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By recording the first derivative of the sample temsrature, dTJdi, as a function 

of time or temperature, small changes or fluctuations ‘n the furnace heating rate can 
be easiiy detected_ This method is far more sensitive to heating rate changes than is the 
&ual temperature-time plots. First derivative tempciature curves are also given for 
the dehydration of BaCIz-2Hz0 and CuS04-5Hz0. 

IXTRODCCTIOS 

The precise determination of the heating rate of therma analysis equipment is 

not an easy matter_ The usual time-temperature curves are insensitive to small 

changes in the heating rate, especially at low rates of heating. They are useful, 
however, to detect _gross chanses in the heating rate or if the hezting program is 
temporarily interrupted. Many commercial thermal analysis instruments have 

provision for pIotting the time-temperature curve as well as the desired thermal 
analysis curve. 

In differential thermal analysis (DTA) or differentia! scanning calorimetry 

@SC), unsymmetric loading of -he sample holders, e.g., large sample mass and 
empty reference container, permit small variations in the heating rate to be obsewcd. 
This technique was first reported by Ban-all and Rogers’ who also studied the effect 
of unsymmetrical thermocouple location in a b&k-type sampI holder. In the Iatter 
case, the thermocouples were displaced towards the side, top or bottom of the sampIe 

ho!der, causing the displaced thermocoupIe to heat up more quickly than the sym- 
metrically located one and hence giving a displacement of the baseline. The displaced 
baseline curve indicated the heating rate fluctuations more than the curve obtained 
with syrnmetricalIy located thermocouples. Much larger fluctuations in the DTA 
curve were noted if a non-uniformly packed sampIe was also present. Wendlandt’ 
has also described the use of an unbalanced DTA system to detect small changes in 
the heating rate program. 

Fluctuations in the furnace heating rate can be easily detected in the Deltatherm 

calorimeter, as described by Dosch and Wendlandt3. The heat capacity of the sample, 
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Cp, is given by the equatioru 

where P is the power, m the sample mass, dT/dt the heating rate, and k, a constant. 

For a constant dTjdr, the expression simplifies to: 

Thus, the heat capacity is directly proportional to the power, P, assuming a constant 
heating rate. The power curve is thus sensitive to minute changes of dT/dt and can 

serve as a measure of its constancy. 
A simple yet sensitive method for detecting heating rate ff uctuations in thermal 

analysis 5 described here, which is based upon recording the first derivative of the 

sample, reference_ or furnace temperature_ Small changes in the heating rate program 

cu1 be easily observed in the derivative curve, which is plotted as a function of time or 

temperature. 

EXPJERIMEXTAL PART 

The experimental arrangement, as shown in Fig- 1, was employed for the 

derivative temperature measurements_ A Iaboratory constructed DTA furnace and 

&WO-PEN RECORDER 

I 

Fi$$ 1. Experimental arrangement for the determination of heating rate guctuations of a DTA 
furnace and sampIe holder. 

sample holder4 was used as the test system. The vohage output from thermocouple 
Ts, was differentiated with respect to time using a Harrop analog computer 

(CoIumbus, Ohio), This function was then recorded, along with the voltage output 

from thermocouple T,, on a two-pen Linear Instruments potentiometric strip-chart 
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recorder (b-vine, Calif.). An ice-water mixture contained in a Dewar flask was used to 
maintain the reference thermocouple, T,, , at 0°C. The heating rate of the furnace was 
controlled by a T & T Controls Programmer, Model No. TPC-2000 (Media, Pa.). 

RESULTS AEiD DI!XZUS!3ON 

The furnace temperature programmer for therrnai analysis instrumentation 
should be capable of linear temperature control over a number of different tempera- 
ture ranges. The heating rates should be constant and reproducible as fluctuations in 
the heating rate, as pointed out by TheaIls, will create spurious baseline shifts or even 
peaks in the DTA curve. In TG, small fluctuations in the heating rate are not as 

serious as they are in DTA but major changes can result in curve slope changes if 
time-base recorders are employed’. 

There are many different types of temperature programmes avaiIable, ranging 
from simple motor-driven variable voltage transformers to more sophisticated 
feedback, proportional-type pro_erammers. In the case of the latter type, when the 
error signal between the command voitage and the output of the control signal differ 
by an amount more than the “dead-band” of the control amplifier, the error signal is 
amplified and a proportional amount of electrical power is applied to the heater. The 
heating rate fluctuations of this type of programmer are usually about +5% or 
irO.1 “C min- I, whichever is greater. The accuracy of this type of programmer is 
controhed by the output of the control thermocouple and the interna po-wer supply 
drift rate_ Specifications on other programmers in commercial thermal analysis 
instruments vary from iO.25 to 2 1% linearity for any 100°C temperature interval 
or slightly greater than this for the complete temperature range. 

The temperature-time curves and the derivative of the temperature (dTJdt)- 
time curves are illustrated in Fig. 2- Three furnace heating rates are shown for each 
set of curves, namely, 5, IO and 20°C min- I_ Althou.gh the temperature-time curves 
appear to be straight lines (above 2 mm), the derivative curves contain numerous 
fluctuations after an initial equilibration period. If there were no heating rate 
fluctuations, the derivative curves wouId appear as straight Iines, thus, ‘ihe curve 
irreguIarities are indicative of small changes in the heating rate. These changes are not 
observabie on the temperature-time curves. The least heating rate changes are found 
with the slower heating rate, 5 OC min- l, while the Iargest are at 20°C min- ’ _ 

Deliberate alterations of the furnace heating rate are shown in the two curves 
in Fig. 3. Using a nominai heating rate of 10°C min- r, heating rate changes were 
manually made at the points indicated on the temperature-time curves. Changes of 
-1 to -2”Cmin-’ are observed as slight increases in the derivative curve while the 
+4”C min-’ change appears as a decrease. As expected, there is a time lag between 
the heating rate change of the programmer and the response of the derivative curve. 
Also, the heating rate changes are not evident on the temperature-time curve except 
for the large +4OC min-’ change. Thus, the derivative curve is a more sensitive 
indicator of the heating rate fluctuations. 



Fig_ t Tcmpcrzrure-time and dT,dt curve for DTA furnace and sample holder at heating rates of 
5, IO and 2O’C min- I. 
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Fig_ 3_ DcIibcratc changes of heating rate and their effect on the temperature-time andiderivative 
temperature curves (XO’C min- I)_ 



Derivative temperature curves for the three heating rates, 5,lO and 20 “C min- I, 

plotted against the reference temperature are shown in Fig. 4_ Small short-term 

random changes in the heating rate are evident in the 5°C min- ’ curve but there are 

longer-term events in the 20 “C min- ’ curve. AIso illustrated is the longer temperature 
equilibration time (i-e., higher temperatures) required for the faster heating rate; for 

5 and 10°C min- ‘, it is about 50°C while for 20°C min-’ it is almost 100°C. 
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Fig 4_ Derivative temperature curves as a function of reference temperature. 

The magnitude of the derivative curves is proportiona to the furnace heating 

rate, as shown in Fig. 5_ The derivative is not a linear function of the heating rate 
because it increases more rapidIy at the higher heating rates (> 10°C min- ‘). This is 
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Fig. 5. The change of the derivative of temperature u-ith heating rate_ 
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not a serious limitation, however, because the heating rate fiuctuatious are the main 

concern here. 
It was of interest to record the derivative temperature curve of a sample that 

undergoes a dehydration reaction in the temperature range of interest. Burgess’ has 

suggested this method of recording as early as 1908 and it was recently mentioned by 
Blazek’, the latter describing it as a derivative direct heating curve. Since this method 

uses onIy a single, rather than a double thermocouple system, it should simplify DTA 

irrstrument design The data obtained by the derivative method are not equivalent, as 
will be seen, with the differential thermal analysis technique- 

The dTJdt curves of two metal salt hydrates are shown in Fig. 6. For 

&Cl, - 2&O, 'the derivative curve shows the usual equilibration change followed by 
curve changes due to the deaquation of the 2- tc the l-hydrate followed by the 

TEMPERATURE, ‘C (&I 

Fk 6- lkri~~tive ~CSU~CI%UX CUITCS of BaC&-2HzO and CutSO,-5Hz0 (heating rate of 10°C 
nlis- 1). 

deaquation of the latter to anhydrous BaClz. For the first transition, the derivative 

cnr-vc indicates the beginning of the deaquation reaction starting at about 100°C and 

has maximum and minimum peak temperatures of 125 and 135”C, respectively_ 
rJnforhmatcIy, the last transition was incomplete due to the maximtnn temperature 
limit of the recorder (250°C). 

For CuSO,.5Hz0, more maxima and minima curve peaks are indicated due 

to the greater complexity of the deaquation reactions. Peak maxima temperatures of 
l!O7, I1 5 and 135”C, respectively, were observed as we?1 as peak minima temperatures 
of 112, 125 and ‘155X, respectively. All of the curve peeks were caused by the 
deaqnation transition of 5 + I hydrate, which involves a number of intermediate 

steps’ such as the formation of a liquid water phase and the resultant saturated 

soIution of the salt, 



lP5 

In both of the compounds studied, it is evident that the deaquation reactions 
cause a drastic perturbation of the sampIe heating rate. A single thermocoupIe DTA 
system is possible using this approach but the interpretation of the resultant derivative 
temperature curve is more difficult_ Curve peak area integration is impossible thus 
preventing the use of these curves for quantitative studies. However, for qualitative 
purposes, small thermal transitions are easily detectable as would be changes in the 
baseline due to second order transitions, e.g., glass transitions in polymers. 

The financia1 support of this work by the Robert A. Welch Foundation of 
Houston, Texas, is gratefully acknowledged. 
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