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Abstract  

A quantitative model is derived for the progress of a nucleation and growth controlled reaction during heating at a constant 
rate. It incorporates nucleation, growth, and impingement, takes account of temperature dependent solubility, and 
distinguishes between diffusion controlled growth and linear growth. Parameters of the model for a single process reaction are: 
s, which is akin to the Avrami parameter for isothermal analysis, Eeff the effective activation energy, r/i the impingement 
parameter, and a pre-exponential constant. The model is applied to the DSC data on precipitation in A1-Si alloys. An excellent 
agreement between data and model is obtained. The parameter s is interpreted in terms of the processes taking place, namely 
growth of small nuclei, growth of coarse particles or nucleation and growth. © 1997 Elsevier Science B.V. 

Keywords :  Al-Si alloys; Differential scanning calorimetry (DSC); Johnson-Mehl-Avrami-Kolmogorov (JMAK) model; 
Non-isothermal analysis; Nucleation and growth 

1. In t roduc t ion  concerning the reaction mechanism can be drawn 
from the calculated values of n [6,7]. 

Isothermal transformation data for reactions which Whereas isothermal experiments are generally time 
proceed via nucleation and growth are often analysed consuming, experiments performed at constant heat- 
using the so-called Johnson-Mehl-Avrami-Kolmo-  ing rate are a far more rapid way of studying a 
gorov (JMAK) [1-5] equation. In generalised form, transformation. Hence, experimental methods like 
this equation gives the fraction transformed, c~, as a differential scanning calorimetry (DSC) or thermo- 
function of time, t: gravimetry (TG) have gained popularity. For an ana- 

lysis of these experiments, it would be advantageous 
c~ : 1 - e x p [ - ( k ( T ) t )  n] (1) to obtain an equation based on the same principles as 

where n is a constant, often referred to as the Avrami the JMAK equation. In any attempt to derive such an 
exponent and k(T)the temperature-dependent factor, equation, several problems need to be addressed. 
The above expression can often fit isothermal trans- Firstly, one has to consider the status of the JMAK 
formation data at least for small a,  and conclusions equation for isothermal studies and the assumptions 

made in deriving it. In considering this point, it is 
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range of  c~ and that better fits can be obtained using the DSC7 and a Dupont type 910. For the experiments 
so-called Aust in-Ricket t  (AR)k ine t i c  equation [8]: on A l - l a t % S i  samples, cooled at -22°C/min ,  the 

Dupont 910 apparatus was used and the experimental 
c~ =- 1 - [ ( k ( T ) t )  n + 1] -1 (2) details are presented in [9,10]. For all other DSC 

Secondly, one needs to consider whether assump- experiments,  the Perk in-Elmer  DSC7 was used with 
tions made for the isothermal case are still valid for the samples of 6 mm diameter  and 1 mm height (average 
non-isothermal case. Here, it is important to note that mass ~ 7 0  mg). (For a description of the Perkin-Elmer  
the case of  constant nucleation rate, as is often DSC system and its performance see [11].) For all the 
assumed for isothermal experiments,  will generally experiments,  reference samples with dimensions close 
not occur for experiments performed at constant heat- to those of  the alloy samples were used (i.e. heat 
ing rate. Further, one needs to find a correct way to capacity differences are small). The heat flow is 
obtain the temperature integral of  the JMAK equation, calibrated by measuring the heat of fusion of In. 

In this work, a new method for analysing nucleation The temperature is calibrated by taking the deviation, 
and growth transformations at constant heating rate is AT, from the reference temperature equal to the 
introduced. This method starts from the microscopic following expression: 

level, namely the growth law (dimensionali ty of  the A T  A T o  + p T  ÷ -r/3 (3) 
growth) of  a single precipitate. It takes account of the 
heating rate, activation energies for nucleation and (T in °C), where /3 is the heating rate, p a (small) 
growth, the Avrami exponent, impingement and the constant, 7- the parameter  representing the time con- 
temperature dependence of  the equilibrium state. The stant of  the DSC apparatus in combination with the 
model is applied to precipitation in AI -S i  alloys, sample used [11 ], and ATo represents ATextrapola ted  

to/4 = 0. AT0 and p are determined by measuring the 
onset of  melting of  pure In and Zn at various heating 

2. E x p e r i m e n t a l  rates and subsequently extrapolating to zero heating 
rate, while ~- is determined from the variation of  the 

2.1. A l l o y s  onset of eutectic melting with heating rate in an A1- 
16at% Mg alloy sample ~ of  size similar to the A1-Si 

DSC experiments were performed on high purity samples. The value of 7- (9.94 s) compares well with 
A l - l a t % S i  and A1-6at%Si alloys which were pro- values determined earlier for samples of similar mass 
duced by conventional casting. The AI-1 at%Si alloy [11 ]. 
was homogenised at 550-4- 10°C for 20 h. Chemical Experiments using pure aluminium as sample and 
analysis showed the following composition: 1.0at%Si, reference material showed that the baseline of the 
0.002at%Cu, 0.003at%Fe, balance AI. In every case, Perkin-Elmer  DSC7 varied day-to-day in an irregular 
DSC samples were machined prior to solution heat manner. The heat flow rate of  this type of  baseline can 
treatments. Some A l - l a t %  Si samples were solution be well described by: 
treated for 2 h at 575°C and then cooled (cooling rate dq . 
ca. - 22°C/min )  inside the DSC apparatus. Other dt  = q = a + b T  + c T  3 (4) 
samples were solution treated for 2 h at 550°C and, 
subsequently, quenched in iced water ( IWQ=ice -  where T is measured in °C. As the heat capacity of 
water quench). The A1-6at%Si alloy showed a com- aluminium and silicon in the temperature range con- 

position of  5.8 ± 0.1 at%Si. It was solution treated for 
2 h at 550°C and either cooled inside the DSC (at ca.  ~This AI-16%Mg alloy is close to ideal for the determination of 
-200°C/min)  or quenched in iced water. ~- of a DSC apparatus in conjunction with Al-based alloy samples 

as: (i) the eutectic reaction which is due to melting of /3 phase 
particles, occurs at a well-defined temperature of 450°C; (ii) 

2.2. D i f f e ren t i a l  s c a n n i n g  c a l o r i m e t r y  eutectic melting only occurs at grain boundaries, i.e. heat flow in 
the sample occurs through a solid Al-based alloy; and (iii) the heat 
effect due to eutectic melting is of the same order as the 

For the DSC experiments,  two types of  DSC appa- precipitation reactions in Al-based alloys. DSC and TEM work 
ratus were employed:  a Perkin-Elmer  1020 series on A1-Mg alloys will be presented elsewhere [12]. 
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sidered may be described reasonably well with experiments at a linear heating rate. In Section 4 
Eq. (4), Kopp and Neumann's  additivity rule indicates we will apply it to study the DSC data. 
that the heat capacity of  A1-Si can also be approxi- 

mated reasonably well with the above equation. As the 3.1. Nucleation and growth in the extended volume 
difference in heat capacity between sample and refer- 

ence is small, it is justified to use Eq. (4) to obtain As in the works of  Johnson and Mehl [1] and 
baselines which represent heat flow due to both heat Avrami [2-4], the transformation is described using 
capacity differences and imperfections of  the DSC the so-called 'extended volume' concept. In the 
apparatus. To obtain the heat flow due to reactions, qR, 'extended volume' the individual nuclei grow without 
measured DSC curves were corrected by obtaining a, any limitation of  space. In applying this concept, first 
b and c corresponding to a best fit using the following the volume, Vp, of  the transformed region at time t 

criteria: which nucleated at an earlier time z will be calculated. 

(i) for all alloys: before the precipitation effect Whilst in many reactions (for instance recrystallisa- 
//R = 0; tion) the boundary between transformed region and 

(ii) if  the d isso lu t ion  effect  in the a l loy untransformed region is sharp and the definition of  Vp 
is completed before the end of  the DSC run: is clear, for diffusion controlled precipitation reac- 
//R = 0 after the completion of  the dissolution tions, the definition of  Vp is not immediately obvious, 
effect; and as in the diffusion zone there is a gradual change from 

(iii) if the dissolution effect in the alloy is not transformed, fully depleted to an untransformed 
completed before the end of  the DSC run: the total matrix which is undepleted. Here, we will define 
heat effect of  precipitation equals the total heat the transformed volume to be that volume of  an 
effect of  re-dissolution of  the precipitated phases imaginary fully depleted area around a precipitate 
up to the solution treatment temperature (550°C (with the rest of  the matrix undepleted), needed to 
for the A1-6a t% Si alloy), give a precipitate size equal to the real case with a 

diffusion zone. 
As a maximum of 1.6 at% of  Si can be dissolved in the In general, the following holds: 
Al-rich phase, criterion (ii) is used for the AI-1 at%Si 
alloy, whereas (iii) is used for the Al-6at%Si samples. Vp = A1 [G(t - z)] m (5) 

Generally all criteria can be met with an accuracy where G is the (average) growth rate, A1 a constant, 
better than 1%. (Here, the fraction of  deviation from related to the initial supersaturation, the dimension- 
//R = 0 is given with respect to the maximum observed ality of  the growth and the mode of  transformation, 
heat flow.) and m a constant, related to the dimensionality of  the 

growth and the mode of  transformation (diffusion 
controlled growth or linear growth). An overview of  

3. Analysis method for precipitation reactions at the values of  m that occur for different types of  
constant heating rate reactions has been given by Christian [6]. For the 

case of diffusion controlled growth for several geo- 
Recently, it was shown [8] by one of  the present metrics, A~ can be obtained from the work of  Coates 

authors that the kinetics of  transformation for preci- [13]. For the purpose of  the present paper, mainly 
pitation reactions could mostly be described well by diffusion controlled growth in three dimensions is 
the Austin-Rickett equation (Eq. (2)). On the other important. For this case, m = 1½. 
hand, it was also found that the JMAK equation Next the contribution of  nucleation is considered. 
(Eq. (1)) fitted well to data of  pearlitic transforma- The contribution of  the particles which nucleated 
tions. Hence, to study transformation processes in during the time interval (z, z + dz) to the amount of  
general, it is desirable to use one single equation volume transformed in the 'extended volume' at time 
which incorporates both the AR and the JMAK equa- t, Vext(t) is obtained by using Eq. (5): 
tions. In the following, we will develop such a general 
equation and obtain solutions for non-isothermal dVext = A l l ( z ) V o [ G ( t - z ) ] m d z  
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where l(z) is the nucleation rate per unit volume. To illustrate the use of Eq. (10), we consider a 
Integrating and introducing C~ext = Vext/Vo, where reaction with m = 3 (e.g. valid for recrystallisation) 
V0 is the volume of the sample, yields: and nucleation rate according to Eq. (9). Then 

Eq. (10) shows that, for an experiment at constant 
heating rate, aext increases in proportion to 

O~ext ---- All(z)[G(t  - -  z ) ] m d Z  (7) t 2(re+l) = t 8. For comparison, in an isothermal experi- 

0 merit, C~ext increases in proportion to t m+l = t 4 (see 
also [14]). 

Generally, the growth rate is ruled by diffusion and 
It is also seen that when nuclei are present before hence, can be approximately described by an Arrhe- 

the start of  the transformation and no further nuclea- nius-type temperature dependence: 
tion occurs, Eq. (10) is valid to a good approximation 

f "~-Ec [14,15]. In this case, s = m and Eef f  = E G .  Thus, 
G ( T ) =  G0exP~k-~T- ) (8) providing Eqs. ( 8 ) a n d  (9) are valid, s equals the 

so-called Avrami exponent n, as it appears in Eq. (1). 
Woldt [14], Kriiger [15] and de Bruijn et al. [16] 

assumed that the nucleation rate can also be approxi- 3.2. Impingement 
mated by an Arrhenius-type temperature dependence, 

that is: To obtain a general kinetic equation, the effect of  
( ~ N ' ]  impingement should be included. Here, we will simply 

I(T)  = I0exp B l , /  (9) state that both the AR (Eq. (2)) and the JMAK equa- 
tions (Eq. (1)) can be derived from: 

where kB is the Boltzmann constant, and EG and EN dc~ 
are the activation energies for growth and nucleation, d°~ext - -  (1 - o L )  )ti (13) 
respectively. The latter equation (Eq. (9)) implies that 
nucleation depends only on the mobility of  atoms. In where .X i will be termed the impingement factor (see 
particular, when the driving force for the formation of also [17]). (Note that for the case of no impingement, 
nuclei (i.e. change in Gibbs free energy due to the i.e. ~ext = c~, Ai = 0.} The JMAK equation is 

obtained for Ai----1, while Eq. (2) is obtained for transformation of a region) is small, Eq. (9) may not 
hold any more. However, here we consider nucleation A i = 2 .  The general solution of Eq. (13) for Ai = 1 is, 

during heating (i.e. the experiment starts at low tem- Otex t 
perature), and thus the driving force for formation of c~ = 1 - - -  + 1 (14) 
nuclei will generally be large and the current approx- 
imation will be valid. Eq. (9) leads to a relatively where ~i ---- 1/( . ,~i  - -  1) .  For Ai~-- l ,  the solution is: 

simple expression for C~xt, as from Eqs. (7)-(9) it c~ = 1 - e x p ( C t e x t )  ( 1 5 )  

follows (see [14,15]): 
Alternatively, an expression equivalent to Eq. (15) 

fgkB, [--Eeff] ( ~ )  2)  s is obtained from Eq. (14) for the limit of  T/i ---~ oo and, 
O/ext ~ ~EG--G h:cexp [ k---'~J (10) hence, Eq. (14)incorporates Eq. (15). Thus, by fitting 

the combination of Eqs. (10) and (14) to experimental 
where, transformation data, the parameters obtained, s and ~/i, 

mEG ÷ EN will give information about the mechanism of the 
E e f f -  (1 1) reaction. (Further, the case of  no impingement, 

m ÷ 1 hi = 0, can also be described by Eq. (14).) 
In some precipitation reactions, several processes 

s = m + 1 (12) 
with different s can occur. As examples, consider (i) 

and kc is a constant. It should be noted that Eq. (10) is the simultaneous occurrence of grain boundary pre- 
an approximation which is only accurate if Er~ ~ EG cipitation and precipitation in grains, or (ii) the simul- 
(see [14]). taneous growth of pre-existing nuclei and the 
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nucleation and subsequent growth of  new nuclei, where A2 is a constant. Here again, it is assumed that 
When impingement of  precipitates formed by dissim- the variation of  Ceq(T) as a result of  the increase in 
ilar processes is negligible as compared to impinge- temperature is relatively slow as compared to that due 
ment between precipitates formed by the same to diffusion of  atoms. 
process, the processes essentially occur in indepen- Because d~/dt is proportional to the heat effect 
dent volumes of  the alloy, and the sum of two pro- caused by a reaction, the combination of  Eqs. (10), 
cesses is obtained simply from a weighted average: (14) and (18) can be used to fit heat effects due to 

=f~1  + (1 --f)~2 (16) precipitation reactions. The fit is based on the solu- 
bility Ceq(T) and the reaction parameters r/i, s and Eeff. 

where f is the volume fraction of  the alloy in which The latter two are related to m and the activation 
process 1 occurs, and (1 - f )  the volume fraction of  the energies for growth and for nucleation, respectively. 
alloy in which process 2 occurs, while ~ is the amount 
of  atoms incorporated in the growing nuclei divided by 
the maximum amount of  atoms that can be incorpo- 3.4. Determination of activation energies 
rated according to the equilibrium phase diagram. 

From Eq. (10), it follows that for temperature, Tf, at 
constant  O~ext: 

3.3. Temperature dependence of the equilibrium state 
/~ Eeff 

In -- ÷ Cj (19) 
So far, the foregoing treatment has not taken into T~ kBTf 

account the variation of  the equilibrium state with 
CI is a constant which depends on the reaction stage. 

temperature. To account for this the following treat- 
ment is proposed: Consider the concentration in the This equation is similar to the one used in the so-called 
matrix, adjacent to a precipitate, to be equal to the Kissinger method, but the latter is usually obtained via 

different set of  assumptions. We will review the 
equilibrium or metastable equilibrium concentration, 
C~q(T) (the so-called 'localised equilibrium' assump- derivation of the Kissinger method below: 

In many publications, the transformation rate during 
tion). Further, assume that the variation of  Ceq(T), as a 
result of the increase in temperature is relatively slow a reaction is assumed to be the product of  two func- 

tions, one depending solely on temperature, T, and the 
as compared to the variation in the local concentra- 
tions of  the alloying atoms, due to the diffusion of  other depending solely on the fraction transformed: 

atoms. This means that the local concentrations of  dc~ 
alloying atoms in the matrix, c(x, y, z, t ,Ceq(T)), can d~- = k(T)f(c~) (20) 

be obtained in good approximation from the concen- Usually, an Arrhenius expression is assumed to be 
trations, as in the hypothetical case, where Ceq is valid for k(T), i.e.: 
constant: 

k(T) = koexp[-EA/kBT] (21) 

c o -  c(x,y,z, t ,  Ceq(T)) where ko is a constant, EA the apparent activation 

= [co - c ( x , y ,  z, t, Ceq = 0 ) ]  CO --Ceq(T) (17) energy of  the process, which is assumed to be con- 
co stant. Methods for determining EA can be derived as 

The number of  atoms transformed in the course of  follows: Eq. (20) is integrated by separation of  vari- 
the reaction is proportional to the volume average of  ables (using dT =/3dt):  

the left-hand side of  Eq. (17). The volume average of  ) ~ ( EA~ 
the term [co - c(x,y, z, £eq = 0)] is proportional to a da  _ f ( a )  --  exp - dT 
for the case, where Ceq is constant. This latter case led o o kB TJ 
to Eqs. (10) and (14). Hence, it follows: 

,:X2 

koE A _ koEA f exp ( -y )  dy = - - p ( y f 5  (22) 
- -  flkB J y2 d~ = A2 d [c~ c o -  Ceq(T)_] (18) 

dt co j yf 
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where y = EA/kBT, yf = EA/kBTf, Tf is the tempera- while A can be evaluated using this slope as a first 
ture at a fixed state of  transformation. Various ways of  approximation for EA. 
approximating p(y) have been applied in the literature 
(see [18-20]). Integrating in parts and truncating the 
series by assuming yf ~ 1 results in the following 
approximation for p (see [ 18,21 ]): 4. Results  and discuss ion 

p(y) ="~ e x p ( - y )  (23) In this section, we will apply the expressions 
y2 derived in the previous section to analyse the preci- 

The assumption yf >~ 1 is reasonable, since for the pitation effect in A1-Si alloys. These alloys are espe- 
vast majority of  solid-state reactions (and many other cially suited for evaluation of  the validity of the 
reactions) 15 < yf < 60. At constant fraction trans- presented theory because, in these alloys, Si always 
formed this leads to: precipitates in the form of the equilibrium diamond 

cubic Si phase. The solubility of  A1 in this phase is 
eA 

In Ti = kBTf + C2 (24) negligible. Further, the equilibrium solubility of  Si in 
the Al-rich phase is well established. It can be repre- 

C2 is a constant which depends on the reaction stage as sented by [22]: 
well as on the kinetic model. According to Eq. (24), ( Ansi" ~ 
plots of  ln(T2//3) vs. 1/Tf should result in straight csi(T) =- c~exp \ -  kBT J (27) 
lines, with slopes EA/kB. This method for the calcula- 
tion of  EA is usually referred to as the (generalised) where AHsi = 54 kJ/mol (=  0.52 eV) and c~  = 19. 
Kissinger method. Before presenting the experiments and the fits based 

Comparison of Eqs. (19) and (24) shows that the on the proposed theory, a few remarks concerning the 
two approaches lead to similar equations for deriving manner of  fitting and the type of  processes expected to 
activation energies. There are, however, important occur are in order. These are as follows: 
differences, i.e. EA = Eeff is only valid under the (i) Some rearrangement of  Eq. (10)shows that the 
proviso that a constant Ctext implies a constant c~. dominating temperature dependent term of this equa- 
According to the theory in Sections 3.1-3.3, this is tion is exp(-sEeff/kBT). This shows that from one 
the case (i) if the impingement parameter is indepen- experiment, only the product s x Eeff can generally be 
dent of  heating rate, and (ii) in the limit c~ --, 0. derived accurately (see also [23,24]). Hence, it is 

In a previous paper [21], it was shown that the necessary to obtain an activation energy using experi- 
Kissinger analysis is more accurate than the so-called ments at different heating rates (or isothermal experi- 
Ozawa method, which is derived on the basis of a ments at different temperatures). Throughout this 
different approximation forp(y). It was also found that work, we will use the value Eeff=lOlkJ/mol  
the following expression is even more accurate than (0.97 eV) as obtained previously from a DSC study 
the Kissinger method: of precipitation in A l - l a t% Si [9]. 

(ii) In isothermal analysis of  a process which cor- 
In T~ff°~r~,.~ = - A  T~EA q- C3 (25) responds to JMAK kinetics, the Avrami parameter, n, 

kB f for the start of the process can generally be obtained 
with from the slope of the plot of  ln[- ln(1 - c0] vs. In (t). 

Similar procedures can be derived for a non-isother- 
A = 1.0070 - 1.2 × 10-SEA (EA in kJ/mol)  mal JMAK process at constant heating rate (see, e.g. 

(26) [14,24]). For instance, Criado [24] showed that, in 
good approximation, a plot of  ln[- ln(1 - c~)] vs. I/T 

C3 is a constant which depends on the reaction stage gives a straight line, the slope of  which yields n x Eeff. 
and on the kinetic model. Hence, in order to obtain the This method is, however, only valid if the equilibrium 
activation energy with this new method, the slope of  a state is constant. The latter provision is not valid in our 
plot of  ln(T~8//5) vs. 1/kBTf should be calculated, alloys and, hence, this method cannot be applied in the 
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present work. However, plots of  the measured ] [ 
and calculated In qR VS. the temperature are observed ~, 
to be approximately linear over the first part of  the 
reaction, with the slope of  the calculated In//R VS. the _~ 0 
temperature varying strongly with s. Hence, by o ~ 
comparing plots of  measured and calculated ln//R ,7 
vs. the temperature, the appropriate value of  s for 
the process which dominates the initial stage of  the 
reaction is readily identified. If  more than one process -015 . . . .  ~ . . . .  = . . . .  i . . . .  

250 300 350 400 450 
occurs, the process which dominates the initial 

Temperature in *C -> 
stage of  the reaction is always the process with the 
lowest s value. Fig. 1. DSC curve at heating rate 10°C/min of Al-lat% Si which 

(iii) It is generally thought that the precipitation in was cooled at -22°C/min after solution treatment (thick, grey line). 
The fit (thinner, black line) is obtained with the model presented in 

A1-Si o c c u r s  v ia  the  f o r m a t i o n  o f  Si c lu s t e r s  [25-27] Section 3 and s 1.65, r/i = 0.63 and Eef f = 101kJ/mol. 
which can form at low temperatures before any detect- 
able formation of  the equilibrium Si phase. Hence, 
depending on heat treatment, nuclei may be present in 
these alloys. 01 

In Fig. 1, a DSC experiment performed on an A1- process 2 A ~ ssl"''" lat%Si alloy which was cooled at -22°C/min  after 0 - ' "  
solution treatment, is presented. Because this cooling ~ ce 
rate is quite slow and barely sufficient to avoid pre- o~ -01 
cipitation, a high density of  nuclei can be expected to ,7 
be formed during the cooling. In Fig. 1, the fit based _~ -o2 
on the theory presented in Section 3, with one single 
process operating, is also given. For the fit, d ~ / d t  was -o.3 . . . .  i . . . .  i . . . .  i . . . .  

200 250 300 350 400 
calculated according to Eqs. (10),(14),(16) and (18) 
and normalised to obtain a maximum exothermic heat Temperature in *C -> 

flow identical to that in the experiments. Fig. 1 shows Fig. 2. DSC curve (/3 = 20°C/min) of the Al-lat% Si alloy 

a n e a r  perfect match between theory and experiment, naturally aged for nine months subsequent to solution treatment 

T h e  va lue  o f  s o b t a i n e d  (1.65) is c l o se  to the va lue  (thick, grey line). The fit (thinner, black line) is obtained with the 

expected for growth of  pre-existing nuclei (1½). T h i s  model presented in Section 3. Also indicated are the contributions 
of the two processes. 

indicates that precipitation occurs nearly exclusively 
by growth of  pre-existing nuclei. Hence, the s value 
resulting from our analysis method conforms well 
with expectations outlined above. T/i 2 = 2.2. The fit presented in Fig. 2 shows a nearly 

Fig. 2 presents a DSC experiment performed on an perfect match to the experiment. The obtained value 
AI-1 at% Si alloy which was aged for nine months at for s2 is close to the expected one of  2½ for nucleation 
20°C, subsequent to solution treatment (2 h at 550°C) and subsequent growth of  new nuclei. This analysis 
and IWQ. It may be expected that, due to natural shows that, for the Al - l a t% Si alloy, different cooling 
ageing (NA), pre-existing nuclei will be present in this rates result in different precipitation processes: after 
sample but fewer than in the sample cooled at - 2 2 ° C /  cooling at -22°C/min,  precipitation mainly occurs via 
min. Hence, the DSC curve was fitted with two growth of  pre-existing nuclei, while after IWQ and 
processes operating (using Eqs. (10), (14), (16) and natural ageing, both growth of  pre-existing nuclei and 
(18)) with s] = 1½ for the first process. We will further new nucleation and growth take place. 
use r/ij obtained from the fit in Fig. 1 (0.63). It was It is further noted that, in the IWQ Al- la t%Si  alloy, 
found that the following parameters resulted in the precipitation occurs at lower temperatures than for the 
best fit: f = 0.74, and for process 2 : s 2  = 2.66, Al - la t%Si  alloy which was cooled a t - 2 2 ° C / m i n .  
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0.1 This is thought to be due to a higher vacancy con- 
centration in the IWQ alloy [28]. ^ p r o c e s s  2 

. . , , ~ - . . - - - - .  
DSC experiments performed on the same A1- ~ 0 . . . . . .  x,~,., . . . . . . . . . . . .  ..,..--.=.. 

le t% Si alloy, but now naturally aged for only a ~ essl 
few minutes, give very similar curves and the fitting ~ -01 x~,, ,." 
parameters are almost the same. Apparently, the over- 
whelming majori ty of  nuclei that are viable and grow ~ -02 
during a DSC experiment at 20°C/min are formed 
during the quench. This does not mean that during -03 . . . .  = . . . .  i . . . .  * . . . .  

200 250 300 350 400 
natural ageing no formation of nuclei may occur. It 
does indicate, however, that if  natural ageing causes Temperature in °C -> 

the creation of  a significant number of nuclei, they a r e  Fig. 3. DSC curve (/3 -- 20°C/min) of AI-6 Si which was cooled 

apparently small and not viable at the temperatures at  at 200°C/min after solution treatment at 550°C (thick, grey line). 
The fit (thinner, black line) is obtained with the model presented in which precipitation occurs during the DSC run 
Section 3. Also indicated are the contributions of the two processes 

(~210-350°C) .  This can be explained in terms of 
(dotted lines). 

the Gibbs-Thomson  effect, that is due to the contribu- 
tion of  interfacial energy to their overall free energy, 
small nuclei/precipitates experience a metastable 
solvus which is situated at lower temperatures As a further example,  we present the results for A1- 
than the equilibrium one. As a result, if the nuclei 6at% Si aged for 4 years after quenching in iced water. 
formed during ageing are very small, they dissolve It is expected that, after this long period of natural 
before significant precipitation occurs during the ageing, a high density of  nuclei should be present in 
DSC run. the alloy. A high density of  nuclei close to the coarse 

In Fig. 3, a DSC experiment performed on an A I -  Si particles may cause precipitation on the coarse Si 
6at%Si alloy which was cooled at - 200°C/min  after panicles  to be negligible. Using the method outlined 
solution treatment at 550°C, is presented. Because the in point (ii), it was verified that the process with lowest 
Si content for this alloy is much higher than the s value is indeed sl = 1½. Hence, precipitation should 
solubility at the solution treatment temperature be dominated by growth on pre-existing nuclei 
(0.013), coarse undissolved Si particles will be pre- (sl = 1½), while nucleation and growth ( $ 2  = 2½) 
sent. It is expected that precipitation will occur initi- may also occur in the later stages. Fig. 4 shows that 
ally via growth of  these coarse Si particles, and 
because the size of  the Si particles will be much larger 
than the diffusion distances, this process corresponds 
to one-dimensional diffusion, that is m --  s = 1/2 (see 01 
[8,13]). Hence, the DSC curve was fitted with two ~. process2 _ ~  
processes in operation, with s 1 = 1/2 for the first. It ~ 0 -- / 
was found that the following parameters resulted in ~- , ,  /o,O 
t h e  best overall fit: f =  0.17, T]i I ~ 2, $2 : 1 .55 a n d  ~_ -0.1 X process1 /7" /* /  

T/i 2 : 2.2. Also for this sample, a nearly perfect match "~ ~ ,  "~t v f = 0 7 8  

between experiment and theory is obtained (see ~-0.2 ~ sl= 1.50 
s2  = 2 .50  

Fig. 3). It should be noted that, only in the initial 
- 0 . 3  . . . .  I . . . .  I . . . .  I . . . .  

stages of  the precipitation, does reaction process 1 200 250 300 350 
contribute significantly to the overall heat flow. As a Temperature in °C ->  

result of  this, while f and St can be determined with 
reasonable accuracy, variation of  r/il has nearly n o  Fig. 4. DSC curve (/3 = 20°C/min) of A1-6 Si which was 

naturally aged for four years after solution treatment at 550°C 
influence on the quality of the fit. Because the value of  (thick, grey line). The fit (thinner, black line) is obtained with the 

s2 is close to 1½, process 2 corresponds to the growth of  model presented in Section 3. Also indicated are the contributions 
pre-existing nuclei, of the two processes (dotted lines). 
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Table 1 
Parameters obtained from the fits presented in Figs. 1-4 

Alloy Cooling/Ageing f Process 1 Process 2 

s T/i Interpretation s ~li Interpretation 

AI-1 Si 22 K/min 1 1.65 0.63 Growth nuclei a I __ __ 
AI-1 Si IWQ+NA 0.74 1.5 0.63 Growth nuclei 2.66 2.2 Nucleation and growth ~ 
AI-6 Si -200 K/min 0.17 0.5 2 Growth particle b 1.55 2.2 Growth nuclei 
A1-6 Si IWQ+NA 0.78 1.5 2.2 Growth nuclei 2.5 1.4 Nucleation and growth 

a Diffusion controlled growth of pre-existing nuclei of negligible initial size. 
Diffusion controlled growth of coarse particles. 

c Nucleation and diffusion controlled growth. 

a pe r fec t  m a t c h  wi th  the e x p e r i m e n t a l  cu rve  can  A c k n o w l e d g e m e n t s  

i ndeed  be  o b t a i n e d  wi th  these  two p rocesses  and  

f = 0.78. Th i s  work  is f inanced  in par t  by  the  E C  H u m a n  

The  p a r a m e t e r s  o b t a i n e d  f r o m  the  fits p r e sen t ed  in Capi ta l  and  M o b i l i t y  project .  Mr. C. Z a h r a  is t h a n k e d  

Figs.  1 -4  are g a t h e r e d  in Table  1. F r o m  this  table ,  it is for  p e r f o r m i n g  DSC expe r imen t s .  

no ted  tha t  va lues  o f  ~7i o b t a i n e d  f rom the  fits (0.63 to 

2.2) are in the  r ange  o f  the  va lue  e x p e c t e d  for  the  case  

o f  i m p i n g e m e n t  a c c o r d i n g  to the  A R  e q u a t i o n  
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