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Abstract: Bulk titanium and CoCr are the most common metals for use in orthopedic implants, but
there are significant advantages in alternative substrates. Research in the last decade has focused on
various alternatives; however, these materials are hindered by the adhesion of hydroxyapatite layers
to non-bulk metal parts. Demonstrated in this work is the ability to grow hydroxyapatite on surfaces
other than bulk metallic parts through the process and characterisation of coating properties. In this
study, hydroxyapatite (HA) is grown from saturated solution onto thin titanium films and silicon
substrates. Its efficacy is shown to be dependent on substrate roughness. The mechanism of the
hydroxyapatite growth is investigated in terms of initial attachment and morphological development
using SEM analysis. Characterisation of hydroxyapatite layers by XRD demonstrates how the
hydroxyapatite forms from amorphous phases to preferential crystal growth along the [002] direction
and TEM imagery confirms specific d-spacings. SEM-EDX and FTIR show adherence to known HA
phases through elemental atomic weight percentages and bond assignment. All data are collated and
reviewed through the lens of different substrates. The results suggest that once hydroxyapatite seeds,
it grows identically regardless of substrate.

Keywords: hydroxyapatite; growth mechanism; characterisation

1. Introduction

The most commonly used bulk materials for knee or hip replacements are chromium–
cobalt or titanium alloys due to their mechanical strength and bio-inertness [1,2]. Although
it is a common metal for use in orthopedic implants, there are concerns surrounding
titanium’s use. The disadvantages of titanium parts include surface propagated cracks,
titanium leeching, patient allergies, requirement to add other metals to the titania, and a
problematic difference between the Young’s Modulus of titanium and natural bone [3–9].

Research over the last decade has focused on alternatives to titanium alloys. Polymers
have considerable potential for use in orthopedic implants due to their mechanical proper-
ties and biocompatibility [10,11]. Experiments on epoxy-coated bamboo fibres found that it
had potential as an implant material that would incur lower aseptic loosening post-joint
replacement due to the fact that its stiffness was close to that of natural bone [12]. The
development of materials for orthopedic parts is hindered by the need to add composites
or nanomaterials to improve the adhesion of osteoinductive hydroxyapatite (HA) lay-
ers [13,14]. Reviews have called for solution-based HA deposition, which uses a material
containing polymeric particles, to be deployed as a gateway to implementing polymeric
based implants [15].
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The research presented in this paper demonstrates the deposition of HA onto alter-
native substrates that would enable the effective creation of orthopedic implants from
other materials. A novel method of solution deposition whereby phase, porosity and
coating integrity are matched to existing HA properties is employed. Titanium coupons (Ti
coupons) are used to model standard orthopedic parts. Novel substrates are crafted into
the form of planar silicon and titanium thin films and are used to investigate the HA films
formed on different surfaces. The data presented regarding titanium thin films show that
HA can be deposited onto a <100 nm thick Ti film without the need to use bulk titanium,
paving the way for the use of alternative substrates.

2. Materials and Methods

All materials and reagents were used as received. Monobasic potassium phosphate
(KH2PO4) United States pharmacopeia (USP) reference standard, Honeywell Fluka hy-
drochloric (HCl) acid solution 6M, Tris(hydroxymethyl)-aminomethane (TRIS) ACS reagent,
99.8% sodium chloride (NaCl) BioXtra, and 99.5% calcium nitrate tetrahydrate (Ca(NO3)2.
4H2O) ACS reagent were all obtained from Sigma Aldrich. KH2PO4, TRIS and NaCl were
mixed in deionized water (DIW) to yield a supersaturated phosphate solution. HCl was
added to added to increase solubility stability and prevent precipitation. Ca(NO3)2.4H2O
was mixed with DIW to yield a supersaturated calcium solution. For deposition, the su-
persaturated solutions were combined before dilution by a factor of 5–10 and warming to
40–50 ◦C. The mixture was then agitated in a reaction vessel. Four-inch silicon wafers were
used as received and a subset of these underwent e-beam evaporation–deposition (Temescal
FC-2000) to generate 100 nm thin titanium films. Titanium coupons of Ti-6Al-4V alloy were
also used. All substrates were submerged in hot basic solutions to increase their roughness
and foster a more negatively charged surface to which calcium ions could attach [16,17].
Substrates were placed in the reaction vessel for deposition and then removed and rinsed
with DIW. This process was repeated several times with fresh solutions to grow a coherent
layer of HA at the solution–substrate interface.

Atomic force microscopy (AFM) was performed using an aXE-7, Park Systems AFM
non-contact cantilevers. Scanning electron microscopy (SEM) data were collected using a
Carl Zeiss Ultra Microscope equipped with an in-lens detector. An accelerating voltage of 5
to 10 kV was used. Energy-dispersive X-ray spectroscopy (EDX) spectra were acquired at
15 kV on an Oxford Inca EDX detector. X-ray diffraction (XRD) patterns were acquired using
a Bruker Advance Powder Diffractometer (Cu-Kα radiation with λ = 1.5406 Å, operating
voltage of 40 kV and current of 40 mA). Measurements were performed in the 2θ range
from 10◦ to 60◦ at steps of 0.004◦. Transmission electron microscopy (TEM) was performed
on an FEI Titan 80–300 microscope. Lamellae for TEM cross-section images were prepared
on a Zeiss AURIGA Focused Ion Beam (FIB), obtaining accelerating voltages of 5–30 kV and
ion beam currents of 50 pA–2 nA. Fourier transform infrared spectroscopy (FTIR) spectra
were obtained using Perkin Elmer’s Spotlight 200i benchtop device with attenuated total
reflectance (ATR, 4000–500 cm−1, 8 scans, and 4 cm−1 resolution diamond crystal).

3. Results

After the activation of the subjects, AFM was performed and XEI software was used to
calculate roughness values in terms of average roughness (Ra) and peak-to-valley roughness
(RPV) in nanometers for each substrate. The Ra of the novel substrates was <100 nm, with
the RPV being 125–150 nm. Although this was lower than that of the titanium coupons, the
roughness was in the same order of magnitude, as shown in Figure 1(1).



Mater. Proc. 2023, 14, 34 3 of 6

Mater. Proc. 2023, 14, x 3 of 6 
 

 

in Figure 1(2a–2c). All three substates generated initial calcium attachment in discrete ar-
eas where there were surface groups for bonding. From this initial nucleation, heteroge-
neous growth of needle-like cobweb structure emerged as phosphate groups bonded to 
the calcium. Additionally, wider surface coverage was achieved identically for all three 
substrates, as shown in Figure 1(2a–2c). In order to delve deeper into the growth mecha-
nism throughout HA deposition runs, XRD patterns were recorded after 2, 4 and 6 process 
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followed the growth pattern of a typical titanium part through the emergence of CDHA 
and HA characteristic peaks at given stages in the deposition. The XRD study implied that 
(i) silicon had some CDHA phase, but that it also had the least counts and therefore the 
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post-activation as measured by atomic force microscopy; (2) Scanning Electron Microscopy images 
taken at 5 kv using inLens detector of samples after the first hydroxyapatite deposition run (a): sili-
con substrate, (b): titanium thin film substrate and (c): titanium coupon part. (3) X-ray diffraction 
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silicon (grey line), Ti thin film (red line) and Ti coupon (blue line), (a): post-activation prior to any 
HA deposition, (b): post-2 HA deposition runs, (c): post-4 HA deposition runs and (d): post-6 HA 
deposition runs. 

FIB lamellae were cut through HA films deposited onto all three substrate types and 
subsequent TEM cross-sectional analysis allowed for film thickness to be measured. Sili-
con HA coating measured roughly 1.5 µm, Ti thin films HA coating roughly 5µm and Ti 
coupon parts’ HA coating roughly 6–7 µm in thickness, as shown in Figure 2(4a–4c). TEM 
imagery showed HA with clear layers from the deposition cycles and pockets differing 
crystal orientations within an amorphous matrix, as shown in Figure 2(4d–4f). High reso-

Figure 1. (1) The average roughness (Ra) and peak-to-valley (RPV) roughness of the three substrates
post-activation as measured by atomic force microscopy; (2) Scanning Electron Microscopy images
taken at 5 kv using inLens detector of samples after the first hydroxyapatite deposition run (a):
silicon substrate, (b): titanium thin film substrate and (c): titanium coupon part. (3) X-ray diffraction
patterns in terms of counts per second versus diffraction angle of 2θ collected for all three substrates
silicon (grey line), Ti thin film (red line) and Ti coupon (blue line), (a): post-activation prior to any
HA deposition, (b): post-2 HA deposition runs, (c): post-4 HA deposition runs and (d): post-6 HA
deposition runs.

It was possible to see the effect of this roughness and surface activation after running
HA deposition, whereby SEM topography had lighter areas of mineral deposits, as shown
in Figure 1(2a–2c). All three substates generated initial calcium attachment in discrete areas
where there were surface groups for bonding. From this initial nucleation, heterogeneous
growth of needle-like cobweb structure emerged as phosphate groups bonded to the cal-
cium. Additionally, wider surface coverage was achieved identically for all three substrates,
as shown in Figure 1(2a–2c). In order to delve deeper into the growth mechanism through-
out HA deposition runs, XRD patterns were recorded after 2, 4 and 6 process runs, as
shown in Figure 1(3). Both Ti thin films and silicon had substrate peaks around 33◦. These
diminished as the HA layer grew on the surface Figure 1(3a). These XRD diffractograms
showed that the first detection of mineral growth was characteristic of HA planes (HA)
such as [211], [112] and [310] around 32◦. However, as the process continued, the mineral
formed was calcium-deficient HA (CDHA), as indicated by the [002] plane at 26◦ [18–20].
After 2 process runs, the Ti thin film parts showed predominant sharp peaks of HA, but
the silicon part did not show these until after 4 process runs, implying slower and less
mineral growth for silicon, as shown in Figure 1(3b,3c). The Ti thin film samples followed
the growth pattern of a typical titanium part through the emergence of CDHA and HA
characteristic peaks at given stages in the deposition. The XRD study implied that (i) silicon
had some CDHA phase, but that it also had the least counts and therefore the least material,
and (ii) that the Ti thin film had a lower quantity of the same phases as the Ti coupon.

FIB lamellae were cut through HA films deposited onto all three substrate types and
subsequent TEM cross-sectional analysis allowed for film thickness to be measured. Silicon
HA coating measured roughly 1.5 µm, Ti thin films HA coating roughly 5µm and Ti coupon
parts’ HA coating roughly 6–7 µm in thickness, as shown in Figure 2(4a–4c). TEM imagery
showed HA with clear layers from the deposition cycles and pockets differing crystal
orientations within an amorphous matrix, as shown in Figure 2(4d–4f). High resolution
TEM images showed ordered lattice fringes for all three substrates and under analysis
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these d-spacing were comparable to the XRD data peaks (CDHA of 0.34 nm and Pure HA
0.274–0.28 nm) Figure 2(4g–4i).

Further chemical analysis of the HA layers was carried out on samples post-full
deposition. From FTIR it is evident that silicon substrate had the strongest indication
of absorbed water in the HA layer, as shown in Figure 2(5a). All substrates had strong
vibrational peaks within the known phosphate region of 700 to 1300 cm−1, as shown in
Figure 2(5b) [21,22]. All substrates demonstrated a matching ratio between the largest
peak for v3 PO4

3− and shoulder peak of v1 PO4
3−. Compared to the titanium samples,

the silicon samples showed greater absorbance of HPO4
2− in agreement with the XRD

data. Only Ti coupons samples had a shoulder peak for pure HA. SEM analysis of the HA
films post-deposition unveiled good coating integrity and similar morphologies for both
Ti samples, but the silicon samples had less repeatable porosity and interconnectivity, as
shown in Figure 2(8a–8c). The EDX analysis of these areas supported the calculation of
the calcium-to-phosphate ratio (Ca:P) and oxygen atomic percentage (O at%) of these HA
films, as shown in Figure 2(6a,6b). Silicon had the lowest Ca:P at 1.25 ± 0.12, but the Ti thin
film was 1.36 ± 0.14, very close to a Ti coupon at 1.38 ± 0.07, as shown in Figure 2(6b).
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Figure 2. (4(a–i)): Transmission electron microscopy cross-sectional images of lamellae cut through
HA layers, 1 µm scale, 50 nm scale bar and higher magnification nanometer scale; (a,d,g): cross-
section of the HA layer over silicon substrate; (b,e,h): cross-section of the HA layer over Ti thin
film substrate; (c,f,i): cross-section of the HA layer over Ti coupon part. (5): Fourier transform
infrared spectra (a) in the absorbed water region of 4000–2000 cm−1 and (b) in the phosphate region
of 1300–700 cm−1 of the full deposited HA layer over all three substrates: silicon (grey line), Ti thin
film (red line) and Ti coupon (blue line). (6) Collated electron-dispersive X-ray data showing mean
and error bars for the atomic percentage of (a) oxygen (O at%) and (b) calcium-to-phosphorus atomic
percentage (Ca:P) found in the HA film deposited over silicon, Ti thin film and Ti coupon parts.
(7) Crystal structure of hydroxyapatite. For better visualization, some atoms have been removed from
the diagram. The diagram has been constructed from the literature [23,24] and using (8) scanning
electron microscopy images taken at 5 kv using inLens detector of samples after 6 HA deposition
runs; (a): silicon substrate; (b): Ti thin film substrate; and (c): titanium coupon part.
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The unit cell of pure HA, formula C10(PO4)6(OH), had hydroxyl ions at the corners of
the planes; additionally, phosphate anions and Ca2+ cations formed a hexagonal P63/m
space group, as seen in Figure 2 (7). Other phases of HA exist, and from the data herein
it became clear that HA films formed from this solution deposition process were a com-
bination of phases. From literature, pure HA had a Ca:P of 1.67 and O at a % of 34.9%,
amorphous calcium phosphate (ACP) CaxHy(PO4)z·nH2O had a varying Ca:P and O at
a %, and octacalcium phosphate (OCP) Ca8H2(PO4)6·5H2O corresponded to a calcium-
deficient HA phase which had a Ca:P of 1.33 with an O at a % of 39.7%. The Ca:P of all
three samples heavily indicated the predominant formation of OCP, which supported the
XRD observations. Samples in this study had O at a % of 52 ± 6% for silicon, 60 ± 3.5%
for Ti thin film and 62 ± 2% for Ti coupon, meaning that all three possessed a higher
oxygen content than the known phases. This implied the presence of ACP and hydrogen
phosphates, but also the presence of adsorbed water and oxides around the lattice. Silicon
samples showed the highest % of O, again implying the lowest pure HA content.

4. Conclusions

A successful method of deposition of hydroxyapatite films using a novel colloidal solu-
tion deposition process and its efficacy in creating non-bulk titanium parts was confirmed
in this work. AFM analysis showed that although the two novel type substrates were
less rough than a typical titanium part, SEM data proved that HA mineral deposits were
generated after the first process run. XRD revealed the pathway by which HA grows within
this process for a typical titanium part and that a Ti thin film parts follow this mechanism
closely, but also that silicon has a slower growth mechanism. Through TEM analysis, the
thickness and crystallinity of layers were compared. While silicon was found to have less
material, all three substrates had crystalline pockets within an amorphous matrix. The
chemical composition of the film, determined from FTIR and SEM-EDX data, showed that
all three had ACP and OCP present with a limited proportion of pure HA, but that the
silicon had higher impurities.

Overall, we confirmed that a Ti thin film can support the growth of an HA layer when
matched to a Ti coupon part. This opens the possibilities of coating non-bulk metallic
orthopedic implants.
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