
Precipitation kinetics in an air-cooled aluminum alloy:
A comparison of scanning and isothermal calorimetry

measurement methods

George W. Smith*

Department of Physics and Physical Chemistry, General Motors Research and Development Center, Warren MI, 48090-9055, USA

Received 23 May 1997; received in revised form 30 October 1997; accepted 12 November 1997

Abstract

The purpose of this work is to establish for the ®rst time the equivalence of determinations of both precipitation time

constants, � , and activation energies, Eact, by two calorimetric techniques: differential scanning calorimetry (DSC) and

differential isothermal calorimetry (DIC). To accomplish this, kinetics and energetics of precipitation in air-cooled (ACO)

aluminum alloy 339 were determined by both methods, using Perkin±Elmer instruments. The ACO alloy was chosen as the

subject of the study because of its calorimetric simplicity: a single precipitation exotherm dominates each DSC scan. The DSC

data were analyzed using a modi®ed Kissinger equation, from which both time constants and activation energies were derived.

From differential isothermal calorimetry experiments, we determined precipitation time constants by ®tting the almost

exponential decay of DIC heat release curves, using analyses developed in our laboratory. Arrhenius plots of the time

constants then yielded values of Eact. Both activation energies and time constants from the DSC/Kissinger analysis agreed

rather well with those from DIC provided DSC temperature scan rates were slow compared to the calorimeter's instrumental

equilibration time (lag time). Thus, the equivalence of the DSC and DIC techniques has been established, at least for this test

case. # 1998 Elsevier Science B.V.
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1. Introduction

Precipitation in aluminum alloys has been studied

by many investigators [1±23] using differential scan-

ning calorimetry (DSC). Several analytical schemes

[24±28] have been advanced to determine kinetic

parameters (e.g. time constants, � , and activation

energies, Eact) from the scan-rate dependence of

peaks observed in DSC curves. Two review articles

examine these and related analysis methods in detail

[29,30].

As yet there appears to be no publication which

comprehensively compares DSC kinetics parameters

to those derivable from differential isothermal calori-

metry (DIC), a technique [19,31±38] which has not

been widely applied to precipitation studies but which

has certain advantages relative to DSC. The most
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extensive isothermal calorimetry precipitation studies

to date seem to have been carried out using a Tian±

Calvet microcalorimeter (TCM), a device whose sen-

sitivity limits its application to processes which start

slowly (>30 min) [39±46]. In contrast, DIC (using a

Perkin±Elmer DSC2 instrument) can be applied to

systems with time constants of the order of minutes.

While there have been numerous DSC investigations,

apparently no DIC determinations of � or Eact values

for precipitation in alloys have been reported. And, of

course, there also has been no direct comparison of the

two methods. Lacom et al. [45] have determined the

activation energy for GP zone formation in an Al/Zn

alloy using both isothermal Tian±Calvet calorimetry

and DSC in a cooling mode, obtaining comparable

values of Eact with an error of �10% (somewhat

larger, as will be seen below, than the 5 to 6% error

attained from DIC and DSC). Starink and Zahra [46]

have determined Eact for precipitation in an Al/Mg

alloy using isothermal TCM.

It is the purpose of this work to establish for the ®rst

time the equivalence of DSC and DIC measurements

of precipitation � and Eact values. To accomplish this,

kinetics and energetics of precipitation in air-cooled

(ACO) aluminum alloy 339 were determined by both

methods. The ACO alloy was chosen as the subject of

the study because of its calorimetric simplicity: only a

single precipitation exotherm is observed in a DSC

scan. Values of � and Eact were obtained from our DSC

scans using a modi®ed Kissinger equation [24,28]

which relates the peak precipitation temperature, Tp,

to the temperature scan rate, S, of the calorimeter.

From our DIC experiments, we determined precipita-

tion time constants using several analysis methods

developed in our laboratory. Arrhenius plots of the

temperature-dependent time constants then yielded

activation energies. In addition, accurate values of

�Q, the heat released during the precipitation process,

were obtained from DIC.

In the next sections, we shall compare the results

derived from the Kissinger/DSC analysis with those

from DIC and show that they agree rather well,

provided the DSC temperature scan rate is slow

compared to the calorimeter's instrumental lag time,

� lag. Thus, the equivalence of the two methods will be

established for this alloy.

First, let us brie¯y discuss the experimental details

of the work.

2. Experimental aspects

2.1. Samples

Aluminum alloy 339 contains �1% Cu, �1% Mg

and�12% Si (by mass), plus smaller amounts of other

species. Calorimetry samples were cut from a casting

which had been air-cooled (ACO) immediately after

solidi®cation; the samples were then stored at room

temperature for ca. 17 months, after which the calori-

metric studies were carried out. In the die the casting

had cooled to �3008C in a few seconds; after removal

from the die, its cooling rate in air was so slow (6±10 h

to reach ambient) that GP zones could form and then

mostly re-dissolve before ambient temperature was

reached. Consequently, no GP zone formation

exotherms were detected in DSC scans, although there

is slight evidence for a possible GP zone dissolution

endotherm just below the single precipitation exother-

mic peak in the scans of Fig. 1. The fact that the DSC

scans are calorimetrically simple facilitated the com-

parison of the DSC and DIC methods (as will be seen

below). Preliminary calorimetry experiments showed

that the alloy was quite stable at room temperature: the

Fig. 1. Plots of dQ/dt vs. temperature for air-cooled alloy 339 run

at scan rates from 1.2 to 808C minÿ1. The exothermic peak for each

curve is due to precipitation in the alloy. The peak temperature, Tp,

is shown for the 808C minÿ1 curve. The values of Tp are used in

Eqs. (1) and (3) to derive effective activation energies. The curves

are shifted vertically to avoid overlap.
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DSC signal changed very little over periods as long as

two years.

Samples of the proper size for calorimetry were

prepared in the following manner: Rods of square

cross section were cut from the casting and machined

to cylinders with a diameter of 6 mm. Thin slices

(�2 mm thick) were then cut from these rods. Sample

masses, m, ranged 115±137 mg.

2.2. Calorimetric methods

The kinetics and energetics of precipitation were

determined using Perkin±Elmer DSC2 and DSC7

differential scanning calorimeters, operation of which

has been described previously [31±38]. In the present

work, the DSC7 instrument was used in its tempera-

ture-scanning mode and the DSC2 in its isothermal

mode. As a scanning instrument, the calorimeter gives

a broad view of the temperature range and amount of

heat released (�Q) during the precipitation. More

detailed information regarding the rate of heat release

and more accurate �Q values are obtained from

isothermal measurements as a function of tempera-

ture. In the next sections, we brie¯y examine the

scanning and isothermal calorimetry techniques.

2.2.1. Differential scanning calorimetry (DSC)

In the DSC mode the calorimeter measures dQ/dt,

the rate of heat absorption or emission by the sample,

as a function of temperature. In the absence of any

signi®cant thermal events, the position of the baseline

in such a plot is proportional to the speci®c heat of the

sample [34,37,38]. The presence of an endothermic

peak, superimposed on the baseline, indicates the

occurrence of a heat-absorbing event, such as melting

or species dissolution. On the other hand, an exother-

mic peak occurs as a result of some sort of heat-

releasing event, such as solidi®cation or precipitation.

The area under a peak is proportional to �Q, the heat

absorbed or released by the sample over the tempera-

ture range of the peak. However, the �Q values

obtained for a precipitation exotherm are only approx-

imate because of the onset of an endotherm (due to

dissolution of precipitates) at temperatures just above

the exotherm (e.g. see Fig. 1). �Q values (8±10 J/g)

obtained from DSC scans of Fig. 1 are consistent with

the more accurate results obtained by DIC (see Sec-

tion 3.2.2).

2.2.2. Differential isothermal calorimetry (DIC)

Operated isothermally, the calorimeter records

dQ/dt vs. time at a speci®c temperature. A typical

DIC curve for precipitation in ACO alloy 339 at 2208C
is shown in Fig. 2. In such an experiment, the sample

temperature is increased very rapidly (3208C minÿ1)

from ÿ738C to the desired temperature, T. For a short

time after T is reached, the data are invalid (off-scale)

due to non-equilibrium conditions. This interval

roughly de®nes the instrumental lag time, � lag, which

can be determined by measuring the time required for

the calorimeter signal to return to its normal range. (As

seen in Fig. 2, this time interval ± even for samples as

heavy as 100 mg ± is quite short, �1 min). Although

the missing data for times shorter than � lag can be

taken into account by analytic techniques [31], for our

ACO alloy the data loss is minimal because � lag is so

short.

Another concern in analyzing DIC curves is base-

line drift, which can result from thermal imbalances

between the sample and reference pans of the calori-

meter, leading to modest, more or less linear, changes

in baseline position during the course of an experi-

ment. Generally, drift is signi®cant only for very weak

Fig. 2. Isothermal calorimetry curve of dQ/dt vs. time for

precipitation in a sample of air-cooled alloy 339 at 2208C. The

time at which the final temperature is reached after the initial rapid

warm-up is taken to be t�0. Although the duration of the

experiment was 280 min, precipitation was essentially complete

within the first 2 h. Only the first 130 min of data are shown in

order to make clear the fits of analytical expressions (see text),

which yielded values of the precipitation time constant(s).
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exotherms and/or experiments of extremely long dura-

tion (many hours). Methods to correct the DIC signal

for baseline drift have been described elsewhere [32].

In most cases, such corrections are small since by

thoroughly isolating the calorimeter head and using

pure aluminum references with masses comparable to

those of the samples, we have reduced sources of

calorimeter imbalance.

As for DSC scans, isothermal dQ/dt curves can be

either endothermic or exothermic, depending on the

nature of the thermal process involved. Accurate

values of the total energy, �Q, absorbed or released

during an isothermal process, are determined by inte-

grating dQ/dt vs. t.

3. Analysis methods

It is appropriate at this time to examine in some

detail the analytical methods used to determine pre-

cipitation kinetics from both DSC and DIC.

3.1. Scanning experiments: Kissinger analysis

The Kissinger method [24,28] for deriving activa-

tion energies from temperature-scanned experiments

is based on the fact that the observed temperature of a

peak depends on the scan rate, S�dT/dt, of the experi-

ment. The method has been generalized and justi®ed

for solid-state reactions by Mittemeijer et al. [28].

Peaks for slow scan rates occur at lower temperatures

than those for fast scan rates. This shift of peak

temperature, Tp, with a change in scan rate is clearly

seen in Fig. 1, where dQ/dt is plotted versus tempera-

ture for precipitation in ACO alloy 339 at scan rates

ranging 1.2±808C minÿ1. (We shall see below that it is

important to use the slower scan rates, eliminating data

for S�40 and 808C minÿ1.) As is well known, the peak

intensity greatly decreases as scan rate is reduced. In

Fig. 1, we see the onset of the previously mentioned

high temperature dissolution endotherm which,

although it interferes with evaluation of �Q, does

not greatly affect the determination of the peak tem-

perature. The Kissinger expression, as modi®ed by

Mittemeijer et al. [28], relates Tp to S:

ln�T2
p=S� � Eact=�RTp� � ln�Eact=Rk0�: (1)

Here, Eact is the effective activation energy for the

process associated with the peak, R the gas constant,

and k0 the pre-exponential factor in the Arrhenius

equation for the rate constant k:

k � k0 exp�ÿEact=RT�
�or � � 1=k � �0 exp�Eact=RT��: (2)

It is easy to show that substitution of Eq. (2) into

Eq. (1) yields a simple expression for kp, the value of

k at temperature Tp:

kp � �Eact=R� � �S=T2
p �; (3)

In Eqs. (1) and (3), S is given in K sÿ1 (or 8C sÿ1) so

that k has units of sÿ1. Values of S and Tp

corresponding to the curves of Fig. 1 are given in

Table 1.

The extent to which the Kissinger method is valid

has been discussed by Yinnon and Uhlmann [29] who

Table 1

Parameters for Kissinger fits to scanning experiments. Air-cooled aluminum alloy 339. Kissinger rate constant (from Eq. (2))

k0�1.405(�3.90/ÿ1.03)�108 sÿ1

ID S (8C minÿ1) Tp (8C) 1000/RTp ln�T2
p=S� Fit of Eq. (1) for

S<408C minÿ1

HC10A 1.2 217.68 1.02524 16.3044 16.1071

HC9A 2.5 227.00 1.00614 15.6081 15.6332

EF3A 5 237.25 0.98594 14.9555 15.1319

EF4A 10 252.12 0.95803 14.3198 14.4395

EE13A 20 270.79 0.92515 13.6965 13.6238

EF1A 40 293.05 0.88878 13.0835

EF2A 80 314.91 0.85574 12.4661

Note: In carrying out the Kissinger analysis, it is necessary to use S values in units of 8C/s.
See text for discussion of regression fits shown in column six.
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reviewed seven methods for analyzing scanning ther-

moanalytical data. They were concerned that the

original Kissinger method might not be generally

applicable to solid-state transformations. However,

Mittemeijer et al. [28] examined the Kissinger ana-

lysis in detail and concluded that activation energies

can indeed be obtained from Eqs. (1) and (2), but that

appreciable error in k0 can occur if Eq. (2) is extra-

polated to 1/T�0. Nevertheless, we have found (see

Section 4.2.2) that for suf®ciently slow scan rates, it is

still possible to obtain values of 1/k (the reciprocal of

the Kissinger rate constant) which agree with isother-

mal precipitation time constants in the experimental

temperature range.

The Kissinger method is validated in Fig. 3 where

we plot two linear regression ®ts of Eq. (1), using

values of Tp derived for alloy 339 from DSC curves

like those of Fig. 1. One ®t includes data for all scan

rates, the other eliminates results for S�40 and

808C minÿ1. By excluding the data for these high

scan rates, we reduce the effects of � lag. The exclusion

of these data is justi®ed in Section 4.1, where we

develop a criterion for choosing valid S values and

comparing Eact values from scanning methods with

those from analyses of isothermal curves.

3.2. Isothermal experiments

We shall illustrate our DIC analyses using the curve

of Fig. 2. As will become apparent, the same preci-

pitation process is responsible for the DSC peaks of

Fig. 1 and isotherms like that of Fig. 2. From such

isotherms it is possible to derive time constants by

®tting analytical expressions to the decay of dQ/dt

with time. Arrhenius plots of time constants deter-

mined from isothermal experiments at various tem-

peratures yield precipitation activation energies. Some

of the analyses and resulting time constants have been

discussed elsewhere [31,32], so the following descrip-

tion is brief.

3.2.1. Time constants

3.2.1.1. 2-Exponential analysis. This analysis can be

justified by assuming that two species precipitate

simultaneously, so that the rate of heat evolution at

a given temperature is given by:

dQ=dt � ÿ�1exp�ÿt=�1� ÿ �2exp�ÿt=�2�;
(4)

where each of the exponential terms represents the

precipitation kinetics of a single species. Although

TEM studies [47] have indicated that two or more

precipitate phases are indeed involved, a strictly

mathematical interpretation of Eq. (4) is also

possible, i.e. it is merely the first two terms in a

series approximation to the data. In Fig. 2, the 2-

exponential expression essentially coincides with

the data. The temperature dependences of the fast

(�1) and slow (�2) processes are usually well

described by the Arrhenius equation as seen in

Fig. 4. Values of � and � , corresponding to the data

of Fig. 4, are given in Table 2.

3.2.1.2. Rate-averaged t from 2-exponential analysis.

For simultaneous processes which contribute to the

same precipitation event the physically meaningful

time constant [48] is the rate-averaged time constant,

� rate. Such an average time constant is useful for

comparison of isothermal results with those from

scanning calorimetry, and is defined in terms of the

2-exponential fit parameters:

1=�rate � ��1=�1 � �2=�2�=��1 � �2�: (5a)

�rate � �1�2��1 � �2�=��1�2 � �2�1�: (5b)

Fig. 3. Kissinger plot for air-cooled alloy 339. The lines are fits of

Eq. (1) to the data, as discussed in the text. Tp is quite sensitive to

scan rate, ranging from ca. 2208C for S�1.28C minÿ1 to ca. 3158C
for S�808C minÿ1.
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In Fig. 5, an Arrhenius plot of � rate for the � and �
values of Table 2 is compared with the regression fits

for �1 and �2 of Fig. 4. The value of Eact for � rate is

practically equal to that for �1. Furthermore, � rate is

only slightly larger than �1, so that it seems clear that

the fast process dominates precipitation in air-cooled

alloy 339.

3.2.1.3. Avrami analysis. As discussed elsewhere

[31,32], the kinetics of phase transformations,

Fig. 4. Arrhenius plots of �1 and �2 derived from 2-exponential fits

to isothermal dQ/dt curves for air-cooled alloy 339. Generally, the

coefficient �1 for the short time constant �1 is appreciably greater

than �2, the coefficient for �2, the long time constant. Lines are

best fits to the data.

Table 2

2-exponential and Avrami analyses of isothermal experiments. Air-cooled aluminum alloy 339

2-exponential analysis Avrami analysis

ID T ÿ�Q �1 �2 �1 �2 r2 � rate �t � n r2

(8C) (J/g) (mW) (mW) (min) (min) (min) (min) (min)

EH2A 200 4.96 0.0761 0.2429 33.84 33.850 0.98625 33.85 4.50 32.33 1.0392 0.98881

EH9A 210 9.50 0.5291 0.2771 12.37 48.350 0.99336 16.62 2.60 30.53 0.917 0.98804

EG4A 220 9.15 0.8837 0.2491 11.2 37.268 0.99913 13.23 1.001 8.34 0.936 0.99498

EH11A 220 9.28 0.9146 0.4843 6.667 26.850 0.99956 9.01 1.201 7.18 0.904 0.99485

EG3A 230 9.03 1.5584 0.8238 3.229 15.970 0.99922 4.46 0.751 0.97 0.861 0.99532

EH6A 240 9.67 3.5560 1.2118 2.358 10.574 0.99982 2.94 0.60 5.747 0.89 0.99160

EG6A 250 9.35 5.9659 2.4685 1.186 5.463 0.99970 1.54 0.50 3.587 0.857 0.99606

EH7A 260 9.30 5.6624 3.0106 1.244 4.834 0.99989 1.68 0.60 3.27 0.929 0.99439

EH1A 270 9.54 13.366 3.4844 0.792 3.226 0.99985 0.94 0.40 1.737 0.87 0.99491

EH8A 280 8.54 26.263 5.9990 0.5 2.085 0.99975 0.58 0.50 1.197 0.915 0.99268

EH4A 290 7.64 35.715 7.8701 0.359 1.422 0.99978 0.41 0.35 0.833 0.869 0.99588

EH10A 300 8.35 55.155 9.3641 0.264 1.121 0.99970 0.30 0.30 0.612 0.884 0.99405

Fig. 5. Comparison of Arrhenius plot of � rate derived from the data

of Fig. 4 and Table 2 (� and ÐÐÐ) with regressions of 2-

exponential time constants, �1 and �2, from Fig. 4 (� � �). It seems

that � rate is dominated by the fast precipitation process, �1.
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including precipitation, are frequently well described

by the Avrami equation:

X�t� � 1ÿ exp�ÿ�t=�Avrami�n�; (6)

where X(t) is the fraction of material transformed or

precipitated, t the time, �Avrami is an average time

constant, and n is a constant. The values of �Avrami can

be derived from isothermal data by fitting the decaying

portion of the dQ/dt curves to the equation [32]:

dQ=dt � ÿC � exp�ÿ��t ÿ�t�=�Avrami�n�
� �n�t ÿ�t�nÿ1=�n

Avrami�; (7)

where C is a constant and �t is a time shift of the order

or larger than � lag or the time for the extremum value

of dQ/dt [49]. This equation is quickly and accurately

fit directly to experimental dQ/dt curves by means of

appropriate software, such as TableCurve [50], to

yield the Avrami parameters shown in Table 2. In

Fig. 2, in addition to the 2-exponential fit, we show

a best fit of Eq. (7) to dQ/dt. It is clear that the fit of the

Avrami expression, while good, does not represent the

data aswell as the 2-exponential equation. An Arrhenius

plot of Avrami time constants for the ACO alloy is

shown in Fig. 6. The derived activation energy is

somewhat smaller than the value from � rate and �1.

3.2.2. �Q, the total heat release from isothermal

experiments

As already mentioned, �Q, the heat released during

the precipitation, is determined by integrating dQ/dt;

thus, the curve of Fig. 2 yields �Q�ÿ9.28 J/g. Fig. 7

plots ÿ�Q vs. T for the air-cooled alloy 339. The

slight decrease in values ofÿ�Q at high temperatures

is probably due to loss of early time data as the

precipitation time constant becomes comparable to

� lag. The value at 2008C in Table 2 is anomalously low

due to signal-to-noise considerations and has been

excluded from the plot.

4. Results and discussion

4.1. Scanning calorimetry

Parameters and a regression ®t for the Kissinger

analysis of the DSC results for ACO alloy 339 are

given in Table 1. Columns one to three give the DSC

sample identi®cation, scan rate, and peak temperature.

The next two columns list the dependent and

independent variables for the Kissinger equation.

The sixth column gives the results of a linear

regression ®t to Eq. (1) for S<408C minÿ1. Also
Fig. 6. Arrhenius plot of �Avrami for air-cooled alloy 339. The line

is a best fit to the data.

Fig. 7. Heat released, �Q, during precipitation in air-cooled alloy

339 at various temperatures. �Q values were determined from

isothermal calorimetry curves of dQ/dt vs. time like that of Fig. 2.
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given in the table is the k0 value and its error from

Eq. (2). As predicted by Mittemeijer et al. [28] the

error in k0 is appreciable.

To obtain the best values of activation energy from

the Kissinger analysis, it is important to account for

� lag, the equilibration time of the calorimeter, which

can result in a time `lag' between the recorded and

`true' calorimetric signal. This lag is primarily due to

the delay in equilibration between the sample tem-

perature and the program temperature when scan rates

are too fast. A number of factors can contribute to the

delay, including the masses of the sample, the refer-

ence material, and certain calorimeter components.

For sample masses of the order of 100 mg, the lag time

can be as much as 10 times the normal 5 s instrumental

time constant [51], in agreement with the value of � lag

(see Section 2.2.2). Examination of Fig. 3 shows that

the data depart from linearity for scan rates

>408C minÿ1. As a result, Tp values for high scan

rates are greater than expected from an extrapolation

of the data for low scan rates.

Isothermal data can be corrected for time lag effects

either by methods described previously [31,32] or by

eliminating data for which the precipitation time

constant is small compared to � lag. Similarly, for

DSC experiments we can de®ne a scan rate which

is `too fast' by comparing � lag to the ratio of �T/S,

where �T is the temperature breadth of the precipita-

tion peak. In order to minimize the effects of time lag,

we suggest that scan rates should satisfy the following

inequality:

�T=�dT=dt� � �T=S > �lag: (8)

This relation states that the time to scan through the

peak width should be longer than the time lag [52]. For

the data of Fig. 1, �T�408C. As already mentioned,

the lag time is of the order of 1 min. Thus, the Kis-

singer analysis of scans for ACO 339 should include

only data for S<408C minÿ1. The solid curve in Fig. 3

was obtained by ®tting Eq. (1) to data from experi-

ments with scan rates ranging 1.2±208C minÿ1. The

resulting activation energy is given in Table 3.

4.2. Isothermal calorimetry

4.2.1. 2-Exponential and rate-averaged

time constants

As already pointed out, the 2-exponential equation

describes individual isothermal dQ/dt plots better than

does the Avrami expression, even though four adjus-

table parameters are required to ®t each equation (�1,

�2, �1 and �2 for the 2-exponential model; C, �t, � and

n for the Avrami model). This result is consistent with

the fact that two or more processes are contributing to

precipitation in air-cooled alloy 339 [47], even though

only a single peak is observed in scanning experi-

ments.

In Section 4.2.2, we compare the DIC average time

constants, � rate and �Avrami, to the effective average

time constant from the Kissinger analysis.

4.2.2. Comparison of average time constants from

DSC and DIC

Although more than one process seems to contri-

bute to precipitation in air-cooled alloy 339, each scan

of Fig. 1 exhibits only a single peak. Thus, rate

constants, k, derived from the Kissinger analysis are

average values, and effective average time constants

are given by 1/k. Fig. 8 compares the three average

time constants, 1/k, � rate and �Avrami, for air-cooled

alloy 339. We see that 1/k and � rate agree very well, but

they differ to a greater extent with �Avrami, suggesting

that the latter is less suitable as an average measure of

precipitation kinetics for ACO alloy 339. This con-

clusion is supported by the fact that the Avrami

equation does not ®t experimental dQ/dt curves as

well as the 2-exponential model (Fig. 2). Thus, it

appears that the DSC/Kissinger time constant 1/k is

Table 3

Precipitation activation energies (kJ/mol). Air-cooled aluminum alloy 339

Scanning calorimetry Isothermal calorimetry

Kissinger analysis From �1 From �2 From � rate From �Avrami

103.8�5.9 105.1�5.4 90.4�5.4 105.9�4.29 6.3�2.9

Note: Kissinger analysis result is from fit which excludes Tp values for scan rates of 40 and 808C minÿ1.
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essentially equivalent to the DIC time constant � rate, at

least for air-cooled aluminum alloy 339.

5. Summary

Several signi®cant ®ndings resulted from the pre-

sent work. These include aspects relevant to the

measurement and analysis techniques as well as to

the alloy studied.

5.1. Measurement and analysis techniques

The Kissinger analysis of scanning calorimetry data

requires the temperature scan rate, S, to be slow

compared to the instrumental lag time, � lag. If the

inequality �T/S>� lag is obeyed, the DSC/Kissinger

method yields time constants and activation energies

consistent with those from differential isothermal

calorimetry, at least in the present example.

For isothermal experiments, in which two or more

simultaneous precipitation processes are occurring,

the rate-averaged time constant appears to be a more

useful average � than does the Avrami time constant.

5.2. Results for alloy 339

The activation energy from the Kissinger analysis

(Eact�103.8 kJ/mol) agrees well with the value from

an Arrhenius plot of rate-averaged isothermal time

constants (Eact�105.9 kJ/mol). The value of Eact from

�Avrami is somewhat lower (Eact�96.3 kJ/mol). A plot

of the DSC/Kissinger average time constant, 1/k, is

nearly identical to that of the isothermal average, � rate,

across the temperature range of the experiments (200±

3008C). Agreement with �Avrami is not so good. How-

ever, as mentioned above, we have concluded that the

Avrami time constant is perhaps less suitable as a

measure of average precipitation kinetics.

We have shown that both time constants and activa-

tion energies for precipitation in air-cooled alloy 339,

as determined by DSC and DIC, are in good agree-

ment. However, additional studies are needed to

further validate the equivalence of the techniques

for calorimetrically more complex systems, such as

solution-treated alloys which exhibit GP zone forma-

tion and dissolution, as well as precipitation [53].
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