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ABSTRACT

Physical vapor deposition methods used for hydroxyapatite (HA) coatings typically require elevated substrate temperatures and post-
deposition annealing to induce crystallization. However, such thermal treatments can degrade both the mechanical integrity and bioactivity g

of the coating, particularly when substrate temperatures exceed 500 °C. The mechanisms underlying these phenomena remain insufficiently
understood. In this study, HA thin films were deposited on silicon and Ti6Al4V substrates using pulsed laser deposition and were systemati- &
cally characterized to elucidate these mechanisms. XPS and SIMS analyses revealed a temperature-dependent loss of OH™ and PO3™ groups, $
an increased Ca/P ratio, and the formation of interfacial oxides, all of which contribute to weakened adhesion. To clarify the temperature- §
dependent decline in bioactivity, protein adsorption behavior was analyzed using a Kramers-type kinetic framework; the fitted desorption
kinetics indicate that coatings deposited near ~500 °C provide the most stable protein attachment, whereas higher temperatures accelerate ~
desorption due to dehydroxylation and carbonate substitution. Together, these findings provide mechanistic insight into the thermal degra-
dation of HA coatings and offer a framework for optimizing deposition parameters to preserve stoichiometry, adhesion, and bioactivity for
long-term biomedical applications.
© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0297660
I. INTRODUCTION phosphate (CaP) phases tfnd to decompose over time in saline
Metallic implants (stainless steel 316L, Co—Cr, and Ti alloys) human body environment. . .
provide strength and corrosion resistance, but lack intrinsic bioac- N“mer"F‘S deposition routes exist for HA coatings [plasma
. ) . . . . spray, sputtering, pulsed laser deposition (PLD), chemical/electrode-
tivity, which can impede osseointegration and complicate . . . o .

R . . . . . . . position, and hybrids], each with characteristic trade-offs in crystal-
healing. "~ Improving the tissue-implant interface with bioactive lini . . .

K . . . . i inity, phase purity, adhesion, and processing temperature. However,
c9at1ngs %S therefore Cntlczfd for clinical performance. The 1no.rgan1c each method presents characteristic limitations or challenges inherent
blor.naterlal hydroxyapatite [HA, Calo(PQ4)§(OH)z]’ with 2 processing parameters. Achieving a uniform and crystalline
calcium-to-phosphorus (Ca/P) ratio of 1.67, is widely used because coating with high surface adhesion using this technique is very chal-
its composition and ion-exchange behavior closely resemble bone lenging. Dip coating is a straightforward technique for applying HA
mineral, supporting osteoconductivity, biocompatibility, and con- coatings on metallic materials. However, it has a critical flaw—poor
trolled resorption.”™® Additional functionalities such as osteoinduc- bonding strength of HA to the metal surface. Additionally, amor-
tivity can be engineered through strategies like ion-substitution.” phous HA coatings are soluble in the human body and brittle under
However, coating non-degradable and functional HA films poses a deformation,” whereas crystalline films offer better mechanical
significant challenge because amorphous films and other calcium fatigue resistance and are stable in implants.'’
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Among these, PLD enables near-stoichiometric transfer and
fine control of ambient conditions, fluence, and substrate tempera-
ture, yielding dense coatings with good adhesion."'™"* Many studies
report that in situ and post-deposition annealing at elevated tem-
peratures (above 400 °C) is a necessary step to achieve crystalline
HA, which promotes stability in human body fluids."*'°

In PLD, as well as in sputtering or molecular beam evapora-
tion systems, high substrate temperatures are typically employed to
promote film crystallinity and adhesion. This leads to issues such
as the degradation of HA into other Ca-P phases that are far less
stable compared to HA."” Numerous studies have reported the
transition from HA to a- and f-tricalcium phosphate (TCP), tetra-
calcium phosphate (TTCP), and other unwanted phases of CaPs
that are far less stable in the human body environment compared
to HA.">'®'% In fact, previous studies revealed that the order of
relative  solubility of CaPs is as follows: ACP > DCP
> TTCP > a — TCP > 8 — TCP > HA,"”" where ACP and
DCP are abbreviations for amorphous and dicalcium phosphate.
Among all phases, the crystalline phase of HA exhibits the highest
stability while keeping its main bioactive and biocompatibility
properties,'* unlike the amorphous phase.

The obtaining of crystalline HA typically involves thermal
treatment. However, in our previous work, we observed a decline in
bioactivity, cell proliferation, and structural properties of HA coat-
ings at elevated substrate temperatures.'” Addressing these issues is
essential for producing HA coatings that comply with ISO
standards.””™** Therefore, a thorough understanding of the under-
lying chemical and physical mechanisms is necessary for optimiz-
ing coating performance.

While HA coatings by PLD onto metallic substrates explor-
ing their crystallinity, adhesion, composition, or in vitro bioactiv-
ity under various conditions have been extensively studied,” ™’
none of them gave conclusive answers to what kind of mecha-
nisms are involved in the degradation of adhesion and bioactivity
properties, apart from possible hypotheses or description of
partial processes. This work tackles the problem through
temperature-resolved mechanistic dissection of how thermal dep-
osition conditions degrade HA film integrity and adhesion. We
combined elemental and phase analysis methods in XPS, EDS,
and XRD with SIMS depth profiling across a broad temperature
range, room temperature (RT) to 800 °C, to elucidate (i) the com-
positional drift (loss of volatile OH™ and POj~ species), (ii) the
emergence of interfacial oxide/diffusion layers, and (iii) the cou-
pling between compositional, structural, and interfacial changes
leading to adhesion loss. This mechanistic linkage across multiple
scales has not been systematically elaborated previously.
Furthermore, the aim of this study was also motivated by the
decline in bioactivity and mechanical performance noted in our
recent work,'” which aligns with common observations from
other groups as well. To conclude, HA coatings improve the
properties of AZ31B alloys, but only up to 200 °C. Beyond this
threshold, mechanical properties and corrosion resistance are no
longer maintained.”

Overall, a detailed understanding of these degradation mecha-
nisms provides the foundation for addressing the specific factors
needed to produce high-quality HA coatings suitable for industrial-
standard implant applications.

ARTICLE pubs.aip.org/aip/jap

Il. MATERIALS AND METHODS
A. HA coating

HA thin films were deposited onto Si(100) and Ti6Al4V (Grade
5) substrates. Ti6Al4V coupons (x15x 15 mm?) were mechanically
polished (SiC to 1000 grit, then 0.05um colloidal silica/alumina) and
solvent-cleaned prior to loading. Depositions were performed in UHV
(base pressure ~10°Torr; working pressure ~107°Torr) using a
rotating dense HA target. A nanosecond Nd:YAG source operated at
532 nm, 5ns, 10 Hz with fluence ~7.4] cm ™% the beam was focused
to ~1 mm and incident at 45°. Target-substrate distance was ~4 cm
and deposition time was 1h. Substrate temperatures were RT, 300,
500, and 800 °C (~5°C min~" heating/cooling).

B. Structural characterization

Surface morphology and cross sections were examined by
SEM; surface topography by AFM (100 x 100 um? scans). Phase
analysis used XRD (Cu Ka, 30kV). Composition and Ca/P ratios
were assessed by EDS and XPS. High-resolution XPS spectra (Ca
2p, P 2p, O 1s, C 1s) were charge-corrected to C 1s =284.8 eV; fits
used Shirley background and mixed Gaussian-Lorentzian line
shapes with standard spin-orbit constraints. FTIR was used to
identify hydroxyl and carbonate features where relevant.

C. TOF-SIMS depth profiling

Dual-beam TOF-SIMS was employed to probe through-
thickness composition and the coating/substrate interface. Analyses
covered ~200 x 200 um* within a ~500 x 500 um? sputter window
using Cs* at 2keV; profiles extended to ~6.5um depth under
UHV (~107'"mbar). SIMS signals were used to track relative
trends (e.g., C/CO3™, O/H, and Ti/O) vs. temperature; absolute
concentrations were not assigned without external normalization.

D. Protein attachment study

Protein adsorption and desorption behavior were evaluated
using Bovine Serum Albumin (BSA) as a model protein to assess
the bioactivity of the HA coatings. The experimental procedure for
protein adsorption and desorption measurements, including
sample preparation, incubation, and quantification steps, was iden-
tical to that described in Ref. 17. In the present work, these previ-
ously obtained experimental data were reanalyzed using Kramers’
kinetic model to extract quantitative desorption rate constants and
activation barriers associated with protein-surface interactions.
This reanalysis provides a new theoretical interpretation of linking
surface chemistry, deposition temperature, and protein binding
stability.

lll. RESULTS AND DISCUSSION

A. SEM-EDS analysis: Morphology and change in the
Ca/P ratio

The SEM images and EDS spectra of HA thin films deposited
onto titanium substrates, shown in Fig. 1, were analyzed to evaluate
the surface morphology and elemental composition, along with sto-
ichiometry. The presence of characteristic oxygen, calcium, and
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FIG. 1. EDS spectra of HA coatings deposited onto Ti6AI4V at various substrate temperatures: (a) RT, (b) 300, (c) 500, and (d) 800 °C.

phosphorus peaks originating from the target material could be
seen.

The Ca/P ratio of the target was 1.67, corresponding to stoi-
chiometric HA. Stoichiometric deposition was achieved at RT and
300 °C, as indicated in Fig. 1.

The thickness of thin films is of high importance in determin-
ing the fatigue life of biomedical implants. Previous studies have
indicated that, for HA coatings, thicknesses up to 100 um are pre-
ferred for enhancing mechanical fatigue resistance.'™*”"’ In our
case, the film thickness was around 2.35 um after 30 min deposition
time. One advantage of PLD is that the thickness of the film can be
easily controlled by varying laser parameters such as power, wave-
length, and repetition rate. The deposition rate was calculated to be
78.33 nm/min. As observed in Figs. 2(a)-2(c), the HA coatings
deposited at RT exhibit higher porosity and uncondensed particu-
lates. In contrast, coatings obtained at elevated substrate tempera-
tures display reduced porosity.

However, at a substrate temperature of 800 °C, a noticeable
degradation of the film structure is evident. Figures 2(d)-2(f)
present the AFM scans over a 100 x 100 um? area. In the corners of
each AFM scan, one can observe the corresponding surface rough-
ness average (R,) and root mean square roughness (R,) values. The
deposition performed at RT exhibited the highest surface rough-
ness, followed by the coating obtained at 500 °C, while the sample
deposited at 800 °C showed the lowest roughness values. This trend
is consistent with expectations, as higher substrate temperatures
provide increased surface mobility for adatoms and particulates,
promoting film densification and structural reorganization. As a
result, smoother and more crystalline films are formed at elevated
deposition temperatures.

One of the key problems related to high-temperature deposi-
tion of HA is the deterioration of adhesion strength. It is well estab-
lished that increasing the substrate temperature beyond a certain
threshold can negatively impact the interfacial bonding between the
HA coating and the metallic substrate. Several studies have reported

reduced adhesion of HA coatings on Ti6Al4V and other metal sur-
faces at elevated temperatures.” >’ This process is also evident in
Fig. 2, where the HA deposition performed at the highest tempera-
ture exhibits structural discontinuities and loss of uniformity, indic-
ative of compromised adhesion.

These observations are further supported by SIMS depth pro-
filing, as shown in Fig. 4, which reveals the formation of a pro-
nounced oxide layer at the HA coating-substrate interface at
elevated substrate temperatures. The significant increase in oxygen
signal intensity at the interface suggests extensive oxidation of the

metallic surface, likely due to prolonged thermal exposure. This ¢

finding provides strong evidence of interfacial degradation and
highlights the critical role of oxide layer formation in weakening
the adhesion between the HA coating and the underlying Ti6Al4V
substrate.

B. Protein desorption from HA surfaces

Protein adsorption and desorption play a crucial role in deter-
mining the biological performance of HA coatings.””> Upon expo-
sure to physiological environments, proteins rapidly adsorb onto
the material surface, forming a dynamic interfacial layer that
governs subsequent cellular responses, including adhesion, prolifer-
ation, and differentiation. The composition, conformation, and
stability of this adsorbed protein layer are influenced by multiple
surface characteristics, such as morphology, charge distribution,
crystallinity, and chemical composition.”* These surface properties
are, in turn, strongly dependent on the deposition temperature and
other processing parameters employed during film growth,’*'>!"*
Protein adsorption-desorption behavior was reexamined using the
BSA desorption dataset previously reported in Ref. 17, Fig. 3. In the
present study, the time-dependent desorption curves were reanalyzed
within the framework of Kramers’ kinetic theory in order to extract
quantitative descriptors of the desorption process and to relate these
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FIG. 2. Cross-sectional SEM images of HA coatings deposited onto Ti6AI4V at (a) RT, (b) 500, and (c) 800 °C. (d)—(f) corresponding top-view AFM scans over a
100 x 100 um? area for the coatings shown in (a)-(c), respectively. The line profiles in each AFM scan illustrate the surface topography and roughness features of the

films.

parameters directly to the deposition temperature-dependent evolu-
tion of the HA films.

For each temperature condition, the experimental desorption
profiles were fitted to obtain characteristic time constants (1),
which represent the average time scale over which adsorbed pro-
teins detach from the surface. The uncoated Ti6Al4V substrate
exhibited the fastest desorption, with T~ 116 + 3 h, consistent with
its relatively low surface energy and limited density of hydroxyl and
phosphate groups that promote protein anchoring. In contrast, HA
coatings deposited at 500 °C showed the highest protein retention
(t &~ 147 £2h), indicating the formation of a surface with optimal
crystallinity and chemical functionality for stable protein attach-
ment. Coatings produced at 800 °C displayed substantially reduced
T values (~81+1h), reflecting a marked decrease in protein-
surface affinity.

Although the qualitative trends in protein retention were
identified in the earlier study, the present work provides a new
quantitative interpretation by linking the extracted t values to
thermally driven modifications in the HA film’s structural and
chemical characteristics. Specifically, application of Kramers’
theory allows the desorption rate constant to be expressed in
terms of an effective energy barrier, E,, associated with protein
detachment. Moderate deposition temperatures (300-500 °C)
increase film density and crystallinity, thereby enhancing the
number and stability of protein-binding sites such as surface
hydroxyls. At higher temperatures (>700-800 °C), however, dehy-
droxylation, phosphate loss, and partial phase decomposition,
supported by SIMS, XPS, and XRD in Secs. III A-III C, reduce
the availability of these chemical groups and disrupt the nano-
scale topography that supports stable protein adsorption. These
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changes collectively lower the effective E,, resulting in accelerated

protein release.

Thus, by combining reanalyzed desorption data with a theo-
retical kinetic model, this study reveals a mechanistic connection
between thermal processing, surface chemistry, and protein-surface
interactions. The analysis demonstrates that intermediate deposi-
tion temperatures yield the most favorable balance between crystal-
linity and chemical stability, while excessive heating compromises
bioactivity through reduced protein retention. This expanded inter-
pretation represents a significant advance beyond the qualitative
observations originally reported in Ref. 17, providing a deeper
understanding of how processing conditions influence biological

functionality in HA coatings.

C. SIMS investigation

To gain deeper insight into the decrease in coating adhesion
observed at elevated substrate temperatures, as well as the corre-

sponding increase in the Ca/P ratio identified through SEM (Fig.

2)

and XPS analyses (Figs. 5-7), SIMS measurements were conducted.
SIMS is a valuable technique to determine elemental composi-
tion along the interface and thickness. Figure 4 presents the ele-

mental distribution of C, CO,, CO3™, H, and O as a function

of

depth for coatings deposited at RT, 500, and 800°C. Carbon
content increases significantly with increasing deposition tempera-
ture, particularly at 800 °C, suggesting contamination or thermally
induced reactions leading to higher incorporation of carbon-based
species. Similarly, CO, and COZ™ concentrations rise, indicating

carbonate substitution of phosphate (PO3~) at high temperatures.

It should be noted that SIMS primarily provides qualitative
information, and the absolute concentration of light elements such
as carbon cannot be accurately determined without appropriate
normalization—e.g., via electron microprobe analysis (EMPA),

effective matrix factors (EMF), or other calibration protocols. In ¢

this study, SIMS data were therefore used to evaluate relative trends
in elemental distribution as a function of temperature, rather than
to extract absolute concentrations. Similar qualitative interpreta-
tions of carbon- and carbonate-related SIMS fragments in
HA-based and CaP-based biomaterials have been reported in
several recent works.

The observed increase in carbon- and carbonate-related sec-
ondary ion fragments with rising deposition temperature aligns
with recent reports on carbon incorporation and interfacial modifi-
cation in HA-based coatings and nanocomposites.”* " These find-
ings support our interpretation that thermal exposure promotes
carbonate substitution and induces structural evolution within HA
coatings. This process is expected as HA undergoes thermal
decomposition, leading to the replacement of phosphate groups
with carbonate species.

The SIMS data also reveal that at low temperatures such as
RT, the levels of C and CO3~ decrease significantly beyond a depth
of 4 um, indicating that the surface layer composition differs from
the underlying material. This decrease in carbon content at greater
depths could contribute to the observed changes in adhesion at
higher deposition temperatures. Indeed, Cotell ef al. have attributed
similar degradation in adherence of HA coatings on Ti6Al4V to
elevated substrate temperatures, especially noting a marked decline
in adherence for coatings deposited above 600°C.” This analysis
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FIG. 4. SIMS elemental composition analysis of HA coatings across their thickness: (a) composition of C, CO,, and CO3~ and (b) composition of O and H.

shows the importance of controlling deposition parameters to
achieve coatings with desirable properties for specific biomedical
applications.

It is also important to note that, despite the observed decrease
in adherence at elevated temperatures—from 38-40 to 27 MPa the
values remain well above the minimum threshold of 15MPa
required by ISO standards for HA coatings."’ Overall, these find-
ings are in agreement with previously reported results for HA and
biologically derived- or doped-HA coatings deposited by PLD at
800 °C, reinforcing PLD as a desirable solution for achieving coat-
ings with superior adherence’** compared to plasma spraying*’
and mechanical properties comparable to those obtained by mag-
netron sputtering.“

Hydrogen content declines sharply with increasing substrate
temperature, becoming nearly undetectable at 800 °C, supporting
the hypothesis of dehydroxylation (loss of OH™ groups). Oxygen
content remains relatively stable, but at higher depths, an increase
is observed at high temperatures, likely due to oxide formation at
the substrate-coating interface.

SIMS data at higher temperatures, particularly at 500 and
800 °C, reveal an increased abundance of C content and CO3™.
This observation aligns with the XPS analysis (Fig. 5), which indi-
cates that at elevated temperatures, CO3~ groups replace PO3~
groups within the coating. Figure 4(b) reveals two additional signif-
icant findings. First, at 500 °C, the hydrogen content decreases sig-
nificantly, and at 800 °C, it becomes nearly undetectable, suggesting
that hydrogen evaporates from the surface at these high tempera-
tures. This loss of hydrogen could affect the chemical structure and
stability of the coating. Furthermore, SIMS data indicates that at
temperatures exceeding 500 °C, the Ti6Al4V substrate begins to
oxidize. This oxidation likely leads to an accumulation of oxide at
the substrate-coating interface, which could contribute to the
observed decline in adherence performance (see the supplementary

material, as well as Cotell et al.,'" which hypothesized the existence
of oxide layer). This highlights the impact of temperature on
the overall integrity of the coating. The thermal decomposition
of HA is happening via two routes: dehydroxylation and phosphate
group loss.

1. Dehydroxylation

Heating promotes dehydroxylation of HA [Ca;¢(PO,)s(OH),], ¢

gradual loss of OH™ as H,O, resulting in hydroxyl-deficient

o1s —RT
400000 + —— 300C
—500C
——800C
300000 ~
n
o Ca2p
(©)
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FIG. 5. XPS spectra of all samples from RT to 800 °C.

12°€€:02 9202 UoIeN 60

J. Appl. Phys. 139, 065304 (2026); doi: 10.1063/5.0297660
© Author(s) 2026

139, 065304-6


https://doi.org/10.60893/figshare.jap.c.8228836
https://doi.org/10.60893/figshare.jap.c.8228836
https://pubs.aip.org/aip/jap

Journal of

Applied Physics

oxy-hydroxyapatite (OHA),

Calo(PO4)6(OH)2 — CalO(PO4)6(OH)2,2xOx Dx + xHZO(gas).
@

This constitutes the first step of thermal decomposition, as
evidenced by FTIR and TGA investigations in the literature.”** In
agreement, our SIMS measurements [Fig. (4b)] reveal a sharp fall
in hydrogen, approaching non-detectable levels at 800 °C. Although
adding water vapor during PLD can partially restore OH™, the
effect is limited to ~400-700 °C.

2. Phosphate loss and carbonate substitution

Another process in the thermal decomposition of HA is phos-
phate loss. This can proceed via several mechanisms, including car-
bonate substitution,”” conversion of HA to TCP, TTCP, and
HZO(gas),48 and transformation of HA into TCP and CaO." An
example of phosphate loss by carbonate substitution is

Cayo(PO4)(OH), + CO, — Cajo(PO4)s(CO3) + H,O(gas).  (2)
Our SIMS data show increasing signals from carbon- and
CO3 ™ -containing fragments with temperature, while XPS reveals a
simultaneous decrease in the P 2p intensity and an increase in the
Ca/P ratio. Together, these trends point to carbonate substitution
for PO}~ groups and partial thermal decomposition of HA at ele-
vated temperatures.

D. XPS analysis

To further understand the elemental composition and chemi-
cal states of the coatings, XPS studies were performed (Fig. 5). To
clarify the XPS results and ensure reproducibility, high-resolution

ARTICLE pubs.aip.org/aip/jap

scans were acquired for the Ca 2p, P 2p, O 1s, and C 1s core-level
regions using Al Ko radiation (1486.6 eV).

All spectra were charge-corrected by referencing the C 1s peak
at 284.8eV and deconvoluted using a Shirley background and
mixed Gaussian-Lorentzian line shapes, applying standard spin-
orbit constraints where applicable.

Figure 5 shows the full XPS survey spectra, where the charac-
teristic Ca, P, O, and C peaks of hydroxyapatite are observed in all
coatings. The relative intensities of these peaks change systemati-
cally with temperature, providing the first indication of chemical
modification. In particular, the Ca 2p and O 1s peaks remain
prominent for all samples, while the P-related peaks (P 2p and
P 2s) gradually decrease in intensity as the deposition temperature
increases. This reduction becomes most pronounced in the 800 °C
sample, suggesting phosphate loss and high-temperature degrada-
tion, consistent with the compositional trends revealed by SIMS
and XRD. The increasing O—C=0 contribution in the C 1s region
also reflects enhanced carbonate incorporation at elevated tempera-
tures. These survey spectra establish the overall chemical evolution
of the films and motivate the detailed peak-fitting analysis pre-
sented in Figs. 6 and 7.

Figure 6 provides a closer examination of the temperature-
dependent changes through deconvoluted P 2p and Ca 2p spectra.
From RT to 500°C, the P 2p doublet and Ca 2p peaks remain
well defined with consistent component ratios, confirming preser-
vation of the phosphate environment and stable Ca—O coordina-
tion. At 800°C, however, the P 2p peak becomes strongly
attenuated and broadened, indicating phosphate depletion, while
the Ca 2p peak shows a stronger lower-binding-energy compo-
nent associated with Ca-rich, partially decomposed species. These
changes align with the disappearance of P 2s intensity observed in
Fig. 5, reinforcing that phosphate loss becomes significant only at
the highest temperature.
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FIG. 6. Deconvoluted XPS spectra of the P 2p and Ca 2p regions for HA coatings deposited at RT, 300, 500, and 800 °C, highlighting temperature-dependent changes in

phosphate and calcium bonding environments.
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and (d) O 1s regions. All spectra were acquired in the present study. References cited in the text are provided for interpretation and comparison of chemical trends only.

Figure 7 further highlights the evolution of the Ca 2p, P 2p,
P 2s, and C 1s core levels overlaid for all temperatures. The data
show that chemical stability is maintained up to ~500°C,
whereas coatings deposited at 800 °C undergo substantial dehy-
droxylation, carbonate substitution, and phosphate loss. The
decrease in P 2p and P 2s signals directly suggests the removal of
phosphorus from the coating. This process aligns with previous
FTIR studies, which indicate that at higher substrate tempera-
tures, phosphate groups evaporate from the coating, leading to a
higher Ca/P ratio.'*”’

The simultaneous increase in the intensity of C—C and C—O
components in the C 1s spectrum indicates partial carbonization of

the surface, along with the formation of carbon-oxygen functional
groups. It is worthwhile to note that overall area of C 1s peak is
increased as well, however, O—C=0 part is more prominent, indi-
cating a systematic rise in CO?~ carbonate content (see more
detailed analysis: Fig. S10 in the supplementary material).

The reduction of the hydroxyl-related O 1s signal indicates
progressive dehydroxylation, consistent with SIMS results showing
hydrogen evaporation [Fig. 4(b)] and previous FTIR observations
that OH™ groups are lost during high-temperature deposition.”' >
By the principle of superposition, this suggests that the coating is
undergoing carbonization, forming C—C and C—O bonds. This
phenomenon was well explained by Forero-Sossa et al,”” who
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TABLE I. XPS peak areas: Measured and sensitivity-factor-corrected values.
RT 300°C 500 °C 800 °C
Obtained area 696 607 594 840 461458 446 889
Ca 2p 3/2 Sensitivity Factor 3.35 3.35 3.35 3.35
Ca2 Corrected area 207 942.3881 177 564.1791 137 748.6567 133 399.7015
p Obtained area 451908 237 456 282633 208 723
Ca2p 1/2 Sensitivity Factor 1.72 1.72 1.72 1.72
Corrected area 262 737.2093 138055.814 164 321.5116 121 350.5814
Total 470 679.5974 315619.9931 302 070.1683 254 750.2829
Obtained area 95770 72902 66 615 36778
P 2p 3/2 Sensitivity Factor 0.789 0.789 0.789 0.789
P2 Corrected area 121 381.4956 92397.972 12 84429.657 79 46 613.43473
p Obtained area 66 631 37 603 30421 16 065
P2p1/2 Sensitivity Factor 0.403 0.403 0.403 0.403
Corrected area 165 337.469 93 307.692 31 75 486.352 36 39 863.523 57
Total 286 718.9645 185 705.6644 159916.0102 86 476.9583
Ca/P ratio: Ca 2p/P 2p 1.641 606 087 1.699 571 168 1.888930 121 2.945 874 692

demonstrated that at sintering temperatures exceeding 1000 °C,
FTIR peaks confirmed the replacement of phosphate groups with
carbonate groups.

Quantitative XPS analysis was performed using the measured
peak areas and sensitivity factors for Ca 2p and P 2p (Table I). The
resulting Ca/P ratios increase systematically with deposition tem-
perature, from 1.64 at RT to 1.70 at 300 °C, 1.89 at 500 °C, and 2.95
at 800 °C. Values near the stoichiometric ratio of 1.67 are preserved
only up to ~300°C, indicating that the phosphate framework
remains largely intact at lower temperatures. Above 500 °C, the
Ca/P ratio increases sharply, consistent with temperature-induced
phosphate loss and dehydroxylation. The exceptionally high Ca/P
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FIG. 8. X-ray diffractograms of coatings synthesized on Ti6Al4V from RT to
800 °C.

ratio at 800 °C agrees with the near disappearance of the P 2p
signal and the emergence of TTCP in XRD, confirming substantial
HA decomposition at elevated temperatures.

E. XRD analysis

To corroborate the temperature-dependent chemical changes
identified by SIMS and XPS, x-ray diffraction (XRD) patterns were
also collected for HA coatings deposited at RT, 300, 500, and
800 °C, as shown in Fig. 8. From RT to 500 °C, all patterns exhibit

the characteristic reflections of crystalline HA (JCPDS 09-0432), ¢

indicating phase retention within this window. Peaks sharpening at
500 °C are consistent with enhanced crystallinity and the surface
densification discussed above.

At 800 °C, additional reflections appear that correspond to tet-
racalcium phosphate (TTCP), a hallmark of high-temperature HA
decomposition, in agreement with the increased Ca/P ratio and
phosphate loss observed by SIMS and XPS investigations. Peaks
from the Ti6Al4V substrate are also evident, likely due to partial
thinning or disruption of the coating at this temperature, consistent
with the adhesion loss reported in Ref. 17. These results demon-
strate that HA remains structurally stable up to approximately
500 °C, whereas deposition at 800°C initiates decomposition
(HA — TTCP), supporting the mechanistic interpretation derived
from chemical depth profiling.

Overall, the XRD results show that temperature strongly influ-
ences HA stability: moderate heating (~500 °C) enhances crystallin-
ity with minimal chemical alteration, whereas higher temperatures
trigger dehydroxylation, phosphate loss, and secondary-phase for-
mation, leading to diminished bioactivity and weaker adhesion.

IV. CONCLUSIONS

We investigated the chemical composition, structural stability,
and degradation mechanisms of hydroxyapatite (HA) coatings
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deposited by pulsed laser deposition (PLD) from room temperature
to 800 °C. XPS and SIMS analyses reveal that elevated deposition
temperatures lead to the loss of OH™ and PO;~ groups, an increase
in the Ca/P ratio, and the formation of an interfacial oxide layer at
the coating-substrate interface. These chemical and structural
changes—particularly dehydroxylation and carbonate substitu-
tion—correlate with reduced adhesion strength and diminished
bioactivity.

Surface morphology analysis by SEM and AFM indicates pro-
gressive densification and smoothing with increasing temperature;
however, structural degradation becomes evident at 800 °C.
Importantly, a Kramers-type kinetic reanalysis of previously
obtained BSA desorption data, considered in conjunction with
earlier cell-proliferation results, consistently identifies ~500°C as
the optimal processing temperature. At this temperature, a favor-
able balance between crystallinity and surface chemistry promotes
stable protein attachment. In contrast, higher deposition tempera-
tures accelerate protein desorption, likely due to the loss of active
binding sites.

In summary, our results identify two principal thermal-
degradation pathways—dehydroxylation and phosphate loss/
carbonate substitution—and highlight interfacial oxidation as a
critical factor contributing to adhesion decline. Despite degradation
at higher temperatures, the measured adhesion strength remains
above the ISO threshold of 15 MPa, supporting the practical viabil-
ity of PLD for biomedical coating applications. Future work will
focus on mitigating high-temperature effects through controlled
water-vapor enrichment and the introduction of interfacial buffer
layers, as well as on validating the proposed kinetic framework
using new protein-specific adsorption assays.

SUPPLEMENTARY MATERIAL

The supplementary material includes additional experimental
data and detailed analyses supporting the results presented in the
main text. Specifically, detailed x-ray photoelectron spectroscopy
(XPS) analyses are provided, including Ca 2p and P 2p peak fitting,
Ca/P ratio calculations, uncertainty and error propagation analysis,
and C 1s peak evolution as a function of deposition temperature.
These data provide further insight into the compositional variation,
interfacial adhesion, and chemical states of the HA coatings.
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