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ABSTRACT 

New analytical methods are introduced for the determination of kmetlc parameters of 
crystalhzatlon of an amorphous alloy from DSC transformation exotherms Isothermal and 
heating rate methods, as well as a method for separation of two supenmposed crystalhzatlon 
reactions are discussed The basic operating prmclples and accuracy of the two currently most 
popular DSC instruments (the DuPont 1090 (E I DuPont de Nemours Inc , Wdmmgton, DE, 
U S A ) and the Perkm Elmer DSC7 (Perkm Elmer Corporation, Norwalk, CT, U S A )) m 
the context of glass crystalhzatlon kinetics are crltlcally evaluated and compared 

1 INTRODUCTION 

Thermoanalytlcal techniques, especially dlfferentlal scanning calorimetry 
(DSC), have become popular and convenient tools for the characterlzatlon 
of phase transformations m glasses, amorphous alloys and polymeric maten- 
als, without resorting to tedious experiments commonly utlhzed m classlcal 
nucleation and crystal growth studies (e g a combmatlon of X-ray dlffrac- 
tlon, nucroscopy, electrical conductlvlty, etc , on a senes of aged samples) 

Much work has been published [l-14] on methods by which vanous 
kmetlc mformatlon may be obtamed via DSC, as well as the correctness of 
different mathematical approaches to generate two-dlmenslonal plots used 
to calculate transformation parameters from DSC expenmental data. Ym- 
non and Uhlmann [15] pomt out that most of these are m fact ldentlcal 
procedures and many are of questionable validity In ths work, we descnbe 
procedures which, although requiring computer computation, are conceptu- 
ally straightforward, and have the advantage of not needing to make 

0040-6031/88/$03 50 0 1988 Elsevler Science Publishers B V 



212 

questionable assumptions to force manipulated data mto two-dlmenslonal 
plots 

An unfortunate situation m this area of growmg experlmental interest 1s 
the descriptive term gven to two devices of entirely different design, namely 
DSC In this work, we shall show that the basic operatmg prmclples of the 
DuPont 1090 and 9900 DSC, and the Perkm Elmer DSC7 are dissimilar, m 
Part II of thts series we shall show that the data generated by these devices 
under identical programmmg condltlons are also different 

2 DEVICE CONSIDERATIONS 

2 1 DuPont 1090 and Perkm Elmer DSC7, differences m basic design 

The basic cell designs for the Perkm Elmer and the DuPont instruments 
used m this study are shown m Fig 1 [16,17] The Perkm Elmer cell (Fig 
l(B)) 1s a massive block of metalhc alloy whch 1s constantly mamtamed at 
some refrigerated temperature (1 e that of flowmg water or hquld mtrogen). 
There are two isolated posltlons m the cell for the sample and the reference, 
each of which have an mdlvldual resistance heater and a platinum resistance 
thermometer. 

If the temperature of the sample and reference 1s uniformly raised, and a 
transformation begins to take place wlthm the sample, the DSC automatl- 
tally adds or subtracts heat from the capsules so that the temperature 
difference between the two 1s always zero, and their mdlvldual temperatures 
are equal to the programmed value For example, If the sample 1s convertmg 
exothernucally from the glassy to crystalhne states, the DSC will automatl- 
tally “back off” on the heat input to the sample and also accelerate the 
heating of the reference, thus mamtammg the “null” balance This occurs 
during part of an electronic swltchmg cycle. Durmg the other part of the 
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Fig 1 Schematic diagrams of (A) DuPont 1090 and 9900 and (B) Perkm Elmer DSC7 
thermal analysis devices 
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cycle the device adds or subtracts heat equally from both sample and 
reference to keep their temperatures at the programmed value These cycles 
switch back and forth many times per second [16] 

The amount of electrical energy per unit time which the DSC must alter 
from the programmed value (m order to mamtam the heating schedule) IS 
assumed to be proportional to the energy per unit time expended or 
absorbed by the sample during the transformation The electrical energy 
imparted to the heating elements m order to mamtam the null balance IS the 
measured quantity Units of power can be recorded versus time and/or 
programmed temperature m computer memory for subsequent retrieval and 
data mampulatlon 

The DuPont instrument operates on the prmclple of a traditional DTA 
(differential thermal analyzer) [18] Both sample and reference are contamed 
In the same cell and are heated by a single resistance heater (Fig l(A)) The 
sample temperature, as well as the difference between sample and reference 
temperature, IS measured by a sensltlve thermocouple system placed m 
mechanical contact below the sample and reference capsules A separate 
control thermocouple IS not m thermal contact with sample or reference 

As the temperature of the cell IS raised at a programmed rate, any 
difference between the temperature of the sample and reference 1s measured 
as a mllhvoltage output from the differential thermocouple This mllhvoltage 
as a function of time and temperature IS automatlcally (and perhaps 
mlsleadmgly) converted to units of energy per unit time via a calibrated 
conversion factor m the computer software 

2 2 Theoretical husu of operutlon of DTA uncl DSC 

The development of the relatlonshlp between changes m sample enthalpy 
and device output and Its derlvatlons are well treated m the literature 
[19-211 For the DuPont system, dynamic heat balance requirements yield 

WI 

dH 1 
- = x(r,- T,) + (C, - CJS + RC,q 
dt 

where dH/dt IS the time rate of change m sample enthalpy due to a 
transformatlon wlthm It, T, and T, are sample and reference temperatures 
respectively, C, and C, are heat capacltles, and R IS the thermal resl5tance 
between the locatlon of the transformation and the temperature mea\unng 
device (assumed to be the \ame for both sample and reference) For small 
values of thermal resistance, the first term dominates and d H/dt I\ propor- 
tional to the differential temperature The smaller the thermal resistance, the 
smaller the lag time between when a transformation commence\ and when 
the dlfferentlal thermocouple detects It 
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For the Perkm Elmer system the heat balance IS denved as [21] 

dH -= 
dt (2) 

where dQ/d t IS the heat flow generated by the device to compensate for 
heat released via a sample transformation Low values of R would make the 
third term neghgble For a heating rate study the second term will be a 
constant offset from zero, before and after the transformation, and can be 
brought close to zero by a careful match of sample and reference heat 
capacities This term becomes slgmflcant for isothermal studies, and its 
contrlbutlon IS discussed m detail m Part II of ths series 

2 3 Problems with the DuPont design for crystalllzahon kmetlcs 

The relatlonshp between d H/dt, temperature difference and thermal 
resistance m eq (1) takes the form of a thermal Ohm’s law, current, 
potential difference, and resistance respectively Since dH/dt IS a material 
property, decreasing R must act to decrease T, - T, proportionally Thus, 
the response time of the instrument IS hrmted by its ability to resolve 
temperature differences beyond the noise level 

This conslderatlon introduces a problem when analyzmg data from ths 
device As a crystalhzatlon reaction proceeds, the temperature of the sample 
deviates from that of the programmed level (for either a heating rate or 
isothermal run) and this devlatlon IS the quantity measured as the dependent 
variable Unlike the Perkm Elmer device, the system makes no effort to 
mamtam the sample at the programmed temperature The DuPont DSC 
simply records the rmlhvoltage correspondmg to the difference m tempera- 
ture between sample and reference as a function of sample temperature The 
heating ramp or isothermal hold IS controlled by a thermocouple external to 
both sample and refence 

Figure 2 illustrates how substantially T, can deviate from the programmed 
value 

Using the programmed isothermal or heating rate temperature m any 
theoretical analysis (as discussed later) IS clearly erroneous, the magnitude 
of the error increases with the increasing exotherrmc nature of the sample 
Since crystalhzatlon transformations are taken to have an Arrhemus temper- 
ature dependence, the transformation rate will mcrease exponentially with 
temperature deviation When undertakmg crystalhzatlon studies using the 
DuPont system, It IS tacitly assumed that the magmtude of the temperature 
error IS neghgble The validity of this assumption, however, ~111 always be 
open to question 

The Perkm Elmer system’s design acts to mamtam the sample at the 
programmed temperature, but this device does not escape sample tempera- 
ture deviation under condltlons of large sample mass, rapld heating rate or 
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Fig 2 Heating rate study of a large mass of granular CdGeAs z The 
transformation rzused the temperature of the sample byca 20°C 

exotherrmc nature of the 

lnghly exotherrmc transformations Thus ~11 be illustrated m the followmg 
section 

In fairness, error of ths sort appears only to be introduced m the DuPont 
system for transformations from the non-eqmhbnum state toward the eqm- 
hbrmm state, devltnflcatlon being an example Data collected from melting 
or sohdlflcatlon reactlons, m which the sample converts from one eqm- 
hbnum phase to another, are not affected m the same way Durmg ths sort 
of transformation, the sample ~11 resist any temperature change until the 
phase change IS completed (Le Chateher’s prmclple) The sample acts to 
mamtam a known temperature, namely the melting temperature, meanwhle 
the reference temperature increases at a known rate, causmg the device to 
indicate an endotherrmc transformation Hence, through cahbratlon with a 
standard matenal, ths device should generate accurate thermodynarmc and 
kmetlc data for these types of transformations 

2 4 Transformation avalanche 

Two amorphous samples of different mass, yet transformed under the 
same temperature programme, should ideally transform identically with 
time However, crystalhzatlon reactions appear hghly mass sensitive on the 
DuPont 1090 and moderately mass sensitive on the Perkm Elmer DSC7, as 
shown m Fig 3 

Figure 3 shows the exotherms for moderate and exceedingly massive 
sample loadings (made up of equally sized granules) m both devices All 
samples were heat treated through then transformations at 20 o C nun-l 
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Fig 3 Effect of sample rnds, on the crydhzatlon exotherm ( -) DuPont 9900. 61 4 

mg, ( ~ - ) DuPont 9900, 10 5 mg, (- - - - - -) Perkln Elmer DSC7, 56,6 mg, (- - -) 

Perkln Elmer DSC7, 12 4 mg 

As can be seen for both devices, the more massive exotherm reaches a 
peak and termmates at earher times, the difference m the Perkm Elmer 
system bemg not as great as m the DuPont system 

The non-compensation design of the DuPont cell IS clearly the cause of 
this system’s higher mass sensltlvlty As the transformation begins, heat IS 

released from the reaction zones wlthm the sample granules, mcreasmg the 
temperature wlthm the capsule As the temperature of the granules m- 
creases, s3 does the rate of the transformation (followmg the exponentldl 
Arrhemus temperature dependence), which m turn Increases the temperature 
of the sample even more, and so on, causing the glass to “avalanche” toward 
the ordered state 

The compensation design of the Perkm Elmer device has been shown to 
be Inadequate to arrest the effect of the larger mass at the relatively rdpld 
heating rate of 20 o C mln- ’ This discrepancy ~111 be reduced with decredq- 
Ing heating rate, glvlng the system more time to compensate for the 
exothermlc sample transformation Thl\ IF confu-med m Part II of thlv series 
where the calculated dctlvdtlon energy of crystdlhzatlon of CdGeAs, I\ 

shown as a function of hedtlng rate 
It 15 evident that d sample with a\ llttle mass as possible (without going 

below the \ensltlvlty level of the device to measure temperature difference) I\ 

optimal To obtain reproducible data from the devices, we have found cd 
5-10 mg to be dn acceptable level for CdGeAs,, but this mass will, of 
course, vary with the exothermlc nature of the substance under Inve\tlgatmn 

It should be noted that the ma\\ \en\ltlvlty of the Perkm Elmer Instru- 
ment would not be known by looking solely dt the InWument output The 
\y\tem provides heat flow data d\ d fun&Ion of time or temperature, yet the 
temperature IS the programmed temperature (set point), not the actual 
sample temperature Time dnd temperature dre converted vid the heating 
rate Thl\ misledding datd presentation wa\ overcome In the present study 
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Ag 4 Altematwe cell top used to measure sample devlatlon from programmed value The 
chromel-alumel dlfferentlal thermocouple leads to a dlgtal recorder 

by machlmng a new top to the cell wkch pernutted thm chromel-alumel 
thermocouple wire to run through, and mto small holes m platinum caps to 
the sample and reference cells, formmg beads m contact with the sample and 
the reference capsules, as shown m Fig 4 

The capsule tops were crimped down to be m mechamcal contact with the 
sample and reference granules (whle still mamtammg a hermetic seal) 

The mdhvoltage output from tks differential thermocouple was recorded 
as a function of time digitally * (10 points per second). The m&voltage 
difference was converted to a temperature difference via an expansion 
polynormal, and this m turn was converted to sample temperature by adding 
m the programmed temperature of the reference These sample temperature 
versus time data were correlated with the system heat flow versus time data 
to obtam the heat flow versus sample temperature data for the Perkm Elmer 
system shown m Fig 5 

The substantial mass sensltlvlty of both instruments 1s well illustrated m 
Fig 5 which shows that for excessive sample masses m both instruments, the 
sample temperature by no means follows the heating rate. 

* Bascom-Turner Dlgtal Recorder Model 4000, Bascom-Turner Instruments 
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Fig 5 Illustration of effect of excesslve sample mass on the devltnflcatlon behawor of 
CdGeAs, (- - - - - -) DuPont 9900,614 mg, ( -) Perlin Elmer DSC7 414 mg 

2 5 Heatmg rate error 

Amorphous samples which have been fabricated ldentlcally, should lde- 
ally have exactly the same heat of transformation (which IS the integrated 
area under the peak), regardless of the heatmg rate This appears to hold 
true m the Perkm Elmer mstrument but IS not as stable m the DuPont 
Heats of crystalhzatlon as a function of heating rate for recrystalhzed 
CdGeAs, are plotted m Fig 6 

The deviation m area m Fig 6 does not seem appreciable until the higher 
heatmg rates (70 and 90” C mm-‘), and thus the use of only slow to 
moderate heating rates should mmnmze error m peak area or shape 

2 6 Isothermal temperature runup Ilmltatlons 

For an ideal isothermal study, one would hke to raise the temperature of 
the sample to a given level mfmltely qmckly, (I e m zero time), and instantly 
hold that temperature with the device takmg real data at exactly t = 0 This, 

0 

-140- ’ ’ ’ ’ ’ ’ ’ 3 1 0 1 * 1 8 . 
10 20 30 40 50 60 70 80 90 loo 

Hwtmg Rate (DChnute) 

Fig 6 Effect of heating rate on peak area o, DuPont 1090, 0 Perkm Elmer DSC7 
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Fig 7 Comparison of Junction between rapid heating rate and isothermal portlons of DSC 
temperature programmes usmg powdered alumma as sample and reference ( -) Perkm 
Elmer DSC7, (- - - - - -) DuPont 9900 Sample temperatures m the Perkm Elmer DSC7 were 
measured externally (see Fig 4) 

of course, 1s not possible since heat transfer delay hrmts the heating rate, 
and the hrmtatlons of cell design restnct the sharpness of the “Junction” 
between the heating rate and the isothermal portlons of the heating sched- 
ule Instrument speclflcatlons indicate that the Perkm Elmer DSC7 has a 
maxlmum heating rate of 500” C/mm-’ while the DuPont 1090 and 9900 
maximum is 100 o C/mm- ’ As before, an external thermocouple system 
was used to determine sample and reference temperatures m the Perkm 
Elmer system 

A comparison of the Junctions for both devices, using powdered alumma 
as both sample and reference, 1s provided m Fig 7 

Figure 7 shows that the Perkm Elmer device, usmg a heating rate of 
300’ C min-‘, negotiates the Junction quite well, with comparatively mmor 
undershoot, while the DuPont instrument tended to overshoot and relax 
slowly back to the programmed isothermal value 

The small cell size along with the constant thermal competltlon with cold 
surroundmgs make rapid changes m the temperature/time programme 
feasible m the Perkm Elmer system The DuPont system 1s simply air-cooled, 
resulting m much poorer sensitivity to sharp changes m heating schedule A 
correction for the DuPont apparatus wdl be discussed m section 3 3 of Part 
II 

Another disadvantage of the DuPont instrument 1s that Its comparatively 
slow maximum heating rate shortens the range of isothermal temperatures 
through which data may legitimately be taken Certainly, the crystalhzatlon 
reaction must not be well under way until the isothermal temperature 1s 
reached As an lllustratlon, at a heating rate of 100 o C mm-l, a crystalhza- 
tlon reaction of CdGeAs, 1s one fifth completed at ca 493” C, whereas at 
200°C mm-’ the reaction 1s one fifth completed at ca 518 O C degrees 
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3 METHODS FOR DETERMINING CRYSTALLIZATION KINETICS FROM DSC 
DATA 

3 I DSC isothermal transformation theory 

The fraction crystalhzed as a function of time may be determmed [22-241 
from the heat flow versus time DSC output simply by dlvldmg successive 
partial areas under the corrected transformation peak by the entire peak 
area Tlus will result m the standard “Y-shaped fraction crystalhzed versus 
time curve 

For an Ideal isothermal study, the mampulatlon of equations IS quite 
straightforward The relatlonshp between fraction crystallized and time for 
a nucleation and growth process IS expected to follow the 
Johnson-Mehl-Avrarm transformation equation [25] 

F= 1 - exp(-kt”) (3) 

where, F IS the time dependent fraction crystallized, t IS time, k 1s a time 
independent (but temperature dependent) constant, and the exponent, n, IS 
a constant dependent on the mechamsm of crystalhzatlon Takmg loga- 
rithms and rearranging we obtain 

ln(ln(1 - F)) = In k + n In t (4) 

A plot of ln(ln(l - F)) as a function of In t will yield the value of n and 
k For a number of isothermal runs at different temperatures, k versus T 
data may be established The exponent n should be invariant with lsother- 
ma1 temperature so long as the mechamsm of the transformation IS not 
altered 

The temperature dependence of k IS generally considered to demonstrate 
a simple Arrhemus behavior 

k = k, exp 2 
i 1 

or 

In k = In k, - ST 

(54 

(W 

where k, IS the pre-exponential constant (which varies neghglbly with 
temperature as compared to the exponential term over moderate tempera- 
ture Intervals), E, IS the actlvatlon energy of crystalhzatlon, R 1s the gas 
constant, and T IS temperature A plot of In k versus l/T will yield the 
activation energy of crystalhzatlon 

3 .? Isothermal transformation theory of superimposed reactions 

We have found that m isothermal studies with the Perkm Elmer device, 
two overlapping peaks appear on the generated DSC traces for CdGeAs, 
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Fig 8 (0) Exothermlc DSC output for crystalhzatlon of amorphous CdGeAs, at an 
Isothermal temperature of 495 a C on the Perkm Elmer DSC7 ( -) SAS ht of eqn (9) to 

that data, (- - - - - -) calculated Isolated peaks via a plot of each term of the sum m eqn (9) 

(sectlon 3 4 of Part II) We have developed a method of determining 
separate activation energies and crystalhzatlon mechanism constants for the 
two superimposed DSC transformation peaks 

We define the fraction crystallized as 

(6) 

where fi 1s dH/dt determmed by the DSC The integral m the denominator 
1s simply the total area, A, under the DSC peak. thus eq (6) can be 

expressed m differential form 

. dF 
H=Adr (7) 

We can assume that the DSC generated peak m Fig 8 1s the sum of two 
superimposed peaks (shown as dotted lmes m the figure) 

&=H,+H, (8) 

If we further assume that the mdlvldual peaks fit the Avraml expression, 
then eqn (8) can be rewritten as 

ti=A,[klnlt”‘-’ exp( - k,t”l)] + A, [ kznzt”2-’ exp( --k2tnZ)] 

where A, 1s the area under the isolated first peak and A, IS the area under 
the second The areas of the mdlvldual peaks must add up to the total area 
of the experimentally determined peak, A, 

A,=A,-A, mu 

Thus, only five coefflclents must be determined namely A,, k,, k,, n, and 

n2 
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The values of the above five coefflclents can be determmed by usmg the 
non-linear regression package of the Statlstlcal Analysis System (SAS) * 
The program uses Marquart’s method of mmnmzatlon of least-squares error 
after reasonable guesses of lmtlal values are provided 

3 3 DSC heatmg rate transformation theory 

Although theoretically straightforward, isothermal methods introduce a 
number of comphcatlons due to the dlscontmulty of the temperature pro- 
gram at the (rapid heatup to isothermal) Junction, whch necessitate the 
corrections discussed m Part II of this senes, and hrmt the temperature 
ranges m whch the study may be made Heating rate methods are attractive 
due to the umforrmty of the temperature schedule, yet a theoretlcal comph- 
cation 1s introduced by the mcluslon of a temperature dependence m the 
Avrarm expression 

Dlffermg mathematical methods for obtalmng activation energes from 
heating rate studies have been a topic debated m recent literature [15,24] 
Many of the methods generate an “effective” activation energy, EJn, in 
whch the activation energy of the transformation 1s tied to the mechanism 
constant [14,26] 

We propose a very straightforward method, whch appears to be a 
considerably more reasonable approach than those presently avalable If we 
simply insert the Arrhemus temperature dependence mto the Avrarm expres- 
sion we obtain 

F=l-exp[-k,t”exp($$)] (11) 

The heating rate $I 1s simply the DSC change m temperature per change 
in time 

G - Tl 
g)=--.-.-- 

t2 - 4 
02) 

From eq (11) it 1s clear that when I: = 0, time must also equal zero since 
k 1s non-zero and n 1s positive and flmte Thus, we can assign t, to be zero 
time at the mltlal deflection of DSC trace from its baseline, at its onset 
temperature Tl = Tonset Since the heating rate 1s known, we can convert T2 

and t, to floating variables so that eqn. (12) can be rewritten as 

T = +t + Tonset 03) 

* SAS Institute Inc , Cary, NC 27511, U S A 
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Comblmng eqns (11) and (13) we obtain 

-EC exp R t 9* + Tonset 

or m loganthrmc form 

ln[ -ln(l - F)] = In k, + n In t - + 

Equation (15) 1s of the form of a plane z = ax + by + c, where z = 
ln[ - ln(l - F)], a = n, x = In t, b = EC/R, y = l/(+t + TOnSet), c = In k, 
The coefficients of tbs equation may be obtamed by a least squares fit of 
the data to tl-us plane, where the only statlstlcal error will be m the z 
dimension since the x and y dlmenslons are m terms of the Independent 
vanable time Thus 3-dlmenslonal least squares analysis 1s explained m detail 
m other work [27] The “best fit” coefficients result from the solution of 
three simultaneous equations (16-18) where eqn (18) 1s a correction to that 
m ref [27] 

N N N N 

c z,x, = a c x,2 + b c x,y, + c c x, 
I=1 r=l I=1 r=l 

N N N N 

c ZlY, = a c x,x + b c x2 + c c Y, 07) 
I=1 I=1 r=l I=1 

N N N 

z=l r=l I=1 

The coefflclents a and b thus establish independent values for the 
activation energy of the transformation, EC, and the exponent, n, char- 
actenzmg the transformation mechamsm 
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