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Abstract

Using differential scanning calorimetry (DSC) the precipitation processes of supersaturated solid so-

lutions of three Cu–Co–Si alloys containing the same atomic cobalt content were investigated.

Thermoanalytical and previous studies, reveal that the decomposition begins with cobalt clustering

which initiates the precipitation of the Co2Si stoichiometric particles, which in turn dissolves after

further heating. Volume fractions are unequivocally determined by the amount of cobalt present in

these alloys. It is infered that surplus silicon atoms retained in the solution increase the reaction rate

and dispersity of precipitate structure. Kinetic parameters were obtained by a convolution method

based in the Mehl–Johnson–Avrami (MJA) formalism. The lower activation energy associated with

cobalt clustering is attributed to the contribution of quenched-in vacancies. Superimposed to the

MJA formalism and adaptative spherical diffusion model was used for Co2Si precipitation with par-

ticle size as a disposable parameter. This model further confirmed that as silicon content increases

particle dispersity becomes more pronounced. Such results are also infered from a three dimensional

diffusion dissolution model previously developed which adjusts quite well to such process in the

present cases. Age hardening experiments are in line with all previous results obtained.

Keywords: cobalt, copper, diffusion, kinetics, precipitation, silicon

Introduction

For the past several years attempts have been made to produce ternary alloys with de-

sirable combinations of mechanical properties and microstructural stability. For in-

stance since the early work of Corson [1] the precipitation processes and the precipi-

tation hardening in Cu–Co–Si alloys have been investigated by several authors [2–8].

It has been established that the orthorhombic Co2Si phase is the equilibrium precipi-

tate phase [1–3, 5, 6, 9]. Also, in presence of Co2Si particles the solid solubilities of

cobalt and silicon were also afterwards studied. In others investigations on Cu–Co–Si

alloys the precipitation processes were investigated by electrical resistivity [8, 10,

11], thermoelectric power [8, 11] and differential scanning calorimetry (DSC) [11,
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12]. These last studies justified the mechanical behavior of the alloys and have also

given information about the nucleation and growth of the stable Co2Si precipitates.

Previous authors works [13, 14] were concerned with the fatigue behavior of some

Cu–Co–Si alloys of quasi-binary compositions Cu–xCo2Si.

Chiefly, the present work was performed in order: a) to evaluate the precipitation

processes of Co2Si particles starting from a supersaturated solid solution of Cu–Co–Si al-

loys containing approximately the same amount of cobalt but different amounts of sur-

plus silicon with respect to the stoichiometric Co2Si composition, using differential scan-

ning calorimetry; b) to assess the kinetics of precipitation by determining the kinetic pa-

rameters via a convolution method to give account of overlapping effects; c) to superim-

pose to the kinetic curves a diffusion kinetic mechanism which gives account of the dif-

fusion of silicon in cobalt in order to explain Co2Si formation stage displayed by the DSC

curves; d) to evaluate precipitate dissolution via a three-dimensional diffusion model and

e) to search for the aging behavior of the alloys.

Experimental method

The composition of the alloys investigated is listed in Table 1. It is worth noticing

that the alloy A corresponds to the quasi-binary Cu–1 at% Co2Si alloy. The alloys

were prepared in vacuum in a Baltzers VSG-10 induction furnace, from electrolytic

copper (99.95% purity), and master alloys of Cu–10 mass% Co and Cu–15 mass% Si.

Table 1 Alloys composition

Alloy designation Co/at% Si/at%

A 0.65 0.33

B 0.65 0.86

C 0.66 1.1

The ingots were forged at 1273 K to a thickness of 20 mm, afterwards they were

annealed at 1273 K during 72 h to achieve complete homogenization and furnace-

cooled to room temperature. Subsequently the materials were cold-rolled to a thick-

ness of 2 mm with intermediate annealings of 1 h at 1073 K.

After the last anneal the alloys were water quenched. Calorimetric measure-

ments were carried out in a DuPont 2000 thermal analyser at heating rates φ, of 0.033,

0.083, 0.167, 0.333 and 0.833 K s–1. To increase the sensitivity of the measurements,

a high purity, well annealed copper disc, was used as a reference. In order to mini-

mize oxidation argon (0.8⋅10–4 m3 min–1) was passed through the calorimeter.

Runs were recorded between 300 and 950 K. After the first run specimens of al-

loys A, B and C were maintained at 850, 780 and 750 K respectively for 5 min and al-

lowed to cool freely in the calorimeter for 3 h yielding cooling curves that were very

similar and nearly exponential. It was observed for all specimens that the cooling rate

lied between 0.48 and 0.417 K s–1 in this temperature range and 0.117 K s–1 below
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560 K. When room temperature was reached, a second run at the same heating rate

was made by heating specimens of alloys A, B and C up to 850, 780 and 750 K re-

spectively in order to avoid displayement of the Co2Si dissolution reaction. The DSC

traces presented in this work were obtained by subtracting the baseline from the first

run. This baseline represents the temperature-dependent heat capacity of the alloys in

the existing thermal conditions, and its value was in agreement with the Kopp-

Neumann rule. Afterwards, the resulting traces were converted into a differential heat

capacity vs. temperature curve. The remaining heat-capacity, namely the differential

heat capacity ∆Cp represents the heat associated with solid state reactions during the

DSC run. Thus, reaction peaks in the ∆Cp vs. T curve can be characterized by the re-

action enthalpy of a particular event. The DSC curves presented in this work are all

such rerun-corrected curves.

Results and discussion

The DSC curves

In Fig. 1 DSC curves obtained at the indicated heating rates on quenched samples of

alloys A, B and C are shown. The DSC curves reveal two distinct exothermal peaks,

stage 1 and 2, which overlap more as the silicon content increase. It has been shown

[11, 15] that stage 1 and 2 can be associated to Co and Co2Si precipitates formation

respectively. An endothermic peak designated as stage 3 is associated with the disso-

lution of the Co2Si particles, as its heat content value is approximately equal to that of

stage 2 for each alloy at the same heating rate φ. In Table 2 are listed the heat involved

in the three stages.

It can also be observed a small decrease of the heats associated to all stages mea-

sured by the area under the peaks as φ increases. This effect is not considerable, but in all

cases it can be attributed to the fact that heating takes place in a higher temperature range

as related to the Co and Co2Si solvus with increasing φ values. The same effect in stage 3

is a consequence of the lower of heat content of stage 2 for larger values of φ.
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Fig. 1 DSC traces for quenched alloys under study where the three main heat effects
are shown. Heating rates are: a – 0.033 K s–1; b – 0.083 K s–1; c – 0.167 K s–1;
d – 0.333 K s–1; e – 0.833 K s–1
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An important effect is the shift to lower temperatures which exhibit all stages

when the silicon concentration increases as shown in Fig. 2 for the employed values

of φ. Precipitation of cobalt at decreasing temperatures shown by the shift of peak

temperatures for higher silicon contents in Fig. 2a, might be due to the shift of the

solvus to the left, thus increasing the supersaturation of the solid solution, leading

therefore to a decrease in the critical nuclei and to an increase in the reaction rate and

dispersity of the precipitates. In fact as volume fraction of precipitates is controlled

by cobalt concentration, which is the same for the three alloys, an increase of

dispersity means a smaller particle radii in conjuction with a higher particle density.

The larger thermal event shift to lower temperatures is evidenced for stage 2 in

Fig. 2b by the decrease of peak temperatures as silicon content increases; this implies

a larger reaction rate. In fact if such rate is controlled mainly by the diffusion silicon

in copper, the value of the diffusion coefficient is enhanced as silicon concentration is

increased. This feature will be treated later on. Figure 2c shows also a decrease in

peak temperatures for stage 3 as the alloy is reacher in silicon. This fact also implies

that the onset of peak dissolution temperatures T03, decrease, which in turn means that

finer precipitates are dissolving, The observed decrease in precipitate stability is a

consequence of their larger surface to volume ratio as particles became smaller.

If the molar dissolution entropy is evaluated as:

∆
∆

S
H

T
p

p=
03

(1)

being ∆Hp=221.6 kJ mol–1 the molar dissolution enthalphy of the precipitates [15],

values of ∆Sp=0.27/0.28/0.32 J mol–1 K–1 are obtained for alloy A, B and C taking

T03=826/765/716 K. It should be noticed that T03 values were computed as φ→0,
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Fig. 2 Peak temperatures of the main heat effects for alloys A, B and C vs. silicon con-
tent. Heating rates are: � – 0.033 K s–1; � – 0.083 K s–1; � – 0.167 K s–1;
� – 0.333 K s–1; � – 0.833 K s–1



which in turn were obtained from extrapolation of onset temperatures for decreasing

φ values. These sort of computations were made in order to avoid heating rate effects.

The small increase in molar dissolution entropy is the reflection of the larger

amount of internal order exhibiting those precipitates corresponding to increasingly

silicon concentration in line with their infered smaller size. This feature is in agree-

ment with a less fault probability exhibited by smaller sized particles.

The fact that the heat contents of stages 1, 2 and 3 are the same for alloys A, B

and C for a certain φ value implies, as said before, that the cobalt content controls the

amount of Co2Si and that this amount is equal for the three alloys in this case. Since

alloy A is the quasi-binary Cu–1 at% Co2Si, the surplus silicon concentration over

this composition remains in solution. It should obviously be pointed out that this ef-

fect holds providing there is enough silicon to form Co2Si compound.

An other general result obtained from the DSC traces is the evaluation of precip-

itate volume fractions Vf given by the expression:

V
H

H
f

p

s

p

= ∆
∆

3 ρ
ρ

(2)

in which ∆H3 is the dissolution heat when φ→0 extrapolated from the curves ∆H3 vs.

φ in order to avoid again heating rate effects, ρs and ρp are the alloy and precipitate

densities respectively.

On calculating ∆H3=584/579/582 J mol–1, ρs=8.94/8.92/8.89 kg m–3⋅103 for al-

loys A, B and C, being ρp=6.71⋅103 kg m–3⋅103 one computes approximately

Vf=3.5⋅10–3 for the three alloys approximately, a value which is in line with the previ-

ous results given in connection with the cobalt concentration control on the precipita-

tion processes.

In closing this section it is worth noticing the rather skewed shape of the dissolution

peaks during the DSC runs in Fig. 1. The slow reaction rate at the early stages is due to

the combined effects of a slow diffusion rate because of the low temperatures, the small

concentration gradient near the particle-matrix interface and the relatively small interfa-

cial area to particle volume ratio. The dissolution rate is increasing as temperature is ris-

ing and towards the end of the dissolution process the rate is very high. This is because

the combined effect of a high diffusion rate, the large concentration gradient near the in-
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Fig. 3 Modified Kissinger plots for the different DSC stages in quenched alloys A, B
and C. � – stage 1; � – stage 2; � – stage 3



terface and the high ratio of interface area to particle volume. It is also expected that the

particle size affects the kinetics of dissolution. Small particles should trend to shift the

peak to smaller temperatures and are fully dissolved in a shorter time, while increasing

particle radius shift the peak to higher temperatures. A smaller particle size corresponds

to a higher particle density for a fixed volume fraction of particles. In this way, the diffu-

sion distances are smaller and the reaction reaches completion faster.

Precipitation kinetics

To study the precipitation kinetics of the present reactions, activation energies E were

calculated by a modified Kissinger method [16]:

ln ln
T E

RT

E

Rk

p

2

pφ













= + 









0

(3)

where Tp is the peak temperature, k0 a pre-exponential factor and R the gas constant.

Therefore E and also k0 can be obtained from a plot ln(Tp

2 /φ) vs. 1/Tp as shown in Fig.

3. Values of E and k0 are independent of the kinetic model chosen provided Tp is the

peak temperature [16]. In Table 3 one can read the respective values of the activation

energies and pre-exponential factors. It can be infered that the values of activation en-

ergies resulted somewhat larger than those reported by Lendvai et al. [11].

Utilizing Brown and Ashby [17] and also Shi et al. [18] correlations, an activation

energy for diffusion of cobalt in copper ECu

Co =203.5 kJ mol–1 was estimated resulting

much higher than the calculated values for stage 1. This fact can be attributed to the

strong contribution of quenched in vacancies, with an activation energy for migration of

about one half of the above value. The measured activation energies for stage 1 also do

not vary for the three alloys as can be expected since cobalt composition is the same and

also because silicon diffusion is mainly not involved in this stage. It can be demonstrated

that although quenched-in vacancies play an important role in cobalt precipitation, their

annihilation effect makes a negligible contribution to evolved heat ∆H1. The fraction of

∆H1 associated with vacancy annihilation fv, can be readily obtained as:

f
S

R

H

RT

H

H
v

k f

q

f

1

= 






 −











exp exp

∆ ∆ ∆
∆

where ∆Hf=106.4 kJ mol–1 [19] is the vacancy formation energy, ∆Sk=5.76 J mol–1 K

[20], ∆H1=340 J mol–1 and Tq=1073 K the quenching temperature.

Values of fv=4.1⋅10–3 are obtained as an average for alloys A, B and C which as said

before is negligible. For stage 2, since the apparent activation energy is a weighted value

between that of silicon in cobalt and silicon in copper, and as the volume of Co2Si parti-

cles is small when compared to that of the bulk material, the measured activation energies

should be essentially similar to that of silicon in copper. In the range of silicon concentra-

tions here considered from [17, 18] only an estimated value ECu

Si =202 kJ mol–1 can be

given. In fact for this small range of concentrations, individual values for the activation
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energies for diffusion can not be distinguished each other for the three alloys. In the pres-

ent case it is however expected a decrease in activation energy as the silicon content in-

creases [17, 18]. This feature can be attributed to the fact that the average temperature

values between the liquidus and the solidus for a given concentration strongly decrease

when silicon concentration increases in larger extents. This tendency is also observed in

our results in spite that the range of silicon variation is small in the alloys under study. A

value E3=199 kJ mol–1 can be calculated which is close to the similar values for ECu

Co and

ECu

Si computed from [17, 18], although a trend to become lower with silicon content in-

crease is observed. Such tendency is expected in connection with the same arguments

given for the activation energy decrease in stage 2. The larger the pre-exponential factor

for stage 1 for lower silicon contents implies that the jump rate of atoms across the parti-

cle-bulk interface increase, thus decreasing the dispersity of precipitation [21].

The kinetic analysis for stages 1 and 2 for the three alloys under study was per-

formed according to Mehl–Johnson–Avrami equation ussually used for heteroge-

neous reactions (as they are in the present case) under non isothermal conditions

y k= − −1 0exp[ ( ) ]θ n (4)

where ‘y’ is the reacted fraction, k0 a pre-exponential factor,

θ
φ

= −







T R

E

E

RT

2

exp (5)

is the reduced time [22, 23], and n a constant.

If two DSC peak overlap each other, such is the situation for Co and Co2Si forma-

tion, the total heat flow ∆ �HT per unit mass at any time/temperature can be expressed as

the sum of the heat flow of the individual transformation ∆ �H 1 and ∆ �H 2 as [21]

∆ ∆ ∆� � � � �H H H A y A yT 1 2= + = +1 1 2 2 (6)

In this equation A1 and A2 are the areas of the individual peaks, while �y1 and �y2

are the transformation rates, being easily derived for each reaction form Eq. (4) as:

d

d

d

d

n n –1 ny

t t







 =nk k0 0θ θ θexp[– ( ) ]

which, with the aid of Eq. (5), becomes:

� exp expy nk
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RT
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0

2
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2
n
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φ φ
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n

exp
nE

RT
(7)

From Eq. (6), after assigning to reactions 1 and 2 the respective subscripts, one

finally obtain

� exp exp

–

H A n k
T R

E

nE

RT
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T i i

n
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∑

n

i –1

2

exp 1 1 (8)
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The area of the individual peaks must add up the total area A=A1+A2. This equa-

tion is identical to that obtained previously by Borrego et al. [24, 25] working with

k0θ as a state variable and later on by the authors working with the reduced time [15].

By fitting this equation to the experimental heat flow data ∆ �HTemploying com-

puterized methods of minimization of least squares error, the parameters n1 and n2

can be obtained, which in conjunction with the apparent activation energies for

stages 1 and 2 and the respective pre-exponential factors calculated from the modi-

fied Kissinger method shown in Table 2, constitute the kinetic parameters for each in-

dividual reaction. Exponents n1 and n2 are listed in Table 4.

Table 4 Values of the Mehl–Johnson–Avrami exponents

Alloy A Alloy B Alloy C

Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2

n1 1.13 1.16 1.14

n2 1.48 1.58 1.51

Also parameters A1 and A2 can be calculated in each case and hence, since heat flow per

unit mass of the sample ∆ �H=∆Cpφ/MWs where MWs is the molecular mass of the precipitate

(=58.93⋅10–3/48.65⋅10–3 kg mol–1, for Co and Co2Si respectively) the associated reaction heats

associated to stages 1 and 2 can be readily obtained. For instance, respective values for al-

loy A are 320 and 569 J mol–1. The fit of the calculated to the experimental curve for this al-

loy is shown in Fig. 4 for φ=0.17 K s–1. In this figure the experimental curve, the adjusted

curve and the individual curves corresponding to each stage are plotted. These values are in

fairly good concordance with those obtained from the energetics of both processes. Similar

curves were obtained for the other two alloys, not shown here for brevity sake.

The values of n1 are closely indicative of a process of nucleation and growth

(n=1), although some precipitation could be taken place during quenching, while

those for n2 are nearly indicative of a process of growth from pre-existing nucleus of

non-negligible size (n=1.5) [26].
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Fig. 4 Heat flow vs. temperature from DSC experiments at φ=0.167 K s–1 for alloy A.
- – experimental composite curve; --- – calculated composite curve: ⋅ – ⋅ – – ap-
proximation to individual stages 1 and 2



Adaptative spherical diffusional model for stage 2

Along this research work and in agreement with literature [8, 15], stage 2 has been at-

tributed to the formation of Co2Si particles via diffusion of silicon into the precursory

cobalt precipitates formed during stage 1. In the following we will adjust an adapta-

tive model of diffusion of a component through a sphere maintaining the surface con-

centration constant, evaluating the concentration in its centre, which at the beginning

of the reaction is assumed to be zero and equal to that of the surface when the reaction

goes to completion. In this way the reacted fraction at the sphere centre is y(0)=cc/cs

where cc is the instantaneous silicon concentration at the centre and cs (=0.333) the

constant concentration at the sphere surface. Such consideration neglects the sligth

unavoidable overlapping of cobalt precipitation reaction with that for Co2Si forma-

tion. If it is assumed that stage 2 follows this behaviour, the calculated values of y(0)

from this adaptative model can be superimposed, using the best fits to the John-

son–Mehl–Avrami kinetic paths at constant different temperatures, employing Co2Si

average particle radii ‘a’ as a disposable parameter. This treatment implies that the

transferability principle is valid, that is, the kinetic parameters already calculated for

non-isothermal conditions are the same as those for isothermal ones.

In fact, the diffusion equation in spherical coordinates is given by [27]:

∂
∂

∂
∂

∂
∂

c

t
D

c

r r

c

r
= +









2

2

2
(9)

where D is the diffusion coefficient assumed to be constant, c the concentration and r
the distance from the sphere center. The solution of this radial diffusion equation for

the above boundary conditions gives for y(r)=c/cs [27]:

y r
a

r n

n r

a

Dn t

a
( )

( )
sin exp= + − −









∝

∑1
2 1 2 2

2π
π πn

n = 1

(10)

where ‘a’ is the sphere radius. The solution when r→0, yields for y(0)=cc/cs:

y
Dn t

a
( ) exp0 1 2

2 2

2
= + − −









∝

∑( 1)n

n = 1

π
(11)

It is worth recalling that three parameters define the reacted fraction y(0): ECo

Si , D0

and the disposable parameter ‘a’ in the present case. Values of D=D0 exp(–ECo

Si /RT)

should be computed. The isothermal temperatures were chosen in a range where no over-

lapping was observed in the non-isothermal runs when φ→0. From Brown and Ashby

correlations [17], a typical value of D0=0.1⋅10–4 m2 s–1; the activation energy for diffusion

was estimated as ECo

Si =227.1 kJ mol–1, which is that of silicon in cobalt [17]. It was calcu-

lated that the increase of size which undergo the initial cobalt particle when the concen-

tration of silicon reached at the centre correspond to that of the precipitate Co2Si is about

14%, since the atomic size of silicon is similar to that of cobalt. Therefore the values of

‘a’ which satisfy the best fit of this model to the Mehl–Johnson–Avrami path are affected

at the most by an error of about 7%. This treatment, although not so precise, avoid com-
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plexities arising when moving boundary effects are considered. The results of the adjust-

ment utilizing ten terms of the series contained in Eq. (11) are given at 780 K in Fig. 5

and at 820 K in Fig. 6, where particle radii obtained for the respective best fits are indi-

cated for the three alloys. These values are in agreement with those observed by transmis-

sion electron microscopy for similar alloys compositions [11]. It should be also noticed

that particle size decreases with the increase in silicon content, and that remains almost

invariant when varying temperature. It is worth recalling that when calculating ‘a’ values,

the above treatment does not take into account the early simultaneous coarsening which

can occur during the course of reaction. All these findings besides indicate that the diffu-

sion parameters roughly resulted in a good selection.

The above results are also in line with those infered from the DSC curves regard-

ing the increase in dispersity as the silicon content becomes larger, and that Co2Si

precipitates effectively form by the diffusion of silicon into the pre-existing cobalt

precipitates grown during stage 1 of non-isothermal experiments. Such findings con-

firm at the same time that the values of the disposable parameter ‘a’ allow to make

both kinetic paths compatible as they fit quite well each other.

Precipitate dissolution kinetics

It was demonstrated in a previous work that in the quasi-binary Cu–1 at% Co2Si (al-

loy A) the dissolution kinetics can be well adapted to the approach discussed in early
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Fig. 5 Adjusted to reacted fraction vs. time of Mehl–Johnson–Avrami plots to the
adaptative diffusion spherical model for the three alloys under study. Particle ra-
dii resulting for the best fits are indicated. T=780 K

Fig. 6 The same as Fig. 5 for T=820 K



papers [28, 29]. In such approach three-dimensional controlled diffusion situations

for spherical precipitates are described by means of the expression:

1–(1–y)2/3=k0θ (12)

where k0 is a constant and θ is already defined.

The results of plotting for stage 3 the left hand side term of Eq. (12), called integrated

kinetic function, against θ for alloys A, B and C are shown in Fig. 7 for θ=0.033 K s–1. It is

clearly seen that the dissolution behaviour of Co2Si precipitates is adjustable to this kinetic

model for the three alloys under study, since straight lines of different slopes k0 resulted in

all cases. It was also demonstrated that in the present model that [28]:

k
k

a
0

0

2
=

*

(13)

where k 0

* is another constant. The results are summarized in Table 5, where particle

radii ‘a’ were taken the same as those infered in the previous section.

Table 5 Values of constants k0 obtained from plots in Fig. 7, particle radii and calculated values
for k0

* from Eq. (13)

Alloy A Alloy B Alloy C

k0/s
–1 1.4⋅ 109 2⋅ 109 3⋅ 109

a/m 7⋅ 10–9 6.1⋅ 10–9 4.8⋅ 10–9

k0

*/m2 s–1 6.9⋅ 10–8 7.4⋅ 10–8 6.9⋅ 10–8

It can be noticed the values of k0 computed are of the same order of magnitude

than those obtained from the modified Kissinger law of Eq. (3). Such findings also

strongly suggest that k0 values obtained from Eq. (3) are independent of the choice of

the kinetic model as can be expected when temperature used in this equation is the

peak temperature Tp [16].
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Fig. 7 Plots of the integrated kinetic function F(y)=1–(1–y) 2/3 vs. θ for the three alloys
under study. � – alloy A; � – alloy B; � – alloy C



When the values of ‘a’ obtained in previous section are introduced in Eq. (13) it

is noticed that k 0

* resulted nearly constant. In summarizing this section one can be as-

sured from all these findings that the chosen model for the dissolution kinetics of

Co2Si particles is quite well satisfied. It also corroborates that particle size decrease

as silicon content becomes larger. Besides, since volume fractions are the same for

the three alloys, particle dispersity is increased as found before.

Ageing behavior

Figure 8 shows the hardness vs. time curves for the quenched alloys when ageing at

773 K. Curves for all alloys shift to higher hardness values with time and afterwards de-

crease because of the well known effect of overaging due to particle coarsening. Peak

hardening is larger when silicon content increase as a consequence of dispersity of pre-

cipitates at constant volume fraction and to the larger surplus silicon contribution in solid

solution. Peak hardening takes place earlier in alloy C followed by alloys B and A. This

behavior is attributed to the increased precipitation kinetics of Co2Si as alloys have larger

silicon contents in line with the results obtained along this research work.

Conclusions

The precipitation and dissolution processes of Co2Si particles were studied by differ-

ential scanning calorimetry (DSC) in three Co–Co–Si with a constant cobalt compo-

sition. On the basis of the DSC curves it is infered (stage 2) that Co2Si stoichiometric

precipitates are formed by diffusion of silicon into the precursor clustering of cobalt

atoms (stage 1) which nucleate and growth after quenching and heating linearly the

supersaturated solid solutions. The silicon that is in excess to the composition of the

stoichiometry Co2Si remains in solution but a larger content in the initial supersatu-

rated solid solution strongly enhances the nucleation of the particles, thus making

finer the final structure. It is shown that the endothermic reaction displayed by the

DSC curves (stage 3) correspond unequivocally to the dissolution of the Co2Si pre-

cipitates and that precipitate volume fraction is determined by the amount of cobalt
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Fig. 8 Vickers microhardness vs. time after annealing 773 K for the three alloys.
� – alloy A; � – alloy B; � – alloy C



present which was constant for the three alloys under study. It was also shown from

molar dissolution entropy measurements that internal order becomes larger as parti-

cles are smaller. The kinetic parameters were determined using the Mehl–John-

son–Avrami formalism under non-isothermal conditions together with a convolution

method based in the same formalism. The lower activation energy found for cobalt

clustering is attributed to non-equilibrium vacancies contribution retained after the

quench. Superimposed to the above kinetic path an alternative model was used in or-

der to verify that Co2Si particles can be formed as a consequence of diffusion of sili-

con in cobalt precursor spheres, employing particle size a disposable parameter. Such

superimposed model also determines that a finer structure is also obtained as silicon

content increases.

Precipitate dissolution kinetics adjusts perfectly to a three-dimensional diffusion

kinetic law previously developed by the authors, confirming also the increasing

dispersity of the structure with larger amounts of silicon. The same conclusion about

particle dispersity is in line with results obtained from age hardening measurements.

Peak hardening is higher and takes place faster for larger silicon contents under the

same calculated precipitate volume fractions.
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