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Thermal diffusivity and conductivity of dental cements have been studied using open

photoacoustic cell (OPC). The samples consisted of fast hardening cement named CER, developed

to be a root-end filling material. Thermal characterization was performed in samples with different

gel/powder ratio and particle sizes and the results were compared to the ones from commercial

cements. Complementary measurements of specific heat and mass density were also performed.

The results showed that the thermal diffusivity of CER tends to increase smoothly with gel volume

and rapidly against particle size. This behavior was linked to the pores size and their distribution in

the samples. The OPC method was shown to be a valuable way in deriving thermal properties of

porous material. VC 2012 American Institute of Physics. [doi:10.1063/1.3673873]

I. INTRODUCTION

Photothermal (PT) techniques have been shown to be

highly sensitive tools and have been applied to determine

thermo-optical properties of materials.1–3 PT techniques are

based on the photoinduced heat generation by nonradiative

decay process following optical energy absorption of a sample

and the heat can cause a number of different effects, which

provide various detection mechanisms. The information of the

temperature rise in the sample as well as its thermo-physical

parameters can be obtained with these detection methods.4,5

In particular, photoacoustic (PA) spectroscopy is an important

technique because it allows studies in nonhomogeneous mate-

rials; it is nondestructive and demands minimal sample

preparation.6–10 Since the PA signal responds only to the

absorbed light, the effects of scattered light play no significant

roles in the measurements. Apart from several different appa-

ratuses for the PA detection, the simplicity and the usefulness

of the open-photoacoustic-cell (OPC) make this technique

easily applicable to thermal characterization of solid materials

such as the measurement of thermal diffusivity and thermal

conductivity.11–14

Mineral Trioxide Aggregate (MTA) is the most popular

material used in dentistry. MTA is composed of a white or

gray powder of fine hydrophilic particles consisting of com-

pounds of tricalcium silicate, tricalcium oxide, tricalcium alu-

minate, and silicate oxide.15 It was first described by Lee and

co-authors15 and reviewed by Parirokh and Torabinejad.16

Since the first report, it has been widely investigated and

proved to be an excellent dental material due to its good phys-

ical, chemical, and biologic properties. Indeed, the importance

of studying advanced materials accompanying the updated

technology is of fundamental importance. The knowledge of

thermal properties of a dental material helps defining the bio-

compatibility between restored and natural teeth.

Recently, a fast setting cement named CER has been

developed. It is biocompatible cement used as a root-end fill-

ing material,17 and is presented as a gray or white powder

made to mix with a gelatinous emulsificant that gives to the

mixture a better consistence improving the setting time com-

paring with other similar cements. The CER cement has a

short setting time and better handling when compared to

others MTA materials (e.g., Angelus and Pro-Root Dents-

ply), improving the clinical procedure when used as root-end

filling material.18 Therefore, CER is a promising biocompati-

ble material for which the measurements of the thermophysi-

cal properties may help to understand its behavior when used

in pre-clinical tests.

This work presents the thermal characterization of a set

of gray CER samples using the OPC technique and compares

their thermal properties to those of human teeth and other

brands already used by professionals in dental field. Addi-

tional measurements of the specific heat (c), mass density

(q), and porosity of the samples were performed, allowing to

obtain the thermal conductivity (k). The results were com-

pared with the thermal properties of commercial cements.

The physical properties dependence on the preparing condi-

tions upon emulsion volume and grain particle size were

investigated. It is shown that thermal diffusion is extremely

sensitive to the grain size and porosity of the cement.

II. THEORY

In the OPC experiment performed in this work, a plate-

shaped solid samples surrounded by air with the edges

tightly fixed in the photoacoustic cell is heated by an excita-

tion laser beam of radius x. In this condition, the mecha-

nisms generating the pressure variation inside the PA

chamber are the thermal diffusion and the thermoelastic

a)Author to whom correspondence should be addressed. Electronic mail:
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bending. The thermoelastic bending is essentially due to the

temperature gradient inside the sample along the thickness

axis (z axis), which leads the thermal expansion to depend

on z. This z-dependence of the displacement along the radial

direction induces a bending of the sample in the z direction

that acts as a mechanical piston, thereby contributing to the

PA signal. The contribution from the sample bending to the

PA signal is calculated by solving the thermoelastic equa-

tions, whereas the thermal diffusion contribution is attained

by solving the heat conduction differential equation, as

described in details in Refs. 12, 18–20. Assuming that all

light is absorbed at the sample surface and considering no

axial heat flux, the pressure fluctuation in the air chamber of

a photoacoustic cell due to thermal diffusion (TD) and ther-

moelastic (TE) bending of a thermally thick sample, i.e.,

lsas � 1, is expressed in one-dimension by12,18–20

P ¼ ej xt�p=2ð Þ C1

rsrg

1

sinh lsrsð Þþ
�

þC1C2

r2
s rg

cosh rslsð Þ � ðrsls=2Þ sinhðrslsÞ � 1

sinhðrslsÞ

� ��
;

(1)

in which C1 ¼ cP0bI0= T0kslg
� �

and C2 ¼ 3R04T0aTffiffiffiffiffiffiffiffiffiffiffi
as=ag

p
= R2l3

s

� �
. Here, R0 is the radius of the sample and R is

the radius of the PA chamber in front of the microphone. aT

is the sample thermal expansion coefficient. c is the specific

heat ratio of the gas in the chamber; P0 and T0 are the ambi-

ent pressure and temperature, respectively. I0 is the absorbed

light intensity; x ¼ 2pf and f is the modulation frequency.

li, ki, and ai are the thickness, thermal conductivity, and ther-

mal diffusivity of material i, respectively. Here the subscript

i denotes the sample (s) and the gas (g) medium.

ri ¼ 1þ jð Þai, and ai ¼ pf=aið Þ1=2
is the thermal diffusion

coefficient of material i. The first term in Eq. (1) is due to the

heat diffusion contribution to the pressure fluctuation

whereas the second represents the thermoelastic one.

Equation (1) presents very distinct frequency regimes

and depends strongly on the thermal diffusivity and on the

thermoelastic strength parameter (C2). Figures 1(a) and 1(b)

show the dependences of Eq. (1) on frequency, thermal dif-

fusivity, and C2. The thermal diffusivity of the gas, air in this

case, is 0:2 cm2=s and the sample thickness ls ¼ 100 lm.

One can observe a minimum in the plot of lnðjP:P�jÞ1=2

against ln fð Þ that is dependent on the thermal diffusivity,

Fig. 1(a). This minimum shifts to higher frequencies as the

thermal diffusivity increases. The influence of the coefficient

C2 is presented in Fig. 1(b), which also shows a minimum

that is smoothed as C2 increases.

III. EXPERIMENTAL SETUP

The experimental OPC system for performing the fre-

quency scans of the samples is shown in Fig. 2. It consisted

of a 100 mW diode laser at 532 nm (B&W Tek inc.) mechan-

ically chopped from 4 to 300 Hz (SR540, Stanford Research

System) and uniformly focused directly onto the sample with

a spot size of 2 mm. The sample was attained using a small

amount of vacuum grease on top of a electret microphone as

shown in Fig. 2 with a hollow of 2 mm in diameter

(R¼ 1 mm). A lockin amplifier (SR830, Stanford Research

System) is used to analyze the amplitude of the microphone

signal. This electret microphone has a non-flat frequency

response from 4 to 300 Hz. Its frequency response was

obtained by running a frequency scan of a 60 lm-thick alu-

minum sample. This sample is thermally thin (lsas � 1) up

to 10 kHz, and one would expect the dependence of the PA

signal on the modulation frequency to be f�1:5.12

Complementary measurements of specific heat and mass

density, both at room temperature, were performed using a

homemade thermal relaxation calorimeter21 and a standard

Archimedes method, respectively. A laser beam was used as

the heat source for the calorimeter, as described in Ref. 21.

The samples used in these measurements were 1 mm thick

with about 30 mg, condition which the internal relaxation

time is negligible.21 The porosity measurements were per-

formed by the mercury intrusion technique on high pressure.

FIG. 1. (Color online) (a) Dependence of lnðjP:P�jÞ1=2
vs lnðf Þ on the ther-

mal diffusivity and (b) on the parameter C2. The air thermal diffusivity is

ag ¼ 0:2 cm2=s and the sample thickness ls ¼ 100 lm.

FIG. 2. OPC experimental setup.
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IV. SAMPLE PREPARATION

Three types of materials were investigated in this work:

two commercial cements and the CER samples. The com-

mercial cements are MTA-Angelus22 (Angelus Indústria de

Materiais Odontológicos) and Portland cement (Cia Cimento

Itambé). The CER samples formula are based on Portland

cement clinker, barium sulfate (radiopacifier), and a gel com-

posed of water and an emulsifier with the function of

improving the handling properties of the paste. Both com-

mercial samples were tested to compare the results with the

CER samples. All samples are optically opaque.

For the measurement of the thermal diffusivity, powder

of MTA-Angelus and Portland cements were mixed with dis-

tilled water on a glass plate with a steel spatula in the propor-

tion recommended by their manufactures and the final

samples were disks of radius R0 ¼ 5 mm and thickness

between 300–500 lm. For CER, the procedure was the same,

but varying the gel volume from 140 to 170 lL in steps of

10 lL and fixing 650 mg for each batch. Before preparation,

the CER powders were selected with different granulations

using the following sieves size: <25, <38, <45, and <53 lm.

V. RESULTS AND DISCUSSION

Figure 3 shows a typical normalized OPC signal for the

CER sample (ls ¼ 350lm) with granulation <25 lm and gel

volume of 160 lL (CER25-160 lL). The frequency depend-

ence of the OPC signal clearly confirms the TD and TE con-

tributions, which presents similar trend as the ones displayed

in Figs. 1(a) and 1(b). The solid line in Fig. 3 corresponds to

the least-square fit of the data to the theoretical expression

obtained from Eq. (1). For comparison, the dotted line shows

the TD contribution separately (using C2 ¼ 0). The fitting

was performed considering fixed the gas (air in this case)

thermal diffusivity, ag ¼ 0:2 cm2=s.

Figure 4 shows the thermal diffusivities of all samples

with different grain sizes as a function of gel volume. A set

of at least two samples of each granulation and gel volume

were measured three times to obtain the error bars. The

results are also presented in Table I, which also includes val-

ues of the thermal diffusivity of MTA - Angelus, Portland

cement and other literature values for materials used in

dental restoration.23 The values found in the literature for

the teeth and enamel are: as ¼ 7:4� 10�3cm2=s24 and

as ¼ 4:2� 10�3cm2=s,25 respectively.

The thermal diffusivity values as a function of gel vol-

ume present similar behavior for different granulation sizes,

apart from CER 45. A decreasing in the thermal diffusivity

is observed as the gel volume increased from 140 to 160 lL.

A minimum can be observed in the values of as around

160 lL of gel. With regard to particle size, the thermal diffu-

sivity increased for all gel-to-powder proportions when the

range of particle size was increased.

Information on the thermal expansion can also be obtained

by the fit parameters C2 and as with aT ¼ C2R2l3
s= 3R04T0ðffiffiffiffiffiffiffiffiffiffiffi

as=ag

p
Þ. Figure 5 presents the calculated thermal expansion

coefficient using T0 ¼ 300K and ag ¼ 0:22cm2=s. The ther-

mal expansion varied from �10� 10�6 to �100� 10�6K�1

with the grain size, which is within the expected values for

typical cements,24 and presented similar behavior compared to

the thermal diffusivity results as a function of gel volume.

The thermal diffusivity data can be compared with the

porosity as a function of the gel volume and particle size of

the cement powder. Figure 6 compares the distribution of

particle sizes (a) in the CER25 samples with 140 and 160 lL

gel volumes, and (b) in samples with 150 lL of CER25 and

CER53. It is known that finer cement increases the rate of

hydration and requires a large amount of liquid in the mix-

ture to achieve set.26,27 On the other hand, the porosity of the

FIG. 3. Normalized OPC amplitude as a function of the modulation fre-

quency for the CER sample with granulation <25 lm and gel volume of

160 lL (CER25-160 lL). Solid line represents the data fit to Eq. (1).

FIG. 4. (Color online) OPC results for thermal diffusivity of CER as a func-

tion of gel volume.

TABLE I. OPC results for the thermal diffusivity of the samples.

Samples Thermal diffusivity (10�3 cm2/s)

lL/650 mg CER 25 CER 38 CER 45 CER 53

140 13 6 1 8.8 6 0.5 16 6 3 48 6 5

150 7 6 3 8.0 6 0.7 12 6 3 45 6 2

160 6.4 6 0.3 7 6 1 18 6 3 41 6 9

170 8.0 6 0.8 12.1 6 0.5 8.6 6 0.6 60 6 18

MTA (this work) Portland (this work)

46 6 3 13.5 6 0.5

Amalgam [24] Ionomer [24] Resin [24]

2.5 6 0.1 4.8 6 0.2 16.0 6 0.6

014701-3 Astrath et al. J. Appl. Phys. 111, 014701 (2012)
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cement paste depends of the liquid-to-powder ratio.26,28

Figure 5(a) shows an increase in the region of particle sizes

from 0:1� 0:8ð Þlm to 0:1� 1:5ð Þlm when the gel volume

was increased from 140 and 160 lL. The porosity also

increased from 38:6% to 41:8%. The decrease observed in

diffusivity could be due to the increase of gel retained into

the pores. The gel is a polymer which generally has low ther-

mal diffusivity values. The significant increase observed in

thermal diffusivity when the particle size was increased from

<25 to <53 lm may have been caused by air trapped into

the pores. The porosity is due to the incorporation of micro-

scopic air bubbles during the mixing operation.28 During

hydration, the air bubbles are expelled from the material as

the reaction products are going to fill up the pores. In coarser

cement, the average interparticle pore spacing is larger, so

that more hydration is needed to close off the capillary po-

rosity.27 For the CER53, the hydration products were not

enough to fill completely the pores and, therefore, a greater

amount of air was retained the cured material, increasing the

thermal diffusivity. The presence of pores of larger diameter

in CER53, Fig. 5(b), somewhat leads us to this conclusion.

Comparing both CER 25 and CER 38 groups, it can be

noticed an increase in the intensity rate and width of the

mercury absorption for CER 25 samples. In fact, this might

be related to an increase in the porosity allied to a larger

pores distribution all over the bulk. For CER 38 prepared

with 170 lL of gel, a larger distribution in pores sizes is

observed. In other words, the porosity curves suggest that a

high gel volume corresponds to a larger pore size distribution

and porosity degree in the sample.

Figure 7 shows the thermal diffusivity as a function of

the grain size for CER samples as well as the commercial

MTA-Angelus and the Portland cements. It is possible to

observe that thermal diffusivity presents a tendency to

increase as the grain size increases. Up to 45 lm it varies

slightly around 10� 10�3cm2=s. On the other hand, grain

size of 53 lm presented as as high as 60� 10�3cm2=s, as

shown for the CER53-170 lL. In fact, these high values

occurred to all gel volume used in the samples preparation. It

is worth noting the nearly constant value of the thermal dif-

fusivity for a given grain size as a function of the gel vol-

ume. It could be due to a similar value of the thermal

diffusivity of the particles and the gel.

The increase in the thermal diffusivity as the grain size

increases can be explained based on the fact that the materi-

als density remained approximately constant for different

granulation and gel volumes. In this way, the larger the grain

size, smaller is the effect of the heat-coupling between air

and the solid material, and the thermal diffusivity increases.

In other words, as the grain size decreases, the contact area

between grain and air increases, and the thermal diffusivity

diminishes.

The value of the thermal diffusivity of MTA-Angelus is

similar to the one for the cement CER 53. The result for the

Portland cement (prepared with grain size of 45 lm) is close

FIG. 5. (Color online) Thermal expansion of CER as a function of gel vol-

ume (uncertainty of 15%).

FIG. 6. Comparison of pore size distribution of the (a) CER 25 vs gel vol-

ume and (b) 150 lL gel volume vs CER powder particle size (CER 25 and

CER 53).

FIG. 7. (Color online) Thermal diffusivity of the samples as a function of

grain sizes.

TABLE II. Typical materials sorted from [26] and tabulated for comparison

to OPC data.

Commercial

name as (10�3 cm2/s) q (106 g/m3) c (J/gK) k (10�2 W/cmK)

Marble 12 6 2 2.7 6 0.1 0.8 6 0.2 2.6 6 0.7

Achatit 2.9 6 0.2 1.8 6 0.4 1.3 6 0.3 0.7 6 0.2

Charisma 3.2 6 0.2 2.0 6 0.1 1.0 6 0.2 0.7 6 0.1

Dentinment 17 6 2 13.3 6 0.7 0.16 6 0.03 3.6 6 0.8
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to the one obtained for the cement CER considering the

same granulation. This was expected since the cement CER

is obtained from the Portland cement clinker.

Table II shows the thermal properties and mass density

values obtained from the literature of some materials applied

in dental restoration and components utilized in their produc-

tion, as marble, for example. These results indicate that the

thermal diffusivity values of the cement CER considering

granulations until 45 lm are similar to those of Marble and

Amalgamate (Dentinment). The case where the granulation

53 lm is considered, the values found are around

50� 10�3cm2=s, being very close to the one determined for

the MTA-Angelus. This result suggests that the granulation

of 53 lm could have a significant increase of the porosity,

and consequently in the thermal diffusivity.

The specific heat and mass density results for all CER

samples were found to be very close to ð0:90 6 0:04ÞJ=gK

and ð2:5 6 0:3Þg=cm3, respectively. Inset in Fig. 8 displays

the grain size dependence of the specific heat for gel volume

of 140 lL. The same behavior was also observed for gel vol-

umes from 150 to 170 lL (not shown). Finally, knowing the

values of the thermal diffusivity, heat specific and mass den-

sity, thermal conductivity can be calculated using k ¼ qcas.

The results are shown in the Fig. 8 as a function of the grain

size, showing the same behavior as displayed by the thermal

diffusivity.

The obtained results using the OPC method on the CER

samples reveal two important aspects. The first one was the

correlation between the thermal transport properties (thermal

diffusivity) with the porosity. The second one is the OPC

technique providing the thermophysical parameters of the

cement CER, which can help in the choice of an optimized

formulation in terms of the needs of its application in

dentistry.

VI. CONCLUSION

In this paper, we have demonstrated the applicability of

OPC technique for evaluating the thermal properties of

dental cements, providing information that can assist on

the preparation process of the fast hardening cement. The

measurement of thermal diffusivity was performed in sam-

ples with different gel/powder ratio and particle sizes and the

results were compared to the ones from commercial cements.

The results showed that the thermal diffusivity of CER tends

to increase smoothly with gel volume and rapidly against

particle size. This behavior was linked to the pores size and

their distribution in the samples.
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