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The deposition of titanium on a titanium alloy substrate is being examined for potential use as a surface
treatment for medical prostheses. A Ti6Al4V alloy was coated with pure titanium by cold gas dynamic
spraying. Coatings were deposited onto samples with two different surface preparation methods (as-received
and grit-blasted). The fatigue life of the as-received and grit-blasted materials, both before and after coating,
was measured with a rotating-bend fatigue rig. A 15% reduction in fatigue endurance limit was observed
after application of the coating to the as-received substrate, but no significant reduction was observed on its
application to the grit-blasted substrate. The reduction in fatigue endurance limit has been related to the
substrate-coating interface properties, the elastic modulus, and the residual stress states.
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1. Introduction

Biomedical implants are required to not interact harmfully
with the host’s body, and their surface properties have been
shown to significantly influence the degree of tissue interaction.
A large body of research has examined chemical and morpho-
logical characteristics of biomaterial surfaces to improve bio-
compatibility (Ref 1-3). Pure titanium has a high level of bio-
compatibility, a low level of toxicity, and high resistance to
corrosion by body fluids because of the presence of a very pro-
tective oxide layer. However, its fatigue and yield strength make
it unsuitable for use as bulk implant material and more suitable
for use as a coating. Currently many implants are produced from
cobalt chrome and titanium alloys (e.g., Ti6Al4V) that are not as
biocompatible as pure titanium or do not integrate as well with
the bone structure (Ref 3). Hydroxyapatite (HA) coatings are
used successfully, normally applied by the plasma spray process
(Ref 4) to increase levels of osseointegration and patient comfort
and decrease implant loosening. Comparisons between HA, grit-
blasted titanium surfaces (Ref 5-8), and titanium-coated im-
plants (Ref 9-11) have been made. Opinion is divided as to
whether the effect of HA on osseointegration is either insignifi-
cant (Ref 5, 6) or positive (Ref 7-10). In studies comparing HA
and titanium surfaces with identical morphologies, Hacking et
al. (Ref 11) concluded that 80% of the bone appositional re-

sponse was attributable to the topography of bioinert titanium.
Further research in this area is required, and the search for new
prosthetic surfaces is justified (Ref 11) in light of the current
high levels of revision surgery.

Cold gas dynamic spraying (CGDS) involves acceleration of
solid particles toward a substrate in a supersonic gas jet. Super-
sonic gas velocities are achieved by use of a converging-
diverging de Laval nozzle (Ref 12), and particle velocities in
excess of 500 m s−1 are generally observed at the nozzle exit.
CGDS avoids high-temperature spray effects, such as vaporiza-
tion, melting, and oxidation, which make it potentially attractive
for application of titanium coatings. It has also been shown that
titanium-HA coatings can be sprayed using the CGDS process,
which may prove very desirable in terms of biocompatibility
(Ref 13).

Fatigue is an important criterion to consider in the case of
prosthetics because of the repeated loads exerted throughout
their lifetimes. For example, a hip prosthesis may be subjected to
dynamic loading of ∼1-2 million load cycles per year with ar-
ticulating forces reaching 3-5 times the body weight (Ref 2). The
current study aims to examine the effects of CGDS-applied coat-
ings on fatigue behavior of Ti6Al4V.

2. Experimental Methods

2.1 Materials

Commercially pure titanium (>99 wt.% Ti) feedstock pow-
der with nominal particle size range of −45 + 5 µm was supplied
by Active Metals Ltd (Sheffield, UK). Substrates for all coat-
ings were Grade 5 Ti6Al4V. Sample surfaces were left as-
received or were grit-blasted with Al2O3 with an average par-
ticle diameter of 250 µm. Samples of a cylindrical dog bone
configuration were used for fatigue testing and produced from 7
mm diameter rod. Samples were 51 mm long and composed of
shouldered ends and a central test area 19 mm in length, where
the midsection was reduced to a diameter of 4 mm. The 0.2%
proof and yield stresses of an as-received substrate were mea-
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sured as 880 and 800 MPa, respectively. Samples used for
modulus testing measured 16 × 120 × 1.6 mm. Pull-off test
samples were sprayed onto 5 mm thick substrates of 45 mm di-
ameter.

2.2 Cold Spraying Process

CGDS at the University of Nottingham utilized a de Laval
nozzle 100 mm long with an area expansion ratio of ∼7.6. Room
temperature helium was used as the carrier and main gas. The
carrier gas pressure was maintained at 30 bar and ∼1 bar above
that of the main driving gas. An optimized stand-off distance of
20 mm was used. A high-pressure powder feeder (1264HP,
Praxair, Rochester, MN) was used with a powder feed wheel
speed of 2 rpm. All samples were degreased in alcohol immedi-
ately prior to spraying.

During spraying, fatigue samples were rotated at ∼2800 rpm
and traversed relative to the CGDS nozzle at 100 mm s−1 to
achieve an even coating on the surface. Coatings, ∼120 µm thick,
were applied to the central 21 mm of the sample so that they
covered the central test area and a small part of the shoulders.
Modulus testing samples were traversed relative to the CGDS
gun at 500 mm s−1. The coating, ∼700 µm thick, was deposited
centrally onto the largest face of the test strip, covering an area
measuring 80 × 16 mm. Coatings for bond-strength tests were
produced using a mask to create a circular deposit 8.16 mm in
diameter and ∼400 µm thick.

2.3 Characterization of Coatings

Examination of fatigue samples was performed by scanning
electron microscopy (SEM, XL30, Philips, Eindhoven, The
Netherlands) operated at 20 kV, utilizing both secondary elec-
tron (SE) and back-scattered electron (BSE) imaging. Fatigue
surfaces were examined with no modification to the surface.
Sections of the coatings were taken perpendicular to the sub-
strate-coating interface. These were mounted in a conducting
resin and then ground and polished using a colloidal SiO2 sus-
pension in H2O2.

2.4 Bond-Strength Test Methodology

The bond strength of the coatings was tested by using a hy-
draulic adhesion/tensile equipment (PAT, DFD Instruments,
Kristiansand, Norway). The circular sprayed area was glued to
the test element with a heat-cured epoxy resin.

2.5 Fatigue Testing Methodology

A Wohler rotating bend fatigue testing machine was used.
Samples were rotated at ∼3000 rpm. A fatigue step loading
method was used. This method is widely used (Ref 14-18) be-
cause it addresses the statistical problems associated with fa-
tigue testing (Ref 16). Starting with an applied load known to not
cause failure, the sample is rotated for 107 cycles. The load ap-
plied is then increased by steps of 5%, and the process is re-
peated until failure occurs (Ref 16). The data are interpolated to
calculate the applied stress required for failure to occur at 107

cycles. This constant life endurance stress is termed the endur-
ance limit (Ref 15). Up to five samples of each sample type were
tested to allow an average fatigue endurance limit to be calcu-

lated. One potential problem of the step loading method is coax-
ing (Ref 15, 18), where fatigue at loads under which the sample
does not fail alters its endurance limit. However, it has been
shown that coaxing is not significant in Ti6Al4V (Ref 16, 18).

2.6 Modulus Testing Methodology

Determination of the residual stress in the coating by me-
chanical methods requires knowledge of both the coating and
substrate modulus. These moduli were determined using a four-
point bend test methodology. During bend testing, samples were
tested three times with the coatings in compression, from which
an average elastic modulus was calculated. The midpoint dis-
placement of the surface in tension was monitored using an ex-
ternal linear variable displacement transducer (LVDT, Model
1000RA, RDP Electronics Ltd, Wolverhampton, UK) to an ac-
curacy of ±1 µm.

The modulus, E, of a uniform beam can be calculated from
the slope of the load-displacement curve and is given by (Ref
19):

E =
Pa

24�I
�3L2 − 4a2� (Eq 1)

where � is the midpoint displacement, L is the distance between
outer support rollers (50 mm in this work), a is the distance be-
tween the loading and support rollers (15 mm in this work), and
P is the applied load per loading point. I is the second moment of
area, given by:

I =
wd3

12
(Eq 2)

where w is the width and d the depth of the sample. However, if
the beam is created from two dissimilar materials (i.e., a sub-
strate and coating), the method of equivalent sections must be
used to find the location of the neutral axis (Ref 20).

2.7 Method of Equivalent Sections

This method replaces the actual section with a mechanically
equivalent one, in which all the material has a common modulus.
If the elastic moduli of the substrate and coating are Es and Ec,
respectively, and w is the original width of the coating, then w� is
the equivalent section width of the coating with an elastic modu-
lus Es, as shown in Fig. 1. H and h are the substrate and coating
thicknesses respectively. w� is given by:

Fig. 1 Geometry of the equivalent section
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w� = w �Ec

Es
� (Eq 3)

The distance between the neutral axis of the composite beam
and the free coating surface, y1, is given by:

y1 =
h2Ec + EsH�H + 2h�

2�HEs + hEc�
(Eq 4)

The second moment of area, I, of the composite beam can be
shown to be equal to

I = �wH3

12
+ �wH���h +

H

2 � − y1�2�
+ �w�h3

12
+ �wh��y1 − �h

2��
2� (Eq 5)

For unsprayed samples, Eq 1 can be used to calculate the modu-
lus of the substrate using the slope of the load-displacement
curve generated from the four-point bend test. To calculate the
elastic modulus of the coating, the coated sample is treated as a
composite beam. Using Eq 1 and the slope of the load-
displacement curve of the coated samples, it is possible to deter-
mine the value of the product EI of the composite beam. Using
Eq 4 and 5, the known Es values, and an estimate of Ec, an esti-
mated EI value can be made and compared with the experimen-
tally derived value. Ec is then refined.

2.8 Residual Stress-Deflection Method
Test Methodology

Residual stresses developed during spraying were estimated
from the induced bending of the sample. Prior to spraying, the
underside of the substrate was profiled using a Talysurf CLI
(Leicester, UK) 1000 with a stylus having a resolution of 40 nm.
Profiling was carried out again after spraying to allow the radius
of curvature of the beam, R, associated with the residual stresses
to be measured.

The substrate and coating are considered to be a composite
beam of two dissimilar materials. Due to the misfit strain be-
tween the coating and substrate, forces equal but opposite in
magnitude occur. These forces act at the center of the two sec-
tions to give a continuity of length (Ref 20) as shown by Fig. 2.

The moment associated with the forces is given by:

M = P�h + H

2 � (Eq 6)

Balancing this moment will cause the beam to bend to give a
radius of curvature, R. The stress, �, in the beam is proportional
to the distance, (y1 – y), from its neutral axis where Ey is the beam
modulus (a function of the position; Ref 20).

�

�y1 − y�
=

Ey

R
(Eq 7)

Considering an element of cross sectional area dA at a distance
(y1 – y) from the neutral axis and assuming that for pure bending

the normal net force on the cross section must be zero (Ref 20),
then the bending moment is given by:

M =
w

R �
0

h+H
Ey�y1 − y�2 dy (Eq 8)

Solving Eq 8 and inserting Eq 6 gives:

P�h + H

2 � =
wEc

R �y1
2h − h2y1 +

h3

3 �
+

wEs

R �y1�H
2 + 2hH − Hy1� +

h3

3
−

�h + H�3

3 �
(Eq 9)

where y1 is given by Eq 4. Because �s = �/Es and � = P/Hw, and
similarly for �c, then if �� = �s – �c , then (Ref 20):

�� =
P

HwEs
+

P

hwEc
(Eq 10)

∴
P

w
= ��� hEcHEs

hEc + HEs
� (Eq 11)

The stress distributions within the coating and substrate can be
determined by using the values of P and R from �/y = E/R.
Therefore, the stresses in the coating at the free surface (y = 0)
and at the substrate-coating interface (y = h) are given by

�c�y=0 = −��� EcHEs

hEc + HEs
� + Ec

y1

R
(Eq 12)

�c�y=h = −��� EcHEs

hEc + HEs
� + Ec

�h − y1�

R
(Eq 13)

Fig. 2 Schematic of the misfit strain between the coating and the sub-
strate
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while the stresses in the substrate at the substrate-coating inter-
face (y = h) are calculated by:

�s�y=h = −��� hEcEs

hEc + HEs
� + Es

�h − y1�

R
(Eq 14)

3. Results

3.1 Fatigue Data

Table 1 shows the endurance life of the two surface finishes
of the substrate with and without a CGDS-applied coating. It can
be seen that both grit blasting and the CGDS process have a
significant effect on the fatigue endurance limit. The effect of
applying a cold-sprayed titanium coating after grit blasting does
not reduce the fatigue endurance limit further. Endurance limits
and reductions caused by grit blasting reported in this paper are
comparable to those reported elsewhere (Ref 14).

In general, fatigue failures tend to start at the surface of a
component and surface properties that affect fatigue can be di-
vided into three categories (Ref 14, 21): (a) surface roughness or
stress raisers; (b) changes in the fatigue strength of the surface
metal; and (c) changes in the residual stress at the surface. It is
generally argued that smooth surfaces have a longer fatigue life
as they have fewer stress raisers. Compressive residual stresses
at the surface will increase fatigue life.

3.2 Bond-Strength Results

Bond-strength results for coatings applied to as-received (Ra
≈ 2.6 µm) and grit-blasted (Ra ≈ 3.5 µm) substrate finishes were
37 and 32 MPa, respectively. In a significant number of the tests,
failure occurred within the resin, indicating that the coating-
substrate bond strength was higher than this value. An as-
received surface finish showed slightly higher bond strength
than the grit-blasted samples. This could be due to the work
hardening associated to the grit-blasting treatment of the sub-
strate surface, therefore making it more difficult for the sprayed
coating to bond to the substrate.

3.3 Analysis of Fracture Behavior

The as-received samples exhibited the structural features
commonly observed in fatigue fractures. Examples of slip band
formation, stage I and II crack growth, could be seen. The grit-
blasted samples exhibited a 20% reduction in fatigue endurance
limit. This is expected to be due to the grit-blasting process pro-
ducing surface stress raisers. SEM showed similar fracture fea-
tures to the as-received samples.

Figure 3 shows that, in the as-received and sprayed samples,
there was little deformation to the coating itself at the point of
initial fracture and it appeared well bonded to the substrate. In
contrast, in the regions associated with the final failure, the coat-
ing was seen to have debonded from the substrate.

Cross-sectional SE images, Fig. 4(a) and (b), show the dif-
ference in degradation of the coating at the point of fatigue frac-
ture and close to the shoulder of the sample where a much lower
level of alternating stress was experienced. Close to the fracture
surface (Fig. 4a), coating delamination from the substrate can be
seen along with debonding of particles within the coating itself.

In the grit-blasted and sprayed samples, coating delamination
close to the initial point of fatigue fracture was observed (Fig. 5).
This is in contrast to the behavior observed for the coating
sprayed onto the as-received surface (Fig. 3) and may be due to
more stress raisers at the substrate surface, which increase the
likelihood of crack formation and coating delamination.

3.4 Modulus Testing

Modulus values for the substrate and coating are shown in
Table 1 for the coating tested in compression. The modulus of
the coating is shown to be ∼20% of that of the substrate material.

3.5 Residual Stress Measurement

It is possible to measure by profilometry the radius of curva-
ture of the beam samples caused by application of the coatings.
From these measured values and the measured Young’s moduli,
the residual stresses can be calculated (Table 2). It can be seen
that stresses in the coatings are small and compressive; accord-
ingly, tensile stresses are expected in the substrate close to the
interface.

4. Discussion

Application of CGDS titanium coatings has been shown to
reduce the fatigue endurance limit. This is caused by modifica-
tion (roughening) of the substrate surface due to impinging high-
velocity particles and tensile residual stresses within the sub-
strate at the substrate-coating interface. Surface roughening of

Table 1 Effect of surface finish on fatigue endurance
limit

Surface finish

Surface
roughness,

Ra, µm
Fatigue endurance

limit, MPa
Modulus,

GPa

As-received ∼2.7 633 107
As-received and sprayed ∼8.6 537 20
Grit-blasted ∼3.5 507 107
Grit-blasted and sprayed ∼8.5 512 19

Fig. 3 SE image showing initial fracture of the as-received Ti6Al4V
substrate and the Ti coating
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the substrate will increase the possible number of crack nucle-
ation sites.

The modulus values of the titanium coating were found to be
much lower than that of bulk material (∼20 GPa). This result is in
accord with modulus values of between 15 and 30 GPa reported
for titanium coatings deposited by CGDS with heated nitrogen
(Ref 22). Similarly, in plasma spraying, Kuroda and Clyne (Ref

23) show that coatings of a wide range of materials have a modu-
lus approximately one-third that of the corresponding bulk
value. The low modulus values found were attributed to the poor
lateral bonding between individual splats (Ref 23). The CGDS
coatings generated within this report have shown modulus val-
ues approximately one-fifth that of the bulk material, and this
again indicates much of the deformation of the coating under
load is taken up by movement across the particle-particle inter-
faces, implying that the lateral bonding between splats is not
strong.

Although the residual stress estimates indicate that the stress
will be tensile in the substrate close to the interface, these
stresses will be reduced by the compressive stresses that will be
present in this region as a result of the impact of the first depos-
iting particles. It is unknown if the cracks initiate at the sub-
strate-coating interface or coating-free surface and at what point
the coating delaminates from the substrate. Residual stress mea-
surements show low stresses generated within the coating and
substrate due to the CGDS process. However, the method used
to measure these data would have allowed stress relaxation
caused by deflection in the samples. The fatigue test samples
(which are axisymmetric) would have not allowed stress relax-
ation during spraying; therefore, stresses within these samples
would be expected to be higher than those shown in Table 2.
Residual stresses within the CGDS titanium coatings have been
shown to be of a compressive nature. The values found are com-
parable to other from the literature (Ref 24) and are expected to
be low due to minimization of thermal effects during cold spray-
ing.

Figure 4(a) and (b) show the significant effect of the fatigue
testing on the bonding within the coating and at the interface.
Near to the fracture, areas of the coating have debonded along
splat boundaries and at the substrate-coating interface. At the
shoulder of the sample where applied stresses were lower, the
coating shows little sign of degradation.

The fatigue endurance limit is similar for the grit-blasted and
grit-blasted-and-sprayed samples. Both show a lower fatigue en-
durance limit than the as-received and sprayed samples. This is
due to the grit blasting process deforming the substrate surface
and creating a large number of stress raisers. It is notable that the
addition of the coating to the as-received sample results in a re-
duction in fatigue endurance limit of ∼96 MPa, whereas addition
of the coating to the grit-blasted substrates results in a negligible
change in the endurance limit. The stresses in the coatings and
substrates for both substrate types are similar, differing by up to
∼30 MPa (Table 2), and they do not account for this difference.
It must therefore be concluded that the reduction in endurance
limit for the grit-blasted substrates is dominated by the stress
raisers produced during grit blasting, leaving the endurance limit
relatively insensitive to any residual stresses resulting from the
addition of the coating.

Fig. 4 SE image of the cross section of the as-received Ti6Al4V sub-
strate and the Ti coating (a) close to the fatigue fracture (stress ≈ 570
MPa) and (b) away from the fatigue fracture (stress ≈ 190 MPa)

Fig. 5 SE image showing initial fracture surface of the grit-blasted
Ti6Al4V substrate and the Ti coating

Table 2 Residual stresses within the coating and the
substrate

As-received and
sprayed, MPa

Grit-blasted and
sprayed, MPa

�c at y = 0 −25 −10
�c at y = h −32 −13
�s at y = h +52 +21
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5. Conclusions

CGDS titanium coatings have been successfully deposited on
a Ti6Al4V substrate with reasonable bond strengths. Low
modulus values for the coating have been recorded that can be
attributed to poor intersplat bonding. It has been shown that
CGDS titanium coatings have a detrimental effect on the fatigue
endurance limit of Ti6Al4V. Reasons for this are due to varia-
tion in the substrate surface topography and induced tensile re-
sidual stresses within the substrate, both caused by the CGDS
process. Compressive stresses found within a coating are usually
associated with increased fatigue endurance limits; however,
those found within CGDS titanium coatings are too low to pre-
vent fatigue crack formation, and these lead to premature frac-
ture.
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