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Abstract

The heat flow signal from a differential scanning calorimeter (DSC) includes significant artifacts related to the instrumentation.

They may be categorized as those due to imbalances in the instrument or those resulting from instrument heat capacity effects,

commonly known as ‘‘smearing’’. Imbalances cause instrument baseline defects that include offset, slope and curvature. Instrument

heat capacity effects reduce the resolution of transitions and increase uncertainty when performing partial integrations of tran-

sitions. A new DSC heat flow measuring technique was developed that greatly reduces instrument baseline defects resulting from

imbalances. It improves resolution and dynamic response by accounting for the instrument heat capacity effects. There are three

components to the new heat flow measurement technique: (1) a new heat flow sensor assembly that has independent sample and

reference calorimeters and incorporates two differential temperature measurements; (2) a more comprehensive heat flow mea-

surement equation that includes calorimeter imbalances and differences in heating rates within the instrument and (3) a calorimetric

calibration technique that characterizes the imbalances and enables the more comprehensive heat flow equation to be used. A DSC

incorporating the new measurement displays a greatly improved instrument baseline and substantially improved resolution1.

# 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Among the more important performance character-

istics of a differential scanning calorimeter (DSC) is

the instrument baseline, which is the residual heat flow

signal of the DSC when operated empty. The DSC is a

twin instrument, comprising a sample and a reference

calorimeter within a common thermal enclosure,

where the two calorimeters are assumed to be iden-

tical. The output of the DSC is the difference between

the heat flows measured by each of the calorimeters. A

number of advantages are gained by the use of twin

calorimeters including cancellation of heat leakage

and temperature disturbances common to both calori-

meters [1]. It follows that if the two calorimeters are

identical and symmetrically positioned within the

DSC enclosure, the differential heat flow signal of

the empty DSC should be zero. However, all DSCs,

whether heat flux or power compensation give non-

zero heat flow measurements when operated empty,

demonstrating that the instrument is not symmetrical.

Heat flux DSCs typically have superior baseline when

compared to power compensation DSCs, owing to the

much smaller temperature differences between the

enclosure and the calorimeters in heat flux DSC.

Instrument asymmetry and baseline curvature contri-

bute to errors in heat capacity measurements in DSC

[2] and MDSC [3].

It is well known that the heat flow signal from a

DSC during a transition is an inexact representation of
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the actual sample heat flow. The measured heat flow is

delayed and distorted in time [4]. This distortion or

‘‘smearing’’ of the heat flow signal is the result of the

heat capacity of the sample pans and the sensor. These

heat capacity effects are present in all DSCs, heat flux

or power compensation. Heat storage within a thermal

system is analogous to capacitance within an electrical

circuit, so that the heat capacity of the sample pan and

the sensor effectively filter the measured heat flow. For

many DSC experiments, the smeared heat flow is a

sufficiently accurate measurement, e.g. when heat flow

is integrated over a baseline to obtain the enthalpy of a

transition. However, in experiments where partial area

integrations are required, e.g. kinetics and purity, the

heat flow signal must be de-smeared [5]. The DSC

resolution, i.e. the ability to separate closely spaced

transitions is improved when the heat capacity effects of

pan and sensor are removed from the heat flow signal.

Two de-smearing methods, modeling and numerical

deconvolution have generally been used. The model-

ing approach seeks to represent the DSC by differ-

ential equations where the measured signal, which is

the differential temperature and it’s derivatives are the

inputs and the coefficients of the equations represent

the thermal characteristics of the DSC. De-smearing

using first and second order differential equations

has been demonstrated [6,7]. A difficulty in practicing

these methods is the determination of appropriate

values for the instrument coefficients [5]. Numerical

deconvolution seeks to reconstruct the sample heat

flow by employing the convolution integral equation

and the apparatus function, which is determined by the

response to an impulsive heat input [4]. Numerical

deconvolution increases noise in the heat flow signal

and is usually only performed after the measurement is

complete [5].

2. DSC heat flow measurement theory

In virtually in all DSCs, the measured signal is the

difference between the temperatures of the sample and

reference positions of the sensor. Within the instru-

ment the DT signal is converted to a heat flow rate

using a temperature dependent proportionality factor:

_q ¼ EðTÞDT (1)

the proportionality factor E(T) depends upon the geo-

metry and materials of construction of the differential

temperature sensor. In commercial instruments, the

heat flow proportionality factor is generally deter-

mined by the manufacturer and is assumed to be

the same for all instruments of a given type.

To determine the relationship between the measured

temperatures and heat flow, a mathematical model of

the measurement apparatus is used. Analysis of the

heat flow measurement is based on the lumped heat

capacity method where a thermal system is repre-

sented by thermal resistances and heat capacities

[8]. This type of analysis has frequently been used

to model DSCs [9–11]. Fig. 1 shows an equivalent

circuit that may be used to represent the heat flow

measurement in a DSC. Each calorimeter consists of a

thermal resistance and a heat capacity. Subscripts s

and r indicate the sample or reference calorimeter. Ts

and Tr are the measured temperatures of the sample

and reference calorimeters and T0 is the temperature of

the DSC enclosure. The measured heat flows are qs,

the heat flow to the sample and it’s pan and qr, the heat

flow to the reference and it’s pan. This model does not

include the sample, reference or their pans.

Performing a heat balance gives the sample and

reference heat flows in terms of temperatures Ts, Tr, T0

and sensor thermal parameters Rs, Cs, Rr, Cr:

_qs ¼
T0 � Ts

Rs

� Cs
dTs

dt
(2)

_qr ¼
T0 � Tr

Rr

� Cr
dTr

dt
(3)

The difference is taken between the sample and refer-

ence heat flows and two differential temperatures are

substituted:

DT ¼ Ts � Tr; DT0 ¼ T0 � Ts

Fig. 1. DSC heat flow measurement model.
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After rearrangement, the result is a four-term heat flow

equation giving the difference between the sample and

reference heat flows:

_q ¼ �DT

Rr
þ DT0

1

Rs
� 1

Rr

� �
þ ðCr � CsÞ

dTs

dt

� Cr
dDT

dt

The first term is equivalent to Eq. (1), the conventional

DSC heat flow. The second and third terms reflect

imbalances between thermal resistances and heat

capacities of the sample and reference calorimeters.

The fourth term is a heat flow resulting from differ-

ences in heating rate between the sample and reference

calorimeters. It is generally zero except when a transi-

tion is occurring in the sample, or during modulated

DSC (MDSC1) experiments. A principle difference

between this heat flow equation and those previously

used in DSC is that the calorimeters have not been

assumed to be identical. To use this equation, the

sensor heat capacities and thermal resistances must

be known, the DSC must include the two differential

temperature measurements and the sample and refer-

ence calorimeters must be independent. A new heat

flux DSC and sensor was designed to meet these

measurement requirements [12]. A calibration proce-

dure allows the sensor thermal parameters to be

determined.

3. DSC heat flux sensor

The twin calorimeter sensor assembly is shown in

Fig. 2. It includes provisions for measuring tempera-

tures Ts, T0 and differential temperatures DT and DT0.

It is designed such that the sample and reference

calorimeters are thermally independent. In other

words, heat flow in one calorimeter does not affect

the temperature of the other. The main body of the

sensor is constantan and consists of a thick flat base

and a pair of thin wall closed end cylinders integral

with the base. The thin wall section creates the thermal

resistance and the flat end surfaces hold the sample

and reference. A thin chromel disk is welded to the

underside of each platform and functions as an area

thermocouple junction to reduce sensitivity to varia-

tions of contact between sensor and pans [13]. A

chromel wire is welded to each chromel disk. A

constantan and a chromel wire are welded to the

center of the base structure. The base surface is brazed

to the silver DSC enclosure, which makes the base of

the sensor assembly isothermal. Differential tempera-

ture DT is measured between the chromel wires

attached to the chromel disks and DT0 is measured

between the chromel wires attached to the sample

chromel disk and the sensor base. Ts is measured

between the sample chromel wire and the base con-

stantan wire. T0 is measured between the constantan

Fig. 2. TzeroTM DSC sensor assembly.
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and chromel wires attached to the sensor base. It is

used to control the temperature of the DSC.

4. Calibration

Calibration involves the determination of the values

for Rs, Rr, Cs and Cr. The calibration procedure

includes two identical constant heating rate experi-

ments. The first is performed with the DSC empty and

the second with sapphire disks without pans on the

sample and reference positions. For the empty DSC

experiment, the sample and reference heat flow are

set equal to zero, the heat balance Eqs. (2) and (3) are

solved, thus giving the calorimeter time constants:

ts ¼ CsRs ¼
DT0

dTs=dt
;

tr ¼ CrRr ¼
DT0 � DT

ðdTs=dtÞ � ðdDT=dtÞ
The time constants are a function of temperature. For

the sapphire disk experiment, the sample and refer-

ence heat flows from Eqs. (2) and (3) are set equal to

the heat flow to the sapphire disks, which equals the

product of sapphire mass, heat capacity and heating

rate. The sample and reference sapphire disk heating

rates are assumed to be equal to the heating rates of the

sample and reference calorimeters. This is a reason-

able assumption, as sapphire has no first order transi-

tions in this temperature region. These equations are

solved to give the calorimeter heat capacities:

Cs ¼
mscsapph

ðDT0=ððdTs=dtÞtsÞÞ � 1
;

Cr ¼
mrcsapph

ððDT0 þ DTÞ=ððdTs=dtÞ � ðdDT=dtÞtrÞÞ � 1

where, the calorimeter time constants were deter-

mined by the first experiment. Thermal resistances

are found using the time constants and heat capacities:

Rs ¼
ts

Cs

; Rr ¼
tr

Cr

Thus, thermal parameters of the calorimeters as a

function of temperature are determined. By contrast

with Eq. (1) where a common heat flow calibration

curve is applied to all instruments, this procedure

results in a unique heat flow calibration for each

DSC cell that includes it’s unique characteristics.

5. Pan heat capacity effects

The four-term DSC heat flow rate equation above

accounts for the sensor heat capacity in the fourth

term. However, there is a similar heat flow associated

with differences between the sample and reference pan

heating rates during transitions or during MDSC.

Using the unique capabitities of the new measurement

technique, the effects of differences in pan heating

rates may be included in the heat flow rate measure-

ment. Fig. 3 shows an electrical network that is

analogous to heat flow within the DSC. The model

is divided into two parts, the portion below the broken

line considered above (labeled sensor) represents the

DSC while the portion above the line represents the

sample and pans. The measured heat flows are qs,

the heat flow to the sample and it’s pan and qr, the heat

flow to the reference and it’s pan. The actual sample

heat flow is qsam. A heat capacity Cps and a thermal

resistance Rp represent the sample pan and the thermal

resistance between pan and sensor. The reference pan

is assumed to be empty, a heat capacity Cpr and a

thermal resistance Rp represent the reference pan and

the thermal contact resistance between pan and sensor.

The sample and reference pan temperatures are Tps

and Tpr.

Substitute the two measured differential tempera-

tures:

DT ¼ Ts � Tr; DT0 ¼ T0 � Ts

Fig. 3. DSC heat flow measurement model.
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into the sample and reference heat flow Eqs. (2) and

(3) to obtain the sample and reference heat flow

measurement equations:

_qs ¼
DT0

Rs

� Cs
dTs

dt
;

_qr ¼
DT0 þ DT

Rr

� Cr
dTs

dt
� dDT

dt

� �

Thermal resistances and heat capacities are obtained

using the two part calibration method described above.

The measured sample heat flow includes the sample

and pan heat flow, likewise the measured reference

heat flow is the sum of the pan and reference heat

flows.

The objective of the measurement is to recover the

actual sample heat flow qsam. The measured sample

heat flow is the sum of the sample and sample pan heat

flows:

_qs ¼ _qsam þ mpscpan

dTps

dt

mps is the sample pan mass, cpan is the specific heat

capacity of the pan material. The measured reference

heat flow is just the pan heat flow because the refer-

ence pan was assumed to be empty:

_qr ¼ mprcpan

dTpr

dt

mpr is the reference pan mass. Use the reference

heat flow equation to eliminate the pan specific heat

capacity and solve for qsam, giving:

_qsam ¼ _qs � _qr

mpsðdTps=dtÞ
mprðdTpr=dtÞ

� �

This equation gives the actual sample heat flow and

accounts for pan mass imbalances and heating rate

differences between the sample and reference pans.

The heat flow measurement equations include imbal-

ances and differences in heating rate between the

sample and reference calorimeters. Conventional

DSC heat flow measurements using Eq. (1) do not

include the sensor imbalances or the differences in

heating rate between the sample and reference calori-

meters and pans. The heating rate ratio accounts for

the fact that during a DSC experiment the heating rates

of the sample and reference pans may be different, e.g.

during a transition. In conventional DSC, the heat flow

measurement is in error because the reference pan

does not always heat at the same rate as the sample

pan. When the heating rate of the sample pan is higher

or lower than the programmed heating rate, the refer-

ence heat flow off-setting the sample pan heat flow is

too low or too high. The same comments apply to the

sensor heat flow. The heat capacity terms in the heat

flow measurement equations account for differences

between the sample and reference sensor heating rates.

To use this heat flow measurement method, the

sample and reference pan temperatures are needed.

They are not measured directly but may be obtained

from the measured quantities. Heat flow between the

sample and reference pans and their sensors are given

by:

_qs ¼
Ts � Tps

Rp

; _qr ¼
Tr � Tpr

Rp

which are solved to find the pan temperatures:

Tps ¼ Ts � _qsRp; Tpr ¼ Tr � _qrRp

Sensor temperatures and heat flows are measured, the

pan contact resistance Rp is needed to determine the

pan temperatures. When the temperature differences

between two surfaces in contact is small, as in the case

of the DSC pan, the heat exchange between the

surfaces consists of parallel heat conduction through

the solid surfaces in contact and through the gas in the

interstices [14]. A model equation is used to calculate

the contact resistance between the pan and sensor.

It assumes that there are two parallel heat conduction

paths between the pan and the sensor. One is solid

conduction through the sensor and pan where they

contact one another and the other is conduction

through the gas layer between the pan and sensor.

The solid conduction path consists of pan and sensor

thermal resistances in series. The equation used for the

contact resistance is:

Rp ¼ 1

ð1=ðRpan þ RsenÞÞ þ ð1=RgasÞ
where subscripts pan, sen and gas indicate thermal

resistances associated with the pan, the sensor and the

purge gas. The component thermal resistances are

calculated from:

R ¼ 1

ak

where k is the thermal conductivity of the pan, sensor

or purge gas and a is a geometric factor for the pan,
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sensor or purge gas that is equivalent to the ratio of an

area to a length. Thermal conductivities for each

component as a function of temperature are known,

the geometric factors have been determined from a

multivariate curve fit of experimental data. The geo-

metric factors are dependent upon the pan and sensor

shape. Typical values of the geometric factors are

supplied in the instrument software for selected pan

types. These capabilities are incorporated in the TA

Instruments Q1000TM DSC [12].

6. Experimental

All experiments were performed using a TA Instru-

ments Q1000TM DSC with a refrigerated cooling

system (RCS) installed. The DSC incorporates the

heat flow sensor assembly and heat flow measurement

methods. Calibration of the sensor parameters was

performed using the RCS at a heating rate of 20 8C/

min. The DSC cell and the RCS were purged with

nitrogen. Baselines were run at 20 8C/min. using the

RCS. Crimped aluminum pans were used with

5.64 mg indium and 1.13 mg dotriacontaine samples.

7. Results and discussion

A comparison of the empty DSC baseline of a

Q1000TM with RCS and a 2920 DSC with RCS is

shown in Fig. 4. This comparison is particularly apt,

because the 2920 is notable for it’s excellent baseline

performance. The Q1000TM baseline is superior in

every way, the start-up offset is much smaller, the

baseline is dramatically straighter and slope is greatly

reduced. As expected of a twin calorimeter, the empty

instrument heat flow signal is very nearly zero

throughout the experiment. Notice that the heat flow

scale is 1.0 mW and that the Q1000TM data extends

from �80 to 400 8C.

Fig. 5 shows a plot of instrument baselines produced

by the Q1000TM DSC using the RCS. Eight consecu-

tive scans were made between �90 and 400 8C to

demonstrate baseline performance. The total range of

heat flow variation is less than 40 mW. All baselines

are very straight, have very little slope and very small

start-up offsets. Between any two consecutive base-

lines the variation is no greater than 20 mW. These

results show that excellent baseline performance may

be obtained over a very broad range of temperatures

with excellent repeatability. Among the benefits of the

baseline improvements achieved by the TzeroTM DSC

are the ability to measure very weak transitions [15].

Fig. 6 shows an indium melt at 20 8C/min. Two heat

flows are plotted, the conventional DSC heat flow and

the heat flow according to the Advanced TzeroTM heat

flow measurement of this paper. The conventional

DSC heat flow signal is calculated using Eq. (1).

Comparing the Advanced TzeroTM heat flow to the

conventional heat flow, the peak height increased from

23.2 to 29.9 mW and the peak width at half height has

decreased dramatically from 2.26 to 0.82 8C, nearly a

three-fold reduction in peak width. The onset and peak

temperatures are slightly lower due to the elimination

of thermal lag of the sample calorimeter and sample

pan. The baseline return at the completion of the meltFig. 4. DSC baseline comparison.

Fig. 5. Q1000TM instrument baselines using RCS.
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is much faster, corresponding to improved dynamic

response that yields better resolution.

Fig. 7 shows the result of a 10 8C/min DSC experi-

ment with a 1.13 mg sample of dotriacontane, a C32

hydrocarbon. Two heat flow signals are shown,

Advanced TzeroTM and conventional DSC. This sam-

ple has three closely spaced transitions demonstrating

the separation ability of a DSC (i.e. the resolution).

The first two transitions are barely separated from

one another by conventional DSC, whereas Advanced

TzeroTM shows a substantial improvement in the

separation. However, between the second and third

transitions, Advanced TzeroTM clearly reaches base-

line, where conventional DSC does not. In this case,

the ability to accurately determine the enthalpy of the

third transition is improved by Advanced TzeroTM

as compared to conventional DSC. All peak heights

are substantially increased while peak width is

considerably reduced. Analysis of additional experi-

ments confirms the improved resolution [16].

8. Conclusions

Beginning from first principles, a new DSC heat

flow measurement technique has been developed. It

includes three principal components, a new sensor

assembly, more comprehensive heat flow measure-

ment equations and a novel heat flow calibration

method. The new sensor assembly incorporates inde-

pendent sample and reference calorimeters and uses

two differential temperature measurements. Unlike

traditional DSC, the measurement equations do not

include the assumption that the instrument is perfectly

symmetric, thus the measurement includes the effects

of sensor asymmetry. The measurement also includes

the effects of differences between the sample and

reference calorimeter heating rates and the sample

and reference pan heating rates. The calibration tech-

nique gives a more thorough characterization of the

DSC sensor and includes the effects of asymmetry.

The calibration procedure also provides a unique

heat flow calibration for each instrument, incorporat-

ing it’s characteristics as opposed to the use of a

generic heat flow calibration function common in

other DSCs.

The experimental results show the benefits of these

improvements, which include a dramatic improvement

in the instrument baseline and improvements in resolu-

tion. Improvements in the instrument baseline benefit

nearly all DSC experiments, but are especially impor-

tant for heat capacity measurements and for detection

and quantification of weak and broad transitions.

Enhancements in resolution improve the ability to

unambiguously separate and quantify closely spaced

transitions. Partial area integrations will be improved by

the rapid return to baseline at the completion of a

transition.
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