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NUMERICAL METHOD OF NON-ISOTHERMAL CURVE ANALYSIS BY 
MEANS OF ELECTRICAL RESISTANCE MEASUREMENT DURING 
COOLING 

J. Holender, J. Sotfys and R. Kozubski  

INSTITUTE OF PHYSICS, JAGELLONIAN UNIVERSITY, REYMONTA 4, 30-059 CRACOW, 
POLAND 

The temperature-dependence of the electrical resistance of AI-Zn 78 wt.% was measured during 
linear coofing of the samples in the range of eutectoida] decomposition. The resulting resistance 
vs. temperature curves were analysed by: 

- deriving the temperature-dependence of the volume fraction x(T) of the 77 precipitate; 
= fitting the theoretical function x(T) ---- x~(T)+xc (T) following from numerical integration of 

the reaction rate equations for the simultaneously occurring homogeneous (H) and cellular (C) 
precipitation processes. 

As a result, the activation energies EH and Ec, the JMA exponents nH and nc, the rate constants 
kH and kc, and the critical temperatures To of the two processes were estimated. 

Standard methods of  non-isothermal data analysis (Kissinger [1 ], Ozawa 
[2], Augis-Bennett [3]) are useful only when relatively simple processes are 
treated. The analysis of  more complex phenomena,  such as alloy decompo- 
sition, requires more accurate procedures. In this paper, an original method 
of  analysis of  cellular decomposition in the A1-Zn system is presented. 

Experimental procedure 

Samples  of  the eutectoidal composition A1-Zn 78 wt.% were chosen. The 
temperature-dependence of  the electrical resistance of  samples previously 
homogenized for 48 h at 630 K was recorded by means of the four-probe 
method.  The experiments were performed in a He atmosphere, with cooling 
rates ranging from 0.1 deg/min to 5 deg/min. All experiments were con- 
trolled by an "on-line" computer. The resistance vs. temperature curves are 
shown in Fig. 1. 

Analysis of  experimental data 

From the experimental R(T) curves, the temperature-dependences of the 
volume fractions of  precipitates were derived by means of the following 
procedure: 
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- the linear temperature-dependence of  the resistance of  both the ho- 
mogeneous and the fully decomposed alloy was assumed (straight lines 
RI(T) andR2(T)  in Fig  1); 

Fig. 1 
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Temperature dependences of the resistance of A1-Zn 78 measured at various cooling rates in the 
marked range (particular values of cooling rates are presented in Table 1 ) Straight lines represent 
the temperature dependences of homogenous and fully decomposed alloy. 

Fig. 2 
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Calculated temperature dependences of the volume fraction X of 7? precipitates in Al-Zn 78 at 
various cooling rates. 
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- a linear relation was assumed between the change in the alloy resistance 
and the volume fraction X, and the latter quantity was calculated by means 
of the following formula: 

X ( T )  ~--- ( R ( T ) - R  1 ( T ) / ( R ~ ( T ) - R 1  ( T ) )  (1) 

The resulting X(T) curves are presented in Fig. 2. 
The supercooled eutectoidal A1-Zn alloy is known to decompose by a 

cellular mechanism [4, 5]; at temperatures close to the critical one, homo- 
geneous precipitation occurs as well, but the products of homogeneous pre- 
cipitation are dissolved by the growing lamellae. 

Let us denote: P = parent phase, H -= products of homogeneous precipi- 
tation, C = products of eutectoidal decomposition. 

The decomposition scheme can be written as follows: 

P ~C 

H 

The rate equations are derived on the basis of the following assumptions: 
- the kinetics of all three processes can be described by the Johnson- 

Mehl-Avrami (JMA) equation, modified by taking into account the depen- 
dence of the growth rate on the degree of supercooling. According to 
Christian [6 ], the JMA equation is applicable to eutectoidal reactions. 

- Processes P -+ C and H -+ C are characterized by the same values of 
the respective parameters. Therefore, we have 

d x  H n H - 1  
nHkH(1- -XH- -Xc)  [-- ln(1--XH--Xc)]  nH 

dt  

* e x p ( -  EH ) gH ( A T )  x H dxc 

R T 1 - x  c d t  
(2) 

dx  c - h e -  1 
- -  - -  nckc (1--XH--Xc) [--ln(1--Xc) ] nr 
dt 

Ec 
* exp ( -  R~-~) gc (AT) (3) 
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where 
x H and Xc = volume fractions, 

T = temperature,  
To = critical temperature (eutectoidal point),  

AT -~- T o - T =  supercooling, 
nH and nc  = JMA exponents,  
E~/and  E c = activation energies, 
k~/ and k c = rate constants, 
gH and gc = functions representing the supercooling dependence of  the 

rate, and 
R = gas constant 

The first component  in (1) represents the effect of  the x H increment 
following from the P ~ H reaction, while the second component  represents 
the effect  of  the H -+ C reaction. The increase of  C follows from both  the 
P -+ C and the H -+ C processes, but  only the fraction of  X c  change equal 
to X ~ I / ( 1 - X c )  results from the H - +  C reaction. 

According to the theoretical considerations [7] as well as to the ex- 
perimental examinations of  A1-Zn [5], for the eutectoidal decomposi t ion 
g ~ ( T )  3 and for homogeneous precipitation g"~aT, [6] .  The latter relation 
was checked by numerical fitting of  g ~- (a  T) v, where v was the free param- 
eter. 

Numerical integration of  the equations under the conditon of  linear 
temperature decrease gives the parametric relation: 

X "~- Xc+XIc = X ( T ,  < To, EIc, Ec, nz4, nc, kxr kc > )  (4) 

Table 1 Parameters To, no, Ec, nil, EH, of the decomposition of eutectoidal AI-Zn 78 estimated from the 
experimental  data obtained at cooling rates V 

V, K/min To,K nc Ec,  10 kJ/mol  n14 EH, 10 kJ/mol  

0.09 548.9 4.37 8.39 1.89 19.6 
0.22 549.0 3.87 6.74 1.65 11.01 
0.44 549.0 3.85 6.73 1.67 10.36 
0.88 549.2 3.92 5.39 1.54 7.0 
1.30 548.6 3.89 7.90 - - 
2.09 549.1 4.34 7.54 - - 
3.76 549.0 4.42 6.28 - - 
5.20 550.2 4.31 6.30 - - 
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The above function was fitted to the experimental data, which resulted in 
an estimation of  the parameters. In Fig. 3, the selected fits are shown. The 
estimated values of the parameters are presented in Table 1. 
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Fig. 3 Selected fits ofx ,  v (T), xc(T) and x(T) ~ xn(T) + xc(T). 

Discussion 

1) Satisfactory fits were obtained for all cooling rates in the range X <  0.5. 
The disagreement between m o d e / a n d  experiment in the range of  higher 
values of  X was due to the limitations of the validity of the JMA equation, 
which described only the early stages of decomposition, where no inter- 
action between the precipitates took place. 

2) The quality of  the fits confirmed the assumed mechanisms of the pro- 
cesses (supercooling dependences of  reaction rates and values of JMA 
exponents). 

3 )The  homogeneous precipitation influenced only experiments performed 
with lower cooling rates v < 1 deg/min. 

4) The values of  To resulting from all fits agreed perfectly with the value 
of the eutectoidal point  [8]. 

5)The values of the JMA exponents n were in agreement with the model 
ones predicted for such processes [6]. 
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6) The estimated values of the activation energies of the processes P-->C and 
H ~ C were close to those of grain boundary diffusion which controlled 
these processes [5 ]. 

7) The estimated value of the activation energy of the homogeneous pre- 
cipitation P ~ H  was close to that of  volume diffusion [9]. 

8) It should be stressed that with the described method it is possible to 
estimate the values of  all parameters of  the examined process by analysing 
a single R (T) curve. 

* * *  
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Zusammenfassung - Die Temperaturabh~ingigkeit des elektrischen Widerstandes yon AI-78 Masse-% 
Zn wurde bet linearer Abkiihlung im Ternperaturbereich des eutektoidischen Zerfalls gemessen. Die 
erhaltenen Widerstand-Temperatur-Kurven wurden untersucht  d u r c h  
- Berechnung der Temperaturabh~ingigkeit des Volumentantei ls  x(T) der ausgeschiedene n-Phase 
- Anpassen der theoretischen Funkt ion x(T) = xH(T) + xc(T),  die durch numerische Integration der 

Reaktionsgeschwindigkeitsgleichungen far die gleichze'itig ablaufende homogene (H) und zellulare 
Ausscheidung (C) erhalten wurden. 

Im Ergebnis werden die Aktivierungsenergien EH, Ec, die Johnson-Mehl-Avram!-Exponenlen nil, nc, 
die Geschwindigkeitskonstanten kH, kc, und die kritischen Temperaturen To beider Prozesse abge- 
sch~tzt. 

PE310ME --  HsMepeHa TeMnepawypHa;l 3aB~4CaM0CT5 aneK-rpaqecKoro conpoTrmnenrl~t 06pa3t~0B 
A I - Z n  (78 Bec.%) npg .qI4He~IHOM TeMl'IepaTypHOM ox.rla:~.eHm4 rlx B o6.rlacxH aBTeKTI4tlecKoFo paano- 
)KeHH;I. HO/lyqeHHBIe Kprmste aaann3npoaannch rlyveM n~4qbqbepeHtU4posarmJ~ TeMneparypHo~ 3aBHcH- 
MOCTH O67~eMHO:Q qbpaxujam x(T) oca~lxa n rio~roHKoI~ TeopeTwqecKoi~I dpyHKI2HH x(T) = XH(T) + xe(T), 
IIo/Iy~aeMo~I '-IHC~IOBblM HHTeFp~a]3oBaHHeM ypaBHeHFn:l cHopocTe~I peaKiDtH ~rlZl O~HoBpeMeHHO npoTe- 
Kamu~x  ro,~mremt~,m (H) ~ nopHcT~IX (C) npoueccax oca~jIeHv~, l~narozmp~ 3TOMy ~(J1H O~OHX HpO- 
tteecoB 6bmrt ycTaaonnerp, i aHepr~a aIcrrma~avl E H, EC, 3KcnoHem.l~aclr, Hble MHOX<HTeJIH n H, n c,  KOH- 
eTawrm eKopOeTH rr H, tr H ~pHTH,~ecxaa TeMnepaTypa T o. 
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