
Thermochimica Acta 430 (2005) 115–122

Analysis of the sensitivity and sample–furnace thermal-lag of a
differential thermal analyzer

P. Roura, J. Farjas∗

GRMT, Department of Physics, University of Girona, Campus Montilivi, Edif. PII E17071 Girona, Catalonia, Spain

Received 6 September 2004; received in revised form 7 January 2005; accepted 10 January 2005
Available online 8 February 2005

Abstract

The heat exchange between the horizontal furnace of a differential thermal analyzer (DTA) and the sample is analyzed with the aim of
understanding the parameters governing the thermal signal. The resistance due to radiation and conduction through the gas has been calculated
and compared to the experimental values of the thermal-lag between the sample and furnace and apparatus sensitivity. The overall evolution
of these parameters with the temperature and their relative values are well understood by considering the temperature differences that arise
between the sample and holder. Two RC thermal models are used for describing the apparatus performance at different temperature ranges.
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inally, the possibility of improving the signal quality through the control of the leak resistances is stressed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Differential scanning calorimetric techniques are used to
nalyze the heat that evolves during structural transforma-

ions (both physical and chemical) of materials. The experi-
ents are quicker, simpler and require a smaller amount of

ample than with traditional calorimetric techniques such as
diabatic calorimetry. This is usually achieved at the expense
f temperature resolution and enthalpy accuracy[1]. To eval-
ate the sample temperature, calibration procedures are well
stablished. Most of them are based on the well-known rela-

ionship[2]:

S = TF − τβ + �TC

hereTS andTF are the sample and furnace temperatures,
espectively,β is the heating rate (dT/dt) and�Tc is an offset
ndependent ofβ. The time constantτ depends on the sample
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heat capacity,CS, and two characteristic parameters of
apparatus,R0 andτx:

τ = τx + R0CS

whereR0 is a thermal resistance. Usually, the effect of
apparatus on the signal shape and intensity is modele
simple thermal models involving a set of ‘thermal mas
(Ci) and resistances (Ri) that result in characteristic tim
constants[2–4].

The performance of a differential calorimeter depend
these parameters which determine its sensitivity and its
ity to resolve different peaks. A number of works are dev
to the analysis, from this point of view, of the quality
the thermal signal[5,6]. An even greater number of pap
analyze the deviations from the ideal peak shape by co
ering the contact resistances between sample and pan
and holder[7,8], or the temperature gradients that deve
into the sample[9,10]. This last effect is especially impo
tant in temperature modulated differential scanning calor
try (TMDSC) [9] and it was one key subject to the class
J. Farjas). differential thermal analysis (DTA)[11] technique. The val-
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ues of time-constants, thermal resistances and heat capacities
are obtained from calibration procedures[2,12]. In contrast,
these thermal parameters are seldom predicted from an anal-
ysis of the temperature distribution within the measuring cell
of the calorimeter, as a result, calculations leading to these
values are scarce.

After doing an extensive revision of the literature, we have
found very few papers, if any, that predict the thermal pa-
rameters of any differential scanning calorimeter (DSC or
DTA). From our point of view, the degree of knowledge at
this level is quite poor and is reduced to the general concepts
of heat transport. In fact, for most practitioners of thermal
analysis, this level of comprehension is enough (for instance,
in Ref. [3], the elementary models of DSC apparatus that
are described in Section2 are proposed without any detailed
analysis of heat transport). However, if one is interested in
improving the signal of a differential calorimeter, it is es-
sential to understand the physical paths for heat transport. A
review of the attempts done in this direction can be found in
a recent paper by Ozawa[13] where the work of Boersma
[14] is qualified as crucial in the development of differential
calorimetry. After his analysis of the heat transfer mecha-
nisms in a ‘classical DTA’, Boersma concluded that quanti-
tative measurements by this technique were inherently im-
possible. Several papers followed which tried to improve the
performance of DTA. As shown in the paper by Wilburn et
a l re-
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In particular, in classical DTA, the thermocouples are inserted
into the sample and reference materials[18]. Consequently,
the thermal gradients in the sample are of crucial importance
to understand the apparatus performance. In contrast, the ther-
mal parameters of our DTA can be predicted with reasonable
accuracy by considering that sample and pan have a homo-
geneous temperature.

The scheme inFig. 1is shared by a number of commercial
DTA and TG/DTA (DTA simultaneous with thermogravime-
try) equipment. We hope that the analysis that follows can
be of help to optimize their thermal parameters through im-
proved design.

2. Theory

2.1. Furnace and holder description

A diagram of the furnace is drawn inFig. 1. The chamber
is an alumina tube with an inner diameter ofDF = 2.3 cm. One
side of it has good thermal contact with a cold plate, whereas
the other side has an alumina cap. For the sake of simplicity,
we will consider that the wall temperature is homogeneous
and is measured by the ‘furnace thermocouple’, which is lo-
cated in the alumina tube near the position of the sample. This
temperature will be called the ‘furnace temperature’,T .
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l. [15], one solution consists in introducing an externa
istance between the sample and furnace in such a wa
he thermal gradients into the sample become negligib
ost experiments. Although these gradients are minim

n most modern DSC apparatus, they are relevant in m
ated DSC[16,17]. All these papers deal with heat trans
ndeed; on the other hand, we found no one that ded
he thermal parameters of any particular DSC or DTA a
atus. Additionally, no one treated the problem of heat
hange by radiation (the main transport mechanism o
TA).
In this paper we present a study devoted to unders

ng the experimental values of the thermal parameters
TA equipment where the heat transport from the furn

o the sample is mainly governed by thermal radiation
smaller contribution of conduction through the gas.Fig. 1
akes clear that the thermal exchanges in our DTA are
ifferent from those in the ‘classical’ DTA technique[11,5].

Fig. 1. Diagram of the horizontal furnace of the DTA apparatus.
t

F
The sample is introduced inside an alumina

mass,mpan= 0.26 g, diameter,Dpan= 6 mm and heigh
pan= 5 mm) hold by a thin platinum disc (thickne
Pt = 0.05 mm and diameter,DPt = 9 mm). A thermocoupl
n the back of the disc measures the so-called ‘sample
erature’,TS. The thermal resistance between sample
hermocouple is not taken into account.

The platinum disc is clamped at the center of a
ow alumina disc, that we call the ‘sample–holder’ (ex
al diameter,Dholder= 13.5 mm and mass,mholder= 0.4 g).

t is thinnest near the pan position with the aim of pro
ng thermal resistance. The sample–holder is finally
ained near the axis of the furnace by a long alumina
hrough which the electrical connections to the sample
ocouple are secured (diameter,Darm= 2.4 mm and sectio

arm= 3.7 mm2).
From the thermal point of view, this particular DTA ap

atus can be modeled by the scheme drawn inFig. 2a (Mode
). The system is divided into three parts (sample and
ample–holder and arm) with heat capacitiesCP andCH.
hermal resistances,Ri , model the interactions between th
nd with the furnace. Apart from the thermal contact thro

he sample–holder, any interaction between the pan an
re not considered since the thermal conductance due
as and radiation is much smaller than the solid path of
y the holder. In spite of its apparent simplicity, this ‘co
lete’ model is too complicated and analytical relations
re very cumbersome. In the following sections, useful
lifications are shown that can be considered for the ana
f the experimental results.
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Fig. 2. (a) Thermal model that takes into account the interactions between the pan and holder and the arm and holder; (b) simplified model where the pan
and sample–holder exchange heat with the furnace as a whole (RHP �RP) (Model B); (b) Model C where the thermal contact between the holder and arm is
neglected (RAH �RH).

2.2. Thermal-lag between the furnace and
sample–holder

During an experiment at a constant heating rate
(dTF/dt=β), the ‘sample temperature’ deviates from the ‘fur-
nace temperature’ due to the heat that flows from the furnace,
heating the sample, pan and holder (Fig. 3). It can be shown
that, under very general assumptions and in the absence of
any chemical reaction:

TF − TS = τLAGβ (1)

where the time-constantτLAG will depend on the actual ther-
mal conditions of the furnace. A first approximation of the
τLAG value could be obtained by considering the ideal situ-
ation where thermal contact between the sample–holder and
pan are perfect (RHP = 0) and no heat is lost through the arm
(RAH =∞). Additionally, and for the rest of the article, the
sample heat capacity will not be considered. These assump-
tions lead to the simple thermal Model B withRAH =∞ in
Fig. 2b and to an explicit value ofτLAG:

τLAG(Model B, RAH = ∞) = RCREF ≡ τR0 (2)

where CREF is the heat capacity of the pan and holder
(CREF=CP +CH) andR is the thermal resistance between

F elting
p

them and the furnace (R=RP//RH). In fact, the thermal con-
tact with the arm will result in a heat flow that will modify
theτLAG value. It can be shown (seeAppendix A) thatτLAG
is higher thanτR0 when the arm temperature is lower than
TS:

τLAG(Model B) = τR0 + TS − TARM

β

R

RAH
(3)

whereRAH is the thermal resistance connecting the arm to
the sample–holder. This result can be interpreted as if an
additional heat capacity was added to the holder. The contrary
stands when the arm temperature is higher.

A useful alternative model (Model C inFig. 2c) is
that considering a finite thermal resistance,RHP, between
sample–holder and pan, and ignoring thermal losses to the
arm. Within this model a simple analysis (seeAppendix A)
leads to:

τLAG(Model C)= RH + RHP

RP + RHP + RH
RPCP

+ RP

RP + RHP + RH
RHCH ≡ τR1 (4)

that reduces to:

τLAG(Model C, RHP = ∞) = RPCP ≡ τR2 (5)
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ig. 3. Time evolution of the furnace and sample temperature when a m
rocess takes place atTS =TM.
q. (4) tells us that, within this model (Model C),τLAG is
ome kind of average between the thermal lag that the
RPCP) and the holder (RHCH) would have if they did no
nteract throughRHP. On the other hand, another interest
onclusion is thatτR1 approachesτR0 of Eq.(2) whenRHCH
pproachesRPCP. This conclusion is independent from
alue ofRHP.

.3. Sensitivity

When the sample undergoes a structural reaction, the
volves and the sample temperature departs from the fu
emperature by two contributions:

F − TS = τLAGβ − Sφ (6)

hereSis the sensitivity of the apparatus andφ is the powe
owing from the pan to the furnace (φ> 0 for an exothermi
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reaction). The definition given here ofS, is related to the
signal due to a structural transformation,�T≡ −Sφ(Fig. 3).

In contrast with the value ofτLAG, the sensitivity is
much more dependent on the thermal contact between the
sample–holder and the pan. Several situations should be con-
sidered:

(1) Within Model B (RHP�RP), before any substantial
amount of heat is transported to the furnace, the holder
and pan will have reached a homogeneous temperature.
So, heat will leave the holder and pan as a whole through
the thermal resistanceRandS=R. If thermal losses to the
arm are significant, then the sensitivity will be reduced:

S(Model B) ≤ R (7)

(2) Within Model C, whenRHP increases, the evolved heat
in the sample will increase the pan temperature over the
sample–holder temperature. At the limit, the pan will
exchange heat directly to the furnace andSwill reach a
maximum value equal toRP. So:

S(Model C)≤ RP (8)

3. Experimental results
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Fig. 5. Experimental values of the thermal-lag betweenTS andTF (τLAG)
and the sensitivity (S).

silver (TM(Ag) = 962◦C) are shown. InFig. 5,τLAG is plotted
versus temperature. It diminishes monotonically from 110 s
at 160.6◦C to 3.1 s at 1455◦C.

Finally, the sensitivity is obtained from the area under the
peak:

S =
∫

peak�T dt

�HM
(9)

where�HM is the melting enthalpy.Sdiminishes monoton-
ically as temperature increases (Fig. 5). However, it must be
noted that compared toτLAG the relative variation ofSis the
smallest and a clear deviation from the general monotonous
trend is observed around 1000◦C.

4. Analysis

In this section we will try to understand the experimen-
tal values ofτLAG andS. They are analyzed in view of the
theory outlined in Section2, mainly with the help of the ther-
mal models inFig. 2. In addition, for quantitative analysis
the thermal properties of the materials involved are needed.
These values (Fig. 6) have been obtained from a number of
sources:

• κ , c andρ = 21.4 g/cm3 are, respectively, the thermal
ty of

• -

•
•

4
a

alu-
m made
A number of experiments have been carried out in o
o measure the values ofτLAG andS for the entire range o
urnace temperatures (from room temperature to 1500◦C).
everal pure metals (In, Zn, Al, Ag, Cu and Ni) have b
elted at different heating rates in argon in order to a
xidation. Within the range of sample masses used, the r
re independent from them. This means that the heat ca
f the samples as well as the thermal gradients that c
evelop inside them can be ignored.

The values ofτLAG have been obtained (according to
1)) from the shift of the furnace temperature at the ons
he melting process. At this point the sample begins to
nd, consequently,TS =TM. In Fig. 4the results obtained fo

ig. 4. Typical thermograms obtained with silver at different heating r
n the inset, the method for extracting the value ofτLAG is shown.
Pt Pt Pt
conductivity, specific heat capacity and mass densi
platinum[19];
κAlO, cAlO andρAlO = 3.98 g/cm3 are the values for alu
mina[20];
e is the total hemispherical emissivity of alumina[21], and
κAr is the thermal conductivity of argon[19].

.1. Prediction of the thermal-lag between the furnace
nd sample (τLAG)

The heat exchange between the inner surface of the
ina tube (furnace) and the pan and sample–holder is
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Fig. 6. Thermal properties of the materials used in the analysis.

through two transport mechanisms: conduction through the
gas and radiation. The thermal resistance of each mechanism
cannot be calculated exactly because of the complicated ge-
ometry of the pan and holder. So, we will consider a simpli-
fied geometrical model with an analytical solution that will
keep the main functional dependencies on surface areas and
thermal constants. We assume that the exact values will be
proportional to the analytical ones (Rg0 andRr0) by a constant
(αg andαr, respectively) related to the geometry and indepen-
dent of temperature. Then,τLAG is calculated according to
Eq.(2):

τLAG = RCREF = αgRg0αrRr0

αgRg0 + αrRr0
(CP + CH) (10)

The thermal resistance of the reference due to radiation,Rr0,
has been calculated by assuming that radiation is isotropic and
equal to the blackbody equilibrium radiation at the furnace
temperature. Any portion of the exposed surface area of pan
and holder,A, are supposed to absorb the same amount of
radiation. So, shadowing effects are neglected. Under these
assumptions:

Rr0 = 1

4AσBeT 3
(11)

Fig. 7. Comparison between the experimental and calculated values ofτLAG.
The thermal resistances due to heat transport through the gas and due to
radiation are also shown.

whereσB is the Stephan–Boltzmann constant. The result is
plotted in Fig. 7 for the range of temperatures where the
experimental value ofe is available[21].

For calculating the resistance due to the gas, the pan
and sample–holder are modeled by a cylinder of length
Lg = 14 mm (equal to the diameter of the sample–holder) and
diameterDg = 0.70 cm, such that the lateral surface equals
the exposed surface area of the pan and holder. If cylindrical
symmetry is assumed, then:

Rg0 = 1

2πκArLg
ln

DF

Dg
(12)

The result is also plotted inFig. 7. This calculation assumes
that the temperature distribution in the gas reaches the steady
value with a time-constant,τg, much shorter thanτLAG. This
point is confirmed by the small values ofτg obtained in a
previous work (τg = 0.4 s at 700◦C) [22]. Now τLAG can be
calculated for a series of values of the free parametersαg
andαr. However it is not necessary. InFig. 7it is shown that
αg =αr = 1 corresponds reasonably well with the experimen-
tal results. This means thatRr0 andRg0 can be taken as a good
approximation to the real values of the thermal resistances.

At any temperature,Rr0 <Rg0 thus indicating that radiation
is the main transport mechanism. At high temperatures this
conclusion is reinforced in view of theT−3 dependence (Eq.
( at by
t

mea-
s ntal
v r as a
w la-
t ntial
i lcu-
l is
s n-
s l lag
w lder.
11)), although this tendency is compensated somewh
he decrease in emissivity with temperature (Fig. 6b).

In spite of the agreement between calculated and
ured values ofτLAG, one may ask whether the experime
alue really corresponds to the pan and sample–holde
hole (Model B withRAH =∞) as assumed in the calcu

ion or if the thermal contact with the arm has a substa
nfluence. The answer is that, “no mater the way you ca
ateτLAG, the result is similar”. The thermal lag of the arm
maller than the value ofFig. 7by about 20%, whereas, co
idering the pan as isolated from the holder, its therma
ould be about 15% higher than that of the pan and ho
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Fig. 8. Approximate values of the resistances between the pan–holder and
furnace (R), the pan and furnace (RP) and the holder and furnace (RH) com-
pared to the ‘leak resistances’ to the arm (RAH) and from the pan to holder
(RHP ≈RPt).

The reason is that the thermal resistance with the furnace is
approximately proportional to the inverse of the exposed sur-
face area,A. As the heat capacity is proportional to the mass,
m, it follows thatτLAG is nearly proportional tom/A. This ra-
tio is 0.21 and 0.18 g/cm2 for the pan and the pan and holder,
respectively. Furthermore, according to Eq.(4), the thermal-
lag differences between holder, pan and arm are smoothed
out. This independence ofτLAG from the model used in the
calculation is an additional indication of the validity of the
analysis.

4.2. Thermal models and temperature

In contrast withτLAG, sensitivity is much more dependent
on the thermal model. Consequently, the question now arises
about which model describes the signal better: Model B or
Model C inFig. 2. In this section we will show that, due to
the temperature dependence of most thermal resistances, the
calorimeter behavior switches progressively from one model
to the other as temperature increases.

For this purpose, all the resistances inFig. 2a have been
calculated.RandRP can be obtained from the experimental
values ofτLAG simply by dividing them by the heat capac-
ity of the holder and pan (R= τLAG/CREF) or the pan only
(RP = τLAG/CP).RH is then obtained fromRandRP. The ‘leak
resistances’,R andR , are calculated from the geometry
o ma-
t lder
b can
b me-
t

R

T
n tinum

Fig. 9. Comparison between the sensitivity (S) and the thermal resistances
RandRP.

disc and the alumina sample–holder have an effect whose sign
is difficult to predict. Finally, the resistance between holder
and arm is due to an alumina connection with a length of
3 mm and section 5.8 mm2. We consider that the resistance
of this alumina rod,RAl , is in fact, a lower bound to the real
value ofRAH because of the additional resistance to heat flow
due to the sample–holder itself (inFig. 8 the curve labeled
‘RAH’ is in fact the value ofRAl ).

In Fig. 8 the approximate values of all the relevant ther-
mal resistances are plotted. From their relative values a clear
evolution of the thermal model as the temperature increases
can be deduced. Model B holds whenRHP�RP, whereas
Model C can be used whenRAH �RH. Although the tran-
sition temperature from one model to the other one cannot
be established with accuracy, we can say that it occurs in the
900–1100◦C range.

4.3. Understanding the sensitivity values (S)

The interpretation of the evolution ofSwith temperature
(Fig. 9) is now straightforward if we apply the theory outlined
in Section2 to the information inFig. 8. At low temperatures,
Model B holds with significant thermal losses to the arm be-
causeRAH <R. So,S<R. This loss of sensitivity diminishes
as the temperature increases andS approachesR (Fig. 9).
At high temperatures, the Model C holds andS reaches the
m ge,
t odel
t o the
a ti-
c e
c pe
o ution
o
t cy
c and
t mal
r

HP AH
f the thermal contacts and thermal conductivities of the

erials involved. The pan is in contact with the sample–ho
y means of a thin platinum disc. This thermal resistance
e calculated with accuracy thanks to its cylindrical geo

ry:

Pt = 1

2πκPthPt
ln

DPt

Dpan
(13)

he result is plotted inFig. 8. The deviation ofRHP fromRPt is
ot clear because the contact resistance between the pla
aximum valueRP. In the intermediate temperature ran
he thermal conditions switch progressively from one m
o the other. Consequently, in spite of thermal losses t
rm diminishing progressively,S does not tend asympto
ally to R (Fig. 9), but its experimental values cross thR
urve at around 1000◦C. At higher temperatures, the slo
f Swith temperature increases, approaching the evol
f the pan-to-furnace resistance (RP). Although at 1455◦C

he values ofSandRP do not match exactly, this discrepan
an be tolerated in view of the simplicity of the model
he difficulties in calculating the exact values of the ther
esistances.
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5. Discussion and conclusions

Despite the complicated geometry of our DTA apparatus
(seeFig. 1), we have been able to modelize it with a RC
model (Model A ofFig. 2) and calculate the main ‘thermal
masses’ (C’s inFig. 2) and ‘thermal resistances’ connect-
ing them. This calculation has been done analytically and
explains satisfactorily the absolute values and the evolution
with temperature ofτLAG and sensitivity,without the need of
any fitting parameter. This result has been obtained thanks
to a number of geometrical simplifications that are indicated
throughout the text. Additionally, thermal contact resistances
have been neglected and the furnace temperature has been
taken as homogeneous. In a further step, one could try to do
the analysis without someone of these simplifications, how-
ever, this will necessarily modify the method substantially.
If thermal contact conductances are considered, it will re-
quire the introduction of several fitting parameters. If a non-
homogeneous temperature of the furnace is considered, then
a finite element analysis will be necessary and the merit of our
analytical approach will be lost. We do not know the effect of
these two simplifications on the numerical values, however
we are convinced that nothing essential will be modified,
since there is good agreement between measurements and
predictions.

The main virtue of our analytical, although semi quan-
t ain
p rnace
a ue to
t with
t and
r ture,
r

or-
m eal
M and
p -
t eter
i have
s R
a s pro-
g and,
c g the
p e
s ld
e nks
t n the
o leak
r t
t
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k ace
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t
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o mple

and furnace is done by radiation and conduction through the
gas:

(1) Thermal radiation is the main transport mechanism. Near
room temperature, conduction through the gas can have
an influence but can only dominate over radiation for
high-conductivity gases like He.

(2) T−3 dependence of the resistance due to radiation ex-
plains the pronounced diminution of the apparatus sen-
sitivity andτLAG as temperature increases. As a conse-
quence, at higher temperatures peaks become narrower at
the expense of sensitivity. At low temperatures, the main
limitation is the low resolution (high values ofτLAG).

(3) In contrast with most differential scanning calorimeters
(DSC), where heat conduction dominates over radiation,
the pronounced variation of the thermal resistances with
temperature makes it necessary to use several RC models
depending on the temperature range.
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itative, approach is that it allows understanding the m
aths through which heat is exchanged between the fu
nd the sample. In particular, it has been shown that, d

he progressive increase of the radiative conductances
emperature, the ‘complete’ Model A can be simplified
educes to Model B and Model C at low and high tempera
espectively (Fig. 8).

In our opinion, this work can help to improve the perf
ance of similar DTA equipment. Within the simplest id
odel B without thermal contact to the arm, sensitivity
eak width (given, approximately, byτLAG) are both propor

ional toR. So, apparently the improvement of one param
s done at the expense of the other one. However, we
hown the crucial importance of the ‘leak resistances’ (AH
ndRHP). As temperature increases, the sample become
ressively isolated from the arm and the sample–holder
onsequently, sensitivity increases without compromisin
eak width or resolution (related toτLAG). The value of th
ensitivity at 1500◦C is the maximum value that one wou
xpect from the geometrical construction of our DTA tha
o the fact that the sample is isolated from the holder. O
pposite temperature range, in an ideal situation without
esistances, the sensitivity at 200◦C would be around eigh
imes higher than the experimental value (compareRP andS
n Fig. 9). This example clearly shows that, by following
ind of analysis in this paper, alternative designs of furn
nd sample–holder should allow significant improvemen

he DTA signal quality.
The general conclusions that follow can be extende

ther DTA equipment where heat exchange between sa
ppendix A. Derivation of τLAG of Model B and
odel C

Consider, first, the Model B ofFig. 2b. Since the arm
ery long (Fig. 1), its temperature will not be homogene
o, byTARM we mean its temperature on the side in con
ith the holder. When the furnace is heated at a constan
:

F = βt + TF(0) (A.1)

ny point in contact with it will be progressively heated a
fter a transient period, it will acquire the same heating

n the case of the sample and holder temperature,TS, we can
rite:

S = TF − τLAGβ (A.2)

n elementary thermal balance relates the heating rate
he heat power that is absorbed by the sample and hold

REF = CREFβ (A.3)

hereasφREF can be calculated, too, by considering the h
conduction’ through the thermal resistances:

REF = TF − TS

R
+ TARM − TS

RAH
(A.4)

ubstitution of Eqs.(A.1) and (A.2)in Eq. (A.4) and elimi-
ation ofφREF by subtracting Eq.(A.3) from Eq.(A.4) leads
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to the desired result:

τLAG(Model B) = RCREF + TS − TARM

β

R

RAH
(A.5)

For the calculation ofτLAG for Model C (Fig. 2c) we follow
a similar procedure. The sample and holder temperatures (TS
andTH) will lag behind the furnace temperature according
to:

TS = TF − τLAGβ and TH = TF − τHβ (A.6)

From the thermal balance, the heating rate can be related to
the temperatures for both sample and holder:

CPβ = TF − TS

RP
+ TH − TS

RHP
and

CHβ = TF − TH

RH
+ TS − TH

RHP
(A.7)

Introduction of Eqs.(A.6) and (A.1)into (A.7) leads to:

CP = τLAG

RP//RHP
− τH

RHP
and

CH = τH

RH//RHP
− τLAG

RHP
(A.8)

from which the value ofτLAG can be obtained:

τ
RH + RHP
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