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The thermal wave method is applied for thermal properties measurement in fast endodontic cement

(CER). This new formula is developed upon using Portland cement in gel and it was successfully

tested in mice with good biocompatibility and stimulated mineralization. Recently, thermal

expansion and setting time were measured, conferring to this material twice faster hardening than

the well known Angelus Mineral trioxide aggregate (MTA) the feature of fast hardening (�7 min)

and with similar thermal expansion (�12 lstrain/ �C). Therefore, it is important the knowledge of

thermal properties like thermal diffusivity, conductivity, effusivity in order to match thermally the

tissue environment upon its application in filling cavities of teeth. Photothermal radiometry

technique based on Xe illumination was applied in CER disks 600 lm thick for heating, with

prepared in four particle sizes (25, 38, 45, and 53) lm, which were added microemulsion gel with

variation volumes (140, 150, 160, and 170) ll. The behavior of the thermal diffusivity CER disks

shows linear decay for increase emulsion volume, and in contrast, thermal diffusivity increases with

particles sizes. Aiming to compare to MTA, thermal properties of CER were averaged to get the

figure of merit for thermal diffusivity as (44.2 6 3.6) � 10�3 cm2/s, for thermal conductivity (228

6 32) mW/cm K, the thermal effusivity (1.09 6 0.06) W s0.5/cm2 K and volume heat capacity (5.2

6 0.7) J/cm3 K, which are in excellent agreement with results of a disk prepared from commercial

MTA-Angelus (grain size < 10 lm using 57 ll of distilled water). VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4829921]

I. INTRODUCTION

In the recent decades, science of life has experienced

an enlargement of its exploiting field and, consequently,

the renewing of many concepts on life and healthcare.

Nowadays, so many powerful instruments and techniques

are developed for observation and analysis of matter, produc-

ing new discoveries that could be useful for improving the

human life. Aside to technologic achievement, there exists a

great network between areas of science, promoting interfaces

and cooperation in order to improve life quality in this mod-

ern world. Mainly in the healthcare, wider sense science and

technological fields, there are many interests and demands

for new materials claiming biocompatibility and therapeutics

application hoping to solve simple question like human spare

parts and restoring appliance that causes no rejection from

the body or long-term recovering upon invasive surgeries.

One field under fast development is the odontology, where

many materials are developed aiming compatibility with

human tissue and its environment in the mousse cavity.

Tissues and tooth present particular physical properties that

should be taken into account when biomaterial are to be used

as filling roots, restoring teeth or aesthetical surgeries that

need application of strange body. After a long time using

mainly metal and its alloys, nowadays is quite common the

use of new materials like hydroxyapatites and cement that

activates tissue regenerating and others more stable that ulti-

mate good matching for physical properties (like mechanical

and thermal) between them and tissue environment.

Over two decades have passed after Refs. 1 and 2

reported his work on Mineral trioxide aggregate (MTA)

claiming good properties for dental application, which has

shown so far excellent physical, chemical, and biological

properties.3–5 MTA composition is based on fine hydrophilic

particles of tricalcium silicate, tricalcium oxide, and trical-

cium aluminate and silicate oxide as reported by Lee.1 Its sim-

ilarity with commercial Portland cement (PC) has being

subject of many authors6–8 what led some researchers to pur-

sue alternatives based on PC that could improve some of tri-

bological functions of the MTA formula.9 Originally sold at

market as ProRoot-MTA, the manipulation of PC by a

Brazilian company reached a new composite having 80%

Portland cement and 20% bismuth oxide, this new material is

available as MTA-Angelus (Angelus Soluç~oes Odontologicas,

Londrina, Brazil).10

The ProRoot-MTA as well as its modified formula

MTA-Angelus has being criticized by clinicians mainly

because of its poor handling characteristic and lengthy set-

ting time. To overcome such drawback, it has being pointed

out the new possible application of MTA4,11 as root filling

material. Recently, it was proposed12,13 a new endodontic

a)Author to whom correspondence should be addressed. Electronic mail:

acbento@uem.br
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cement (named CER hereafter) composition with PC basis, a

gel composed of water, barium sulfate, and an emulsifier

with the function of improving the handling properties. This

material was developed as sealer and has to promote antimi-

crobial action and mineralized tissue barrier formation upon

calcium ion releasing in adjacent tissue. Although the results

of indicate that CER may have some advantages over MTA,

further studies is pointed out as needed to more suitably eval-

uate the bioactivity, thermal matching behavior to teeth

when used as filling material, for instance. The interest for

some biological and thermal properties of various dental

cements has been investigated for some years in Brazil.14,15

Among the properties that the root-end filling cements

should have, some of great importance, is the setting time for

clinical intervention and thermal expansion coefficient com-

patible to teeth. Nevertheless, efforts have been made in the

knowledge of other important properties desired for a root

filling material aside setting time and thermal expansion one

may find that thermal diffusivity, conductivity, and effusivity

may bring contributing for complete characterization of such

new material. In this sense, the proposal of this work is pres-

ent a set of thermal parameters obtained by means of modern

photothermal techniques such as photothermal radiometry

(PTR) based on thermal wave method. The thermal proper-

ties were investigated in a nondestructive fashion and results

correlated to both preparing condition particle size of the

composite and emulsion volume used in setting the cement.

II. PTR THEORY AND COUPLING LAYER
CONTRIBUTION

A. 1-D thermal wave model

In this model, the emitted radiation is proportional to the

ultimate modulated surface temperature hAC of a slab being

heated by a light source considering heat source in the bulk

and its thermal wave coupling from the interface contact

between the slab and its backing. The simplest way of under-

standing the geometry for this heat transfer problem is to

accept the system as a coating on a substrate or a layer film

onto another layer being one of them illuminated by a modu-

lated white light or laser. This radiation depends on both

sample geometry, infrared collection angle and also on the

area of the detector. Based upon Stefan–Boltzmann emission

law, one can show that the PTR signal can be written as16

SPTR ¼ Wð/; kd; T;DÞ
@WðkdÞ
@h

DkhAC; (1)

being Wð/; kd; T;DÞ ¼ eA sin2ð/ÞTðkdÞDðkdÞ the transfer

function of the detection where e is the surface emissivity, A

is the detector area, / is the collecting angle, D is the detector

spectral sensitivity for the spectral range Dk centered at the

detection wavelength kd, T is the transmission efficiency of

the infrared optics, Wðkd; hÞ ¼ C1k
�5=½expðC2=khÞ � 1�

� �
is the Planck�s radiation intensity formula with C1¼ 2hc2 and

C2¼ hc/kB being the radiation constants and h is the absolute

temperature in Kelvin. The sample’s modulated surface tem-

perature is hAC and it is the solution for a differential heat dif-

fusion equation. In the thermal wave scheme, the hAC was

derived by Bennett and Patty theory17 using photoacoustic

method with detection by means of microphone but nowa-

days a remote fashion of detection of the thermal waves is

based on PTR. The technique PTR measure the emission of

heat from a heated surface using the superposition scheme of

thermal waves arising from a bulk coating.18–21 For the PTR

scheme, the signal and its phase variation are due thermal

wave produced in the bulk of a coating with depletion or

accumulation in the interfaces. For a coating (sample layer)

of thickness L it follows that

hAC ¼
I0b

2Krð1� Rbe�2rLÞ

� 1� e�ðbþrÞL

bþ r
þ Rbe�2rLð1� e�ðb�rÞLÞ

b� r

" #
; (2)

where I0 is the incident power, b is the optical absorption

coefficient, K is the coating thermal conductivity, and

r ¼ ð1þ jÞas (with as ¼
ffiffiffiffiffiffiffiffiffiffiffi
x=2a

p
) defines the complex ther-

mal wave number and depends on modulation frequency

x¼ 2pf and thermal diffusivity, a, the thermal wave inter-

facial coefficient is defined as dependent on the thermal

effusivities ratio (ei/ej) and given by Rb ¼ ½1� ðeS=eCÞ�
=½1þ ðeS=eCÞ�where ei ¼ Ki=

ffiffiffiffi
ai
p

, being i¼ ‘s’ for the sub-

strate and i¼ ‘c’ for the cement, respectively.

In most case, one can simplify Eq. (2) for the thermally

thick (jrLj � 1) and opaque (jbLj � 1) condition, thus

choosing a wavelength such that the situation b � jrj is

allowed, Eq. (2) is rewritten to give

hAC ffi
I0ð1þ Rbe�2rLÞ

2Krð1� Rbe�2rLÞ : (3)

By fitting Eq. (2) or Eq. (3) onto the signal or phase

data, one can calculate the thermophysical properties of the

coating.

B. 1-D thermal wave model with interface layer
correction

A wider discussion on the problem inferring about boun-

daries for thermal waves propagating in layered system with

contact resistance is referenced to readers in Mandelis

book,22 whose treatment deal with many problems in the

photothermal field aiming to introduce a unification of math-

ematical framework for the so-called diffusion-wave field

using Green functions formalism. In most cases, the coupling

layer between substrate and coating are not perfect and ther-

mal contact resistance may come out. This cumbersome

problem can be faced upon supposing that this coupling layer

is thin enough to be neglected, but for a nonperfect contact it

could be seen as a new layer. Moreover, such new layer

could present thermal wave interfacial accumulation or

depletion, which one may assume to be responsible for an

effective thermal wave coupling coefficient, considering the

Bennet-Patty model for thermal wave method. In the case of

new layer, one has to write the functional of temperature for

an opaque coating adhered to a substrate semi-infinite as

follows:16,22

194701-2 Picolloto et al. J. Appl. Phys. 114, 194701 (2013)
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hAC ffi
I0

2Kcrc

1þ C expð�2rcLcÞ
1� C expð�2rcLcÞ

� �
: (4)

Here, the effective thermal wave coupling coefficient C
becomes complex and must carry on all information about

the coating layers and their thermal properties and it can be

written as

C ¼ Rgc þ Rsg expð�2rgLgÞ
1þ RgcRsg expð�2rgLgÞ

: (5)

The subscript g indicates the thermal grease. In this

equation, the relation between interfacial coefficient for the

two interfaces, coating-coupling layer (c–g) and coupling

layer-substrate (g–s) can be readily written as

Rgc ¼
1� bgc

1þ bgc
With bgc ¼

Kgrg

Kcrc
: (6)

Being bgc the effusivity ratio for glue-coating interface

and also being the effusivity ratio for substrate-glue

interface,

Rsg ¼
1� bsg

1þ bsg
With bsg ¼

Ksrg

Kgrs
: (7)

In many photothermal models, one may prefer the use of

phases of signal instead of its magnitude, which is of course

due to phases to be more sensitive in the frequency domain.

Therefore, the simulation of phase shift for Eqs. (3) and (4)

for cases II(A) and II(B) can be very advantageous to justify

why choosing phases shift for fittings instead of the PTR sig-

nal amplitude.22 In Fig. 1, PTR phase shift is shown for a

particular set of interfacial coefficient for the case of a per-

fect contact between coating and substrate, case II(A). The

x-axis is the thermal thickness (that uses a¼ 0.06 cm2/s and

Lc¼ 600 lm. Phases shift toward positive value for interfa-

cial coefficient negative, peeking in the very early thermally

thin region (jrLj 	 1), a notch is shown near (jrLj � 1.5)

what justify using phases since the signal amplitude is

extremely attenuated for jrLj> 1.0. On the other hand, in

Figs. 2(a) and 2(b) it is simulated the influence of the cou-

pling layer on both amplitude and phase, considering one

case of Fig. 1 with no coupling layer and interfacial coeffi-

cient being Rsg¼þ0.3, a¼ 0.06 cm2/s, and Lc¼ 600 lm cor-

responding to the first curve in Fig. 1 below the x-axis. This

curve is naturally modified when the coupling layer is con-

sidered with interfacial coefficient Rgc goes from �1 to þ1.

Clearly one can observe an inversion of the phase starting

near 45� and going toward �45�, and the same pattern is

seen for normalized amplitude that goes from 0 to þ1 for

Rgc given from �1 to þ1. Comparing both figures one can

see that the coupling layer is changing the phase shift in the

opposite direction compared to PTR with no coupling layer,

case II(A). Phase shift goes to �45� as the coupling factor

Rgc goes from 0 to þ1.0 and in opposite it goes to þ45�

when Rgc increases from 0 to �1.0. When simulated for

Rsg¼�0.3 the behavior of the phase difference (Fig. 2) is

shown the same for the case Rsg> 0.

III. MATERIAL AND METHODS

A. Sample preparation

Samples used in the PTR adherence experiment were disks

of fast endodontic cement (CER), which were prepared in the

Physics Department of Ilha Solteira University, Brazil. Portland

cement, gel composed of water, barium sulfate (BaSO4), and

an emulsifier were mixed with stainless spatula on a thick glass

plate to perform the CER composite. Before it was dried, the

CER mixture was placed in a stainless steel plate with circular

holes of 5 mm in diameter and 1 mm thick supported on a glass

tablet, filling the holes. Another glass plate was rested on top

gentle to assure the uniformity of thicknesses. Although the

batches were managed at room temperature, the final system

comprised of “mass tablet/stainless steel holder/glass top” was

left to rest in an oven with temperature controlled at 37 �C and

humidity kept between 95% and 100%.12,13

The samples were prepared in batches of sixteen disks

using four sieves with 25, 38, 45, and 53 lm, varying for

FIG. 1. PTR prediction for the optically opaque condition for phase shift of

Eq. (3) as a function of thermal thickness. PTR is parameterized against

thermal wave interfacial coefficient Rb. The value Rg was considered for

simulation equal to 1.

FIG. 2. PTR prediction for adherence layer considering amplitude (a) and

phase shift (b) of Eq. (4) as a function of thermal thickness. PTR amplitude

and signal phase is parameterized against thermal wave interfacial coeffi-

cient Rgc (thermal paste-coating interface).
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each particle size the relation powder/liquid, being one of

each for PTR measurements. For example, an amount of

600 mg of clinker powder produces one set of four CER

disks with grain size 25 lm that was mixed with emulsion

volumes of 140, 150, 160, and 170 ll, respectively.

Following this procedure, other CER disks were prepared

with particle sizes 38, 45, and 53 lm, performing a sixteen

set of samples. The average thickness after cured was Lc �
600 lm. MTA powder grade less than 10 lm was bought at

local market and it was prepared as early described, but with

57 ll as recommended by manufacture’s recipes. The curing

time of samples of CERs was inspected by means of a

Gilmore needle each 2 min until no more penetration was

guaranteed. These results led to thermal expansion data and

setting time of CER but will not be the subject of this

work.13,23

B. Thermal wave method: PTR experimental setup

The PTR setup is comprised by a radiation source, mod-

ulation system and infrared sensor, which drives the signal

into a Lock-in amplifier that reads the signal as a function of

modulation frequency at an x point at the surface on sample.

A personal computer is able to move the step-motor x stage,

controlling data transfer and storing them for further analy-

sis. The setup is shown in Fig. 3(a), which differently of the

usual PTR setups, a 1000 W-Xe arc white lamp source (Oriel

corporation model 68820) emitting from UV up to 4 lm is

used instead a laser. Lamp was settled to 750 W and a chop-

per (Stanford Research model SR540) modulated the light.

The thermopile infrared sensor (Oriel model 71765) with Ge

window was used to read the thermal radiation in the range

of 8–14 lm and this signal was feed into the Lockin (EG&G,

model 5110). Amplitude and phases of the signals were

collected and stored for fittings purposes using Eqs. (3) and

(4). Figure 3(b) shows the geometry for the sample when

fixed onto of the stainless steel substrate. The coupling paste

was manufactured by Simavi Co. and bought from local

electronic store (Simavi Co. Brazil, silicon grease with zinc

oxide). All samples of CER (based in commercial Cimento

Portland Comum CP I e CP I-S, NBR 5732), MTA (MTA-

Angelus Brazil code 820) and a layer of thermal paste were

supported in a single strip of stainless steel (SS, commercial

blades from local market) 3164 lm thick in order to run all

of them at a time, for each frequency from 1 to 25 Hz. The

sketch of sample holder is shown in Fig. 3(c), CER were

fixed side by side and a small gap was left to identify the

phase shift from substrate when the light passes from one

sample to another in the line of scan.

IV. RESULTS AND DISCUSSION

A. Thermal coupling analysis

An important role of thermal grease is the ability to dis-

sipate heat from the surface of the paste and the material in

which it will be applied. For the chemical composition of the

thermal grease is very important that its surface (which is

very irregular) is composed of a plastic material, e.g., sili-

cone oil and other component that is also a good conducting

(zinc oxide, carbon black, graphite, and silver).24,25

To check the influence of thermal grease on the thermal

wave response, under absorbing conditions for an optically

opaque layer, grease were put on top of two different sub-

strates (grade American Iron and Steel Institute-AISI), AISI

304 or AISI 316 stainless steel and glass soda lime. Grease

thicknesses were (38, 90, 166, and 343) lm on glass and

(10, 60, 100, 170, and 340) lm on stainless steel. PTR scans

were done using light on the grease surface for both

FIG. 3. (a) Thermal wave experimental setup using white lamp Xe arc. (b) Geometry used for sample coupling onto substrate, a thermal coupling was guaran-

teed by a thin layer of paste and it is considered as a layer in the PTR considering the condition optically opaque with influence adherence model. (c) Sample

holder of stainless steel detailing the light scan and samples CER location with Ls �600 lm, fixing layer of paste was about Lg �220 lm stainless strip Ls

�3164 lm.
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substrates, by means of three different sources of radiation,

the xenon arc lamp emitting polychromatic white light with

a power 800 W, the argon laser with k¼ 514 nm (model

Innova 90-Plus Coherent TEM00-6 W, multiline mode), with

power applied to the experiment 675 mW, and, finally, the

laser diode/Transistor-transistor logic modulated (TTL)

(model DHMO-M), k¼ 532 nm and power 500 mW. The

spot onto samples was large enough to assure plane illumina-

tion (�4 mm).

It was imperative to know the thermal grease stability

under exposure to environment and time as its physical-

chemical properties may be changed with some sort of influ-

ence in the PTR experiment, which justify using many light

source and substrates for the grease layer. Since thermal

properties such as the diffusivity and effusivity of this grease

is needed to model the adherence layer as recalled in the

model presented in Sec. II, PTR influence from the adher-

ence layer is accounted in Eq. (3). The information about the

thermal properties of substrates used in the measurements of

the grease layer is tabulated elsewhere.26,27

The range of modulation frequency sweep was from 0.5 to

80 Hz, with different limits in each experiment. Figures 4(a)

and 4(b) show the plots of the phase shift versus Lf0.5 in fitting

the grease layer for both substrates using the sources Ar-laser

and Xe-arc lamp. Results show consistency independent on the

radiation source used. From fitting data one can obtain a and R,

which are represented by the straight line in Figs. 4(a) and 4(b).

The average parameters from measurements and those calcu-

lated afterwards using a and R are agrease¼ (7.6 6 0.4) � 10�3

cm2/s and Rb¼þ(0.25 6 0.03), which led to egrease

¼ (0.43 6 0.03) W s0.5/cm2 K, Kgrease¼ (38.0 6 4.0) mW/cm

K, and qcp grease¼ (4.9 6 0.4) J/cm3 K. Maximum phase shift

were �11� when using white light, Fig. 4(a) and �13� for

Ar-ion laser at 514 nm, Fig. 4(b).

B. Cement analysis

1. CER results

Although other photoacoustic methods could be used for

measuring thermal diffusivities of the CER, remote PTR is

chosen because it presents advantage compared to open pho-

toacoustic cell method (OPC) in managing porous material.

Troubles such as pressure leaking or thermal bending effects

are securely disregarded when using the PTR and generally

porous sample should be pretreated with hydrophobic layers

on surfaces to assure the closeness of photoacoustic chamber.

Furthermore, PTR�s remote feature allows one to measure the

infrared radiation from sample upon its illumination with a

non-coherent light source, since enough heat can be generated

at sample surface.

The trouble in dealing with thin slab instead of CER-

coating brings to the PTR experiment a little difficult related

to contact as this method supposes that a coating having good

contact with a substrate is essential to the method. To over-

come this need, and due the high porous character of the den-

tal cement CER, aside its fragility as well, the setup of

samples were made up fixing all samples on the stainless steel

strip by means of a thin layer of thermal coupling grease, as

shown in Fig. 3(c). The grease layer thickness was in average

about 37% of the CER thickness, being typically of the order

of 218 lm for grease and 595 lm for CER, the whole batch of

CER is given in Table I, which also shows fitting results for

the whole thermal parameter. Table I also includes values for

MTA, Portland and thermal grease obtained in this work.

Substrate was supported and moved by the X-Y stage in

a scanning line that covers about 157 mm long including sub-

strate, thermal grease, and MTA areas. Thus, white light

passes each CER disk. As to exemplify a single scanning at

25 Hz, Fig. 5 shows on top only a part of the strip shown in

Fig. 3(c), which is swept by light. One can see clearly the

phase shifts for samples from 1 to 4 (140 ll to 170 ll) of

CER disks prepared with grain size of 25 lm. The main fea-

ture in this figure is that a quasi-flat plateau is developed for

each CER as a response of heating and in between the phases

shift down to match the phase of substrate. Data points are

phase shift at a position on each sample and the “plateau” is

the extension of them. The fluctuation of phase for each pla-

teau is expected when heating a sample prepared from pow-

dered particles (such as ceramic or cements). This is an

effect of the surface porous varying in size and geometry,

which can make the local amplitude of temperature or its

phase to be different from a void compared to a solid part.

These phases can reflect those variations in the form

FIG. 4. Results for PTR fitting of thermal grease using Eq. (3). (a) Grease

on stainless steel substrate and source Xe-arc lamp. (b) Grease on stainless

steel substrate and source of illumination Ar-ion laser. Symbols are experi-

mental data and lines are fittings.
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TABLE I. Thermal parameters measured and calculated with the influence of thermal grease.

Samples and thicknesses Fitted from phase of Eq. (4) Calculated from phase Fitted from amplitude of Eq. (4) Calculated from amplitude

CER (lm/ll) Lc (61 lm) Lg (61 lm) a (10�3) (cm2/s) Rgc e (Ws0.5/cm2 K) K (mW/cm K) qcp (J/cm3 K) a (10�3) (cm2/s) Rgc e (Ws0.5/cm2 K) K (mW/cm K) qcp (J/cm3 K)

25/140 580 216 40.2 6 3.3 0.40 6 0.02 1.02 6 0.06 205 6 28 5.1 6 0.7 41.5 6 2.4 0.38 6 0.01 0.99 6 0.04 202 6 13 4.9 6 0.6

25/150 532 217 39.4 6 3.2 0.45 6 0.03 1.16 6 0.07 230 6 32 5.8 6 0.8 40.4 6 2.3 0.43 6 0.02 1.12 6 0.05 226 6 16 5.6 6 0.7

25/160 592 216 41.7 6 3.4 0.40 6 0.02 1.02 6 0.06 209 6 29 5.0 6 0.7 42.6 6 2.5 0.38 6 0.01 1.00 6 0.04 205 6 13 4.8 6 0.6

25/170 565 217 37.8 6 3.0 0.43 6 0.03 1.09 6 0.06 212 6 29 5.6 6 0.8 36.4 6 2.1 0.44 6 0.02 1.17 6 0.05 223 6 16 6.1 6 0.9

38/140 564 228 42.4 6 3.4 0.41 6 0.02 1.04 6 0.06 214 6 30 5.1 6 0.7 44.8 6 2.6 0.38 6 0.01 0.99 6 0.04 211 6 14 4.7 6 0.6

38/150 645 216 48.3 6 3.4 0.35 6 0.02 0.91 6 0.05 200 6 28 4.2 6 0.6 48.5 6 2.8 0.35 6 0.01 0.93 6 0.03 205 6 13 4.2 6 0.5

38/160 486 217 33.7 6 2.7 0.51 6 0.03 1.34 6 0.08 246 6 34 7.3 6 1.0 30.7 6 1.8 0.59 6 0.02 1.08 6 0.08 189 6 19 6.1 6 0.9

38/170 565 225 42.7 6 3.5 0.41 6 0.02 1.04 6 0.06 214 6 30 5.0 6 0.7 44.2 6 2.6 0.38 6 0.01 1.01 6 0.04 212 6 14 4.8 6 0.6

45/140 640 230 44.5 6 3.6 0.36 6 0.02 0.93 6 0.05 196 6 27 4.4 6 0.6 47.3 6 2.7 0.33 6 0.01 0.90 6 0.03 195 6 12 4.1 6 0.5

45/150 610 226 40.5 6 3.3 0.39 6 0.02 1.00 6 0.06 201 6 28 5.0 6 0.7 40.8 6 2.4 0.40 6 0.02 1.04 6 0.04 210 6 15 5.1 6 0.7

45/160 617 232 43.8 6 3.5 0.35 6 0.02 0.91 6 0.05 191 6 26 4.4 6 0.6 44.4 6 2.6 0.35 6 0.01 0.93 6 0.03 195 6 13 4.4 6 0.5

45/170 598 217 43.1 6 3.5 0.42 6 0.02 1.06 6 0.06 221 6 31 5.1 6 0.7 43.0 6 2.5 0.42 6 0.02 1.11 6 0.04 229 6 16 5.3 6 0.7

53/140 640 218 51.5 6 4.2 0.37 6 0.02 0.95 6 0.06 215 6 30 4.2 6 0.6 51.2 6 3.0 0.37 6 0.01 0.98 6 0.04 222 6 15 4.3 6 0.5

53/150 625 222 42.6 6 3.4 0.40 6 0.02 1.02 6 0.06 210 6 29 4.9 6 0.7 41.9 6 2.4 0.41 6 0.02 1.08 6 0.04 221 6 16 5.3 6 0.7

53/160 735 216 58.2 6 4.7 0.31 6 0.02 0.83 6 0.05 201 6 28 3.5 6 0.5 60.2 6 3.5 0.30 6 0.01 0.83 6 0.03 205 6 12 3.4 6 0.4

53/170 606 209 42.9 6 3.5 0.41 6 0.02 1.05 6 0.06 217 6 30 5.1 6 0.7 45.1 6 2.6 0.39 6 0.01 1.02 6 0.04 216 6 14 4.8 6 0.6

Reference material measured

Thermal

Grease/Paste(a)

115 — 7.6 6 0.4 �(0.25 6 0.03) 0.43 6 0.03 38 6 4 4.9 6 0.4 7.6 6 0.2 �(0.24 6 0.07) 0.45 6 0.06 39 6 6 5.1 6 0.9

MTA(b) 589 184 44.2 6 3.6 0.427 6 0.025 1.09 6 0.06 228 6 32 5.2 6 0.07 43.1 6 2.5 0.441 6 0.012 1.16 6 0.05 241 6 18 5.6 6 0.7

Portland(c) 120 to 420 20 16.8 6 0.8 0.66 6 0.12 0.7 6 0.1 94.0 6 19.0 5.6 6 0.06 16.9 6 0.5 0.64 6 0.02 0.72 6 0.05 94.0 6 7.0 5.6 6 0.6

Reference substrate—Literature

SS-316 3164 — 34.8 — 0.719 134 3.86

SS-304 3164 — 40.3 — 0.807 162 4.02

Soda-lime glass 3000 — 4.6 — 0.147 10.0 2.15

(a) Simavi Co. Brazil, silicon grease with zinc oxide,24, 25 (b) MTA-Angelus Brazil code 820,9, 10 (c) Commercial grade Portland Cement.35

Commercial stainless steel blade.16, 26
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presented in Fig. 5 and also some edge effect, when light is

getting off sample surface and heating the substrate in the

interval in between CER disks.

In the present study, it was considered the influence of

the interface adherence layer (thermal grease) as the new

layer in the model for PTR, Eq. (4). Therefore, the simula-

tion of Eqs. (3) and (4) presented in Figs.1 and 2 shows the

existence of phase shift inversion for interfacial coefficients

R (there Rb> 0 and converges to zero as phase goes from

�45� to 0� and for Rb< 0 in the other range from 0� to

þ45�), see Fig. 1. On the other hand, this interfacial coeffi-

cient (Rgc) with the coupling layer present goes from þ1 to

�1, when phase shift goes from �45� to þ45�, see Fig. 2.

The phase difference was measured by subtracting the aver-

age phase of each sample to the average phase of the

substrate.

2. CER analysis

In our knowledge, the value of thermal diffusivity of

this coupling material was unknown but needed in the pro-

posed model for the account of the adherence layer. Since

the thermal property of the grease is known, CER disks were

measured and data fitted using the PTR considering the con-

ditional optical opaque with adherence model using the

phase of Eq. (4). The experimental result for a 115 lm thick

layer of thermal coupling deposited on the stainless steel

substrate was discussed earlier. Fig. 4 showed that thermal

coupling fitted to Eq. (3) produced thermal diffusivity

agrease¼ (7.6 6 0.4) � 10�3 cm2/s and thermal effusivity

egrease¼ (0.43 6 0.03) W s1/2/cm2 s. These values are imple-

mented in Eq. (4) for fitting the second layer referring to

CER samples.

The fitting result for MTA commercial cement is shown

in Fig. 6. Both amplitude and phase were used with normal-

ized amplitude dropping from 1.5 to its thermally thick (the

end point for amplitude) value 1.0 (see left side axis). On the

right axis, the whole phase variation from fitting covers

about �25� (from �13� for the lowest shift value to þ12�

for the like saturated value, or the value when the thermal

wave is damped, representing its end-point value. Thermal

diffusivity for MTA was aMTA¼ (44.2 6 3.6) � 10�3 cm2/s

and thermal wave interfacial coefficient Rgc¼ (0.43 6 0.03),

which agrees with the model prediction from Fig. 2 that

shows a typical þ0.5<Rgc<þ0.0. For the model of PTR

optical opaque with adherence, the thermal wave interfacial

coefficient between the stainless steel and the thermal grease

is about �0.25, an indicative that effusivity for thermal

grease is lower than that for cements. Fittings are set to give

a (thermal diffusivity) and R (thermal wave coefficient at

interfaces) while thermal effusivity, conductivity and volume

heat capacity are calculated. For MTA were obtained

eMTA¼ (1.09 6 0.06) W s0.5/cm2 K, KMTA¼ (228 6 32)

mW/cm K, and qcMTA¼ (5.2 6 0.07) J/cm3 K.

By means of Eq. (3), the fitting not considering the ad-

herence layer for CER25 lm/140 ll gives an aCER25/140

¼ (40 6 5) � 10�3 cm2/s and thermal wave interfacial coef-

ficient Rb¼þ(0.43 6 0.07). Errors for the fitted parameters

were about 13% for thermal diffusivity and 16% for thermal

wave interfacial coefficient. In order to be compared both

models, a particular fitting of the CER set was picked up here

as the representative one and the fitting parameter obtained

from Eq. (4) was aCER25/140¼ (40.2 6 3.3) � 10�3 cm2/s and

interfacial coefficient Rgc¼þ(0.40 6 0.02). Now the aver-

aged errors for all CER samples (see Table I) for a were

about 8.0% and 5.5% for the effective Rgc. Clearly one can

see that these errors are overestimated when Eq. (3) is

applied, since the true value found for Rgc considering the

adherence model for fitting is slightly reduced, If fittings

include the influence of the coupling grease likely predicted

in Eqs. (4) and (5). The difference observed figures out about

10% and considered enough to justify the inclusion of the

contact effect on this interfacial coefficient, thus one must

use C instead Rb.

FIG. 6. PTR considering the adherence model with line being data fitting

to Eq. (4) for a MTA disk 589 lm thick with layer of thermal coupling

grease 184 lm thick. Substrate is stainless steel and fitted parameters using

amplitude (open triangles) were aMTA� (43.1 6 2.5)� 10�3 cm2/s and

Rgc¼þ(0.44 6 0.01) and from phase (open squares) aMTA � (44.2 6 3.6)

� 10�3 cm2/s and Rgc¼þ(0.43 6 0.03).
FIG. 5. PTR phases for a set of CER samples as a pictorial scanning show-

ing phase plateaus and its small variation due porosity of CER. Lines are for

averaged phase shift used in the fittings. Set prepared using the 25 lm sieve

and varying volumes. Scanning done at frequency of 25 Hz.
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Figure 7 shows the adjustment considering the optically

opaque condition with influence the adhesive layer to a rep-

resentative sample CER25/170 where both data amplitude

and phase are plotted. The advantage of using PTR measure-

ment of a and R is that one can use Eqs. (6) and (7) to derive

other thermal parameters of the material. This thermophysics

characterization is accomplished of thermal effusivity,

thermal conductivity, and volume heat capacity of the

cements, using the relationships a¼ (k/qcp) and e¼ (k/�a),

since R¼ (1–b)/(1þb) and b¼ [es/ec]. Effusivity is calcu-

lated using the R fitted that leads to the parameter “b.”

For this calculation the stainless steel (SS) properties are

taken into account as qSS¼ 8.238 g/cm3, cp¼ 0.468 W s/g K,

aSS¼ 0.0348 cm2/s, kSS¼ 0.134 W/cm K, and eSS

¼ 0.719 W s0.5/cm2 K.16

Thermal conductivity is a property dependent on micro-

structure and measures the ability of a material to conduct

heat. This dependence is best described using the expression

k¼ (aqcp). This parameter was done for the CER and

MTA samples and the values are tabulated in Table I.

Thermophysical data “e, K, and qcp” were calculated using

the fitted values to data by means of Eq. (4) for amplitude

and its phase giving Rgc and a. In the calculations, the mean

value of mass density was used, obtained by the buoyancy

method, giving q¼ (2.50 6 0.03) g/cm3.23

The thermal properties derived here by means of PTR

method are themselves considered new data to the best of

our knowledge, since the thermal characterization of this

biocompatible cement (CER) has not been reported in the

previous literature. The value for thermal diffusivity CER is

greater than that for a biomaterial with similar usage such as

the synthetic hydroxyapatite, which comprises the major por-

tion of minerals of teeth18,20 and present values in the litera-

ture close to aHA �0.004 cm2/s. Whereas data on thermal

stability and mechanical properties can be found for CER

and MTA, extensive thermophysical data for filling root

materials are lacking. In addition, there is thermal data

obtained by other in vitro techniques on human enamel and

dentin28,29 giving values in the range of a(enamel)

� (0.003–0.005) cm2/s (for dentin �0.003 cm2/s) and

k(enamel) � 9 mW/cm K (for dentin k � 6 mW/cm K).30,31

As to compare, the typical value for natural bovine bone is a
� (0.003–0.005) cm2/s32 and one can find typical values of k

� 5.0 mW/cm K for human rib bones and k � 8.0 mW/cm K

for the enamel of human teeth.33,34

3. Influence of grain size

By means of data from Table I for CER thermal proper-

ties, some plots were done two fold, first and here discussed,

the plots were against grain size but averaging all results in

emulsion volume. This was necessary to try discriminating

this influence on thermal properties since they presented

small variation when compared sample to sample looking at

them in groups, which could be better done in taking volume

average for grain influence. The same was applied to the

analysis of evolution of thermal properties against volume,

but in taking all grain size averaged for each volume group,

this case is presented further in its own section below.

Following this an almost linear plot was found for each

parameter and its slope was evaluated as shown in Table II.

The representative picture of this analysis is shown in Fig. 8

for thermal conductivity. One can see in this figure that K

decreases linearly with grain size and goes away from the

MTA value, which is shown above by a horizontal line. This

negative slope is about (�0.26 6 1.43) but K values are close

to that of MTA, at most between 10% lower than MTA. For

thermal diffusivity, its slope showed a small tendency to

increase with grain size. The slope is close to (0.28 6 0.17)

but its averaged value is also close to that for MTA, with dis-

persion less than 10%. Finally, for thermal effusivity the

slope was �(0.0044 6 0.0029) and for heat capacity �(0.040

6 0.035), the values obtained also are in agreement with

MTA values with dispersion about 13% for “e” and 12% for

“qcp,” respectively. The positive slope for “a” maybe

explained by recalling the definition of thermal diffusivity,

being a¼K/qcp. Thus, if one expects qcp to be constant the

slope of a should follows K. In fact, variables like emulsion

volume and grain size can play important role in the micro-

structure picture and especially in the thermal properties of

the CER upon its setting up. This hypothesis might be sup-

ported by porosity data and its behavior against particle size

used in setting the cement formula.12,23,36 It is consensual

that the increase in porosity alone can cause influence on

the value of thermal diffusivity in cements, because the

space, especially a small or narrow one representing voids

could be filled up with gas, air for instance or any other

kind produced by setting up from chemical reactions that is

stored within pores. The thermal diffusivity of air and other

gases are usually higher than cements, generally about 1

order of magnitude, what might elevate a relative to

increasing grain size. Thus, for larger sizes of grains are

expected larger pores in material, raising the relative

volume of air in the CER matrix. In this analysis the MTA

thermal properties matched those referring to particles with

38 lm, excepting the value for K that remains close to the

range of 25–38 lm.

FIG. 7. PTR considering the conditional optically opaque with adherence

model fitting data to Eq. (4) for CER 25 lm/170 ll disk 565 lm thick with

layer of thermal coupling grease 217 lm thick. Substrate is stainless steel

and fitted parameters for amplitude data were Rgc¼þ(0.44 6 0.02) and

aCER25/170 is (36.4 6 2.1) � 10�3 cm2/s, and for phase data Rgc¼þ(0.43

6 0.03) and aCER25/170 is (37.8 6 3.0) � 10�3 cm2/s.
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4. Influence of emulsion volume

Similar to the above discussion, here the emulsion vol-

ume is taken as the main parameter as influencing thermal

properties of CER. Again due its intrinsic importance it was

taken the thermal conductivity as representative properties of

CER, which is plot in Fig. 9. One can see that the group at

170 ll presented the closest value to the MTA, which K val-

ues increase slightly but not too far from MTA, with disper-

sion less than 10%. This slope is now positive (0.27 6 1.31)

but K values are close to that of MTA and is at most between

7% lower than MTA. The thermal diffusivity slope presented

a small tendency to decrease linearly with emulsion volume

with slope close to �(0.08 6 0.16). This is in module much

less than that observed by the grain size influence, but still

keeping value close to that for MTA with dispersion less

than 5%. This negative slope can be explained by calling the

composition of the emulsifier gel, used in preparing CER

samples. Since the volume emulsion is mainly constituted by

polymeric materials, which present thermal diffusivity at

least 1 order of magnitude lower than cements,23,36–38 it

could be expected. For thermal effusivity, the slope was

(0.0023 6 0.0026) and for heat capacity (0.016 6 0.031),

these values are in agreement with that for MTA with disper-

sion at most about 11% for both “e” and for “qcp.” Again,

recalling the definition of thermal diffusivity a¼K/qcp and

observing that slope of “qcp” is positive, the immediate con-

sequence on “a” is its reduction, agreeing with the reducing

or negative slope of “a.”

The CER group prepared with emulsion volume at

170 ll presented the closest thermal properties to MTA,

excepting for thermal diffusivity that matches MTA value at

160 ll. Overall, results now show that behavior of the ther-

mal properties is presenting opposite slopes compared to that

discussed above for grain size effect.

If one can point out the figure of merit for this cements

upon both variable, it would pointed that thermal proper-

ties similar to MTA could be matched in using particles in

the range of 25 to 38 lm but setting the emulsion volume

close to 170 ll. The advantage of using this figure of merit

is that the CER could be applied in root filling procedure

without losing thermal matching with the buccal environ-

ment that includes tooth and its parts, enamel and dentin.

As expected, thermal diffusivity is much more sensitive

to the microstructure changes of CER than the parameter

K or qcp. Slope ratio for (Da)v/(Da)sffi 3.5 and for

(Dqcp)v/(Dqcp)sffi 2.5 while for (DK)v/(DK)s ffi 0.96 and

for (De)v/(De)s ffi 1.9, showing the influence of microstruc-

ture related to grain size as the most influent in this param-

eter, what under certain reserve is reflecting the changes in

heat capacity.

TABLE II. The slopes of thermal properties for CER samples divided into two fold groups: Grain size with volume averaged and volume with grain size

averaged.

Slopes of thermal properties measured fora

Evaluation criteria Da De DK Dqcp

Increasing the grain size 0.28 6 0.17 �(0.0044 6 0.0029) �(0.26 6 1.43) �(0.040 6 0.035)

Averaged in emulsion volume:

[dth/ds]v¼cte

Increasing the emulsion volume averaged in grain size: �(0.08 6 0.16) 0.0023 6 0.0026 0.27 6 1.31 0.016 6 0.031

[dth/dv]s¼cte

ath¼thermal parameters such as a, e, K, and qcp; s¼ size and v¼ volume.

FIG. 9. Thermal conductivity of CER as a function of emulsion volume with

K increasing smoothly with volume. Each data point refers to the averaged

in grain size for CER sample in the chosen volume group.

FIG. 8. Thermal conductivity behavior showing a slightly decreasing against

grain size. Each data point refers to the averaged in volume for CER sample

in the chosen group (here, the grain size for instance).
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V. CONCLUSION

These results obtained for thermophysics properties of

fast hardening cement CER and for the reference material

MTA were presented with three main important findings. It

was done by adapting PTR method for taking into account

the contact influence on samples after previously deriving

the thermal properties of paste itself. The first result on CER

analysis leads to a correlation between thermal transport and

the variations of volume of emulsion and grain size. The sec-

ond one is the ability of using PTR with white light radiation

instead the conventional laser heating, reducing the damages

perceived as burnt spot on CER sample. The last findings

could be a goal of PTR method for deriving pastry materials

like the coupling fluid used as contact layer. In this fashion,

PTR can be used in the analysis of conventional disk samples

without building up a coating system, since thermal proper-

ties of cooling layer are previously known and method mod-

eled properly. Finally, PTR allows a characterization of

thermophysics of fast endodontic cement CER with thermal

properties compatible to those of commercial MTA, high-

lighting the particles groups sizing between 25 and 38 lm

and with emulsion volume close to 170 ll.
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