low G value of Fe,0;, Fe atom on the surface layer was oxidized
to form Fe,O; in the air. Fig. 3 was a SEM photograph of
a Fe5oNi5, powders, in which the particle diameter was about
100 nm, reaching the nanometer scale and having a high
surface energy.

Fig. 4 and 5 were SEM images of composite powders and
composites respectively. The nanoscale Fe;,Nis, powders in

PEEK

2%FeNi/HAP/PEEK

View Article Online

RSC Advances

the composite powders were dispersed in the surface cracks
of HAP powders with large particle size, forming a stable
complex. After the composite powders was pressed at high
temperature, the Fes;oNis, powders flowed with the PEEK
matrix and redistributes to become the composite material.
In the composite materials, the Fes,Nis, nanometer
powders were uniformly distributed in the matrix in the
form of a single particle, reaching the nano-scale dispersion
level.

HAP/PEEK

5%FeN1/HAP/PEEK

' . 75.88
75 | %/
[ 75.21
70+
g |
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%D L
g 60 |-
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Lg) L
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50 |- "
PEEK HAP/PEEK 2%FeNi 5%FeNi

Fig. 7 The water contact angle (degrees) of PEEK, HAP/PEEK composites, FeNi/HAP/PEEK composites.
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Fig. 8 SEM images of the surface of (a) PEEK, (b) HAP/PEEK composite, (c) 2% FesoNiso/HA/PEEK composite and (d) 5% FesoNiso/HA/PEEK
composite after 7 days of immersion in SBF solution.
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3.2 Electrochemical activity of Fe5,Niso powders 0.1 V s~" It could be seen from Fig. 6 that the CV curve has
obvious and symmetric oxidation peaks and reduction peaks,
indicating that the electrodes have a certain reversibility. At the
high scanning speed of 0.1 V s, there were still obvious

The high chemical activity of Fe5(Niso powders was beneficial to
improve the biocompatibility of the composite. Through
repeated experiments, the scanning speed was chosen to be

(cc)

Fig. 9 Energy spectrum diagram of (a) PEEK, (b) HAP/PEEK composite, (c) 2% FesoNisq/HAP/PEEK composite and (d) 5% FesoNiso/HAP/PEEK
composite after 7 days of immersion in SBF solution.
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Fig. 10 The formation of apatite.
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Fig. 11 The dependency of strain to failure on FesgNisg% in the HAP/
PEEK composites.

50

View Article Online

RSC Advances

oxidation peaks and reduction peaks, and the peak current of
the oxidation peak reached 0.0457 A, indicating that the elec-
trochemical activity of FesoNis, is very high.

3.3 Contact angle studies

The contact angle of the biocomposite can reflect the wetting
properties of the material,*** while the wetting performance is
directly related to the wear of the material surface. The results of
contact angle studies are shown in Fig. 7. The four materials are
all hydrophilic materials. The contact angles of PEEK and HAP/
PEEK are 75.21° and 75.88°, respectively. After adding 2% and
5% FeNi powder, the contact angle of the composite is reduced
to 55.85° and 50.54°, respectively. According to Fig. 6, FeNi
powder has good electrochemical properties and surface
energy. FeNi enables the surface of biological composites to
have a higher surface free energy, which increases the surface
tension difference with the liquid, thus improving the mate-
rial's wettability and reducing wear.

3.4 Biocompatibility evaluation

In Fig. 8a-d were SEM images of PEEK, HAP/PEEK, 2% Fes(Nis,/
HAP/PEEK, and 5% FesoNiso/HAP/PEEK samples immersed in
SBF solution for 7 days. After SBF solution immersion, no
significant changes in the surface of PEEK. P and Ca elements
are also not found in Fig. 9a, with only a few impurities
reflecting the biological inertness of the PEEK material. The
surface of HAP/PEEK was formed with micron crystal shape,
and it was found that these crystals are separated from each
other by high magnification and did not form into continuous
sheets. The composition of these crystals was determined to be
apatite by combining the P and Ca ratios in Fig. 9 energy
spectrometer. Continuous layer structure with certain thickness

40 | .

30 -

20 |-

Hardness/HBa

10 |

"l

PEEK HAP/PEEK

2%FeNi 5%FeNi

Fig. 12 The Hardness of PEEK, HAP/PEEK composites, FeNi/HAP/PEEK composites.
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Fig. 13 Room temperature hysteresis loop of pure FesgNisg powders.

was formed on the surface of 2% Fes(Ni5,/HAP/PEEK and 5%
FesoNiso/HAP/PEEK samples. Meanwhile, granular Fes,Nis,
powder particles and rod-like apatite could be clearly seen on
both samples. Among them, the crystal particle size on the
surface of 5% Fes,Niso/HAP/PEEK samples was the largest. With
the introduction of the HAP, the PEEK surface contains a large
number of Ca®', which can induce a nuclear growth of the
phosphorite crystals. As a result of electrostatic action, HPO,>~,
OH™ and Ca*" in SBF solution will continuously accumulate on
the material surface to form apatite crystals.** Fig. 10 shows the
physical model of apatite formation on the composite surface.
The introduction of HAP can improve the biocompatibility of
PEEK." FeNi powder will not interfere with the production of
apatite crystals on PEEK surface, but will also increase the
electrochemical activity of the materials and promote the
formation of crystallization process.
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3.5 Mechanical performance evaluation

Fig. 11 reflected the tensile properties of the composite after the
FesoNiso powders was composited into HAP/PEEK. Due to the
HAP powders composite material in PEEK, the elongation of
HAP/PEEK material decreased greatly and the material was
brittle. In Fig. 11, the tensile curve of HAP/PEEK material was
linear under slight strain, the material was in elastic deforma-
tion stage, the material fracture was brittle fracture, and the
breaking strength was 43.02 MPa. After compounding FesoNis,
powders in HAP/PEEK material, the elongation of the composite
material was improved due to the pinning effect of the powders
on microcracks. However, due to the small particle size of
Fe5oNiso nanopowders, its microcracking effect was small.
When the powders content was small, the tensile curve of the
composite was not significant. Fig. 11 showed that when the
FesoNiso, nanopowders content was 2%, the effect of the
powders on the overall tensile curve of the composite was not
significant. When the content of Fe;5,Nis, nanopowders was 5%,
the elongation of the composite was significantly improved.
When the elongation was 0.08%, the stress values of HAP/PEEK,
2% TFegoNiso/HAP/PEEK and 5% FesoNiso/HAP/PEEK were
43.02 MPa, 41.85 MPa and 35.89 MPa, respectively.

For bone implant materials, it is desirable that the material
has a certain hardness to protect the artificial bone from being
easily damaged when subjected to physical external forces.
Fig. 12 reflected the change in hardness properties of compos-
ites after FesoNis, powders was compounded into HAP/PEEK.
Compared with the tensile properties, the FesNis, powders
had a significant effect on the hardness of the composite. The
hardness of HAP/PEEK, 2% Fes;oNis;o/HAP/PEEK and 5%
Fe;,Niso/HAP/PEEK were 30.8 HBa, 41.8 HBa and 38.8 HBa,
respectively.

80
a
60 |-
-
40 ¢
[ ——d
20 |
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20000

Magnetic field (Oe)

Fig. 14 Room temperature hysteresis loop of FezO4.3
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3.6 Magnetic performance characterization

Fig. 13 was a hysteresis loop of the nano Fe;,Nis, soft magnetic
alloy powders prepared at room temperature. The abscissa was
the applied magnetic field strength and the ordinate was the
magnetization. Fig. 14 was the hysteresis loop of nano Fe;0,
powders prepared by Yan Wei at room temperature.*> Among
them, the saturation magnetizations of the four powders a, b, c,
and d were 50.61, 61.36, 56.05, 55.43 emu g’l, respectively. As
can be seen from Fig. 13, the M; of the Fe;(Nis, powders was 70
emu g~ ', which was significantly higher than that of the Fe;0,
powders. The hysteresis loop of the FesoNis, powders with
better magnetic properties added to the HAP/PEEK composite
was shown in Fig. 15. The magnetic properties of the composite
material with 5% content were better than those of the
composite material with 2% content. According to the perco-
lation theory studied by Ruru Bai, the magnetically permeable
powders formed a pathway as shown in Fig. 16 in the matrix.
With the increase of the content of magnetically permeable

3
—=— 5% Fe, Ni
o .
2 ——2% Fe  Ni
1+
>
> or
£
S
s 1t
21
3L
1 1 1 1 1 1 1
15 -1.0 0.5 0.0 0.5 1.0 15
H(T)

Fig. 15 Room temperature hysteresis loop of HAP/PEEK composite
with 2% FesoNisg powders and 5% FegoNisg powders.

Fig. 16 Magnetically permeable powders forms a pathway in the resin
matrix.*®

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

powders, the composite material would experience the non-
magnetic permeability zone, the magnetic permeability
seepage zone and the magnetic permeability saturation zone.*®
The composite magnetic powders prepared in this paper had
a small amount of magnetic powders, and the spacing between
the powders was large, and it was difficult to form a passage
between the powders, so the magnetic permeability was still
small. However, the M, of 2% Fes¢Niso/HAP/PEEK and 5%
Fe;(Niso/HAP/PEEK materials reached 1.5 emu gf1 and 3 emu
g, respectively, with weak magnetic properties.

4. Conclusion

FesoNiso alloy nanopowders and FesoNiso/HAP/PEEK compos-
ites were prepared by liquid phase chemical reduction method
and liquid phase mixing method. The prepared Fes,Nis, alloy
nanopowders had a particle size of about 100 nm and had good
chemical activity and magnetic properties. The M of FesoNis,
alloy powders was 70 emu g~ ', which was significantly higher
than that of Fe;0, powders. FesoNis, nanopowders in FesoNiso/
HAP/PEEK composites were uniformly distributed in the matrix
in the form of individual particles, achieving nano-level
dispersion. With the increase of Fe;,Nis, alloy powders
content, the magnetic properties of the composites are signifi-
cantly enhanced. The M; of 2% FesoNiso/HAP/PEEK and 5%
FesoNiso/HAP/PEEK materials reached 1.5 emu g ' and 3 emu
g™, respectively, with weak magnetic properties.

The biocompatibility of Fe5,Niso/HAP/PEEK composites was
significantly better than that of PEEK and HAP/PEEK materials.
The elongation and hardness of composites were improved due
to the pinning and dispersion strengthening effects of FesoNis,
powders The 2% FesNiso/HAP/PEEK
composite had the best comprehensive performance, and its
biocompatibility was good. The contact angle was only 55.85°.
The M, reached 1.5 emu g~ ' and the hardness reached 42 HBa.

on microcracks.
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