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Uniformity, surface roughness, and chemical phase structure are all important features of implant coatings. While
the first two variables are important for implant placement, the phase structure affects implant fixation. This
study examined the coating morphology and the amount, size, and distribution of crystalline regions of press-fit
and screw-type dental implants. Implants obtained from five commercial vendors were sectioned sagitally,
mounted, and polished to reveal the coating microstructure. The crystalline phase content varied depending on
the implant supplier; however, general trends were observed. Amorphous regions were predominantly found at
the metal interface and decreased toward the outside of the coating, producing a crystallinity graded coating. The
distal end of the implant, where heat build-up was more likely during the coating procedure, displayed a higher
crystalline content and larger crystalline regions. Similarly, the thread apex consisted of more of a crystalline
phase. The results of this study of coating microstructure may be used to improve the quality and performance of
implants and may help to explain different in vivo responses to the many available varieties of hydroxyapatite-

coated dental implants.
(INT J ORAL MAXILLOFAC IMPLANTS 1998;13:601-610)
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he implant system is very versatile and includes a

range of sizes, shapes, coatings, and abutments.
Implant length can be chosen to fit the available
bone and the abutment selected in a size and angle to
accomodate the final restoration. Implant shape,
which has received significant attention, is usually of
a cylindric press-fit or screw-type design. The selec-
tion of implant shape is determined by the available
bone type and personal preference. A threaded
implant provides immediate fixation but can only be
placed where sufficient bone is available. The
implant surface further affects the fixation and stabi-
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lization of the implant. For example, a stepped cylin-
der such as the Tuibingen?2 and screw-type implants
have more surface for bonding compared to a press-
fit implant. However, a porous coating on a cylinder
can achieve more bone contact per implant length
than a threaded design.* Other alternatives for sur-
face modification of implants include a roughened
surface, such as a grit-blasted titanium surface,>8
microgrooved or plasma-sprayed titanium,” and a
plasma-sprayed hydroxyapatite coating.
Hydroxyapatite coatings deposited by thermal
spraying® have been used on dental implants!® and
orthopedic prostheses!! for more than a decade.
They have provided a rapid and stronger fixation to
the surrounding bone in femoral implants.’2 In the
dental application, the osteoconductive effect of
hydroxyapatite has produced enhanced bone growth
in type 3 and type 4 bone and could be a key factor in
increasing implant fixation.'® The utility of hydroxy-
apatite in the form of a coating is being investigated
in situations that may find application in the clinical
setting. Experimental studies on animals have shown
that hydroxyapatite-coated implants may be used in
fresh extraction sites!* and immediately loaded appli-
cations.’® The potential benefits of hydroxyapatite
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continue to fuel the impetus to improve both the
coating performance and implant integration. Many
commercial vendors and others offer numerous
hydroxyapatite-coated implants from the selection of
available implant shapes.

The advantages of hydroxyapatite are only useful if
bonding is maintained at the metallic substrate—coat-
ing interface, the coating-bone interface, and within
the coating. Coatings deposited on titanium some-
times have failed because of exfoliation,'® delamina-
tion,X-19 or release of coating segments.?’?1 These
failures have stimulated an interest in examining the
implants at a more detailed level.

In a fashion similar to machined titanium
implants, which have undergone intense scrutiny,?223
hydroxyapatite coatings have also undergone exami-
nation, and findings indicate that they vary consid-
erably among different vendors.?* A study of the
amorphous phase content in plasma-sprayed
hydroxyapatite coatings on implants from different
vendors revealed a range of 40 to 80 wt%2>%6 (Fig 1).
In these studies, x-ray diffraction was conducted on
the coating after it was removed from the implant
and ground to a fine powder.

Presence of the amorphous phase has been
reported in studies of hydroxyapatite-coated dental
implants using x-ray diffraction. This information has
provided the overall amorphous phase content when
conducted on a powdered coating, or the composi-
tion to a depth of 10 um in the outside layer of the
coating when examined de novo (with copper potas-
sium alpha radiation) (unpublished data, 1997).
However, analysis of the coating microstructure pro-
vides information that cannot be revealed in an x-ray
diffraction pattern. Examination of the coating cross
section is an important and accepted means of evalu-
ating thermal-spray coatings. The location and size of
the amorphous phase can be readily ascertained with
light microscopy, and this information will provide an
insight into the performance of the coating. In this
paper, data are presented from a microscopic study
of hydroxyapatite coatings, including the size, distrib-
ution, and location of the amorphous phase in coat-
ings from different commercially available implants.
Crystallinity in this article does not refer to nanocrys-
talline regions, but rather to clearly defined regions
that do not include the crystalline phase.

Materials and Methods

Screw-type and cylindric implants with a hydroxyap-
atite coating were obtained from Dentsply (Encino,
CA), Imtec (Ardmore, OK), Interpore (Irvine, CA),
LifeCore (Chaska, MN), and Steri-Oss (Loma Linda,
CA). These implants were fixed to a mounting block
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with cyanoacrylate adhesive and cut sagittally using a
diamond saw set at a low speed so as to minimize
coating delamination. Lubrication during cutting
ensured that wear debris were continuously removed
from the freshly cut surface. Sectioning of each
implant required a period of 30 to 40 minutes.

Sectioned implants were cleaned with ethanol and
mounted in a slow-curing (24-hour) epoxy resin
before metallographic polishing. Specimens were
ground flat on 400-grit silicon carbon paper and pro-
gressively ground on 800- and 1000-grit papers before
being polished with diamond paste. Final polishing
with a 0.05-pm alumina paste ensured preferential
removal of the softer amorphous phase. This final
stage was critical since excessive polishing produces a
“more difficult to interpret” coating with less amor-
phous phase accompanied by a deeper topography.

Materials with a lower density, such as an amor-
phous phase, possess a smaller index of refraction.
According to Fresnel’s formula, the fraction of light
reflected from a crystalline surface will be greater
than that from an amorphous material surface of the
same composition, based on the higher refractive
index material of the more dense crystalline phase.?’
The crystalline phase will thus be brighter than the
amorphous phase. Preferential removal of the amor-
phous phase on polishing will result in small, light-
grey, raised plateaus in the microstructure, whereas
the amorphous phase will be set lower and have a
darker-grey appearance. The crystalline portion of
the coating may consist of a small number of trical-
cium phosphate, calcium oxide, and other phases, but
the number of these phases should be small in a
plasma-spray—coated implant?® and thus does not dis-
tinguish it from hydroxyapatite. In the micrographs
shown below, the metallic implant is identified by the
white area located to the left, followed by the coat-
ing, and then the epoxy resin on the right.

The sagittal sections of the polished implant were
examined in a light microscope at a magnification of
400X. A small aperture was employed to decrease
the spherical aberation and a Nomarski interference
method to increase the depth of field and contrast of
the features. The coating on each implant was care-
fully inspected and a section chosen to represent the
typical features in that part of the implant.
Microstructural analysis was then performed on
three areas: at the top, middle, and distal locations, as
shown in Fig 2. When a screw-type implant was ana-
lyzed, the threaded area was inspected to reveal the
area at the apex and root of the thread. Crystallinity
was determined by physically removing the crys-
talline areas from an image enlarged to four times
the size and then determining the area fraction of
this phase with respect to the entire coating area.
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Fig 1 Amorphous phase content of commercially available
hydroxyapatite coatings (from studies by Krauser2> and by Glick
et al?s).

This analysis was conducted only on several coating
microstructures in which the crystalline phase was
defined by large, easily located crystalline areas. The
error in this measurement is 5%.

Results

Substrate Type, Coating Thickness, and Rough-
ness. Coatings have been deposited onto roughened
or precoated implants. Roughening is typically
achieved by grit-blasting to produce a surface with a
roughness of less than 6 um. All of the implants were
prepared in this manner except for one, a press-fit
type of implant to which a metallic bond coat was
applied since the external geometry is less important.
The bond coat has some porosity (as noted by darker
areas in Fig 3a), which is a controllable option in the
thermal-spray process.

The combined effect of the bond coat and par-
tially molten particles in the implant shown in Fig 3a
have effectively produced a larger surface roughness
compared to implants without these coating features.

The surface to be coated is also important for
threaded designs. A rough surface preparation pro-
duced a change in the original thread shape (Fig 4d),
although this did not occur for a similarly prepared
implant, as shown in Fig 4b. The thread was very wide
and shallow for this implant and the influence on the
thread characteristics was therefore less pronounced.

Coating thickness is typically 50 to 100 um for
dental implants, whereas the mean thickness,
assessed at five different points on the coating cross
section for the implants studied, varied from 30 to 75
pm. Thickness was uniform around the implant; how-
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Fig 2 Location of analysis for the cylindric
(left) and screw-type (right) implants.

ever, it tended to increase slightly toward the collar of
the implant (Figs 3a, 3d, and 4a). This slight increase
in thickness at the collar, while not intended in the
design, would however provide a tighter interference
fit with bone, preventing passage of fluid to the lower
end of the implant.

The threaded implants displayed different thread
types. The pitch and thread characteristics were dif-
ferent on each implant. Coating thickness on the
threads was uniform in three cases, but in the fourth
(Fig 4a), it showed nonuniformity on the thread. The
root of the thread was preferentially filled, thus chang-
ing the apparent thread geometry of the implant.

Coating Crystallinity. A map (Fig 5) assists in
the identification of the shape and position of the
crystalline areas. The crystalline phase may appear
(a) rounded, representing the core of a partially
molten particle; (b) of lenticular shape, which is the
core of a flattened molten droplet; (c) recrystallized
in small isolated areas; and (d) crystalline in massive
areas. Formation of these crystalline areas will be dis-
cussed later.

The titanium substrate is located to the left on
each of the micrographs. An epoxy resin mounting
material, used to hold the coating during specimen
preparation, appears grey and may be difficult to dis-
tinguish from the amorphous phase at the outer sur-
face of the coating in Figs 3a and 4a.

The amorphous phase is most easily seen in Fig
3a, where the large crystalline islands appear in an
amorphous “sea.” The white spot is part of the metal-
lic bond coat. Coating crystallinity, or “the amount of
crystalline phase” in the collar and middle of the
implant was 40 to 50%. The majority of the crys-
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Top Middle Distal

Fig 3 Four press-fit implants (a to d), illustrating the coating microstructure of the top, middle, and distal locations of the implant. The
magnification marker represents 20 um. The metallic implant is identified by the white area to the left, followed by the coating in the
middle, and the epoxy resin to the right. Arrowheads in the top of the implant show partially molten particles in a, an amorphous phase
in ¢, and a recrystallized area in d. Arrowheads in the middle of the implant illustrate crystalline lamellae in a and a recrystallized
region in c.
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Top Middle Distal

Fig 4 Coating microstructure of four threaded implants (a to d). The metallic implant is identified by the white area to the left, fol-
lowed by the coating in the middle, and the epoxy resin to the right. The regions in the coating marked with an arrowhead are crys-
talline regions referred to in the text. The microstructure of the distal location of Fig 4a represents the gully of a thread and not the distal
location. A magnification marker represents a length of 20 pm. Micrographs show the entire tip of the thread and therefore have a
smaller magnification.
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Fig5 A cross section revealing an amorphous phase (darker grey) and the various
forms of crystalline phase (lighter grey) in a possible coating assembly.

Table 1  Microstructural Aspects of the Hydroxyapatite Coatings

Implant  Crystallinity Crystallinity Thickness
label (%) Major crystalline form gradient (um)
3a 40-60 Partially molten, lamellar — 30-75
3b 80-100 Lamellar, recrystallized, massive Sagittally 30-50

3c 85-95 Lamellar, recrystallized Thickness 80-100
3d 80-90 Lamellar, recrystallized — 60-90
4a 50-75 Partially molten, lamellar, massive  Thickness, thread tip ~ 30-75
4b 80-100 Lamellar, massive Sagittally 50-75
4c 70-80 Lamellar, recrystallized — 40-75
4d 70-100 Partially molten, lamellar, massive  Sagittally 40-60

talline phase appeared to be located away from the
substrate, either randomly distributed throughout the
collar region or within the center of the coating in
regions near the middle of the implant. An amor-
phous layer is positioned adjacent to the substrate for
both cross sections.

The distal area (Fig 3a) displayed more crystalline
material, about 60%. Again, an amorphous layer lined
the substrate, followed by elongated crystallized
regions of molten droplets. The rounded shape of the
crystalline islands with the contained porosity, located
toward the outside of the coating, was representative
of the powder used for spraying and suggests that
some of the powder received insufficient heat input
during transport through the plasma flame.

A variation in crystalline phase content with coating
location was also apparent in other implants (Figs 3b,
4b, and 4d). Crystallinity increased from 80 wt% (Fig
3b) and 75 wt% (Fig 4b) in the collar region to 100%
distally. The powder used to produce this coating was
totally molten, as was revealed by the elongated shape
of the crystalline segments close to the substrate both
in the collar and middle implant areas.

Small crystallized islands, less than 2 um in size,
were found between the larger crystalline areas.
Identification of the individual features was more
complicated in these coatings. This was most preva-
lent in the middle and distal coating of Fig 3c and in
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the top coating of Fig 3d. The microcrystalline region
was visible in those regions that would have other-
wise been occupied by the amorphous phase. For
example, the area adjacent to the substrate in the col-
lar of the implant in Fig 3c was occupied by the
amorphous phase, but further down the implant,
small crystallized areas filled the area between the
larger crystalline segments. The implant in Fig 3d
depicted this microstructure in the collar portion.

The crystallinity in the first half of the coating
thickness at the top of the implant in Fig 4a was 40
wt%, but the external surface displayed a 75 wt%
crystalline content where large crystalline regions
dominated. The overall crystalline content was about
55 wt%. Analysis of this implant surface with conven-
tional x-ray diffraction would not reveal this depth
dependency.

A higher crystalline content can be observed on
the tip of the thread (Fig 4a). The top area of the
thread, however, had a distinct area of amorphous
phase. The root of the thread was filled with partially
molten particles.

Figure 4c displayed an even coating on the
threads and exhibited a microstructure consisting of
predominantly smaller crystalline regions. Other
implants with this feature included those in Figs 3c
and 3d. Table 1 summarizes the characteristics of the
crystalline phases detected in the coatings.
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Discussion

Substrate Roughness, Coating Thickness, and
Coating Surface Assessment. Substrate surface
roughness can lead to unevenness in thin coatings;
however, surface roughness is an essential processing
requirement to enhance coating adhesion.?® Molten
particles during the coating stage impact and flow
around the jagged asperities of the prepared surface,
thus producing an interlocking effect. This is the
main mechanism for attachment of thermally sprayed
coatings. The intermediate layer used in a press-fit
type of implant (Fig 3a), provided as a bond coat,
produced an increased apparent roughness. This
design of implant coating allows dissolution followed
by bone growth into the porous substrate. In the
event of coating dissolution, the bone may then grow
into the roughened surfaces and establish a mechani-
cal interlock.

One aspect of variability in the implants, which is
not an issue for machined surfaces, is the uneven-
ness of the implant surface. This unevenness is cre-
ated either by the use of a thin coating on a rough
substrate (Fig 3b), by the presence of partially
molten particles on the surface of a coating (Fig 3a),
or by local thickness variations of coatings on threads
(Fig 4a). Placement of these coatings in a prepared
site would produce only isolated areas in contact
with the osseous tissue. These surface variations may
also affect the ease of implant placement into a
tapped osteotomy site. A nonuniform coating (see
Figs 3a and 4a) may require a larger force for
implant placement, thereby subjecting the coating to
higher forces and modifying the bone bed.
Mechanical deformation of the bone could decrease
bone apposition and interface strength in sites of
higher bone density.3°

Studies on the surface integrity of several hydroxy-
apatite coatings after implant placement indicate that
some defragmentation of areas may occur.3! Particles
on the outer surface could also be removed if not
well attached, as in cases of high surface roughness.
A rough coating can be imparted when unmolten or
partially molten particles are transferred to the coat-
ing during the deposition process. These appear as
lightly shaded round particles, about 10 to 30 pm in
size, in Figs 3a and 4a.

Coating uniformity is particularly important when
the implant coating is designed to be slightly porous
S0 as to contain bone morphogenic proteins or drugs
to assist the healing process.323% Surgical drills must
thus closely replicate the contours of the outer body
to prevent coating damage and unnecessary trauma
to the bone. Alternatively, sites may be drilled slightly
larger, allowing osteoconductivity of calcium phos-
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phates to bridge the gap. A new advance in coating
design avoids the use of coating on the distal location,
thus preventing coating delamination from the
implant placed into the dense bone.

Crystallinity in Hydroxyapatite Coatings.
Areas adjacent to the substrate are typically covered
with an amorphous phase, because of the very fast
cooling rate on the metal surface.®* Slower heat dissi-
pation through the previously deposited layer pro-
duces a slower cooling rate for crystallization of part
of the deposited molten droplet. This crystalline area,
which represents the building block of thermally
sprayed coatings, appears as long flattened particles
that can be identified in most of the implants. When
the initial particle size used for spraying has been
very small, the lenticular shapes may be more diffi-
cult to identify (Fig 3c).

Increasing coating temperature during the spray-
ing process to between 500 and 700°C produces crys-
tallization.3® Crystallization can occur as heat is trans-
ported through a previously deposited amorphous
region during the spraying process. Recrystallization
then occurs, producing microcrystalline areas that
grow after the passage of heat and may result in
microcrystalline areas or massive areas. The buildup
of heat will be dictated by the capacity of the implant
to dissipate the heat. This is evident in those loca-
tions of the implant where heat dissipation is the
slowest, such as the distal end (Figs 3b, 4b, and 4d)
or the thread tip (Fig 4a). The apical hole used in
some implant designs, which supposedly offers
advantages in implant stabilization, decreases the
thermal mass and thus increases the likelihood of
crystallization at the tip of the implant from heat
buildup. Recrystallization may also be observed on a
smaller scale. The area adjacent to the substrate in
the top of the implant is amorphous, whereas recrys-
tallized regions are already observed lower on the
implant. Comparison with the small crystallized areas
at the collar portion (Fig 3d) suggests that more heat
was available at the top of the implant. Large areas of
crystallized material are typically associated with
cracks. These form as a response to anisotropic con-
traction within the coating during crystallization.3®
Cracks are an intrinsic part of thermally sprayed coat-
ings®® and should only be a concern when they
become large or are interconnected. Reports of other
coatings have also revealed cracks.3’

Coating temperature may vary within the coating
thickness in additional to implant location. The low
thermal conductivity of hydroxyapatite suggests that
the temperature is likely to reach higher levels on the
external surface of the coating. An example of a crys-
talline gradient may be seen in the top area of the
implant in Fig 4a. Threads on screw-type implants
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are sites where the buildup of heat can produce mas-
sive crystallization. Figure 4a shows that the front
face of the thread, which was subjected to the heat
from the thermal spray torch, has produced a higher
crystalline content, whereas the other side of the
thread has experienced a shadow effect and contains
more amorphous phase.

The cross section of other implants in the litera-
ture®8-39 also revealed microstructures and coating
thickness variations comparable to those reported
here. Another microstructural feature is coating
porosity. Most of the visible porosity in the implants,
identified as small black dots, has been isolated to the
partially molten powders or to large crystalline areas.

Location of the amorphous phase is dictated col-
lectively, by (1) the cooling rate of the molten
droplet, (2) the temperature of the coating, and (3)
the chemical composition of the melt.%? The
microstructures of coatings have indicated that the
amorphous phase usually surrounds crystalline
regions and is more dominant at the substrate as
opposed to the outer surface of the coating.

The occurrence of the amorphous phase is deter-
mined by factors that include powder feedstock,
spraying parameters, and implant design. The small
particle size used for producing thin and even coat-
ings on dental implants has generally produced
higher crystallinity coatings by minimizing the heat
transfer to the powder. The steep angled surface on
some of the threaded dental implants causes more
droplet spreading as is favorable for forming the
amorphous phase. Coating parameters and implant
design collectively determine the nature of the coat-
ing. The plasma-spraying process can be controlled
to produce a coating with the desired crystalline
phase content (up to 100%), thus avoiding posttreat-
ment alternatives to increase the crystalline content.
The substrate temperature, which does not appear to
have been intentionally controlled in the examined
coatings, can facilitate a high crystallinity coating
when used above the crystallization temperature.
Other methods of avoiding the amorphous phase are
presently being investigated.

Evaluation of Hydroxyapatite Coatings.
Previous work has illustrated the preferred dissolu-
tion of the amorphous phase.*t Calcium phosphates
that are resorbed more quickly, both chemically and
cellularly, are accompanied by faster bone formation
around the implant.*? This faster healing accompa-
nied by better initial stabilization*® could decrease
the time for osseointegration. However, the integrity
of the implant may suffer depending on its
microstructure. Histology of the tissue adjacent to
hydroxyapatite coatings has revealed loose particles,
which have been found in the surrounding tis-
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sue.2%44-46 |arger fragments separated from the tip
of threads on screw-type implants have been
detected.*” Analogy to Fig 4b suggests that the mas-
sive crystalline region can be dislodged by preferred
dissolution of the amorphous phase. The action of
higher stress levels on the tip of implants,*® in con-
junction with process-induced stresses,* can acceler-
ate the amorphous phase dissolution. Coatings with
an amorphous phase at the interface may produce a
weaker substrate-coating interface?! over time, which
could lead to delamination.”-50 The preferred
microstructure of those implants examined is the
microcrystalline coating observed in Fig 3c, which
would degrade slowly and uniformly.

The requirements of a placed implant are for it to
be stabilized by the growth of bone up to the implant
and for the epithelium to attach firmly to the neck so
as to isolate the underlying connective tissue and
bone. The coating material in this location must be
stable to avoid rapid coating destruction through
infection. The implants analyzed here contain an
amorphous phase within this location. Oral cleanli-
ness and plaque control are very important to
implant survival.

Issues such as the amorphous phase content and
the distribution and size of crystalline regions must
be considered in implant design. Despite the contro-
versy concerning the benefit of hydroxyapatite coat-
ings,%1-%5 clinical studies have reported high success
rates.810.56.57 |mprovements in the coating quality
will continue to provide high attachment strength
and a more predictable long-term coating perfor-
mance, especially with press-fit implants,58-60

Conclusion

An examination of various commercial implants
revealed that all hydroxyapatite coatings are not iden-
tical. An increase in crystalline content can occur
with thickness toward the apical end of the implant
and on the tips of threads. Crystalline segments vary
from micrometer-sized areas up to the entire coating
thickness, depending on the mechanism of forma-
tion. The different crystallinity of coatings with vari-
able crystalline segment sizes and location suggests
that coating performance can be predicted based on
the coating microstructures.
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