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Abstract In this work the kinetic aspects associated

with the FCC ? HCP martensitic transformation in a Co–

27Cr–5Mo–0.23C alloy processed by powder metallurgy

were investigated. In situ X-ray diffraction during isoch-

ronous heat treatments in a hot stage indicated that a fully

metastable FCC matrix transforms rather fast at tempera-

tures above 725 �C and reaches a maximum transformation

into the HCP phase at 940 �C. Alternatively, when the

matrix is HCP, some HCP martensite reverts to metastable

FCC. Apparently, at low temperatures carbon excess in the

HCP martensite promotes the reversal to metastable FCC.

In addition, the volume percent of e-martensite precipitated

from stable FCC was determined as a function of time and

temperature during isothermal aging between 675 and

900 �C. From these results, TTT diagrams were plotted for

a 1% HCP transformed martensite. Maximum transforma-

tion rates were found to occur between 825 and 850 �C and

activation energies, Qs of 41–52 kcal/mol were estimated

from the experimental outcome. The aged microstructures

indicated that below 800 �C, the isothermal transformation

was dominated by a lamellar morphology. Nevertheless,

aging above 800 �C promoted carbide nucleation and

coarsening along the grain boundaries independently of the

FCC ? HCP martensitic transformation.

Introduction

Cobalt-based (Co–Cr–Mo–C) alloys have been increas-

ingly employed in the biomedical field due to their unique

combination of mechanical strength, wear, and corrosion

resistance [1–3]. In addition, the exhibited properties of

these alloys can be improved through heat treatments

aimed at controlling the relative volume fractions of

microstructural components, including grain size [4]. In

general, Co–Cr–Mo–C alloys exhibit two crystal structures,

HCP and FCC, with HCP being thermodynamically stable

at room temperature. However, the FCC to HCP transfor-

mation is difficult to achieve under normal cooling condi-

tions and these alloys typically retain the high temperature

FCC structure [4].

The FCC to HCP transformation can be induced ather-

mally [4–6], isothermally [5–10], and through plastic

straining [11, 12] with the resultant HCP phase known as

e-martensite. The athermal e-martensite is induced by

quenching from the FCC field of stability (typically above

1100 �C). Yet, the transformation is somewhat limited and

it does not proceed beyond a volume fraction of 0.4–0.5

[13]. In contrast, isothermal aging after annealing at

1150 �C can lead to a complete FCC ? HCP transfor-

mation when aging temperatures of the order of

650–950 �C are employed.

Kinetic investigations on the isothermal transformation

indicate that during the FCC–HCP transformation carbides

are concomitantly forming either at the advancing FCC–

HCP interface or at grain boundaries (gbs) [5–10]. In

addition, a discontinuous lamellar precipitation along the

gbs has been observed which was attributed to a cellular

precipitation reaction [14]. Apparently, in both low and high

carbon versions of Co-based alloys continuous and discon-

tinuous rows of minute carbides develop which tend to
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exhibit irregular (blocky) shapes or lamellar morphologies.

In high carbon Co-based alloys, these carbides have been

identified as M23C6 (FCC type) when they precipitate within

the FCC matrix [15].

Carbide precipitation in the HCP matrix during the

FCC ? HCP transformation has also been investigated in

some detail for a high carbon wrought Co (0.18%C) based

alloy [16]. In this case, it was found that carbides devel-

oped discontinuously at the FCC/HCP interface and it was

assumed that they were M23C6 type. Yet, no conclusive

experimental evidence was provided to show that this was

indeed the case. Among other possible thermodynamically

stable phases that can develop during isothermal aging is

the r phase [15, 17]. However, there are no reports which

conclusively identify this phase in Co–Cr–Mo alloys.

From the kinetic studies [5–10], it has been found that

the FCC to HCP transformation rates during isothermal

ageing are strongly influenced by the metallurgical condi-

tion, carbon content, and thermal processing. In general,

depending on the annealing temperature and time,

quenching to room temperature followed by aging can slow

down the transformation kinetics. Internal and/or external

stressing also hinders the transformation rates [11, 12].

Moreover, wrought alloys exhibit faster transformation

kinetics when compared with cast alloys of similar carbon

composition and similar heat treatments [10]. However, it

is not clear why the FCC to HCP transformation is strongly

influenced by the aforementioned factors.

Hence, in this work, an attempt is made to elucidate the

role played by the carbon content, and by thermal pro-

cessing. In particular, the transformation kinetics of a high

carbon (0.23 wt%C) wrought Co–Cr–Mo alloy was

investigated using in situ X-ray diffraction. Moreover, the

equilibrium temperatures for the HCP and FCC phases

were determined by these means.

Experimental

A powder metallurgy processed Co–27Cr–5Mo–0.23C

alloy (Bio Dur Carpenter CCM) ASTM F-799 in bar shape

was used in this work. The alloy had a grain size of

3.15 lm and the chemical composition is given in Table 1.

The exhibited microstructures of the as-received (AR) and

heat treated Co–Cr–Mo alloy conditions were character-

ized by metallographic means including optical and scan-

ning electron microscopy (SEM).

Samples of the AR cobalt alloy were solution treated

(ST) at 1150 �C during 15 min and quenched into water at

room temperature. This heat treatment produced a fully

metastable FCC (FCCm) structure. Some of the ST treated

bars were subsequently aged (A) at 850 �C during 12 h to

produce a structure consisting of 100%. HCP at room

temperature. The transformation behavior of the FCCm and

resultant HCP phases were followed by in situ X-ray dif-

fraction during isochronous annealing of ST and A sam-

ples, respectively. The X-ray diffraction samples were

20 mm long, 10 mm wide, 0.5 mm thick and they were cut

parallel to the bar cross-sections. Isochronous annealing

was performed at temperature intervals of 40 �C from 625

to 1150 �C. At each temperature the alloy was isothermally

annealed during 15 min and, simultaneously, the X-ray

diffraction intensity was recorded between 40� \ 2h\ 55.

Similar samples were cut from the AR bars and used to

follow the kinetics of the isothermal transformation from

the metastable FCC phase (FCCm) to HCP. Afterwards, the

samples were heated at a rate of 1 �C/s to 1150 �C in the

hot stage of the X-ray diffractometer and soaked during

15 min. After that, the samples were cooled at -1 �C/s to

aging temperatures between 675 and 950 �C. To ensure

that the initial alloy structure at the beginning of aging

was FCCm, a set of samples were immediately quenched

after reaching the aging temperatures and characterized by

X-ray diffraction. Isothermal aging was carried out for up

to 400 min and X-ray diffraction patterns between

40� \ 2h\ 55 were recorded at 15 min intervals. Within

the 40� \ 2h\ 55 range the diffraction peaks that appear

in the diffraction pattern are (111) and (200) for the FCC

phase and (10�10), (0002), and (10�11) for the HCP phase.

The relative weight fractions of HCP and FCC phases were

determined using the integrated intensities of the (10�11)HCP

and (200)FCC peaks using the method proposed by Sage

and Guillaud [18].

Results and discussion

Figure 1a shows the microstructural features of the

Co-based alloy in the AR condition. The alloy was pro-

cessed by powder metallurgy and exhibits some residual

intrinsic porosity. Notice that the microstructure consists of

a matrix of internally twinned equiaxed grains with second

phases predominantly along the gbs. An evaluation of the

chemical composition of the second phases present using

Table 1 Chemical composition of as-received Co–Cr–Mo alloy

Element Co Mo Cr C Ni Fe Mn Si P W S

Wt% Bal 6.29 26.53 0.234 0.423 0.124 0.822 0.763 0.007 0.53 \0.002
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energy dispersive X-ray spectrometry (EDXS) in the SEM

indicated that these phases were probably alloyed carbides

as they were Cr and Mo rich and they contained some

carbon (see Fig. 1a). The X-ray diffraction patterns of the

AR material obtained after a solution treatment (ST) and

after isothermal aging (A) are shown in Fig. 1b. As can be

seen, the ST material exhibits a fully FCC crystal structure

while the ST ? A material exhibits a fully HCP crystal

structure.

Isochronous annealing

FCCm ? HCP transformation

Figure 2a and b is X-ray peak intensity profiles obtained

during isochronous annealing of the Co–Cr–Mo–0.23C

alloy with either an initial microstructure consisting of

100%. FCC phase and 100% HCP, respectively. These

diffraction peaks correspond to the various temperature–

time intervals implemented all the way to 1150 �C. The

relative amounts (wt%) of HCP phase transformed from

FCCm calculated from the integrated intensities using the

expression of Sage and Guillaud are graphically shown in

Fig. 3. Notice from Figs. 2a and 3 that metastable FCC

(FCCm) slowly transforms to HCP at temperatures below

750 �C, but the transformation rates rapidly increase from

750 �C until at *945 �C when the alloy structure becomes

100% HCP. It is noteworthy (see Fig. 3) that the

HCP ? FCCs transformation starts at T [ 1025 �C and

ends at 1125 �C. Apparently, in the temperature range of

25–945 �C there is enough thermal energy to favor the

FCCm ? HCP transformation.

According to the literature [19], the HCP phase is

formed from metastable FCC via a martensitic reaction

whose nucleation stage is thermally activated and can be

rate limiting. Thus, the exponential trend exhibited by the

FCCm ? HCP transformation at T [ 785 �C (see Fig. 3)

indicates that HCP nucleation is readily available for

the transformation of the metastable FCC phase. At

T \ 785 �C, the activation of nucleation sites seems to be

hindered by the lack of enough thermally activated dislo-

cation maneuvers which will give rise to stable nuclei

θ

(a)

(b)

Fig. 1 a SEM micrograph of

the Co-based alloy in the

as-received condition including

EDXS spectra of (Cr, Mo) and

Cr rich carbides. b X-ray

diffraction patterns of AR

material obtained after a

solution treatment (ST: 15 min

at 1150 �C followed by water

quenching) and after isothermal

aging (A: 12 h at 850 �C)
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configurations [19]. Hence, only a relatively small number

of nuclei participate of the transformation, accounting for

the much slower transformation rates exhibited below

785 �C.

From Fig. 3, it is evident that the maximum temperature

at which the FCCm is present in the alloy microstructure is

approximately 950 �C. Hence, it was decided to investi-

gate the effects of temperature on the kinetics of the

FCCm ? HCP during isothermal aging. The results are

described in the following section, and they are compared

with similar results obtained in a Co–27Cr–5Mo–0.05C

alloy [6, 7] in an effort to understand the role of C in this

transformation.

HCP ? FCC transformation

In the case of the alloy with a starting HCP crystal structure

the transformation behavior is somewhat surprising. As

shown in Figs. 2b and 3, during heating from room tem-

perature, the HCP phase partially transforms to FCCm with

a maximum of 40% transformation at 700 �C. As the

temperature is increased above 700 �C some of the newly

formed FCC phase reverts to HCP until at about 950 �C

when the HCP ? FCCm mixture rapidly transforms to

FCCs. According to the experimental data presented in

Fig. 3, this transformation ends at approximately 1050 �C.

Apparently, the presence of FCCm during the transforma-

tion of the HCP phase accelerates the formation kinetics of

the stable FCC phase in this alloy. In this case, it is not

evident why metastable FCC should transform from the

most stable HCP phase. A plausible explanation can be

related to the development of local internal stresses within
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Fig. 2 X-ray diffraction

patterns in the Co-based alloy as

a function of temperature for

a an initial FCC matrix and

b for a predominant HCP matrix
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Fig. 3 Resultant volume percent transformation in isochronous
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transformation sequence
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the Co matrix. Internal stresses can arise from second phase

precipitation reactions and/or thermal expansion differ-

ences between the FCC and HCP phases. In the work of

Saldı́var-Garcı́a et al. [7, 20], it was found that the

FCC ? HCP transformation in a Co–27Cr–5Mo–0.05C

alloy is accompanied by a contraction along the c-HCP

axis. In turn, the stresses induced as a result of the thermal

contraction along the basal planes might favor the forma-

tion of additional stacking faults and HCP martensite plates

on (111) FCC planes.

Similar arguments can be used for precipitation reac-

tions where the matrix surrounding the precipitates will be

under compression. However, the development of these

types of stresses is not able to explain the HCP to FCC

transformation at temperatures much lower than the equi-

librium HCP/FCC temperature.

Hence, a likely explanation is related to a possible

carbon supersaturation of the initial HCP e-martensite. It is

well known that there is no measurable solubility of

carbon in HCP cobalt [21] and during the FCC to HCP

transformation carbon will tend to segregate at HCP

embryos at defects such as partial dislocation cores in FCC

stacking faults. In turn, this would lead to highly reduced

dislocation mobilities and a retardation of the isothermal

transformation.

Accordingly, at increasing temperatures above room

temperature, some carbon-supersaturated e-martensite

plates might gain enough thermal energy to exhibit

expansion and in this process give rise to metastable FCC.

These arguments are supported by a similar experimental

work carried out in a low carbon (0.05%) version of the

Co–Cr–Mo alloy [6, 7]. In this work, no HCP transfor-

mation into metastable FCC was found at temperatures as

high as 945 �C. Since, except for the C content, the alloy

composition was similar to the one investigated in this

work, it is apparent that the main differences are related to

the carbon content which in turn can explain the experi-

mental outcome of this work.

FCCm ? HCP transformation kinetics

Figure 4 shows peak intensity profiles obtained at room

temperature of samples heated at a rate of 1 �C/s to

1150 �C in the hot stage of the X-ray diffractometer,

soaked during 15 min, cooled at -1 �C/s to temperatures

between 675 and 950 �C/s and finally cooled as fast as

possible to room temperature. As can be seen, this type of

heat treatment also produced structures consisting of 100%

FCCm, indicating that the structure of the alloy at the

beginning of aging must also have been 100% FCCm.

Notice that no athermal e-martensite was produced during

cooling to room temperature.

Figure 5 shows the effect of aging time on the amount of

HCP martensite formed during isothermal aging at temper-

atures between 675 and 900 �C after cooling from 1150 �C.

Notice that the transformation starts after an appreciable

incubation period and follows an approximately sigmoidal

40 45 50 55

In
te

ns
ity

 (
a.

u.
)

2θ 

(111)

(200)

Fig. 4 X-ray diffraction patterns of Co–27Cr–5Mo–0.23C alloy

solution treated for 15 min at 1150 �C, cooled at 1 �C/s to the

indicated temperatures and then quenched to room temperature

Fig. 5 Effect of temperature on the kinetics of the FCCm ? HCP

transformation in Co–27Cr–5Mo–0.23C alloy solution treated during

15 min at 1150 �C and then cooled at 1 �C/s to isothermally aging

temperatures between 675 and 900 �C
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behavior as in previous works [5–10]. It is noteworthy

that isothermal aging for up to 6 h produces a full

transformation only at 825 and 850 �C and that the rate of

transformation is slower during aging at lower or higher

temperatures.

Figure 6 compares the kinetic data obtained at

825–850 �C with those reported by Saldı́var-Garcı́a et al.

[6] on a low C (0.05%) Co–27Cr–5Mo alloy exposed to a

similar heat treatment. As can be seen, in the high C alloy

the incubation period is about four times longer and the

average transformation rate is slower than in the low C

content alloy. From the experimental outcome (data in

Fig. 5), TTT curves were plotted as shown in Fig. 7.

Maximum transformation rates (nose of TTT diagrams)

were found between 800 and 850 �C. In the work of

Saldı́var-Garcı́a et al. [6] maximum transformation rates

were observed between 800 and 875 �C.

Resultant microstructures from the FCCm ? HCP

transformation

Figure 8a and b is SEM micrographs illustrating the

microstructures of samples aged for 5.5 h at 775 and

850 �C, respectively. The amounts of HCP phase present in

these microstructures are 68 and 100%, respectively (see

Fig. 5). Notice that isothermal aging gives rise to a

microstructure consisting of colonies of very fine, uni-

formly oriented, discontinuous lamellae resembling a

pearlitic-type microstructure. Individual lamellae of irreg-

ularly shaped boundaries and various colonies with dif-

ferently oriented lamellae can be observed within a given

grain.

The morphology of the FCCm ? HCP transformation

product illustrated in Fig. 8 is similar to that reported by

Vander Sande et al. [5] in cast and wrought HS21 alloys

aged 50 h at 650 �C, by Taylor and Waterhouse [15] in cast

and solution treated Co–28.3Cr–5.4Mo–0.26C alloy aged

between 750 and 1000 �C. Saldı́var-Garcı́a et al. [6, 7, 13]

found similar microstructures in a low carbon solution

treated Co–27Cr–5Mo–0.05C aged at temperatures

between 650 and 950 �C. These workers also followed the

microstructural changes as a function of aging time. Their

results indicate that the lamellae appear to form preferen-

tially at matrix/twin interfaces and gbs with no apparent

compositional changes and sizes that do not increase

with increasing aging times. They concluded that the

FCCm ? HCP transformation proceeds by continuous

nucleation of HCP lamellae.

As mentioned before, the sigmoidal shape of the trans-

formation curves shown in Figs. 5 and 6 are similar to

those observed by Saldı́var-Garcı́a et al. [6, 7] in a low

carbon solution treated Co–27Cr–5Mo–0.05C aged at

temperatures between 650 and 950 �C. This behavior is

similar to the observations of Cong et al. [9] for the mar-

tensitic transformation during the isothermal aging of Co–

27Cr–5.5Mo–0.25C alloy powders and by Rajan [14] for

solution treated and quenched Co–26.7Cr–5.5Mo–0.15C

alloy. The sigmoidal kinetics was explained in terms of

thermally activated nucleation of HCP martensite where

the rate limiting stage was the thermally activated motion

of Shockley partial dislocations and their interaction with

solute clusters.

In the higher carbon content alloys, small carbide

particles were invariably found to have precipitated

discontinuously in the newly formed HCP phase. In the

Co–27Cr–5Mo–0.23C alloy investigated in this work,

carbide precipitation was not detected by SEM and only the

coarse Cr and Mo rich carbides observed in the solution

Fig. 6 Effect of C content on the kinetics of the FCCm ? HCP

transformation in Co–27Cr–5Mo–0.23C alloy solution treated during

15 min at 1150 �C, cooled at 1 �C/s to 825–850 �C and isothermally

aged at these temperatures. Comparison with Co–27Cr–5Mo–0.05C

alloy, Ref. [6]
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treated condition (see Fig. 1) were observed in the aged

microstructures (see Fig. 8). Apparently, the temperature

of the solution treatment in the FCC phase stability field

(1150 �C) was not highly enough and the aging times were

relatively short to promote carbide dissolution. Therefore,

carbide re-precipitation during cooling and aging is unli-

kely to have occurred in the present material. This con-

clusion is supported by the observations of Taylor and

Waterhouse [15] and others that, in most Co–Cr–Mo–C

alloys, carbide dissolution takes place at temperatures in

excess of 1210 �C.

FCCm ? HCP transformation during isothermal aging

From the results described in the previous section it

appears that increasing the C content from 0.05 to 0.23

wt% retards the kinetics of the FCCm ? HCP transfor-

mation in Co–27Cr–5Mo alloys subjected to a solution

treatment at 1150 �C and then cooled and aged at tem-

peratures between 675 and 950 �C. The apparent activation

energy, Q, for the transformation was estimated at various

temperatures using the following expression [22]

Q ¼ �RT ln
N0:05

nv

� �
ð1Þ

where n is the density of martensite nucleation sites

(106 cm-3 taken from Magee [23]), v is the nucleation

attempt frequency (1011 s-1 taken from Magee [23]), R is

the universal gas constant, N0.01 is the nucleation rate per

volume for 0.01 transformation, and T is the absolute

temperature. In addition, the average volume of

transformed martensite plates, V can be calculated using

the method of Fullman [24], where V is given by

V ¼ p2f

8ENA

ð2Þ

In this equation, f is the volume fraction of martensite, E is

the average of the reciprocal length of martensite plates as

measured on a random cross-section, and NA is the number

of plates per unit area.

Figure 9 shows the rate of nucleation per volume (N0.01)

for temperatures in the range of 650–950 �C; maximum

nucleation rates are observed between 850 and 875 �C. In

addition, various activation energies were estimated as a

function of temperature for this temperature range (see

Fig. 9). Notice that the magnitudes of the exhibited acti-

vation energies tended to decrease slightly with increasing

temperature in the range of 650–875 �C and then increase

at higher temperatures. Despite these tendencies, the

magnitudes of Q at temperatures between 650 and 950 �C

(38 and 47 kcal/mol) are in good agreement with published

reports [6, 7]. For comparison purposes, nucleation rate and

activation energy data reported by Saldı́var-Garcı́a et al. [6]

for a low C (0.05%) Co–27Cr–5Mo alloy are included in

the graphs of Figs. 8 and 9, respectively. Notice that the

increase in C content seems to have a limited effect both in

N0.01 and in Q.

The activation energies for the FCCs ? HCP transfor-

mation can be related to any active microstructural barriers

for the split of lattice dislocations into Shockley partials.

Olson and Cohen [25] attributed the transformation to be

rate limited by the thermally activated motion of partial

dislocations bounding a fault. Apparently, the e-martensite

transformation can be rate limited by the interaction

between Shockley partials and short-range obstacles. In the

work of Cong et al. [9], the short-range obstacles were

considered to be mainly stacking fault intersections and

solute clusters (Fig. 10).

Fig. 8 SEM micrographs of the

room temperature

microstructures exhibited by

samples annealed 15 min at

1150 �C, cooled and

isothermally aged at a 775 �C

and b 850 �C

Fig. 9 Nucleation rates as a function of temperature during isother-

mal aging in the Co-based alloy. The alloy was previously annealed at

1150 �C for 15 min. Notice maximum nucleation rates at 825–850 �C

and a comparison with Co–27Cr–5Mo–0.05C alloy, Ref. [6]
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In this work, the most likely solute which is expected to

act as a short-range obstacle is carbon as it remains

supersaturated in solid solution. Yet, as shown in Fig. 9,

there is no significant influence of the carbon content on the

activation energies when compared with those reported for

a low carbon (0.05% C) Co-based alloy [6, 7].

Carbon effects

The FCC to HCP transformation kinetics has been inves-

tigated by various workers for Co–Cr–Mo–C alloys with

various carbon contents and different processing conditions

[5–10]. In general, the transformation kinetics seems to be

delayed in cast Co-based alloys when compared with

wrought ones of similar carbon contents and aging treat-

ments [10]. Moreover, for similar annealing and aging

conditions in Co-based alloys the transformation kinetics is

hindered with increasing carbon contents [10]. Upon alloy

cooling from the annealing temperatures, carbon remains in

solid solution either at interstitial sites in the transformed

HCP athermal martensite, or at the FCC metastable phase.

Since the carbon solubility in HCP cobalt is non-existent

according to the phase diagram [21], it is expected that the

stacking fault energy, c will be increased significantly.

From the point of view of Suzuky segregation, the effect of

c can be described by the existing interstitial chemical

potentials li, as well as solute and solvent chemical

potentials [26]. In the limiting case of a pure metal under

constant T and P, the c dependence on li can be described

by [26].

dc ¼ �½Ci � Ci=C1ð ÞC1Þdli ð3Þ

where Ci is the surface excess of interstitials, C1 is the

surface excess of solvent, and Ci and C1 are the mole

fractions of interstitials and solvent, respectively. The

above expression indicates that an atmosphere of intersti-

tials can form on a fault, with the consequent modification

in stacking fault energy. Accordingly, changes in the

stacking fault energy can lead to relatively high c values

depending on the local interstitial contents of carbon and

nitrogen. However, there is no published data on Ci nor on

the effect of interstitials on c. In this work, the effect of

interstitials on c, particularly carbon could not be assessed.

The experimental outcome indicates that carbon effects if

any, should occur at levels of 0.05% or below as the

exhibited Q does not differ much from the ones reported

for low carbon versions [6, 7].

Additional evidence for the role of C on the

FCC ? HCP transformation can be found by considering

the development of e-embryos from high temperature

anneals and upon cooling to the aging temperatures. In this

case, relatively small amounts of athermal martensite are

exhibited after quenching (\12 vol.%), strongly suggesting

that most of these embryos are unable to become active

nuclei. Apparently, only a small fraction of embryos with

relatively low c’s are able to become effective sites for the

development of athermal martensite [25]. Moreover, the

Shockley dislocation partials which make the martensite

embryos are not able to split indefinitely. In this case, the

strain energy associated with the elastic fields of carbon-

supersaturated partial dislocations might increase, as well

as the coherency strains (i.e., deformation energy, associ-

ated with the HCP/FCC interphase [19]).

Conclusions

• A fully FCC matrix transforms rather fast at tempera-

tures above 725 �C, reaching a maximum transforma-

tion into the HCP phase at 940 �C.

• When the matrix is fully HCP, some HCP martensite

reverts to metastable FCC at temperatures below

625 �C.

• TTT diagrams were determined from determinations of

volume percent of e-martensite as a function of time

and temperature during isothermal aging between 675

and 900 �C.

• Maximum isothermal transformation rates were found

to occur at 825–850 �C.

• The exhibited activation energies for the isothermal

transformation were of the order of 41–52 kcal/mol.

• A lamellar morphology was found to be predominant at

the aging temperatures considered in this work.
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