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Effects of hydroxyapatite content on mechanical
properties and in-vitro corrosion behavior
of ZK60/HA composites

In this study, hydroxyapatite-reinforced ZK60 Mg alloy-
based composites were fabricated via a powder metallurgy
route. The mechanical properties of these composites were
studied by compressive tests and hardness tests. The in-vitro
corrosion behavior was also investigated using immersion
testing and electrochemical measurement. The influence of
hydroxyapatite content on the mechanical properties and in-
vitro corrosion behavior was evaluated. The microstructure
and corrosion morphology were characterized by means of
X-ray diffraction, optical and scanning electron microscopy.
The results showed that the composite materials with
10 wt.% hydroxyapatite exhibited a better combination of
mechanical strength and corrosion resistance. Compared with
ZK60 alloy, the addition of 10 wt.% hydroxyapatite resulted
in an increase in corrosion resistance by 38.6%.
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1. Introduction

Clinical orthopedic implants are usually made of titanium
alloys, cobalt–chromium alloys and stainless steel. How-
ever, on the one hand, these materials cause the stress
shielding effect, and on the other hand, they cannot be de-
graded in the human body and secondary operation for im-
plant removal cannot be avoided, which brings the patient
economic burden and physical pain, and inevitably morbid-

ity [1]. More seriously, in certain cases, orthopedic implants
may be integrated with bone tissue during the healing pro-
cess, which makes the retraction process difficult.

Magnesium (Mg) and its alloys have the potential to become
biodegradable implants due to its biodegradability in the phy-
siological environment and because the hydroxide products
produced by degradation can be excreted by the human body
[2–5]. The comparable density of Mg and its alloys (1.78–
2.0 g cm–3) is similar to human bone (1.8–2.1 g cm–3) [6],
and the elasticity modulus of Mg (about 45 GPa) is much lower
than that of traditional implant materials such as stainless steel
(189–205 GPa), cobalt–chromium alloys (230 GPa) and tita-
nium alloys (105–117 GPa). The elastic modulus of human
bone is about 3–20 GPa, so Mg and its alloys can effectively
alleviate the stress shielding effect [1]. However, the main
shortcoming of Mg and its alloys is the high corrosion rate in
the physiological environment, which causes the material fail-
ure before the bone tissue is healed completely [2]. Further-
more, the rapid degradation of an Mg alloy will produce a large
volume of H2 bubbles around the implants and can lead to tis-
sue alkalization, which slows the healing rate of the bone tis-
sue. Therefore, it is extremely important to enhance the corro-
sion resistance of Mg alloy to meet the request for biomedical
applications [7–9]. There mainly exist three methods of such
improvement: (i) to fabricate an Mg alloy, which often lacks
of excellent biocompatibility; (ii) to prepare a coating by com-
plex chemical processes on Mg alloys’ surface, which often
leads to high cost and pollution; (iii) to fabricate Mg-based
composites reinforced with bioceramics such as hydroxyapa-
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tite (HA) and tricalcium phosphate (TCP), which is considered
a promising method to meet the clinical requirement for high
corrosion resistance and excellent biocompatibility [10].

Sunil et al. [11] fabricated Mg/xHA (x = 0, 5, 10 and
15 wt.%) composites via ball milling and spark plasma sinter-
ing, and studied the corrosion properties of these composites.
The results showed that Mg/10HA composite had the best cor-
rosion resistance because of lower inter-lamellar corrosion and
higher resistance to localized pitting. Campo et al. [12] pre-
pared Mg/xHA (x = 0, 5, 10 and 15 wt.%) composites by a
powder metallurgy method, and pointed out that pure Mg
exhibited a five times higher corrosion penetration rate than
Mg/5HA composite after immersion in PBS solution for
100 h. Witte et al. [13] fabricated AZ91D/20HA composite
by a powder metallurgy route and investigated its corrosion
behavior. However, it is reported that Al is harmful to the ner-
vous system, and consequently AZ91D/20HA composite is
unsuitable for orthopedic application [14, 15]. Feng and Han
[16] fabricated ZK60A matrix composites reinforced with var-
ious amounts of calcium polyphosphate (CPP) (0, 2.5, 5, 7.5
and 10 wt.%) particles through powder metallurgy and studied
CPP’s effects on the corrosion behavior. The results indicated
that increasing HA content was beneficial to the improvement
of corrosion resistance while the agglomeration of CPP par-
ticles occurred when the content of CPP was more than
7.5 wt.%. In another study, Mg–Zn–Zr alloy based composite
reinforced with 1 wt.% nano-HA particles was fabricated and
exhibited better corrosion resistance and biocompatibility than
Mg–Zn–Zr alloy [17]. In addition, Shuai et al. [18] fabricated
Mg-3Zn/xHA (x = 0, 2.5, 5, 7.5 and 10 wt.%) via selective la-
ser melting, and they found that with increasing HA content,
the grain size of Mg-3Zn/HA composites decreased gradually,
while the hardness and corrosion resistance was increased.

ZK60 Mg alloy is a promising material for biomedical ap-
plication; it is composed of Mg, Zn and Zr. Zn is an essential
trace element in the human body, and Mg–Zn binary alloys
exhibit great biocompatibility [19, 20]. Cai et al. [21] pre-
pared Mg-xZn alloys (x = 1, 5 and 7 wt.%) through a melting
process, and the result indicate that Mg-5Zn exhibit the best
mechanical properties and corrosion resistance. In previous
studies, Zr has been adopted in biocompatible Ti alloys
[22]. In the Mg–Zr binary alloy system, Zr can effectively
improve the corrosion resistance of materials when the con-
tent of Zr is less than 0.48% with no formation of insoluble
Zr particles in Mg [23]. The enhancement of mechanical
properties and corrosion resistance can be achieved by
the addition of Zr into Mg–Zn alloy [24]. Hydroxyapatite
(Ca10(PO4)6(OH)2, HA), as a component of natural bone, ex-
hibits excellent biocompatibility and low solubility in body
[25]. HA is suitable as reinforcement in Mg alloys as it can
enhance corrosion performance of the composites through
inducing the apatite formation [26, 27]. At present, however,
the overall performance of the Mg–Zn–Zr alloy reinforced
with a wide range of HA content have not been reported.

In this work, ZK60/xHA composites (x = 0, 5, 10, 15 and
20 wt.%) were fabricated by a powder metallurgy method.
X-ray diffraction (XRD), optical microscopy (OM) and
scanning electron microscopy (SEM) were used to charac-
terize the microstructure of these composites. Mechanical
properties were also studied by hardness tests and compres-
sive tests, and in-vitro corrosion behavior of the composites
in simulated body fluid (SBF) solution was investigated by
immersion test and electrochemical measurement.

2. Experimental procedure

2.1. Materials preparation

ZK60/HA composites reinforced with 5, 10, 15 and 20 wt.%
of HA were prepared via powder metallurgy. Gas-atomized
ZK60 alloy powders (Zn 5.1 wt.%, Zr 0.18 wt.%, 30–50 lm,
Tangshan Weihao Magnesium Powder Co., Ltd., China) and
hydroxyapatite powders (2–10 lm, Beijing DK Nanotechnol-
ogy Co., LTD., China) were selected as matrix alloy powder
and reinforcement, respectively. First, the ZK60 alloy pow-
ders were mechanically milled for 1.5 h at 400 rpm with a pla-
netary ball mill to remove the surface oxide film. Then, the
ZK60 and HA powders were mixed evenly through ball
milling in an agate tank. The rotation speed was 200 rpm,
and the ball milling was performed for 30 mins including a
forward rotation of 15 mins and a reverse rotation of 15 mins.
The mixed powders were placed in a mold with a vacuum en-
vironment of 5 Pa, and were heated to 180 8C and pre-com-
pacted at a force of 100 MPa to obtain a powder ingot billet.
Then, the billet was subjected to a further hot compression at
a force of 500 MPa for 10 mins at 3008C, and then extruded
with an extrusion ratio of 20. A bar with 10 mm diameter
was obtained after extrusion. In addition, a bar of ZK60 alloy
was also produced by the same process for comparison.

The samples for compressive testing (˘ 9.1 · 15 mm), im-
mersion test (˘ 10 · 4.5 mm) and electrochemical measure-
ment (˘ 10 · 4.5 mm) were cut from the as-extruded bars
using electrical discharge machining (EDM). Prior to any of
the tests, all specimens were prepared by grinding with up to
2000 grit silicate paper and polishing with 1.5 lm diamond
polishing paste, followed by ultrasonic cleaning in ethanol
for 5 mins.

2.2. Characterization of the composites

The density of ZK60/HA composites was measured accord-
ing to the Archimedes’ principle. The microstructure was
examined using OM (4XCE, Shanghai Caikang Optical In-
struments Co., Ltd., China), and the fracture surfaces of
the composites and the morphology of corrosion specimens
were characterized using SEM (EVO MA10, Carl Zeiss,
Germany) and XRD (SmartLab, Rigaku Corporation, Ja-
pan) with Cu-Ka radiation (k = 1.5418 Å).

2.3. Hardness testing

The Vickers microhardness was measured on a micro-
hardness instrument (HVS-1000, Shanghai Caikang Opti-
cal Instruments Co., Ltd., China) along transverse direc-
tions with a load of 1 N holding for 15 s. Each sample
was tested at least six times and the mean value was taken
as the hardness value.

2.4. Compressive testin

The tests were conducted on a compression test machine
(3382, Instron, America) at a stress increase rate of 1 N ·
mm–2 s–1, and for each kind of the composite materials at
least three samples were tested to ensure reproducibility.
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2.5. Immersion testing

The solution used in the immersion test was SBF, and the
ion concentration of the solution is listed in the Table 1.
The preparation procedure of SBF solution was determined
according to the study by Kokubo and Takadama [28].

The corrosion sample was cylindrical with ˘ 10 · 4.5 mm,
and the ratio of the surface area of immersed sample to the vol-
ume of solution was 1 cm2 : 40 mL. During the experiments,
the temperature of the solution was kept to 37 ± 0.5 8C by a

thermostatic water bath without refreshing the solutions. The
hydrogen gas was collected by a filter funnel into a burette.
After immersing in SBF for 10 days, each sample was taken
out and ultrasonically cleaned in a chromic acid solution
(200 g L–1 CrO3 + 10 g L–1 AgNO3) for 5 mins to remove cor-
rosion products on the surface, followed by further washing
with distilled water and ultrasonic cleaning in ethanol for
3 mins. Then, the samples were weighed to calculate the mass
loss. In previous studies, it has been demonstrated that the
chromic acid almost has no effect on the weight loss of Mg
[29]. Therefore, the difference between the original weight
and the final weight is used to indicate the mass of loss in SBF.

The corrosion rate was calculated as follows:

Corrosion rate mm y�1
� �

¼ ðK�WÞ=ðA� T�DÞ ð1Þ

where K is a constant (8.76 · 104), W is the mass of loss (g),
A is the surface area (cm2) of the corrosion sample, T is the
immersion time (h), D is the density (g cm–3).

After removing corrosion products, the sample was cut
into two halves using EDM along the radial direction. The
cut sample was mounted in resin, ground and polished for
cross-sectional examination.

Fig. 1. Transverse-section OM
images of (a) ZK60; (b) ZK60/
5HA; (c) ZK60/10HA; (d) ZK60/
15HA; (e) ZK60/20HA, and
(f) the corresponding XRD pat-
terns (the bright area is a-Mg, the
black area is HA particles, and ag-
glomerated HA particles can be
found in ZK60/15HA and ZK60/
20HA).

Table 1. Ion concentration of SBF.

Ion Ion concentrations (mM)

Blood plasma SBF

Na+ 142.0 142.0
K+ 5.0 5.0

Mg2+ 1.5 1.5
Ca2+ 2.5 2.5
Cl– 103.0 147.8

HCO3– 27 4.2
HPO4– 1.0 1.0
SO42– 0.5 0.5

pH 7.2–7.4 7.40
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2.6. Electrochemical measurement

The testing was performed on an electrochemical workstation
(CHI-660C, CH Instruments Inc., China). ZK60 alloy and
ZK60/HA composites were selected as the working electrode.
A platinum electrode and a saturated calomel electrode were
used as an auxiliary electrode and a reference electrode, re-
spectively. The working electrode was sealed in epoxy resin
with an exposed geometric area of 0.78 cm2. The electrolyte
was SBF solution with a volume of 200 mL. Before measure-
ments were taken, the open circuit potential (OCP) was tested
until it stabilized. The scanning potential range was OCP ±
200 mV, and the scanning rate was 1 mV s–1.

3. Results and discussion

3.1. Characterization of the extruded samples

OM images of transverse section of ZK60 alloy and ZK60/
HA composites are presented in Fig. 1. It can be found in
Fig. 1a that the average grain size of ZK60 alloy was about
51 lm. However, the average grain size of ZK60/5HA
composite was about 37 lm, which was about 27 % smaller
than that of ZK60 alloy, as shown in Fig. 1b. Further, as
shown in Fig. 1c–e, the average grain size of ZK60/10HA,
ZK60/15HA and ZK60/20HA composites was 44, 37 and
32 lm, respectively. It becomes obvious that the addition
of HA refines the grains of ZK60/HA composites. This
can be attributed to the large stress concentration inside
the grain during extrusion process and the effect of inhibit-

ing the grain growth due to the addition of HA particles. In
addition, HA particles agglomerated to some extent as its
content increased, the average size of HA particles was
12.47, 14.89, 22.92, 24.21 lm for ZK60/5HA, ZK60/
10HA, ZK60/15HA, ZK60/20HA, respectively.

As shown in Fig. 1f, the XRD patterns of ZK60 alloy and
ZK60/HA composites indicated that the two phases ob-
served were mainly a-Mg and HA. The typical intermetallic
MgZn2 phase was not detected by XRD analysis of the
composite materials, which could be attributed to the rapid
cooling effect caused by gas atomization of alloy matrix
powders when Zn has dissolved in Mg to form a supersatu-
rated solid solution. In the subsequent powder metallurgy
processing, the MgZn2 phase did not precipitate, so it could
not be detected.

SEM images of the transverse section of ZK60/HA com-
posites are shown in Fig. 2. Obviously, the interface between
HA and Mg matrix was direct contact and there were almost
no obvious voids when the HA content was lower than
10 wt.% (as shown in Fig. 2a and b). However, it is clear
from Fig. 2c and d that when the HA content reached and ex-
ceeded 15 wt.%, voids occurred along the interface between
large agglomerated HA particles and the matrix. Meanwhile,
cracks also appeared inside some HA particles, as shown in
the higher magnification image inserted in Fig. 2d. This
may be due to strong triaxial compressive stress generated
during extrusion and low ductility of HA.

The densities of ZK60 alloy and ZK60/HA composites
are listed in Table 2. It can be seen that all ratios of qe (ex-
perimental density) to qt (theoretical density) were higher

Fig. 2. Transverse-section
SEM images of (a) ZK60/
5HA, (b) ZK60/10HA, (c)
ZK60/15HA and (d) ZK60/
20HA (arrows points to the
voids at the a-Mg/HA inter-
face within ZK60/15HA and
ZK60/20HA, and cracks in
HA can be found in ZK60/
20HA).

Table 2. qe and qt values of ZK60 alloy and ZK60/HA composites.

Sample qe (g cm–3) qt (g cm–3) qe/qt (%)

ZK60 1.807 1.812 99.7
ZK60/5HA 1.812 1.852 97.8
ZK60/10HA 1.841 1.893 97.3
ZK60/15HA 1.847 1.936 95.4
ZK60/20HA 1.869 1.981 94.3
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than 94%, and the relative density decreased as the content
of HA increased. This also reflected the fact that the addi-
tion of HA led to voids inside the material, which was in ac-
cord with the phenomenon observed in SEM.

3.2. Hardness testing

Figure 3 shows the transverse-sectional Vickers micro-
hardness of ZK60 alloy and ZK60/HA composites. Com-
pared with the ZK60 alloy, the hardness of ZK60/HA com-
posites showed a slight decrease and was also affected by
the content of HA. With incorporation of 5 wt.% HA, the
hardness of the composites decreased by approximate
3.6 %. If the content of HA further increased to 20 wt.%,
the hardness decreased by about 5.2%. Furthermore, with
the increase of HA content, the hardness value of the com-
posites showed a wider range of fluctuations, which indi-
cated the inhomogeneity due to the agglomeration of HA
particles.

3.3. Compression testing

Typical compression curves from the compressive tests are
shown in Fig. 4a. Table 3 lists yield strength, ultimate com-
pressive strength and failure strain of ZK60 alloy and
ZK60/HA composites. Obviously, with an addition of
5 wt.% HA, the yield strength of the composites was in-
creased by 17 % over the ZK60 alloy. This can be attributed
to homogeneous distribution of HA particles in the matrix,
which offered a pinning effect. As the content of HA in-
creased further, the yield strength and the ultimate com-
pressive strength tended to decrease, which can be ascribed
to the agglomeration of HA particles, which led to less uni-
form dispersion. Based on previous research, the compres-

Fig. 4. (a) Typical compres-
sion curves of ZK60 alloy
and ZK60/HA composites;
SEM images of the compres-
sive fracture surface of (b)
ZK60, (c) ZK60/5HA, (d)
ZK60/10HA, (e) ZK60/15HA
and (f) ZK60/20HA.

Fig. 3. Transverse-sectional Vickers micro-hardness of ZK60 alloy
and ZK60/HA composites.
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sive yield strength of natural bone is 130 – 180 MPa [30].
Although the compressive strength of the composite materi-
als decreased with the addition of HA, the strength was still
higher than that of natural bone in the human body.

SEM images of the compressive fracture surfaces of
ZK60 alloy and ZK60/HA composites are presented in
Fig. 4b–f. It can be seen that the main feature of the fracture
surfaces was the occurrence of cleavage facets and steps,
and the fracture morphology of samples became rougher
with the increase in HA content. Moreover, it can be seen
from Fig. 4d–f that there existed agglomerated and broken
HA particles on the fracture surfaces, which provided con-
ditions for the formation and expansion of cracks.

3.4. Immersion testing

The corrosion resistance of ZK60 alloy and ZK60/HA com-
posites in SBF can be evaluated by immersion testing. In
the early stage, both ZK60 alloy and ZK60/HA composites
will undergo the following chemical reaction:

Mg þ 2H2O ! MgðOHÞ2 þ H2 ð2Þ

The corrosion products of Mg(OH)2 usually covered the
surface of the materials and can provide some protective ef-
fect. However, Mg(OH)2 is readily transformed to MgCl2
when the Cl– concentration in the aqueous solution is above
30 mmol L–1 [31]. Since MgCl2 is soluble in aqueous solu-
tion, it does not effectively protect the matrix.

However, for ZK60/HA composites, HA has the ability
to induce the formation of bonelike apatite in SBF solution
by interacting between the negative charge of HA surface
and the positive calcium ions in the solution, and thereby
forming a Ca-rich amorphous calcium phosphate (ACP).
The Ca-rich ACP has positive charge and can interact with
the negative phosphate ion to form Ca-poor ACP, which fi-
nally crystallizes into the bone-like apatite [18, 27]. The
apatite formed on the surface can protect the substrate well,
which improves the corrosion resistance of the materials in
a certain sense [26].

Figure 5a shows the released hydrogen volume of the
samples as a function of time. According to Eq. (2), 1 mol
Mg can produce 1 mol H2, so released hydrogen volume
can be used to assess the corrosion rate of the materials. It
can be seen that among these samples, ZK60 alloy exhib-
ited the highest rate of released hydrogen volume while
ZK60/10HA composite had the lowest rate. The released
hydrogen volumes of ZK60 alloy and ZK60/10HA compos-
ite were 24.9 mL cm–2 and 15.3 mL cm–2, respectively. The
released hydrogen volume of ZK60/10HA was 38.6 % low-
er than that of ZK60 alloy. According to the hydrogen evo-
lution test, the corrosion resistance of these samples can
be ranked as ZK60/10HA > ZK60/15HA > ZK60/5HA >
ZK60/20HA > ZK60.

Figure 5b shows the average corrosion rate calculated on
the basis of mass loss after 10 days’ immersion. It is obvious
that ZK60/HA composite showed better corrosion resistance

Fig. 5. (a) Released hydrogen volume divided by surface area of immersed samples as a function of time; and (b) average corrosion rate after im-
mersion in SBF for 10 days.

Table 3. Yield strength, ultimate compressive strength and failure strain of ZK60 alloy, ZK60/HA composites and natural bone.

Sample Yield strength
(0.2% offset, MPa)

Ultimate compressive strength
(MPa)

Failure strain
(%)

ZK60 356 554 16.4
ZK60/5HA 418 459 7.8
ZK60/10HA 328 465 10.6
ZK60/15HA 334 404 12.5
ZK60/20HA 322 418 13.4

Natural bone* 130–180 – –

* Mechanical properties of natural bone were obtained from Ref. [30].
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Fig. 6. SEM images of the samples after immersion in SBF solution for 10 days and the corresponding samples after removing the corrosion pro-
ducts of (a, b) ZK60, (c, d) ZK60/5HA, (e, f) ZK60/10HA, (g, h) ZK60/15HA, and (i, j) ZK60/20HA.
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than ZK60 alloy. The increase in corrosion resistance can be
attributed to HA particles which are more resistant to corro-
sion by Cl– than Mg matrix. More importantly, HA can pro-
mote the formation of apatite, thereby reducing degradation
rate [26]. Particularly, ZK60/10HA composite showed the
minimum mass loss of 7.17 mm y–1, which was 19.4% lower
than 8.9 mm y–1 of ZK60 alloy. The difference between the
hydrogen evolution test and mass loss test was mainly attribu-
ted to the fall off of HA particles during the removal of the
corrosion products in the mass loss test. So, the hydrogen evo-
lution test can better reflect the corrosion resistance of these
materials. It should be noted that when the HA content
reached and exceeded 15%, the corrosion resistance of the
composites was weakened. During the immersion test, the in-
terface bonding between HA particle and the matrix was wea-
kened, which made the HA particles easier to peel off and im-
peded the effect of HA on the inducing the deposition of
apatite. According to the mass loss test, the corrosion resis-
tance of materials can be ranked as ZK60/10HA > ZK60/
15HA > ZK60/5HA > ZK60/20HA > ZK60. This is comple-
tely in agreement with the result of hydrogen evolution test.

Figure 6a, c, e, g and i presents SEM images of the samples
after immersion in SBF solution for 10 days. It is obvious that
a large amount of corrosion products were formed and cov-
ered the surface of the samples. As shown in the inserted
images with larger magnification, the corrosion product on
the surface of ZK60/HA composites was more compact than
that of ZK60 alloy. Many cracks were formed on the surface
of the corrosion product, which can be attributed to the dehy-
dration of Mg(OH)2 to MgO during the drying process. It was
worth noting that the cracks of the corrosion product layer of
ZK60/20HA composite were clearly wider than those of other
materials (as shown in Fig. 6e. It can be assumed that these
wider cracks were not only formed during the drying process,

but also can be ascribed to the more serious agglomeration of
HA particles in the composites. The agglomeration resulted
in many defects at the interface between HA particles and
Mg matrix, and the SBF solution can readily penetrate into
the matrix along the interface, thereby making the compo-
sites’ interface enlarged and further corroded [18]. It can be
predicted that the denser the corrosion product layer, the bet-
ter the protection of the matrix. This was in agreement with
the results of the hydrogen evolution test and mass loss test.

Figure 6b, d, f, h and j shows the SEM images of the cor-
responding samples after removing the corrosion products.
In particular, as shown in the inserted images with higher
magnification, the corrosion morphology of ZK60 alloy is
obviously different from that of ZK60/HA composites. It
can be seen from Fig. 6f that many deep pits and holes
formed, which indicated serious local corrosion caused by
the corrosion of Cl–. Compared with ZK60 alloy, ZK60/
HA composites, especially ZK60/10HA, exhibited a rela-
tively flat surface, which represent a higher resistance to lo-
calized pitting. Moreover, some obvious holes can be found
on the surface, which can be attributed to the peeling off of
HA particles during the process of removing the corrosion
products. Owing to the interfacial bonding between HA
particle and the matrix being weakened during the immer-
sion test, the HA particles were more easily peeled off dur-
ing the process of removing the corrosion products.

Figure 7a and b presents SEM images and EDS spectra of
the corroded surfaces of ZK60 alloy and ZK60/10HA com-
posite after immersion in SBF solution for 10 days. EDS ana-
lysis was performed on the rectangular regions shown in
Fig. 7a and b. It can be seen that a layer of corrosion products
was formed during the corrosion process. The EDS results
show that the main elements present in the corroded surface
layer of ZK60 alloy were Mg and O, which represent

Fig. 7. SEM images and EDS
spectra of the corroded sur-
faces of (a) ZK60 alloy, and
(b) ZK60/10HA composite;
and SEM images of trans-
verse section of (c) ZK60
alloy, and (d) ZK60/10HA
composite after removing the
corrosion products.
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Mg(OH)2. As for ZK60/10HA composite, the corrosion pro-
ducts layer contained 62.85 O, 1.22 Na, 3.79 Mg, 13.4 P,
0.44 K, 17.84 Ca, 0.47 Zn elements (at.%). Except for Mg
and O, Ca and P were also rich in the surface layer. The ratio
of Ca to P was 1.72, close to 1.67, indicating that they were
the bone-like apatite [18]. It can be inferred that apatite layer
was formed during the immersion test due to the apatite-in-
ducibility of HA particles. Moreover, based on the corrosion
rate of ZK60 alloy and ZK60/HA composites, it can be con-
cluded that the apatite layer formed during corrosion pro-
vided effective protection over the matrix. As the content of
HA increased to 20 wt.%, however, the apatite inducibility
of HA particles was overshadowed due to the agglomeration
of HA particles, thus, the corrosive resistance was decreased.

Figure 7c and d shows SEM images of the transverse sec-
tion of ZK60 alloy and ZK60/10HA composite after remov-
ing the corrosion products. It appears that the surface of
ZK60/10HA composite is much flatter than that of ZK60
alloy, which represents a higher resistance to localized pit-
ting. This can be attributed to the HA induced deposition
of apatite on the surface, which inhibited localized corro-
sion to some extent. In addition, some deeper pits were
formed in the subsurface for ZK60/10HA composite, as
shown in Fig. 7d. According to the size and morphology of
these pits, it can be inferred that it was caused by the peel-
ing off of the HA particles during removing corrosion pro-
ducts. The main reasons for the peeling off of HA particles
are the ultrasonic vibration and the severe chemical reac-
tion between Mg(OH)2 and chromic acid. For ZK60 alloy,
the corrosive medium can rapidly invade the interior of the
materials along the grain boundaries, which resulted in a
high corrosion rate and uneven corrosion surface.

3.5. Electrochemical measurement

The electrochemical polarization curves of ZK60 alloy and
ZK60/HA composites are shown in Fig. 8. Each curve can
be divided into the anodic polarization section and the catho-
dic polarization section. The former is attributed to the disso-
lution of Mg to Mg2+, and the latter is related to the hydrogen
evolution reaction [32]. The corrosion potential and the cor-
rosion current density calculated by Tafel region extrapola-
tion are listed in Table 4. As shown in Fig. 8 and Table 4,
ZK60 alloy exhibited the highest current density and the least
positive corrosion potential, which indicated the worst corro-
sion resistance. In particular, the corrosion current density of
ZK60 alloy was 3.2 times that of ZK60/10HA composites.

With the addition of HA, the corrosion current density
was decreased when the HA content was lower than 10%.
Further addition of HA led to a slight increase in corrosion
current density. Judging by the corrosion current density,
the corrosion resistance of materials can be ranked as
ZK60/10HA > ZK60/15HA > ZK60/5HA > ZK60/20HA >
ZK60, which is completely in agreement with the results
of the immersion test.

A schematic model is presented in Fig. 9 to describe HA’s
effects on the corrosion behavior of ZK60/HA composites.
When there were no HA particles, the ZK60 alloy exhibited
a uniform corrosion state on a macroscopic scale (Fig. 9a).
The surface of the matrix was covered with Mg(OH)2 during
the immersion process. Since Mg(OH)2 is easily dissolved in
the solution containing Cl–, it cannot effectively protect the
matrix and inhibit further corrosion.

Fig. 9. Schematic diagrams of the corrosion process: (a) ZK60, (b) ZK60/10HA, and (c) ZK60/20HA.

Fig. 8. Electrochemical polarization curves of ZK60 alloy and ZK60/
HA composites.

Table 4. Electrochemical data of ZK60 alloy and ZK60/HA com-
posites.

Samples Ecorr(V) Icorr (lA cm–2)

ZK60 –1.76 824.5
ZK60/5HA –1.64 281.4

ZK60/10HA –1.61 258.2
ZK60/15HA –1.65 276.3
ZK60/20HA –1.62 346.2
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In the case of ZK60/10HA composite, during the corro-
sion process, the HA can directly contact the SBF solution
and induce the formation of apatite, which will not be dis-
solved by Cl–. The apatite layer covered the surface and
can effectively protect the matrix and slow down further
corrosion (Fig. 9b), thereby leading to better corrosion re-
sistance.

However, an excessive HA content can cause the ag-
glomeration of HA and voids at the interface between the
matrix and HA, as discussed previously. The SBF solution
can readily penetrate into the matrix along the interface
and result in further corrosion of the matrix (Fig. 9c). At
this point, the apatite-inducibility of HA is not effectively
and fully utilized.

4. Conclusions

ZK60-based composites reinforced with HA were fabri-
cated via a powder metallurgy route. The effects of the HA
content on microstructure, mechanical properties and in-vi-
tro corrosion behavior of these composites were evaluated.
The main conclusions can be drawn as:
1. The grains of ZK60/HA composites were refined with the

addition of HA. When the HA content reached and ex-
ceeded 15 wt.%, the agglomeration of HA particles and
voids along the interface between HA and matrix occurred.

2. Compared with ZK60 alloy, the addition of HA led to a
decrease in compressive strength and hardness of the
composite materials to some extent.

3. ZK60/10HA composite exhibited a better combination
of mechanical strength and corrosion resistance. Com-
pared with ZK60 alloy, the addition of 10 wt.% HA re-
sulted in an increase in corrosion resistance by 38.6%.

4. The formation of apatite, induced by HA, covered the
surface and can effectively protect the matrix, thereby
leading to better corrosion resistance.
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