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It is demonstrated that quantitative DTA (DSC) must be based on the principle of the
isothermal surface of the sample holder. In the known transmitters of DTA instruments
of the insulated vessel type the surface of the sample holder is not isothermal, due to the
effect of the support which is either a massive ceramic shaft or a support plate. In the
transmitter described, the effect of the support is reduced to minimum by substituting it
by suspension, for which purpose the sufficiently fine and long wires of the differential
thermocouple are used. In this manner a holder with an isothermal surface is obtained and
hence one of the fundamental requirements of the theory of heat transfer in systems with
no temperature - gradient is satisfied. This is experimentally confirmed by the finding that
the described transmitter has the following features: first, the instrument constant K coin-
cides with the heat transfer coefficient of the thermal barrier (the working space) of the
cell and is independent of the nature of the sample in the holder; secondly, the heat capac-
ity C figuring in the theory is exactly equal to the sum of the heat capacities of the holder
and the sample; and finally, the differential curve, after completion of the reaction in the
sample, is represented by an exponential expression depending on a single constant, namely
the time constant of the cell. A formula for computation which does not contain the
instrument constant K, and a new method of instrument calibration utilizing the tail end
(the exponential branch) of the differential curve is proposed.

In the practice of differential thermal analysis two main types of signal transmitters
are in use: a} the block-type in which the sample holder and the heater are in direct
contact, and b) the insulated vessel-type, in which the sample holder is thermally
separated (insulated) from the heater by a gas space (the working space of the trans-
mitter) functioning as a heat barrier. The theory developed for the block-type trans-
mitter [1—4] is based on the assumption that the temperature gradient in the sample
is described by a cylinder with uniformly rising surface temperature. This theory
leads to the formula

AHgM = 4TNA (1)

where AHg is the specific heat of reaction, M is the sample mass, A is the thermal
conductivity of the sample, / is the height of the sample, and A is the area of the peak
in the differential curve.
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It follows from Eq. (1) that to determine the heat of reaction by means of the
thermoanalytical curve it is indispensable to know the thermal conductivity of the
sample, requiring further methods of study. The situation becomes more intricate due
to the fact that the value A in Eq. (1) is not the true value, but is an apparent value
depending on the state of the sample and on the closeness of packing within the
sample holder. These difficulties arise from the fact that in the block-type transmitter
it is the sample itself that forms the heat barrier across which the change of the tem-
perature measured in the experiment takes place, and the nature of the sample is
reflected in the calculation formula {1). It is evident that quantitative DTA is im-
possible with a block-type transmitter.

The drawbacks of the block-type transmitter are largely eliminated in the insulated
vessel-type transmitter, owing to the presence of a gaseous heat barrier. The advantages
of the latter lie in its extremely low thermal conductivity and heat capacity, these
being about three orders of magnitude lower than those in solids. This leads to the fol-
lowing consequences, essential for quantitative DTA:

{i} The high thermal sensitivity of the transmitter, this being the higher, the lower
the heat transfer coefficient across the heat barrier.

(ii} The thermal inertia of the transmitter {its time constant) is fuily defined by the
heat capacity of the sample holder with the sample, since the heat capacity of the
barrier connected to the holder is practically zero.

(iii) The temperature difference responsible for heat transfer to the sample holder,
and the additional temperature caused by the reaction and measured in the experi-
ment, are totally localized to the thermal barrier of the transmitter; temperature
changes in the sample do not affect the temperature of the heater wall.

{iv) When establishing the heat balance of the cell, the heat losses at the heat
barrier can be neglected due to the low thermal capacity of the latter.

(v) Temperature gradients in the bulk of the sample holder and on its surface are
very small, since they are able to level out owing to the low rate of heat transfer across
the barrier, which represents a high thermal resistance.

The above-listed features cause the insulated vessel-type transmitter to approach
the gradientless model considered in the theory of DTA [5]; heat transfer in such
transmitters may be described by the Newton equation:

dg

dt
where dg/dt is the total heat flow transferred from the walls of the heater at tempera-
ture Tg to the sample holder at temperature Tg, « is the heat transfer coefficient, S is
the surface area of the sample holder, and K is the instrument constant (in this case,
the thermal conductivity of the heat barrier).

Heat transferred to the sample holder is consumed in the reaction and in increasing
the temperature of the sample holder with the sample:

dTs | dAH
at TTa <

=OLS(TQ—-TS)=K(T0—T3) (2)

c K(To—~ Ts) (3)
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When a linear temperature rise of the transmitter is established, the following equa-
tions are valid [6]:

Ts =gt + AT (4)
To=ot+ o1 (5)

where ¢ is the pre-set constant heating rate, AT is the additional temperature at the
thermal barrier, equal to the peak height of the thermal transformation, and 7=
= C/K = const. is the time constant of the cell.
By introducing Eqs {4) and (5) into Eq. (3), one obtains
dAH dAT

—-'—at—=KAT+C—F (6}

an equation which is strictly applicable only to systems without temperature gradients,
but frequently used without taking account of this condition.

Equation (6) was derived in [7] for a transmitter with a liquid sample and a liquid
heat transfer medium, in which temperature gradients were reduced to a minimum by
stirring. Up to the present this is the only known example of a gradientless system to
which Eq. (6) may be applied without reserve. The situation with solids — in which
temperature gradients cannot be eliminated by stirring — is much less clear. For such
systems, other ways must be found to reduce temperature gradients.

As shown above, the separation of the sample holder from the heater by a gaseous
barrier having a high thermal resistance and a low thermal conductivity promotes
lowering of thermal gradients in the sample holder and sample. This is true, however,
only if a satisfactory separation is achieved, when the only path of heat transfer into
the sample is across the gas barrier, i.e. the working space of the transmitter. This is
equivalent to the condition that there is no direct contact of the sample holder with
other elements of the transmitter.

In the known transmitters of DTA instruments, sample holder supports are used
in the form of ceramic shafts or support plates. Their presence has the following con-
sequences, resulting in deviation from the ideal mode!:

(i) The thermal sensitivity of the transmitter is reduced, owing to the lowered
thermal resistance of the heat barriér.

(ii) The value of C in formula (6) becomes undefined, owing to some unknown
proportion of the heat capacity of the support being added to the heat capacity of
the sample holder.

{iii} The heat flow into the sample consists of two components: flow through the
support and flow across the working space; these flows will depend differently on the
experimental conditions (temperature) and cannot be evaluated theoretically with
the required accuracy.

(iv) The heat flow through the support upsets the symmetry of the temperature
gradients in the sample holder and renders its surface non-isothermal.

It is obvious from the above that, in order for a transmitter to approach to the
theoretical gradientless model, one should eliminate the support of the sample holder.
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This is impossible, of course; however, very good thermal insulation of the sample
holder from the heater can be attained by replacing the support with a suspension.
For this purpose the wires of the differential thermocouple itself are well suited; if the
wires are thin and long enough, one may obtain a thermal resistance higher by several
factors as compared to the resistance of the gaseous heat barrier. Further advantages
of a suspension are a low thermal capacity and a very small contact area with the
sample holder. In the case of necessity, rigidity can be increased by placing the sample
holder on the points of steel support pins and rigging it to them by the wires of
suspension. In this variant, suspension is combined with support, but the thermal
resistance is high owing to the very small contact area with the sample holder, and the
thermal inertia is low owing to the small mass and heat capacity.

The degree of insulation of the sample holder from the heater can be estimated
by the ratio of the thermal conductivities of the working space and the suspension
{support). Starting with the assumption that satisfactory insulation corresponds to
a value of 20 or more for this ratio, one can find acceptable parameters of the cell.

For the thermal conductivity of a cylindrical space, the following expression is
valid [8]:

27h
Ky= R)\g 7
In =2
R;
and for the thermal conductivity of the support (suspension} [1]:
nd?2\,

where h is the height of the sample holder, Rg is the radius of the cylindrical cavity of
the heater, R; is the radius of the sample holder, Ay is the thermal conductivity of the
gas in the working space, A, is the thermal conductivity of the wires of the thermo-
couple, d is the diameter of the wire, and / is the length of the suspension.

In this work a transmitter was studied in which the sample holder was a thin-walled
silver crucible (wall thickness 0.15—0.2 mm), 8 mm high and 4 mm in diameter;
the chromel-alumel themocouple made of 0.2 mm diam. wires and serving as suspen-
sion was soldered to the side wall of the crucible; the length of the suspension was
15 mm; the gas in the working space was nitrogen. The values )\g and A\, at 100° are
0.031 and 24.4 Wm—1 degree—1, respectively. The reference junction was located
in the wall of the heater, i.e. thermal curves were recorded in the DTA regime with no
reference material. The heating rate was 12 degree min—1. With these parameters, the
value of Kq is 2.24 mW degree—1, and that of K5 is 0.1 mW degree—*, demonstrating
that the chosen parameters are acceptable.

Experimental data obtained with this transmitter allowed the assumption that it
has the following characteristics:

(i) The surface of the sample holder is isothermal both before and during the re-
action.
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(ii) Heat flows to the sample holder preferentially across the working space; heat
flow through the support is negligible.

(iii) The thermal capacity C figuring in the formulas of the theory is exactly the
sum of the thermal capacities of the sample holder and the sample.

From these characteristics, certain conclusions can be made which can be con-
firmed experimentally.

Conclusion 1. The peak area in the differential curve is independent of the position
of the hot junction on the surface of the sample holder.

Conclusion 2. The peak area is directly proportional to the mass of the sample and
to the specific heat of the reaction, according to the integrated form of Eq. (6):

AHoM = KA, (9)

and hence the peak area and the instrument constant K will be independent of the
form, state and thermal conductivity of the sample.

Conclusion 3. The instrument constant coincides with the heat transfer coefficient
of the heat barrier. According to Eq. (7), it is directly proportional to the height
{to the surface area) of the sample holder. Since the value of AHgM is constant for
a given reaction, the peak area is inversely proportional to the instrument constant
K, which may be considered a measure of the thermal sensitivity of the transmitter.

Conclusion 4. It follows from Eq. (6} that from the moment when the reaction in
the sample is completed, i.e. when the condition dAH/dt = 0 begins to be satisfied,
the differential curve is a graphical representation of the function AT, = ATge~t/7,
which is the solution of the differential equation:

dAT,
KAT,,'*‘C—&;—:O (10}

Using the calculated value of the thermal capacity C (characteristic (iii) of the trans-
mitter), one can find the constant K directly from Eqg. (10} by measuring the values
AT, and dAT,/dt at any point of the differential curve after completion of the re-
action, or, after integration of Eq. (10}, from the resulting formula:

= CATn (11)
-5

where A, is the area of the peak demarcated by the differential curve, the baseline and
the height of the peak A7, at the point from which integration is performed.

Thus, Eqs {10) and (11) allow the thermal curve by which the kinetic and thermo-
dynamic parameters of the reaction are being studied to be used for calibration too.
The advantage of this mode of calibration — in addition to its simplicity — is that all
variable factors of the experiment (temperature, gaseous medium) are automatically
included, and the value K is very close to the true value, i.e. to the value directly at
the moment of thermal transformation.
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introducing the value of K from Eq. (11) into Eq. (6} yields

dAH _ CAT, dAT
— + 0 —
Ot yy AT+ C ar (12)
or, in the integrated form
CAT,
AH = A+ CAT (13)
n
and for the total heat of reaction
CAT,
AH,=——A; (14)
AI’I

In Egs (12)—(14), the instrument constant K is not involved. These equations
demonsirate that, theoretically, the DTA method does not require speciai calibration
using a reference material. The role of the calibration constant can be taken over by
the heat capacity of the sample holder with the sample. This is the main advantage
of the DTA method over other thermoanalytical methods.

Experimental confirmation of the conclusions

Conclusion 1 was confirmed by soldering the hot junction of the thermocouple
to the sample holder at various heights. In these tests, no essential difference was
found in the peak areas recorded.

Conclusion 2 was confirmed by varying the mass of the sample (the height of filling
the sample holder crucible), its form (powder, pieces of various shape) and its nature
(metal, organic compound). In all cases, the direct proportionality of the peak area
and the sample mass was obtained, in full agreement with Eq. (9). In Fig. 1 the rela-
tionships for the calibration materials isted in Table 1 are shown. For comparison, the
relationship peak area versus sample mass for naphthalene, obtained with a block-type
transmitter, is also plotted in Fig. 1. (The sample holder in this experiment was a
4 mm internal diam. glass tube fitted into the cavity of the heater block.) The latter
relationship {curve 1) is clearly non-linear; from 100 mg sample masses on, the peak
carresponding to the melting process of naphthalene does not change. Similar rela-
tionships were observed in [9—11].

To confirm Conclusion 3, we used a 4 mm high sample holder, besides the 8 mm
high one. As seen from Fig. 2, the values of K differed by a factor of 2 in all studied
temperature intervals, i.e. an identical difference as for the surface areas of the two
sample holders. The sensitivity of the transmitter with the lower sample holder is twice
as high as that of the bigger sample holder. Hence, Conclusion 3 of the theory may be
considered to be fully confirmed.

Conclusion 4 was checked by calculating the constant K by two independent
methods, by utilizing Eq. (9) and (11). The results, together with the standard devia-
tion of the experimental measurements, are listed in Table 1. The mean values for K
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0 100 200
Sample mass, mg

Fig. 1 Area of melting peak versus sample mass; 1 — naphthalene, 1" — naphthalene recorded with
a block-type transmitter, 2 — zinc, 3 — indium, 4 — lead

K, mw/°C

0 1 i N | -
6] 100 200 300 400
Temperature ,°C

Fig. 2 Instrument constant versus temperature; 1—4 mm diameter, 8 mm height sample hoider,
2—-4 mm diameter, 4 mm height sample holder

were calculated from five values for each material, obtained by varying the sample
mass from 10 to 140—230 mg.

In three of the five cases, practically full agreement of the values found for K
with the two methods is observed; in the cases of indium and lead, however, the dif-
ference is around 10%, i.e. higher than the experimental error of from 1.5 to 5.0% for
these substances. The experimental error presumably depends on the state of the
sample in the holder, to the degree to which this state affects the isothermalness of
the surface area of the sample holder. The error, however, does not exceed 5.0% for
the most adverse cases.
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Table 1 Calibration data obtained by two independent methods ¥

Substance Tmelt.. °C  AH, Mg K, m\fl:l(/m(]lqu ) Sn K. n}‘:i/mcEq. (H)s"
Naphthaiene 80.2 146.55 5.08 0.07 5.07 0.174
Indium 156.2 28.21 7.23 0.15 6.47 0.24
Tin 2319 59,62 7.74 0.136 7.70 0.32
Lead 3275 23.01 10.37 0.28 9.50 0.40
Zinc 419.6 101.97 12.37 0.6 12.20 0.17

* Data for calibration computations (heats of transformation, temperatures of transformation,
heat capacities) were taken from [12].

All in all, it may be stated that the experimental data confirm all the fundamental
conclusions of the theory (within an error limit of 5%), and that consequently the
operation of the transmitter with a thermally insulated sample holder is adequately
described by the theory of heat transfer for gradientless systems (elementary theory of
thermal inertia). This finding opens up wide prospects for the development of quanti-
tative aspects of DTA, for the unification and standardization of the method, and for
its applicability in many novel research areas.
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Zusammenfassung — Es wird gezeigt, dass die quantitative DTA (DSC) auf dem Prinzip der iso-
thermen Oberfliche des Probenhalters beruhen muss. In den bekannten Transmittern von DTA-
Instrumenten mit isoliertem Gefidss ist die Oberflidche des Probenhalters nicht isotherm, was auf
den Effekt des Tragers zuriickzufiihren ist, der entweder eine massive Keramikstange oder eine
Tragerplatte ist. In dem beschriebenen Transmitter wird die Wirkung des Tragers auf ein Minimum
reduziert, indem er durch eine Aufhangung ersetzt wird, zu der die geniigend feinen und langen
Dridhte des Differentialthermoelements verwendet werden. Auf diese Weise wird ein Trager mit
einer isothermen Oberflache erhalten und damit eine der fundamentalen Erfordernisse der Theorie
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SHISHKIN: THERMALLY INSULATED SAMPLE HOLDER 113

des Warmeiibergangs in Systemen mit keinem Temperaturgradienten erfiillt. Dies wird experimen-
tell dadurch bestatigt, dass der beschriebene Transmitter die folgenden charakteristischen Ziige
aufweist: Erstens stimmt die Instrumentenkonstante K mit dem Warmeiibergangskoeffizienten der
thermischen Barriere (des Arbeitsraumes) der Zelle {iberein und ist unabhédngig von der Natur der
Probe auf dem Trager; zweitens ist die in der Theorie auftretende Wirmekapazitit C genau gleich
der Summe der Wirmekapazitdten des Tragers und der Probe; drittens ist die differentielie Kurve
nach Beendigung der Reaktion in der Probe durch einen exponentiellen Ausdruck zu beschreiben
und abhangig von einer einzigen Konstante, namlich der Zeitkonstante der Zelle. Eine die Instru-
mentenkonstante nicht enthaitende Berechnungsformel und eine neue Methode zur Kalibrierung
des Instruments, zu der der exponentielle Zweig der differentiellen Kurve herangezogen wird,
werden vorgeschlagen.

Pesiome — [loka3aHo, 4To B ocHoBe KonuvecteeHHoro ATA (ACK) pomkeH nexaTs NpuHUUN
W30TEPMUYHOCTM NOBEPXHOCTU AepkarenA. B u3BecTHbiX patynkax npubopos ATA rTuna uso-
AUPOBAHHOIO KOHTENHEPa NOBEPXHOCTL AEPXKATENA HE U30TEPMUYHA U3-33 BAUAHWA ONOPb!
AEPXKaTenA, UMelowel BUA MACCMBHOINO KEpamM4YecKOro CTEePXKHA WU OMOpHOW nnuTkl. B
ONUCLIBAEMOM AaTYMKe BAWAHWE OMOpPbLI CBEAEHO K MUHUMYMY NYTEM 3aMEHbl ee NOABECOM, B
KayecTBe KOTOPOro UCNONL3YIOTCA AOCTATOUHO TOHKMWE U AMUHHbIE NPOBOAA U3MEPUTENBHON Tep-
monapbl. B pesynbtare nonyseH asep)katens ¢ M3OTEPMUYECKOW NOBEPXHOCTHIO U TEM CaBMbIM
BbINONHEHO OAHO U3 OCHOBHbIX TpeboBaHWW Teopuu Tennonepenauu B cucremax 6es Temnepa-
TYPHbIX FPaaUEHTOB. 3TO NOATBEPXKAAETCA IKCMEPUMEHTANLHO TeM, YTO, B NOAHOM COFNacum
C Teopueil, ONUCbIBaEMbIA AaTUMK OBHapY>KWaBeT cneaylowme 3aMeyaTanbHble CBOWCTBa: 1) KOHe-
TaHTa npubopa K cosnapaer ¢ Ko3(h(pUUMEHTOM Tennonepeaaum Tennosoro Gapbepa (pa6ouvero
3a30pa) AYENKU M He 3aBUCMT OT CBOWCTB 06pa3ua B gepxarene; 2) Tennoemkocts C, urypm-
PYIOWAA B TEOPUU, B TOMHOCTM PaBHa CYMMapHOW TennoemKoCTU aepkatend n o6pasua; 3) aud-
thepeHuUanbHan KPUBaA NOCNE MOMEHTa OKOHUYBHUA peaKkuun B o6pasie BbipaKaeTCA 3KCAOHEH-
TOW, 3aBUCALUEA OT OAHON KOHCTAHTLI — NOCTOAHHOW BpemeHn AuYekn. [lpeanoxxeHa pacuer-
Han dopmyna NTA, He copepxaulan KOHCTaHTbI Npubopa K, a Takxe HoBsIh cnNocob kanw6-
POBKU Npubopa no xsocToson (3kcnoHeHumanbHoW) BeTBU anddepeHLManbHOR KPUBON.
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