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The present article is intended to study the deposition mecha-
nisms of bioactive hydroxyapatite (HA) particles by means of
Cold Gas Spraying (CGS). A comparison of the deposition on
two different substrates (Ti6Al4V and Al7075T6) and different
particle sizes is presented. Although this is a more specific
deposition technique for ductile materials, it is here shown that,
in certain conditions, ceramic deposition is possible despite the
inherent low ductility. The resulting internal structure and the
features at the particle—substrate interface are discussed in
view of Transmission Electron Microscopy examinations of a
Focused Ion Beam lift-out prepared sample. Mainly, under
shock compressive loading, the porous sintered powder pro-
ceeds through pore collapse, fragmentation and densification as
well as grain refinement. The process is described through dif-
ferent plastic mechanisms in ceramics. This opens a new alter-
native route to produce nanocrystalline HA coatings through a
cost-effective process.

I. Introduction

P LAasMA Spraying (PS) of hydroxyapatite (HA) coatings is
one of the most common ways to achieve bioactive sur-
faces for orthopedic implant prosthesis. In front of other
existing technologies, it offers high deposition rates at low
cost.! Because of this, it is the most extended route from the
commercial point of view; most hip stems, acetabular compo-
nents, etc., are covered by these kind of coatings that pro-
mote rapid fixation and stronger bonding between the
implant and the bone limiting the formation of any fibrous
film.

One of the handicaps, however, of PS is the thermal
decomposition of the feedstock material, resulting in the
occurrence of many phases with different solubility ranges.'
This is beneficial considering the ion release to the surround-
ing medium because it promotes osseointegration; one notice-
able problem is, however, produced when fast-dissolution
phases are formed at the substrate (i.e., titanium) — HA coat-
ing interface, leading to possible coating detachment before
complete bone resorption. Therefore, more recently, some
research groups have seen in the Cold Gas Spray (CGS)
technique a promising process to produce HA coatings with-
out alteration of the initial composition of the spraying
material.>® A successful coating deposited via CGS from

A. Bandyopadhyay—contributing editor

Manuscript No. 36855. Received May 7, 2015; approved November 6, 2015.
Corrections added on 19 February 2016, after first online publication.
fAuthor to whom correspondence should be addressed. e-mail: ncinca@cptub.eu

1420

controlled powder crystallinity, would allow producing
bioactive coatings with controlled mineralization efficiency.

CGS is a solid-state process, where the feedstock powders
are deposited at supersonic velocities (200-1100 m/s) with
minimum thermal effects on its nominal composition. Com-
pared to the conventional thermal spray technologies, the
material is not melted and mechanically anchored after
shrinkage during rapid solidification, but rather more com-
mon metal sprayed materials are plastically deformed leading
to dense and oxidation-free deposits.*® Ceramic particles
have been commonly deposited either as cermets,”® or by
codeposition with other ductile materials, i.e., HA has been
more commonly codeposited with titanium.”!!

Due to the inherent brittleness of ceramics, their direct
deposition has led to many less attempts'>'® and neither of
those authors has been completely successful on clarifying
the bonding mechanisms. Some of them have suggested that
the attachment of the ceramic particles takes places mainly
by the plastic deformation of the metallic substrate with par-
ticle fracturing, thus remaining ceramic portions embed
within the ductile surface;'>"? by contrast, Yamada et al.'®
reported thick TiO, coatings onto metallic and ceramics sub-
strates and their results support a chemical bonding rather
than a mechanical anchoring. The inherent feedstock struc-
ture of the powder used by these authors seems to be crucial
for the success of their work; this consisted in a porous
microsized powder with nanoscaled agglomerated particles.

Two low-temperature powder-based dry manufacturing
processes have succeeded in ceramic deposition although
their research is within the initial steps; they are aerosol
deposition (AD) and nanoparticle deposition system (NPDS),
which appeared in the 1990s and 2000s, respectively. AD
involves aerosol formation of submicrometer particles, while
in NPDS, nanosized or microsized powder is sprayed at
room temperature under low-vacuum conditions to achieve
microscale deposition. Fragmentation and compaction of
submicrometer particles into nanoparticles by impact has
been reported to be the main bonding mechanism in such
processes.”’19

Different numerical and simulation studies have been
tested to optimize conditions for HA deposition in CGS.
Zhang et al.® studied the factors influencing HA particle
acceleration using a computational fluid dynamics program
FLUENT. Singh et al. used the Taguchi method to optimize
HA conditions in CGS*' and found that gas type and parti-
cle diameter were the most influencing variables.

The successful build-up of a dense metal coating produced
by CGS is well-known to be dependent on the metallurgical
bonding between particles, which is influenced by the local
conditions at the corresponding interfaces i.e., particle—parti-
cle and particle—substrate. The high kinetic energy of the par-
ticles is transformed into heat and plastic deformation,
leading to plastic flow and the well-known “adiabatic shear
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instabilities”, when thermal softening is predominant over
work hardening of the material.** In order to evaluate the
influence of the temperature and strain rate on the
microstructure of a hot-worked material, some processin%
maps have been studied for many different materials.”
Gandhi et al.>* overviewed the processing maps of several
ceramics, therefore highlighting the different fracture mecha-
nisms. The nature itself of the feedstock powder morphology
involves another level of complexity on the understanding of
such mechanisms.

Shock loading of granular materials effectively changes the
state of the material and produces an effect similar to a
phase change; i.e., during loading, the material does not fol-
low a straight (or Rayleigh) line from its initial state (po, Vo)
to its (pr, Vy) final state (described here by pressure p and
volume V). Based on this, a failure criterion has to be
included for the simulation of shock compaction processes.'’
Failure mechanisms are actually closely associated to whether
the impact velocity is such that the induced stress is below
the Hugoniot Elastic limit (HEL).>® In addition, for granu-
lar/powder materials, the shock response also strongly
depends on the shape and size of the particles.”®

The present article investigates the deposition mechanisms
of HA particles onto the typical bioinert Ti6Al4V alloy used
for implants and a much softer alloy substrate i.e.,
Al7075T6, for comparison of the deposition characteristics.
The novelty of this works consists then not only on elucidat-
ing the structural changes of ceramics at the nanoscale level
after shock loading during CGS, which is not clear from the
literature, but also on introducing this concept to the interest
of the biomedical field.

II. Materials and Methods

Single particles were sprayed onto mirror-like polished
Ti6Al4V and 7075-T6 aluminum alloy substrates. In order to
evaluate splat morphologies, wipe tests consisting of a fast
movement of the substrate through the spray jet, were car-
ried out.

A sintered powder from Plasma-Biotal Ltd. (Captal30,
Derbyshire, UK) was used as feedstock. The Cold Gas Spray
equipment was a KINETICS® 4000 (Cold Gas Technology,
Ampfing, Germany), with a maximum operating pressure of
40 bar, temperature of 800°C, and limited to the use of nitro-
gen as the propellant gas. For this study, we used gas tem-
peratures in the range of 200°C—600°C, gas pressures 10—
30 bar, and spraying distances from 10 to 60 mm. More
specific spraying conditions are not given in the present work
because they are protected within an intellectual property).?’

An initial examination of the mounted and polished cross
sections of the splats was performed in a Scanning Electron
Microscope (JEOL JSM 5310 microscope, Peabody, MA)
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operated at 20 kV and equipped with an Energy-Dispersive
Spectroscopy (EDS) for microanalysis. In order to examine
the features within the particle and at particle-substrate
interface, a thin lamella from a single splat was obtained by
Focused ITon Beam (FIB) lift-out technique and compared to
the initial feedstock structure. A FEI Strata Dual Beam 235
system was used. Much care was taken when irradiating the
samples since some damage could be noticed through the
preparation. Finally, transmission electron microscopy exam-
inations were carried out using a 200 kV JEM JEOL 2100
Transmission Electron Microscope. In addition, XRD mea-
surements were done on a Bragg—Brentano 6/26 Siemens D-
500 diffractometer with Cu K, radiation; for the evaluation
of oxidation, temperature-dependent X-ray scans were per-
formed.

In order to evaluate the compression loading mode of the
porous HA powder at different strain rates and the collapse
effect of the porous structure, compression tests were carried
out using a Picolndenter PI85 nanoindenter (Hysitron Inc.,
Minneapolis) with a diamond flat punch of 10 um diameter
under load control. The force—displacement curves were mea-
sured while recording the evolution in a Scanning electron
Microscope. The nominal strain rate in the elastic regime
was in the order of 10 and 100 nm s ' considered as low
and high-strain rates, respectively.

III. Results

(1) Scanning and Transmission Electron Microscopy of the
Feedstock Powder

The micrographs in Fig. 1(a) display the morphology of the
sintered HA powder; the magnified structure in Fig. 1(a) bet-
ter shows the grain and porous morphology. This powder
consists of spherical particles with particle size distribution of
-53 + 16 um; these sintered particles are formed by small
crystalline grains. The interconnected porous structure could
be well observed through FIB along preparation time. No
pore size extension was observed as result of the process
preparation. Figure 1(b) shows the X-ray diffraction of the
powder with very narrow peaks indicating the high crys-
tallinity of the sample. It has been well identified according
to the 9-432 pattern corresponding to a hexagonal P63/m
lattice.

The grain structure consisting in small equiaxed grains
with an average grain size diameter of 0.5-2 pm is illustrated
in the TEM micrograph in Fig. 2; no exaggerated or aniso-
tropic grain growth was observed in this powder. Some dense
parts were seen with triple boundary points. Also in Fig. 2,
the SAED pattern of a single grain is presented, showing a
monocrystalline structure. Grain boundaries are well delin-
eated by curved original flaws with a wavy nature. No amor-
phous secondary phase was observed at any of the triple
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Fig. 1. (a) Morphology and (b) X-ray diffraction of the hydroxyapatite powder.
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points investigated, but rather Moiré¢ fringes in addition to
lattice fringes, resulting from the overlap of crystalline
regions. Some grains are connected by necks, as also
indicated by a black arrow. One of these neck—grain
interfaces is also illustrated in the magnification of Fig. 2; it
shows a bubble-like structure, which might come from some
damage resulting from irradiation.

(2)  Stress—Strain Curves of Single Particles

Figure 3 presents the compressive loading curves for an
about two 15 pm HA particles at low and high-strain rates.
Although the high-strain rate is very much lower than that
typically occurring during CGS (10° s '), it has been proved
to be enough to show the collapse of the particle [Fig. 3(a)],
whereas at low strain rate, the progressive cracking is
observed by the several load drops during the indentation;
the first significant drop corresponds to the occurrence of the
crack indicated by an arrow in the inset of Fig. 3(b). At the
end of the curve, just before the collapse, it can be observed
how this upper right part becomes to be detached. By con-
trast, the insets in Fig. 3(a) indicate that the particles main-
tains intact until it cannot withstand the high load and
collapses.

(3) Single Impact Studies

(A) Morphological ~Characterization. The different
bonding mechanisms for soft and hard substrates were inves-
tigated by comparing single particle impact morphologies in
so called “wipe tests”. Figure 4 shows the splat morphologies

2 1/nm

Fig. 2. TEM micrograph of the HA particle and the corresponding
SAED pattern, also with detailed features of the neck—grain interface
structure.
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of the Captal-HA powder onto the polished titanium alloy.
It consists of a mixture of attached splats with fragments
scattered around as well as ring-like shape HA remnants
resulting from the bounce off of some of the particles. Near
the fractured particles, slight substrate deformation was
observed.

A very similar pattern is obtained when spraying onto the
aluminum alloy, but this time, the substrate deformation is
clearly visible (inset in Fig. 4) with jet morphologies resulting
from its plastic flow. At higher magnification, even the
imprint left by individual grains of the feedstock powder was
revealed.

(B) Transmission Electron Microscopy of Cold Spray
Hydroxyapatite Splats on Ti6AI4V: Figure 5 shows the
FIB lamella of an approximately 12 um captal-HA splat
onto the Ti6AI4V alloy. Figure 6 a shows the TEM micro-
graph of the corresponding central part, where the porous
structure is still visible; the porous size distribution has chan-
ged because of the impact from that of the original particle
since no more necks can be distinguished. This indicates that
these narrow necks areas, if present, can act as damage initi-
ation points under high-impact loading stresses. The appear-
ance of contrast areas compared to Fig. 2 may be attributed
to strained effects and also dislocation entanglement at grain
boundaries. However, the grains still keep dimensions of the
same order as those in feedstock. The structure keeps some
pre-existing curved flaws and no extense intergranular crack-
ing is noticed.

No large cracks were observed at all. Figure 6(b) exhibits
a singular grain oriented along the [001] zone axis with a
particular straight internal feature; its observation by
HRTEM as well as its electron diffraction indicates that the
whole grain is obtained in the same zone axis without any
sign of misorientation. Therefore, there is no shear or twist-
ing, just a plastic deformation feature in a single favorable
oriented plane. Highly strained grains and fine grain areas
are also characteristic of the complex structure resulting from
impact [Fig. 6(c)]. More likely, selected area electron diffrac-
tion (SAED) indicates that most grains have a single-crystal
structure, except for specific regions such as that indicated in
Fig. 6(c), which appears to be highly polycrystalline and con-
sists of randomly oriented crystallites less than 50 nm in size,
with an average of ~20 nm.

The edge part of the splat appears to be more compact
than the central part [Fig. 6(d)] and grains seem to be more
cracked and slightly crushed; in some of them, extinction
contours can be observed.

The particle-substrate interface is rather smooth with no
noticeable detachment (Fig. 7). In addition, SAED pattern
of the HA side shows a ring pattern typical of a polycrys-
talline area as well as the titanium side. From the HRTEM
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Fig. 3. Loading compressive curves for a single hydroxyapatite particle at (a) high and (b) low strain rate.



April 2016

image of the interface, many Moiré patterns can be observed,
indicating overlapping of the fine grains. From the inserted
FFT images (A-D), the one corresponding to the substrate
side (D) presented some spots that were identified as the
TiO, phase. This would imply that the impact of the particle
has not promoted the disruption of the titanium oxide layer.

Figure 8 is the general structure of a 7 um splat showing
some single-crystal regions (label 1 with corresponding
SAED at inset 1) and some polycrystalline areas (labels 2
and 3 with corresponding SAED at inset 2 and 3). The pres-
ence of both single crystal and fine-grain structures in the
two investigated particles might be indicative of heteroge-
neous stress distribution upon particle impact.

Then, the impact mechanism of the 12 um HA splat seems
to have occurred by: (i) slight void collapse, (ii)) dynamic

Fig. 4. Top view morphology of several HA single particle impacts
on Ti6Al4V. Inset of the morphology of several craters left by single
particle impacts on 7075-T6 Al alloy.
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Fig. 5. FIB preparation of a captal HA splat on Ti6Al4V.
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Fig. 6. TEM micrograph of the (a) central part of the HA splat
onto Ti6Al4V (b, ¢) detailed features corresponding to labels 1, 2,
and 3 in “a”, (d) more crushed areas at the edge of the splat.

fragmentation proceeding by cracking and crushing and (iii)
reduction in crystal size by plastic deformation mechanisms.
In view of the microstructure of the 7 um splat, a denser
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titanium substrate

Fig. 7. (a) Hydroxyapatite-titanium alloy interface showing the
fine-grain size at both sides of the interface, as well as the
corresponding SAED patterns, (b) HRTEM of the interface with
inserted FFT images.

" interface

Fig. 8. TEM micrograph of a 7 um HA splat onto Ti6Al4V (inset
SAED patterns).

structure is visible with predominance of very fine-grain
regions, without the presence of plastic deformation features.

The overall impact features on a softer substrate were
observed to be quite different. By performing similar analysis
on the 7075-T6 aluminum alloy, no splats with a diameter
less than 15 pm could be found and the TEM evaluation of

Vol. 99, No. 4

Fig. 9. HRTEM of the Hydroxyapatite-aluminum alloy interface
with inserted FFT images.

a 17 um splat indicates extensive void collapse plus cracking
and crushing. The aspect considerably changed from that
typical from the original particles. Very small fragments were
produced which appear densely packed. A large amount of
small straight transgranular microcracks nucleated within the
crushed zones, apparently much more than those correspond-
ing to the 12 um splat on the titanium alloy. Some misorien-
tation of about 10° between pairs of submicrometer grains
would demonstrate the presence of low-angle grain bound-
aries. The particle—substrate interface also shows grain refine-
ment; the HRTEM image (Fig. 9) shows some Moirés
patterns at both sides of the interface. Also, several FFT
images from the HA (A, B, C) and the substrate (D) are pre-
sented. The identification of “D” also reveals the presence of
spots corresponding to alumina, i.e., ~0.245 and ~0.218 nm.

Further observation of coarser splats on aluminum alloy
allowed revealing the initial features of shock wave propaga-
tion with associated plastic deformation features. Figure 10
(low magnification) shows extinction contour at boundaries
as well as a strong rotation at local regions. The final magni-
fication in Fig. 10 indicates the presence within a grain of a
dislocation network.

A more detailed work reporting the characteristics of a full
coated surface is under performance; we can advance, how-
ever, that as result from all the detailed features described
above, the resulting deposit exhibits a very different struc-
ture. The X-ray diffraction of the resulting cold-sprayed coat-
ing shows very broad peaks which are indicative of the
reduced grain size upon particles impact (Fig. 11). In order
to confirm the TEM results, a rietveld refinement was also
here performed, leading to an average of 22.6 nm of crystal-
lite size for the HA. This confirms that TEM and X-ray anal-
ysis lead to results of the same magnitude order.

IV. Discussion

Although the deposition of ceramics has not been much
investigated by CGS, their solid bonding phenomena has
also been reported in other deposition techniques at room
temperature such as aerosol deposition (AD), sometimes
known as vacuum cold gas gpra;/ (VCGS) and nanoparticle
deposition systems (NPDS),'""'%%2* HA coatings have also
been actually produced by this technology.’*! In AD, the
impinged particles fracture on the substrate in analogy to the
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Fig. 10.

Dislocation networks within a grain indicated by arrows at the magnified micrograph.
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Fig. 11. X-ray diffraction of a hydroxyapatite cold-sprayed coating obtained from porous granular feedstock powder.

plastic deformation of a metallic particle. Then, the newly
formed surface bonds to the substrate surface. This phe-
nomenon is called room-temperature impact consolidation
(RTIC)" [Fig. 12(a)]. It resembles the dynamic fragmenta-
tion simulated by Park et al.,*®> where an alumina particle
undergoes shock-induced plasticity and is finally fragmented
in order to release the energy that the material cannot
accommodate. These authors indicate that the film growth
process is a competition between particle plasticity and frac-
tureterosion.

CGS is, however, different from AD and NPDS mainly in
that the latter two, use submicrometer feedstock particles
while usually particles <50 pm are used in CGS. A careful
reading of the few articles published about CGS of ceramics
indicates that the actual bonding mechanism is highly depen-
dent on the microstructure of the feedstock powder and the
relative particle—substrate hardness ratio, but the actual
mechanism is not yet well clarified. This would explain why
some authors observe the embedment of the ceramic particles
into very soft and ductile substrates [Fig. 12(b)], whereas
others, such as Yamada et al.'® support a chemical bonding
[Fig. 12(c)] rather than anchoring. It appears that for dense
powders, the effective deposition is either possible on soft
substrates, where the embedment is possible but the posterior
coating built-up is hardly likely'*'* or, on harder substrates
through particle fragmentation.’> On soft substrates, only if
substrate material is brought to the surface and is available

to bind other particles, a second layer or parts of it are likely
to be attached to the coating upon impact. On harder sub-
strates, it is thought that the optimal particle state for a suc-
cessful substrate attachment is that in which the Hugoniot
Elastic Limit (HEL) of the ceramic is reached.*® The HEL of
high-performance ceramics under plane shock wave propaga-
tion has generally been attributed to the generation and
propagation of microcracks, plastic deformation, and possi-
ble phase transformations.”® If, as result of the spraying
parameters, the shock loading pressure exceeds the HEL
value, the plastic-fracture ratio decreases. Due to this
increased fracture, the elastic rebound forces make that only
small remnants of the brittle particle remain in the bonding
zones. Most authors agree that the HEL for a ceramic pro-
vides a threshold below which the material retains some
cohesion and has finite spall strength and above which the
material has zero spall strength and becomes a confined pow-
der, except for the work presented by Longy & Cagnoux
(1990), who reported that cohesion can be maintained above
HEL.*

For porous or granular powders, the mechanisms may
change since yielding threshold is known to decrease with
decreasing density. Notice that Klieman et al.'> as well as
Yamada et al.'® sprayed TiO, onto stainless steel, achieving
the second ones much thicker deposits; although the spraying
tested conditions are slightly different for both studies, it is
obvious that the intrinsic porosity of the powder used by the
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Fig. 12. Suggested bonding mechanisms of ceramic particles in low-temperatures deposition processes: (a) room-temperature impact
consolidation (RTIC), (b) embedment or mechanical anchoring, (c¢) chemical bonding.

second group of authors is much more favorable for crack
nucleation and, therefore, fragmentation and porous col-
lapse. In addition, the nanoscaled primary particles configur-
ing the porous powder seem to be also important to explain
the chemical bonding mechanism.

The micrographs presented in the present work also seem
to reveal the importance of the primary porous structure. In
any of the substrates, their attachment leads to slight scatter-
ing of fragments around the central part, similar to the jets
of metal splats, which has been commonly associated to adia-
batic shearing instabilities when the material flows. However,
it is obvious that the term “plastic flow” in ceramics cannot
be understood as in metals due to the constraining conditions
imposed by the surrounding material.

The crushing and pore collapsing observed in Fig. 6(d)
has some similarities to the well-reported macroscopic exam-
ples of shock loading of rocks,> this may be explained by
the shock loading under high-strain rates occurring in micro-
sized cold gas sprayed ceramic particles; this leads to strain
localization and the typically shear band formation in inelas-
tic solids. As assumed from the previous sections, strain
localization in granular materials may not be the same as in
fully dense materials. In granular materials, it can also take
place normal to the principal compressive stress, forming so-
called compaction or dilation bands.*® Curran et al.’® devel-
oped a micromechanical model for a granular material under
high-strain rate deformation, with competition between
dilatation and pore compaction.

At the microscale level, the propagation of the shock wave
may proceed through microfracturing due to tensile and
compressive stresses, as well as local shearing and twisting of
grains, due to hydrostatic stress component,’” which would
explain the contrast at the strained areas. The mechanism of
fracturing might be well expected considering that, under the
shock pressures given in CGS, the stress state in particles
upon impact is much above the HEL limit of the material.*®
Here, the presence of pores makes that the deformation
occurs most likely first by fracture of the sintered necks
between the grains. Grain boundaries of initial HA particles

are the weak sites that easily induce intergranular microcrack
formation, behaving as damage initiation points. Damage
can further proceed in transgranular mode by shear and/or
twist fracture at single or multiple planes in favorable ori-
ented grains.*®

With the increased strain rates up to the levels occurring
in CGS, slip is more difficult, and associated crack initiation
may be suppressed, with a commensurate rise in strength, as
observed from the force versus displacement curves at the flat
punch tests. However, some cells and networks of disloca-
tions were observed, which could be responsible for the work
hardening of the material during dynamic deformation and
become a competitive mechanism.

Although no temperature measurements on the particles
can be undergone, depending on the local temperature rise
upon impact, also recrystallization mechanisms might be
involved, which would explain the grain refinement
observed in Fig. 8 for the 7 um splat on Ti6Al4V. In this
case, if this is the actual mechanism or it is purely given
by shock-induced plastic deformation through strong rota-
tion of a local region at boundaries through the formation
of low-angle grain boundaries, would involve precise con-
trol of the kinetic energy and particle temperature. The
differences observed for the 7 and 12 um splats appear to
indicate how important is the particle size effect, as already
predicted by the simulation work of Singh et al.”>! The fact
that the coarser HA splat on titanium alloy possessed still
some porosity and that the extent of fine-grain areas is
low means that it required higher shear stress for deforma-
tion mechanisms. In both cases, however, small and large
splats, the coexistence of single-crystalline areas and poly-
crystalline areas rather than uniform reduction in crystallite
size as in AD, might be indicative of a nonuniform stress
distribution upon impact when increasing particle size, with
predominant grain refinement in smaller particles, as well
as the pore distribution with respect to the direction of
load application.

The decrease in particle size increases particle velocity and,
therefore, higher extend of heat release upon impact which,
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joined with the low titanium thermal diffusivities may lead to
the formation of new nuclei as a result of strong localized
heating. Considering that gas temperature was below 400°C,
the local temperature rise upon impact should be high to
induce ceramic recrystallization.*® This is also worth noting
at the interface, which shows grain refinement also for the
12 pm splat.

One striking feature is that, comparing analogous size
splats, on the softer aluminum alloy substrate, the overall
fragmentation process is much more extensive. The lower
hardness of the substrate would imply a lower effective strain
and thus, a lower flattening ratio for the same granular mate-
rial since grain-boundary energies are the same. The results
seem to indicate that the initial particle size was also deter-
mining the shock loading conditions. The larger presence of
plastic deformation features on the coarser splat on alu-
minum indicates that they are not completely suppressed and
become more competitive than in the case of the smaller
splat.

The study of the interfaces by HRTEM indicates that
grain refinement occurs as for the titanium substrate since
these are the regions suffering from the higher shear stresses;
however, native titanium and aluminum oxides appear not to
remove at all by the impact of the porous HA particle.
Whether they would do by the impact of more compact par-
ticles, as it occurs when cold spraying metallic powders,
should be investigated.

Studies on AD and NPDS bonding mechanisms steeply
proceeds, but further study needs to be done in CGS of
ceramics and, given that those other two processes have
achieved rather thick coatings, it is plausible to think that
one of the most critical variables is particle size;>! smaller
particle sizes would lead to easier densification.

Finally, the overall grain size reduction in HA may be
favorable when immersed in body fluids due to the increased
surface area, therefore facilitating ion release and posterior
deposition of biomimetic apatites.

V. Conclusions

To sum up, at low temperature and high-strain rate processes
such as cold gas spray, porous ceramics suffer from porous
collapse of the structure and almost a complete lack of plas-
tic deformation, due to the absence of mobile dislocation
activity, although other modes of inelastic deformation, such
as microcracking can provide alternative deformation mecha-
nisms.

A larger extent of densification with considerable decrease
in crystallite size has been observed at small splats, occurring
where local rising temperature is much higher; therefore,
dynamic crystallization might occur through local shearing
and twisting of grains, as observed by the presence of some
low-angle grain boundaries. It has been observed that the
predominant mechanism, rather than the type of substrate, is
mainly determined by the particle size, which is controlling
the initial kinetic energy and, therefore, the shock loading
conditions.

At particle—substrate interfaces, a dense stacking structure
was found with fine HA crystallites whose presence may con-
firm the effect of localized heating upon impact.
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