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The problem of optimizing the measurements of the temperature dependence of heat capacity,
thermal effects, and thermal conductivity in a scanning calorimeter is examined.

In improving instruments for scanning adiabatic calorimetry, the greatest effort is directed toward in-
creasing the accuracy of the measurements.

In the present article, we examine the problem of optimizing the measurements of the temperature de-
pendence of the heat capacity, thermal effects, and thermal conductivity. In order to obtain an undistorted
value of the quantities indicated, we propose that at the time the measurements are recorded, a correction,
taking into account the thermal inertia of the system, be introduced into the signal, modulating their temper-
ature and time dependence. We also carry out a calculation of the distortions related to the nonuniformity of
the temperature field in the specimen and breakdown in the regularity of the regime.

In determining the heat capacity by recording the intensity with which a specimen is heated by an internal
microheater placed under quasiadiabatic conditions in the regular regime of the second kind [1] theating at con-
stant programmed rate bp = const), distortions related to the thermal inertia of the specimen arise. Thermal
inertia causes the rate at which the specimen is heated to deviate from the given rate and heats to the appear-
ance of errors in determining the heat capacity [2].

We will examine a hollow cylindrical specimen with an internal microheater, surrounded by a protective
shell, whose temperature, in order to create quasiadiabatic conditions, is maintained equal to the temperature
of the surface of the specimen, programmed to vary according to T p= T, + bpt. Under the conditions men-
tioned, all of the thermal power pp(t), introduced into the specimen, goes into heating it.

When the regular regime is strictly observed, if the specimen is heated uniformly over the entire volume
(e.g., by the passage of a constant current through the specimen), the temperature dependence of the heat ca-
pacity of the specimen is modeled by the heating power according to the expression

L)
¢p(Tp) = p%(i) .
P

In an actual experiment following the scheme being examined, since the heat source does not coincide
spatially with the specimen, a certain amount of time is required to transfer heat from the heater to the spe~
cimen, which is determined by the thermal inertia of the specimen ‘7= cp/a (where ¢ is the heat-transfer co-
efficient from the heater to the specimen). This leads to a time shift that modulates the heat capacity of the
electrical power liberated by the heater by an amount 7 [3, 4]. This distortion can be avoided when recording
the measurements by correcting the measured temperature of the specimen by an amount pr.

The thermal inertia of the specimen, in addition, causes its temperature (and heating rate) to deviate
from the programmed value, which also distorts the recorded function cp(T). These distortions are most
significant when processes accompanied by liberation (absorption) of heat or a sharp change in the heat capa-
city, e.g., with phase transitions of the second kind, occur in the specimen. These distortions can be cor-
rected in two ways.

The first method consists of correcting the recorded quantity p(t)/ by, by determining the true heating
rate b = bp + (dAT/dt) (where AT =T -*Tp is the deviation of the measured temperature of the specimen from
the programmed temperature) and operationally dividing the instantaneous value p(t) by b:
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The correction b7 is replaced, in the linear approximation with respect to AT, by bp’T. Here, and in what
follows, we do not take into account the fact that when the temperature deviates from the programmed value,
there not only arises a dependence b(t), but also b depends on the coordinates inside the specimen [5], since
the technique developed was specialized primarily to materials with quite high thermal conductivity. In this
case, the errors related to the coordinate dependence of b are much less than the change in b(t) related to the
inaccuracy in maintaining the regular regime.

The second method is realized by introducing a correction into the temperature dependence of cp(T)
together with a correction to pr. In this case, the magnitude of the heat capacity is determined by the ratio
p(t)/ bp, while the temperature displacement 6T ig found from the following simple transformations of the re-
corded quantity p(t)/bp using (1) and (2):

pt) _r) J’_:cp[T(t)erpr]bL,

bp b bP ’ P ®)
pt) _ Pp(l‘+N):CP[T (t + At) - b 1],
B by P ’

where At is the time shift between the instantaneous value of p(t), determining the true heating rate b and the
measured temperature T(t), and the value pp(t + At) equal to it, ensuring that the programmed heating rate bp
and the programmed temperature Tp(t + At) are maintained.

Since the shift sought is §T = Tp(t + At)—Tp(t), from (3) we obtain a relation for determining its magnitude
at time t:

ep (T + bp'c) bip =Cp(Tp + 0T -0 y). (4)
In order that 6T be expressed in terms of the measured quantity AT, we will represent AT approximate~

ly within the limits of unit deviation of T from T, as a broken line consisting of two segments, whose begin-
ning and end coincide with points where AT = 0. Along the first segment, at the beginning of the deviation,
b = const ¢bp (for definiteness, e.g., b > bp, i.e., AT > 0). Let us locate the origin for measuring time t'
and temperature T' at the point where AT = 0. Since it may be assumed that the heat capacity is a linear func-
tion of temperature in a small temperature interval (outside singular points), in the system of coordinates
chosen, we can write cp = cpg (1 + BT") and (4) takes the form

b (4a)

(1 +BT") - = 1+ B(T; + 8T"),

bP

where

1 dey 1 dp

. cp dT'  bp dt
Since, also, Tp' = bpt', T =pbt', AT' =T'- T = AT, we find from (4a), in a linear approximation with respect
to AT, the correction to the programmed temperature Ty, sought:

§T — 9AT + —— AT )
BT, dt

B =

Similar reasoning for the second segment leads to the 'same type of expression.

In the absence of anomalies in the heat capacity, usually g ~ 10~% K~!, and maintaining the heating rate
with an error in the range of 0.1% (massive specimens do not permit changing the rate sharply) gives for the
second term in (5) a quantity of the order of several degrees. The quantity AT in this case is of the same or-
der of magnitude. In regions with anomalies, § can increase by an order of magnitude and the role of the
first term increases.

Thus, the temperature dependence of the heat capacity, in general, must be corrected according to (5),
both with respect to the deviation of the temperature, as well as that of the heating rate, from the given
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program values. If, onthe other hand, the operational determination of the correction presents difficulties,
then the programmed temperature is partially corrected by the amount 2AT (or the measured temperature

by the amount AT). Thus, taking into account this correction, for the correction method being examined, the
temperature dependence of the heat capacity is found from the expression

2088 (6)
p

ey (T -+ AT 4 by1) =

In determining the thermal effects of the transformations in solids by the differential method (with res-
pect to a standard specimen, whose temperature is maintained equal to the temperature of the specimen being
studied, while their heat capacities are equal) by recording the supplementary heating power of one of the spe-
cimens, the heat balance equations taking into account the thermal inertia have the form

Ty
t

pall) = e (T, + 5,9 =

e (T, + bpr) b, -

dT,
at

Po @) + g (T + bgv) = cp (T + b,1)

where Tg and T, are the measured temperatures of the standard and the specimen, respectively; b = bp +dAT/
dt, true heating rate of the standard; b, = po/ Cps rate at which the specimen is heated by an internal heater

(bg # dTO/dt, since the specimen ig also heated by the heat of internal transformations); q, thermal power
liberated in the specimen, e.g., as a result of a phase transformation; ATg = TS—-Tp, deviation of the temper-
ature of the standard from the programmed temperature.

Since the quantities recorded in the experiment are Tg, Ty, pg and pg, as well as
Ap=p—por AT =T, — T, ®)

while bp enters as a constant, which determines the operational regime of the instrument, then the measured
quantity g is corrected, in the same way as above, by two methods. In making the correction by determining
the true heating rate from (7), we obtain in the linear approximation with respect to small quantities AT, pr,
and bgT

Do T dpg .1 d(pAT) (9)
o Pop ) (1= s pp gy - AT
q(°+ P P) < p, At \ p“pr dt

Thus, the recorded quantity Ap is corrected in accordance with the expressions 1 — 7/pg dpg/dt and (1/bp) -
d(pgAT)/dt, while the temperature dependence is corrected by the quantity popr/pS,,

If the correction is made with the help of the shift in temperature relative to the programmed value,
then, according to (5), Eqgs. (7) take the form

Py = ¢, () + 8T, +b.9, o)
po(t) 4 g (T + 870 + be®) = cp (T + 6T, + b7) by,
where
10)
T, {
67, — oAT, ~ —- AT o7, _onr, . L 92T
Pop dt Bbp  dt

while ATg = To~Tp is the deviation of the temperature of the specimen from the programmed value, and in
addition, according to (8), ATg—ATg = AT.

From (8) and (9), setting 8= l/cp dcp/dT o l/psbp dps/dt, we obtain in the linear approximation with
respect to small quantities AT and by7

\ 11)
dp 1 dp, . d(pAT) (
T 4 8T, + L2 by :<1~L———S )A +——{AT——§+~——-—3
q(p °‘psp) pe dat )P T e 1N di

When it is impossible to correct the heating rate in (11), it is necessary to set d(AT)/dt = 0. Inthis case,
taking into account the fact that Tp + ATg = Ty, we obtain
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i Po T dp
AT, + Pop :(1—«——~S)A
q(__ToJr ot p. pr) \ b di p+

2AT dps (12)
/ bp dt

In this case, if the heat capacity varies smoothly within the limits of the experiment, so that the temperature
of the standard can be maintained with sufficient degree of accuracy at the programmed level, i.e., ATg =0,
then in (12) it is necessary to set AT, = AT and to use only measured quantities in (12).

The presence of a nonuniform temperature field in the specimen leads, as is well known, to the fact that
the temperature measured at some point in the specimen, e.g., on the surface, does not coincide with the
average temperature of the specimen. On the other hand, the instantaneous value of the heat capacity must be
related precisely to the average temperature. For example, for a hollow long cylindrical specimen in the re-
gular regime the temperature field is determined by the equation '

T, =T, +b,t-+00), 13)

where 0(p) is the temperature differential over the distance p from the center of the specimen. With the boun-
dary conditions 6(R) = d0(R)/dp (where R is the external radius of the specimen), i.e., when quasiadiabatic
conditions are satisfied, the solution of the heat-conduction equation gives [6}

e(p):l{2fe21n31+ R |, (14)
P

4% B
where n is the thermal diffusivity.

Expression (14) was obtained by solving the heat-conduction equation for a regular regime under the con-
dition that the thermal conductivity does not depend on temperature. However, for materials with high thermal
conductivity, expression (14) can also be used in cases when the thermal conductivity depends on temperature,
imposing in this case limitations on the heating rate. As follows from an analysis of the exact solution (see,
e.g., [1]), for metallic specimens with R =1 ¢m, the time for establishing a regular regime varies over the
range 1-10 sec. Inthis case, heating rates less than 0.17 K/sec give an error, in determining the temper-
ature dependence of n, on the order of 2°K or less.

For the average temperature T of the specimen, we obtain from (13) and (14)

_ ~ (15)
T(t)=T, +bt+8,
R
— 1 b
e LS )
4R3 +r (3R*— r?) — 6Rer (1 ~1nLR) (16)

A 12(R—7)
(r is the inner radius of the specimen).

Thus, the overall correction to the temperature dependence of measured quantities is determined by the
sum 6T + hp'r + 6. In this case, as follows from (14) and (15),

17)
B=0()¢(r, R),
AR® 4 r (3R2 — r?) — 6R?r (1 “mL)
R
¢, R)= R : ) (18)

3(R—r)(2Rzln————R2—}—r2)

r
where 0(r) is the measured temperature differential between the inner and outer surfaces of the cylindrical
specimen.

Starting from the calculations presented, it is possible to determine the thermal conductivity A. Indeed,
for the hollow cylindrical specimens examined, the flux through the inner surface with area S equals the power
introduced into the specimen
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p(t)y=—MT -+ AT+bpr)S@d(ﬁ:xslp(r, R), (19)
0
_RE—r
Yir, R) = o A = ucpd, 20)

where d is the density. As follows from (15), (16), (19), and (20), the temperature dependence of the thermal
conductivity corrected for thermal inertia has the form

x A 21)
MT + AT+ b1+ 6) = 50 F(r, R),
where
F(r, R):—1—<2R21ni—[—r2,—]22>, (22)
4V r.

and V is the volume of the specimen.

Analysis of the errors in the method shows that the corrections presented strongly affect the results of
measurements in the scanning regime. Estimates were made for a vacuum (107° torr) adiabatic calorimeter
using standard specimens, heated by an internal microheater with heating rates of 0.017-0.17 K/sec, scanning
from 300 to 1200°K, with second-order accuracy in maintaining a regular regime with respect to the maximum
deviation of temperature from the programmed value (AT/T Jmax = 0-1%, and with respect to the maximum de-
viation of the heating rate from the given rate of (Ab/ b)max = 0.1%. Pure nickel and iron were used as standard
substances. For nickel, 745 = 6- 10° ¢p (T = 300°K), which for by, = 0.08 K/sec gives an error in determining
the temperature dependence of bp7o = 54°K. For iron 7o = 7+ 10° ¢p and, correspondingly, bpTo = 70°K. In view
of the high thermal conductivity, the error stemming from the temperature field in the specimen, for metals
with good heat conduction, constitutes 10-1-10~% K/sec (for the heating rates indicated, much less than the
error due to thermal inertia). At low temperatures, the error caused by the inaccuracy in maintaining the
program temperature is relatively small: AT = 10~°T = 0.3°K, but at high temperatures it increases to several
degrees.

Since the vacuum in the calorimeter constitutes 10~ torr and heat transfer from the heater to the speci-
men occurs primarily by radiation, we can approximately assume that 7= ¢ (1 + (T—Ty)/bpp dp/dt)(To/T)?,
i.e., as the temperature increases, the error in determining the temperature dependence, caused by thermal
inertia, decreases and becomes comparable to the error stemming from the inaccuracy in maintaining the
temperature. Thus, for T = 1200°K pr2 1°K, and AT =~ 1,5°K.

In the absence of anomalies, and in view of the smallness of 1/cp dcp/dT (~10~* for nickel and ~ 1073
for iron), deviations in the heating rate from the programmed value make the main contribution to the total
error in determining the magnitude of the heat capacity ACy,/Cq = (AT + byT)/cp dep/dT + Ab/b. However, in
a region with anomalies, due to the increase in 1/0p dcp/dT, these errors become comparable. Thus, in the
vicinity of a phase transition of the second kind (magnetic transition) for nickel b T/Cp dcp/dT =~ 9% and for
iron 6%. At the same time, in the region with these transformations, bp-r = 12°K for nickel and 6°K for iron.

Thus, the proposed optimization of the method permits avoiding a number of significant errors, which is
especially important in identifying physical processes in materials from the change in their thermal properties
and in determining critical points.
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