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Abstract The effective thermal diffusivity for biocom-
posites of hydroxyapatite (HAp), and niobium pentoxide
(Nb2O5) on powder form was studied via photoacoustic
method adapted for porous materials. The concentration of
each element was accompanied with the results of X-ray
diffractometer (XRD) and scanning electron microscopy
(SEM). A theoretical model for the thermal coupling of
a three layered sample, designed to contain the powder
material is proposed. The method for mixtures obeyed the
formula [(1 − x)HAp + (x)Nb2O5] for 0.0 ≤ x ≤
1.0. Experimental results for effective thermal diffusivity
ranged between (6.4 ± 0.3) ×10−6 m2 s−1 and (9.8 ±
0.4) ×10−6 m2 s−1 for x ≤ 0.7. Values of the effective
thermal diffusivity have decreased sharply to (0.70 ± 0.03)
×10−6 m2 s−1 for x > 0.7. SEM micrographs showed
a coating of HAp over the particles of Nb2O5 for some
mixtures.

Keywords Biocompatible material · Effective thermal
diffusivity · Photoacoustic · Powder metallurgy

1 Introduction

Hydroxyapatite (HAp) is widely studied in its natural state,
or as coating, obtained by techniques like the plasma spray
process (i.e., when necessary to obtain a very thin layer
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onto a metallic substrate like (Ti), (Pt), or some metallic
alloys) [1, 2]. Recently, another material draws attention in
several studies, the niobium pentoxide Nb2O5, is employed
to compose many technological objects like humidity sen-
sors and thin films for electronic components (capacitors,
electrochromic devices, and catalytic surfaces) [3]. Devel-
oping new materials to replace damaged bones or body
parts that do not work properly has encouraged some impor-
tant studies in various areas of research [4–6]. Calcium
phosphate, one of it, when crystallized as hydroxyapatite
[Ca10(PO4)6(OH)2] contains properties such as biocompat-
ibility and bioactivity [7]. The relative amount of calcium
and phosphorus in the HAp is approximately equal to the
amount measured in natural bone and teeth. Ratio of cal-
cium and phosphorus is given by [10Ca]/[6P ] ≈ 1.67,
that makes the HAp a positive choice for restoration of
bone or cartilage parts in humans [5, 8]. The mechani-
cal fragility, however, may be one disadvantage of HAp
compared to natural bone. By mixing other materials, it is
possible to improve some properties: decrease the density
and increase both the mechanical strength and corrosion
resistance. There might also be a decrease related to toxicity,
and an improvement in the correct conformation regard-
ing the mechanical function in the body. Powder metallurgy
techniques favors the obtention of composites for vari-
ous applications. The niobium (Nb), or niobium pentoxide
Nb2O5 are materials that can be mixed with HAp to obtain
composites with mechanical properties similar to natural
bone. Also, niobium and several of its derivatives are abun-
dant in Brazil, making them low-cost materials for studies
and for use in many technological areas [9].

Some previous studies on biocompatible materials, espe-
cially on nanostructured composites with different percent
concentrations of niobium pentoxide [8, 10–12], were con-
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tinued in this research with these types of mixtures. A
photoacoustic technique, however, was used on determining
the effective thermal diffusivity of the precursors before any
transformation process as sintering, pressing, or chemical
reactions. To better compare the proportions of each element
and its thermal effects along the powder mixtures, diffrac-
tion measurements of X-rays (XRD) and scanning electron
microscopy (SEM) were performed.

Thermal characterization of porous media arouses inter-
est in many technological applications, for instance: in the
powder metallurgy, pharmacy, thermal insulation, and soil
characterization. Usually, the analysis of heat diffusion in a
porous media becomes difficult due to its complicated struc-
tures. Since the thermal properties of solid and fluid phases
are different, the way the solid is interconnected can affect
substantially the heat conduction [13]. Several experimental
and theoretical approaches have been developed to describe
the propagation of heat in porous materials, each of them
with their limitations [13–15].

2 Theory

2.1 Heat Transfer Model

A theoretical model similar to that developed by
Balderas-López and Mandelis [16, 17] used on determining
the thermal diffusivity for multilayered systems or liq-
uids was applied. The difference between the model of
Balderas-López and Mandelis and the theoretical model
proposed in this work lies on the sample’s configuration: a
porous medium enclosed by two metallic layers. The model
considers only the thermal diffusion process, and discard the
contributions by convective or irradiation effects for gen-
eration of photoacoustic signal. Such effects were assumed
to be very low within the powder. Figure 1 shows the geom-
etry of the model. Layer 1 conducts the heat generated by
modulated light to the sample, and layer 2 conducts the heat
that emanate from the sample to the gas chamber coupled
with microphone. The heat diffusion on each layer is
governed by Eq. 1.

∂2Ti

∂x2
+ 1

αi

· ∂Ti

∂t
= Si (1)

αi is thermal diffusivity in units of (m2 s−1), Si is the heat
source term, and sub-index i denotes each layer (ex = exter-
nal gas, 1 = layer 1, s = powder sample, 2 = layer 2,
and g = gas chamber). The thermal coupling for all equa-
tions is given by the one-dimensional limits shown in Fig. 1.
Layer 1 has a heat source S1 = (β ′Q0/2k1)(1+ejωt ), being

β ′ a constant with dimensions given by (WJ−1 m−3), Q0

the total heat in Joules (J) transferred in the optical absorp-
tion [18], and k1 (W(mK)−1) the thermal conductivity of the
material. For other layers is assumed the heat source as null.
The solution to Eq. 1 for layer 1 is given by Eq. 2, while for
other layers, solutions are given by Eq. 3:

T1(x, t) =
Timeless term

︷ ︸︸ ︷

u1 + v1x +λ1x
2+

Time dependent term
︷ ︸︸ ︷
(

A1e
σ1x +B1e

−σ1x − 2λ1

σ 2
1

)

ejωt

(2)

Ti(x, t) = ui + vix + (Aie
σix + Bie

−σix)ejωt (3)

ui and vi are time independent contributions for tempera-
ture variation, σi = (1 + j)ai , ai = (πf /αi)

1/2, λ1 =
(Q0β

′/4k1), f is the optical modulation frequency and
j = √−1 is the imaginary unit. Once the photoacoustic
signal is generated by periodic light incidence, the tem-
perature fluctuation in gas chamber is determined by the
temporal term in Eq. 3 (designated by Tg(x, t)). Assum-
ing limx→−(lg+l2) Tg(x, t) = T0 is valid for any time
(T0 is the room temperature), and solving for Bg , we get
Bg = T0e

−ag(lg+l2)e−j (lg+l2)ag . Analyzing the last expres-
sion for Bg one conclude, for f = 0 Bg = T0 and is time
independent. As frequency is increased, |Bg| → 0. So, it is
possible to do an approximation for temperature variation
near the sample surface (x = −l2) due to only Ag , which is
given by Eq. 4.

Ag = − η

σ 2
1 χT

(4)

Fig. 1 Geometry for heat propagation used on the proposed photoa-
coustic model
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with η and χT as follows:

η = 2e(−l1σ1+2lsσ1+lsσg)(el1σ1 − 1)

×[1 − ε2 + el1σ1(1 + ε2)]εsλ1

χT = χ1.χ2 + χ3.χ4

χ1 = −elsσ1[(ε2εs − 1) cosh(l1σ1)

+(εs − ε2)senh(l1σ1)]
χ2 = elsσ1[(ε2εs − 1) cosh(l2σ2)

+(εs − ε2)senh(l2σ2)]
χ3 = els (σ1+σs)[(ε2εs + 1) cosh(l1σ1)

+(εs + ε2)senh(l1σ1)]
χ4 = els (σ1+σs)[(ε2εs + 1) cosh(l2σ2)

+(εs + ε2)senh(l2σ2)]
with εs = k2

ks

√

αs

α2
and ε2 = kg

k1

√

α1
αg

. Therefore, it

follows that Tg(x, t) = Age
σgx+jωt . As proposed by

Rosencwaig and Gersho [19, 20], the amplitude of the pres-
sure fluctuation inside the microphone’s acoustic cavity can
be expressed by:

〈P 〉 = γP0√
2T0

Ag

lgag

(5)

where γ is the ratio of specific heats of the air, P0 (T0) are
the room pressure (temperature), and lg is the layer of gas
inside the chamber. Some frequency simulations of Eq. 5 are
presented in Fig. 2 for some magnitude factors of αs and ks .

One can observe in Fig. 2 a faster decrease for signal
amplitude when thermal parameters tend to smaller values.
That agrees with the physical nature observed for diffu-
sive thermal waves, where these two parameters (αs and ks)
play an important role in the amount of heat reaching the
gas chamber, contributing more, or less to the amplitude of
photoacoustic signal.

Fig. 2 A log-log graph for Eq. 5 versus f to three values of thermal
diffusivity and conductivity, all divided (normalized) by its values at
10 Hz

2.2 Effect of the Metallic Layers to the Amplitude
of the Photoacoustic Signal

When thickness of the sample is larger than thermal diffu-
sion length (lsas >> 1), the photoacoustic signal decreases
exponentially with the root of the optical modulation fre-
quency, (〈P 〉 ∝ e−b

√
f ), with b = (πls

2/αs)
1/2 [21, 22]. At

this point, Eq. 5 can be written in the following expression:

〈P 〉 = S0ξ(f )
e−lsσs

σsag

(6)

being S0 = γP0√
2T0lg

and ξ(f ) = 4εsλ1l1e
l2σg

e−2lsσs −1
.

In Eq. 6, ξ(f ) is slightly sensitive to thermal parameters
of layers 1 and 2, but for thermally thick samples ε2 ≈ 0
and el1σ1 = el2σ2 ≈ 1 + l1σ1, what contributes to its small
variation in a wide range of frequency. So, an exponential
decrease could be used in deriving effective thermal diffu-
sivity for powder layer. Figure 3 shows the low influence
of ξ(f ) over the signal when compared with Eq. 6 (for
< αs >= 10−7 m2 s−1 and < ks > = 0.5 W(mK)−1).

3 Sample Preparation

Hydroxyapatite was obtained by calcination of bones taken
from armal fish (Pterodoras granulosus), which live in
Brazilian rivers, mainly in Mato Grosso, Mato Grosso do
Sul, and Paraná states. The calcination process was made
in a muffle furnace at 1173 K for 8 h in air atmosphere.
That procedure was adopted as conditions are favorable for
obtaining nanoparticles [11]. Some pieces of HAp were
macerated manually before milling process on a high-
energy mill (Retsch PM 100) at 300 rpm with a ball/weight
ratio equals to 6/1 for 8 h. HAp particles have sizes between
200 and 1 μm.

Fig. 3 A log-log graph comparing ξ(f ) and Eq. 6, both divided
(normalized) by its values at 10 Hz
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Fig. 4 Schematic diagram of
the developed sample-holder for
powder materials

Niobium pentoxide Nb2O5 was donated by a Brazil-
ian Company of Metallurgy and Mining (CBMM) [9]
in powder form (purity = 99.5 wt%). Nb2O5 grains were
manually milled and then sieved to select sizes between 37
and 63 μm (larger than HAp particles). Each mixture was
made according relation (1-x)(Hp)+(x)(Nb2O5) employed
in powder metallurgy, where 0.0 ≤ x ≤ 1.0.

Aluminum foils of 30 μm were used as layers for ther-
mal coupling due to ease in its handling and obtention. In
that case, the cut off frequency is little more than 30 kHz,
ensuring a thermal diffusion length greater than thickness
of metallic foils. Thus, for measurements up to 50 Hz, alu-
minum layers are thermally thin, with a minimum thermal
diffusion length of about 771 μm. Figure 4 shows each con-
stituent of sample-holder for storing the powder materials.
Acrylic glue was used to seal each sample-holder. A total
of 22 samples were prepared, being 2 samples to each code
listed on Table 1.

3.1 Experiment

Figure 5 shows the schematic diagram for the photoacous-
tic apparatus. The heat source was a beam of 532 nm
and 200 mW provided by a TTL laser. The beam modula-

Table 1 Codifications and properties for the samples related to the
formula [(1-x)(HAp)+(x)(Nb2O5)]

Mixture x value Thickness Thermal diffusivity

codes (%) ls ± 1(μm) αs (10−6 m2 s−1)

HAp 0 302 7.7 ± 0.3

HAp9N1 10 291 6.5 ± 0.3

HAp8N2 20 303 9.8 ± 0.4

HAp7N3 30 321 8.1 ± 0.4

HAp6N4 40 315 9.6 ± 0.4

HAp5N5 50 309 7.7 ± 0.6

HAp4N6 60 307 7.5 ± 0.5

HAp3N7 70 311 6.4 ± 0.3

HAp2N8 80 305 4.8 ± 0.2

HAp1N9 90 295 2.9 ± 0.1

Nb2O5 100 298 0.70 ± 0.03

tion and microphone signal was generated and synchronized
respectively by a lock-in amplifier (Stanford Research Sys-
tems SRS 830). The photoacoustic signal was detected with
a high-sensitivity microphone (Sennheiser KE4-211-2) cou-
pled to a linear pre-amplifier and filtered by the lock-in.
The temperature was controlled at 298 K for all samples by
a thermoelectric device (Wavelength Electronics controller
LFI-3751). Such experimental setup could be applied on
determination for thermal diffusivity as a function of tem-
perature. One could investigate phase transitions for some
materials as superconductors, magnetic ones, foods, drugs,
and biological materials (like blood).

X-ray measurements were done in 2θ mode and steps of
2◦/min, from 10 to 80◦ using radiation Kα from a copper
anode (Shimadzu XRD-700). Micrographs were obtained
at different magnifications by a scanning electron micro-
scope (Shimadzu Superscan SS-550). Each sample was
dispersed in acetone and placed on a metallic base, then
were coated with a gold film by sputtering. The beam’s
energy of electrons was 15 keV.

Fig. 5 Schematic diagram of the assembled photoacoustic apparatus
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4 Results and Discussion

Figure 6 shows XRD results. The intensity variation for
values of x < 0.7 (bellow HAp3N7) was less accentu-
ated for peaks close to 40, 47, and 49◦. These peaks were
used as indicators for concentrations of each element on the
mixture.

Figure 7 shows the frequency scans for the biocom-
posites (each curve is the mean obtained to two samples
prepared for each code listed on Table 1). In comparison
with thermally-thin and thermoelastic limits (curves f −1.5

and f −1, respectively) in Fig. 7a, it can be concluded that
all samples are on the thermally thick regime for frequen-
cies above 35 Hz. The thermoelastic effect, in this frequency
range, has not been observed, mainly because the excita-
tion beam was expanded to minimize the radial temperature
gradient at the sample. Due to high scattering of the heat
inside the powder, the occurrence of a temperature gradi-
ent and consequently the drum effect were frustrated. To
determine the thermal diffusivity, it was used the parame-
ter b = (π.ls

2/αs)
1/2, adjusted from the curves presented in

Fig. 7b. The error bars were obtained from propagation of
error for parameters b and thickness ls of the samples, and
computed by Eq. 7

δα = ±2π

(

ls

b

)2

·
[

δls

ls
+ δb

b

]

. (7)

The results for effective thermal diffusivity is shown in
Fig. 8 as a function x. The measured values were between
(6.4±0.3) ×10−6 m2 s−1 and (9.8±0.4) ×10−6 m2 s−1 for
x ≤ 0.7. For x > 0.7, the values decrease quickly to (0.70±
0.03) ×10−6 m2 s−1. Table 1 lists the results obtained with
photoacoustic method to all samples.The micrographs are

Fig. 6 X-ray diffractograms for each sample serving as references for
concentrations of HAp and Nb2O5

Fig. 7 a Experimental curves (in log-log scale) of photoacoustic rear
signal amplitude as a function of optical modulation frequency com-
pared with thermally-thin (f −1.5 guide) and thermoelastic (f −1 guide)
regimes. b Curves of frequency times photoacoustic signal amplitude
(in a mono-logarithmic scale) versus the square root of the frequency

presented in Fig. 9 (all with scales of 5 μm). A coat structure
was observed for concentrations of x ≤ 0.7, where small
HAp particles adhere onto the Nb2O5.

Fig. 8 Effective thermal diffusivity as a function of x = Nb2O5
concentration on HAp
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Fig. 9 Scanning electron
microscopy (SEM) for mixtures
(coded according Table 1)

5 Conclusion

An alternative way for thermally characterize powder mate-
rials based on detection of the rear photoacoustic signal is
being presented. This technique was specifically applied in
the study of biocompatible composites of hydroxyapatite
HAp and niobium pentoxide Nb2O5. The effective ther-
mal diffusivity was studied as a function of the Nb2O5

concentration mixed with the HAp. Experimental results
for effective thermal diffusivity ranged from (6.4 ± 0.3)
×10−6 m2 s−1 to (9.8 ± 0.4) ×10−6 m2 s−1 for percent-
ages of niobium pentoxide up to 70 %, and have decreased
to values around (0.70±0.03) ×10−6 m2 s−1 for concentra-
tions of niobium pentoxide above 70 %. Results of scanning
electron microscopy have shown a coat formed by small
particles of HAp over Nb2O5 for some mixtures.
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5. R.L. Oréfice, M.M. Pereira, H.S. Mansur, Biomateriais: Funda-
mentos e Aplicações (Cultura médica, 2006)

6. J.B. Park, R.S. Lakes, Biomaterials an Introduction (Springer
Science+Business Media, 2007)

7. C. Wanpeng, L.L. Hench, Bioactive materials. Ceram. Int. 22,
493–507 (1996)

8. W.J. Nascimento, Preparação e Caracterização Fı́sico-Mecânica,
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