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Microstructure and bioactivity of a cold sprayed rough/porous Ta
coating on Ti6Al4V substrate

TANG JunRong1,2, ZHAO ZhiPo1,2, CUI XinYu1, WANG JiQiang1* & XIONG TianYing1*

1 Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016, China;
2 School of Materials Science and Engineering, University of Science and Technology of China, Shenyang 110016, China

Received May 15, 2019; accepted September 16, 2019; published online January 14, 2020

To improve the bioactivity and biocompatibility of titanium implants, a rough/porous tantalum (Ta) coating was firstly prepared
on Ti6Al4V substrate by cold spraying. The results indicated that the surface of Ta coating is extremely rough with lots of visible
holes, because of poor deposition quality. Microstructure and microhardness results showed that different layers appeared in the
inner and outer parts of coatings, corresponding to porosity, due to lack of subsequent compaction. The simulated body fluid
(SBF) soaking test showed that spherical apatite sediments were mineralized on rough/porous surface in SBF after 2–4 weeks,
which demonstrated that the cold sprayed Ta coating had good bioactivity. This was mainly attributed to the rough/porous surface
of Ta coating obtained by cold spraying, which is conducive to the heterogeneous nucleation of apatite on it.
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1 Introduction

With more and more orthopedic diseases [1,2], people are
trying to find effective ways to repair human bone. Metallic
biomaterials are extremely crucial for fracture fixation, bone
repair and failed tissue, especially failed hard tissue, to im-
prove patients’ quality of life [3,4]. Conventional implant
materials such as stainless steels, Co-Cr alloys, Ti and its
alloys have been widely used in the medical field for many
years [3,5]. The one of most frequent designs for Ti alloys
implants is hip prosthesis [3,6]. Among them, Ti6Al4V has
been widely studied [7,8] because of the high strength and
toughness, low density and good corrosion resistance. It is
well known that bioactive materials form bioactive bonding
with the living bone by forming an apatite layer on their
surfaces after they are implanted in the bony site [9].
Nevertheless, biological properties of the above materials are

still far from being what humans require. Their bio-func-
tionality is at present inadequate and a fibrous layer may
form at the skeletal tissue/device interface causing aseptic
loosening of the device [10]. Besides, these materials can
potentially cause some health problems because of the re-
lease of toxic metal ions [11]. Hence, the biocompatibility of
metallic biomaterials requires much improvement [12,13].
To solve these existing problems, there is a significant de-
mand for carrying out surface modification to enhance the
osteogenesis capacity for implants.
In recent years, tantalum (Ta) is gaining increasing interest

for its excellent biocompatibility [14,15]. Ta is considered as
one of the promising materials in promoting osseointegration
[16–18]. It has excellent chemical properties owing to the
stable tantalum pentaoxide (Ta2O5) protective film [19,20].
The excellent biocompatibility and superior corrosion re-
sistance of pure Ta have been extensively evaluated and re-
cognized by many medical researchers [21–23]. As early as
1940, Burke [21] successfully introduced pure Ta for surgi-
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cal implants such as sutures, bone screws and plates. What is
more, Ta can be adapted to biological cells with excellent
affinity, hardly stimulation and side effects in direct contact
with human bone, muscle tissue and liquid [24,25].
However, since Ta is a heavy refractory metal with ex-

cellent high melting point (approximately 3000°C) and
powerful affinity for oxygen [26,27], the fabrication of Ta
has its particularity. Ta applications in biomedical devices
have been limited by processing challenges rather than bio-
logical performance. Relatively high price of Ta further
limits its application, too.
Therefore, compared with directly using bulk Ta, pre-

paration of Ta coatings on the suitable and practical material
is a promising solution. At present, Ta coatings are mainly
prepared by chemical vapor deposition (CVD) on porous
carbon skeleton [28], or powder sintering process [29]. There
are also some other preparation methods, such as plasma
spraying [30], sputter deposition [31] and laser engineered
net shaping (LENS™) [32]. However, these methods have
some drawbacks, such as high cost, high temperature and
oxidation resulting in loss of ductility of metals. Thus high
vacuum or high purity protective atmosphere is needed in
order to avoid oxidation caused by the high temperature in
the process of deposition.
Cold spraying was developed by employing a supersonic

wind tunnel with tracer particles entrained in the high velo-
city gas stream in the mid-1980s at the Institute of Theore-
tical and Applied Mechanics, part of the Siberian Division of
the Russian Academy of Science in Novosibirsk [33,34]. It is
a kind of new technique based on the aerodynamics [35–37].
In the cold spraying process, a gas (compressed air, N2 or
even He) is accelerated to supersonic velocity carrying
powders through convergent-divergent nozzle to produce
supersonic gas-solid two-phase flow, and particles are de-
posited on the substrate via large plastic deformation in
complete solid state [38,39]. Furthermore, the gas tempera-
ture at the inlet is clearly below the melting point of the
coating material, which means the particles cannot be melted

in the gas jet [38,39]. Compared with thermal sprayed
coatings, the composition and microstructure of cold sprayed
coatings are consistent with that of the raw material powders
[40,41]. Therefore, cold spraying can avoid the performance
degradation due to the high temperature which can result in
undesirable phase transition and oxidation and is especially
suitable for the preparation of the sensitive materials [42–
44]. And that cold spraying as an emerging technology has
been reported for biocompatible and antibacterial coatings
[45].
According to the above analysis, cold spraying is a suitable

method for preparing bioactive Ta coatings. However, only a
few papers [46–49] reported the corrosion behavior of cold
sprayed Ta coatings. There was almost no paper which stu-
died the bioactivity of cold sprayed Ta coatings. A new di-
rection of material development has been taken in the
research of rough/porous coating surfaces for improving
biological properties of hip and knee prosthesis [50].
Therefore, in this paper, a rough/porous Ta coating was
fabricated by cold spraying and the microstructure and
bioactivity of the coating were investigated.

2 Experimental

2.1 Materials

Commercially available hydride de-hydride Ta powders
(Beijing DeKeDaoJin Technology Co. Ltd, China) were used
in this experiment. The powders had a particle size of
–41+13 μm (probed by a laser particle size analyzer), col-
lected between 1000# and 400# mesh sieves. The surface
morphology of Ta powders was observed using a scanning
electron microscopy (SEM) (Figure 1). It indicated that the
Ta powders had an irregular shape. The substrate material
used in this study was Ti6Al4V. Prior to cold spray deposi-
tion, the substrate was ground by fine abrasive paper, cleaned
with alcohol, and then sandblasted using SiO2 grit (~24
mesh).

Figure 1 (Color online) SEM morphology (a) and size distribution (b) of Ta powders.
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2.2 Cold spray process

Ta powders were deposited on the Ti6Al4V substrate using
cold spray equipment assembled by our research group. This
equipment consisted of a standard De Laval (convergent-
divergent) nozzle possessing the rectangular cross-section
exit with an aperture of 2 mm×10 mm and a rectangular
throat of 2 mm×3 mm. Compressed air was used as the ac-
celerating gas as well as the carrier gas. During the cold
spray process, the temperature was maintained at
(450±10)°C and the primary gas pressure was kept at
(2.2±0.2) MPa. The standoff distance from nozzle exit to
substrate surface was fixed at 20 mm. The spray gun was
moved at a line speed of 2 mm/s above the substrate. The
powder feed rate was approximately controlled in 50 g/min.

2.3 Microstructure characterization

The laser confocal scanning microscope was used to observe
the holes on the sample surface. The microstructures of
surface and cross section for the as-sprayed Ta coatings were
investigated by SEM. The coating porosity was determined
by quantitative image analyses on plenty of SEM cross-
section photos. X-ray diffraction (XRD) analyses of the
powders and as-sprayed coatings were performed. Finally,
Vickers microhardness measurements were on the cross-
section of the coated samples with a load of 100 g for 15 s.

2.4 Adhesive bonding strength

The bonding strength between the coating and the substrate
was determined using a tensile adhesive test [51]. The term
of “adhesive bonding strength”, which refers to the bonding
between the coating and the substrate, is used in the present
work. To measure the adhesive bonding strength, cold
sprayed coating was deposited at one side of the cylindrical
substrate (Φ20 mm×5 mm) and the other side of the cy-
lindrical substrate was ground and gritted. Then both sides
were glued to cylindrical sticks using E-7 epoxy glue. The
tensile test was conducted at a cross-head speed of
0.5 mm/min. The nominal tensile adhesive bonding strength
was defined as the peak load at yield divided by the area of
the coating/substrate interface. All the tests were carried out
in air at room temperature.

2.5 In vitro bioactivity

The simulated body fluid (SBF) test [52] was adopted for a
preliminary bioactivity evaluation. The SBF solution, whose
composition nearly equal to those of human blood plasma is
given in Table 1, was produced using analytical reagent of
NaCl, NaHCO3, KCl, K2HPO4·3H2O, MgCl2·6H2O, CaCl2
and Na2SO4, which were dissolved in deionized water and

buffered using tris-hydroxymethyl aminomethane ((CH2-
OH)3CNH2) buffer and 1.0 M HCl to pH of 7.4 at 36.5°C.
Samples were soaked in 10 mL SBF at 36.5°C and 5 mL of
SBF were removed from each sample every 2 days and re-
placed with new SBF. After expected time, samples were
removed from SBF solution, and gently washed with deio-
nized water followed by drying in a clean container at room
temperature. The sample morphology and elemental com-
position were observed by SEM and energy-dispersive
spectroscopy (EDS).

3 Results and discussion

3.1 Microstructure of cold sprayed tantalum coatings

Figure 2 shows the surface morphology of cold sprayed
samples. It is found that the surface of the cold sprayed Ta
coating is uniformly distributed with some large visible
holes, and rough surface formed by accumulation of Ta
particles can be seen around the holes. Using image analysis
software, the percentage of these holes is about 43%.
Through the laser confocal image, many micron-size holes
whose diameter and depth are about 200 and 250 μm re-
spectively can be intuitively seen on the surface of the cold
sprayed Ta coatings. Researches proved that osteoblasts can
grow in the pore whose diameter is 100–200 μm [53]. So the
porous surface of the Ta coating may be beneficial to bone
ingrowth.
It is well-known that, in the process of cold spray de-

position, the high-velocity particles impact the substrate and
then produce serious plastic deformation, resulting in the
bonding [54–57]. The adhesion of particles in this process is
due solely to their kinetic energy upon impact. It has been
recognized that the bonding mechanism is adiabatic shear
instability proposed by Assadi in 2003 [58]. Experimental
investigations show that successful bonding is achieved only
above a critical particle velocity, whose value depends on the

Table 1 Nominal ion concentrations of SBF in comparison with those in
human blood plasma

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– 27.0 4.2

HPO4
2– 1.0 1.0

SO4
2– 0.5 0.5

pH 7.2–7.4 7.4
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temperature and properties of the sprayed material [58,59].

v T T= 667 14 + 0.08 + 0.1 0.1 , (1)c m u 0

where vc is a critical velocity in m/s, ρ is the density in g/cm
3,

Tm is the melting temperature in °C, σu is the ultimate strength
in MPa and T0 is the initial particle temperature in °C.
Therefore, the difference of cold spray deposition would be
reflected in the difference of critical velocity caused by the
difference of various factors. Among them, the most com-
mon one to improve the deposition quality is by improving
the spraying parameters (such as temperature and pressure)
[60–62]. In addition, based on our recent researches, it was
found that the morphology of feedstock powder could sig-
nificantly affect the deposition behavior from the source
[63]. The idea behind this work is to get a rough/porous
surface structure with lots of pores, which would contribute
to our subsequent improvements in biological performance.
In fact, these holes on the surface are cone-shaped in cold

spraying process and its cross-section is shown in Figure 3(a).
It was speculated that the formation of these cone-shaped
holes was due to the poor cold spray ability of such Ta
powder [63]. For example, when they impacted onto the
substrate, it could not reach the adiabatic shear instability
required for particle bonding and lead to rebound due to
insufficient particles’ kinetic energy. That was an initiation
of cone-shaped hole.
In the process of cold spraying, there would be a certain

thickness shock layer on the surface of a flat substrate [64–

66]. If a hole appeared on the surface of the sample, it was
equivalent to thickening the shock layer at holes’ position.
Particle impact velocity would decrease drastically owing to
strong deceleration by viscous drag behind the shock wave
[67,68]. There was no doubt that these particles could not be
able to penetrate the additional shock layer. It was reported
that as the hole became narrower and deeper, the ratio of
particles with final impacting velocity higher than the critical
velocity became lower [69]. Then the deposition efficiency
inside the hole was lower than that of the plane substrate.
Thus the deposition efficiency difference between the hole
and substrate led to different thickness growth rate. As the
thickness of coatings increased, the holes were magnified,
resulting in the visible cone-shaped holes.
Figure 3(a) shows cross-section of the cold sprayed Ta

coating on Ti6Al4V substrate. Here it can be further ob-
served the relatively even distribution of cone-shaped holes
as mentioned above. It is found that the thickest region of
coating is about 380 μm and the thinnest region is about
24 μm (Figure 3(b)). From Figure 3(c), it can be seen that
there are many pores in the outer part of the coating. The
calculated porosity is about 11%. From Figure 3(d), it is
found that the inner part of the coating is denser than the
outer part. The porosity inside the coating is significantly
reduced to only 2%. This is mainly because that the outer
part of the coating is lack of subsequent hammering of par-
ticles [70]. From the interface between coating and substrate
as shown in Figure 3(e), the bonding largely originates from

Figure 2 (Color online) Surface morphology of cold sprayed Ta coatings. (a) Macroscopic; (b) laser confocal image; (c) SEM micrographs; (d) high
magnification of (c).
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mechanical interlocking between the Ta particles and the
substrate. These results indicate that the cold sprayed Ta
coating has a rough/porous surface including some holes.
This porous structure may be beneficial to increase the
bonding of the implant surface to human bone cells as well.

3.2 XRD analysis

Figure 4 is the XRD spectrum of the original Ta powder and
as-sprayed Ta coating. It shows that cold sprayed Ta coating
can be very good to keep the nature of the raw material of Ta
powder. Namely, Ta powder crystal structure did not change
during the cold spraying process, and the coating did not
appear obvious oxidation phenomenon. Therefore, it is in-
deed a simple and effective method of preparing tantalum
coating by cold spraying.

3.3 Microhardness

The microhardness of the cold sprayed Ta coating in this
paper is found to be about 300 HV0.1 on average in the inner
part. Microhardness of 350 HV0.1 and 135 HV0.1 was re-
ported for Ta coatings deposited using angular powder [49]
and spongy powder [26], respectively. It could be seen that
the microhardness of cold sprayed Ta coating is determined
by the difference of Ta powders. The coating using spongy

Ta powder would have a lower microhardness value because
of its internal loose and porous structure. For the cold
sprayed coating using dense Ta powder, it would have a
higher microhardness value. What is more, the structure of
the cold sprayed Ta coating is not uniform, so the micro-
hardness value with the depth of coatings presents a dis-
tribution trend of what is shown in Figure 5. The bigger value
is due to the relatively denser inner, while the loose and
porous area in the outer part of the coating shows a sig-
nificantly smaller hardness value (Figure 6).
Compared with the microhardness values of the cold

worked (200 HV0.1) and annealed (100 HV0.1) bulk Ta [26], it
is found that the value of the loose and porous area of the as-
sprayed Ta coating is between the reported values of cold
worked and annealed bulk Ta. Differences in microhardness
between Ta coating and bulk Ta are because work hardening
and porosity simultaneously exist in Ta coating. During spray-
ing, deposited Ta coatings could be impacted by subsequent
particles. The severer the plastic deformation, the stronger
the grain refinement, therefore the microhardness is greater
[71]. However, there are some pores in these loose and
porous surface areas, thus the microhardness value is low.

Figure 3 (Color online) Cross-section morphology of cold sprayed Ta
coatings. (a) Overview; (b) cone-shaped hole; (c) outer part; (d) inner part;
(e) substrate/coating interface.

Figure 4 (Color online) XRD patterns of Ta powder and cold sprayed Ta
coating.

Figure 5 (Color online) Microhardness values with the depth of coating.
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3.4 Adhesive bonding strength

Long term integrity is one of the most important issues for
the biological implant materials. In this study, through tensile
adhesive test, coatings failed by coating/substrate interface
failure, and the adhesive bonding strength between the
coating and the substrate is about 18.6 MPa. Thus, a possible
explanation is that the initiation of the failure is mainly
induced by local defects, like porosity, near the coating/
substrate interface, which would result in rapid crack pro-
pagation and premature interface failure when cracks
are subjected to tensile loading such as that applied during
tensile pull-off testing. The bonding of the coating and
substrate is mainly mechanical interlock. Therefore, further
methods should be taken to improve the bonding strength
between the cold sprayed Ta coating and the Ti6Al4V sub-
strate.

3.5 In vitro biological assessment

The ability of cold sprayed Ta coatings to induce hydro-
xyapatite (HA) growth in SBF was used as a measure of
bioactivity [24]. Figure 7 shows SEM photographs of the
surfaces of Ta coatings soaked in SBF for various periods.
After 3 days of immersion, a small amount of tiny particles
attached to the bottom and inner wall of the cone-shaped
holes mentioned above. After samples were soaked in SBF
for 2 weeks, the tiny apatite particles on the surface had
grown up into spherical particles. Moreover, the apatite se-
diments could be observed after the samples were removed
from SBF and cleaned by deionized water, which indicated
that the apatite sediments were not simply attached to the
surface but the result of interaction between the sample
surface and SBF, as red marked in Figure 7(b). Finally, the
sample surface was covered with apatite layer after 4 weeks

Figure 6 Micro-indentations on the outer (a) and inner (b) of the cross-section of coatings.

Figure 7 (Color online) SEM photographs of the surfaces of as-sprayed Ta coating after soaking in SBF for 3 days (a), 2 weeks (b), 4 weeks (c) and the
corresponding EDS spectrum (d) of 4 weeks.
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of immersion (Figure 7(c)). As the corresponding EDX
spectrum shows, Ca and P peaks were strong. In addition,
compared to other references [72,73], the Ti6Al4V substrate
did not show any signs of apatite particle formation after
soaking in SBF for 3–14 days, or even one month. It is found
that the cold sprayed Ta coating in this work has better ability
to induce apatite mineralization than the Ti6Al4V substrate.
Human blood plasma is supersaturated with respect to

hydroxyapatite even in normal condition. This means that
apatite crystal can spontaneously grow once apatite nuclei
would be formed in such an environment. Therefore, after
the preparation of rough/porous Ta coating by cold spraying
on Ti alloy substrate, the difference on the rate of apatite
formation is attributed to the ability of induction of hetero-
geneous nucleation on the surface [74]. Based on the present
results, it is found that the heterogeneous nucleation of
apatite is related to two factors: one is that Ta has better
biological properties than Ti; the other is that it benefits from
the rough/porous surface structure produced by cold spray-
ing. It has been reported that the process is listed for the
apatite formation in SBF as follows [24]: (1) Ta-OH groups
are formed on the surface of Ta metal; (2) The formed Ta-OH
groups first combines with small amount of Ca2+ ions; (3)
Then combines with PO4

3– ions; (4) Large amount of Ca2+

ions and PO4
3– ions are later adsorbed onto the surface of Ta

metal to form apatite.
It is found that apatite particles are initially formed in the

hole, so it is reasonable to believe that Ta-OH is initially
enriched in the hole and then gradually develops outward.
Researches [24,75] indicate that the formation of Ta-OH
groups governs the rate of the apatite nucleation on the
surface of Ta and relies on the adsorption and enrichment of
OH- on the coating surface, prompting the precipitation
dissolving balance in the solution of hydroxyapatite (2)
move to the left and mineralization of apatite particles on the
surface.

Ca (PO ) (OH) 10Ca +6PO +2OH (2)10 4 6 2
2+

4
3

In addition, it has been reported that implant surface
roughness plays a role in determining phenotypic expression
of cells in vivo [76] and the cell adhesion depends on the
available surface area [77]. Rough and porous surfaces have
emerged as versatile biomaterials for enhancing fixation to
bone [78–80]. Through the present work, it has been ob-
served that porous/rough Ta coatings can be obtained by cold
spraying. Besides, the upper part of the coating also provides
certain porosity due to little subsequent tamping effect and
then the insufficient deformation of the particles, which
could be beneficial for osseointegration and cell attachment.
The remaining surface micro-features given by feedstock
topography could play a role on the cell adhesion and pro-
liferation [79]. Further details on this point should be in-
vestigated elsewhere in order to reveal general principles on

how cold sprayed Ta surface induced the apatite nucleation
in body environment. As a result of the extremely rough/
porous Ta coatings, early integration of bone tissue with Ta-
coated implants may occur.

4 Conclusion

A rough/porous Ta coating has been successfully fabricated
by cold spraying on Ti6Al4V substrate. The experimental
results showed that this process had the potential to create
rough/porous Ta coatings without obvious oxidation trans-
formation, and further methods were needed to improve the
lower bonding strength. The rough surface of the coating
with lots of visible holes may be beneficial for the attach-
ment, proliferation and functional expression of osteoblasts.
The microhardness of the inner part of coating was higher
than that of pure Ta, which was work hardened by cold
spraying, and the microhardness of the outer part of coating
was lower due to high porosity. Last but not least, the SBF
soaking test showed that spherical apatite sediments were
mineralized on rough/porous surface in SBF after 2–4 weeks,
which indicated that the cold sprayed Ta coating had good
bioactivity. This rough/porous surface was effective for the
apatite nucleation on it and may have high potentials for
design on novel biomaterials with bone-bonding ability.
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