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In the present work, a drastic increase in the formation of athermal ε-martensite was experimentally
found after casting a Coe20Cr alloy in a water cooled Cu-mold. Under these conditions, rapid solidifi-
cation was achieved with an alloy cooling rate of 278 K/s (approx.). The amount of precipitated athermal
ε-martensite measured using X-ray diffraction was 97.26 vol. %. An inspection of the exhibited micro-
structure indicates that rapid solidification promotes appreciable dendrite grain refinement and alloy
homogenization. In addition, the dendritic structure contained numerous visible striations associated
with the athermal g 4 ε transformation. Transmission electron microscopy showed the development of
an extremely large amount of stacking faults and stacking fault intersections, including ε-martensite
plates. The microstructural characterization included an estimation of average ε-martensite plate di-
mensions by assuming an ellipsoidal plate geometry. These results where compared with predictions of
critical ε-martensite embryo dimensions by using Eshelby's inclusion theory. In addition, a determination
of the chemical volumetric free energy change, DGV using a regular solution model indicated that this
term is rather small. Consequently, the energy barrier for spontaneous nucleation in the Coe20Cr is
relatively large when compared with other alloy systems.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Co-based alloys are widely used in biomedical applications due
to their excellent corrosion resistance, wear and mechanical
properties [1,2]. These properties are intimately related to the
relative amounts of g-FCC (face centered cubic) and ε-HCP (hex-
agonal close-packed) phases present in the alloy. From the Co-Cr
binary system, it is found that phase equilibria between g-Co and
ε-Co in the Co-rich region occurs at 1073.15 K (800 �C), Fig. 1. Below
this temperature, the thermodynamically stable phase is expected
to be HCP ε-Co [3]. Nevertheless, the g 4 ε transformation is
severely limited by nucleation events, which give rise to faulting
[4]. Consequently, in most conventionally solidified Co-Cr-Mo-C
alloys the g-Co FCC-phase is retained at room temperature [5e7].
Apparently, the g-FCC / ε-HCP transformation is extremely
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sluggish under conventional solidification conditions due primarily
to limited chemical driving forces available at the transformation
temperature [5e7].

In cobalt alloys, the martensitic transformation can be induced
by (1) athermal, (2) isothermal and (3) strain induced mechanisms
[5,8e12]. In particular, in athermal transformations the amount of
transformed martensite depends primarily on the quenching
temperature and not on the residence time at this temperature.
Experimentally, it has been found that in conventionally solidified
Co-Cr-Mo-C alloys the reported amounts of athermal ε-martensite
are relatively small, not exceeding 20 vol. % in most cases [6,13]. The
limited extent of athermal martensite induced in Co-Cr-Mo alloys
has been attributed to the lack of enough defects necessary for the
spontaneous formation of ε-embryos during alloy cooling from the
g-phase.

The work by Olson and co-workers [14] has shown that when
the alloy stacking fault energy (gSF) becomes zero or negative
ε-martensite embryos can be formed spontaneously. The nucle-
ation defect being a faulting mechanism consisting of a group of
lattice dislocations where the motion of a Shockley partial on every
second FCC closed packed plane gives rise to an ε-phase nucleus.
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Fig. 1. The CoeCr binary phase diagram.
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Among the possible faulting defects suggested are tilt boundaries,
twin intersections, incoherent twins or inclusion interfaces [14,15].
Yet, the estimated density of the proper faulting defects is of the
order of 105e107/cm3, which explains the sparse amounts of
precipitated athermal martensite in cobalt based alloys [14].

In the work of Olson and Cohen [14], the effect of rapid alloy
solidification was not considered. Nevertheless, there are reports
that indicate that in Co-based alloys the athermal martensitic
transformation is strongly promoted by rapid solidification from
the melt [16e20]. Accordingly, in this work, the effect of rapid so-
lidification on the athermal ε-martensite transformation is inves-
tigated in a Coe20Cr alloy. In particular, this work is aimed at
disclosing the microstructural conditions which give rise to
appreciable nucleation of athermal ε-martensite embryos when
chill casting conditions are imposed.

In addition, the basic concepts of classical nucleation are
considered in identifying conditions for spontaneous embryo for-
mation. In this case, the crystallographic features of the martensite
transformation are accounted for by including a Bain distortion and
Eshelby's inclusion treatment [21]. The energetics of the proposed
mechanism is then used in defining critical geometrical parameters
for the formation of a spontaneous martensite embryo. The pre-
dictions of the proposed analysis are then compared with experi-
mental determinations based on scanning and transmission
electronmicroscopy of embryo dimensions in athermally nucleated
ε-martensite.
Fig. 2. (a) Martensite embryo with thin ellipsoidal geometry, c and a corresponds to
semi-thickness and radius, respectively, (b) Top view for martensite embryo that re-
sembles a flat plate, (c) In front view for martensite embryo that resembles a needle-
shaped morphology.
1.1. Athermal nucleation

In the work of Olson and Cohen [14], the classical nucleation
theory was used in identifying energetic conditions for the spon-
taneous nucleation process of martensite embryos. In their work,
the critical condition for spontaneous embryo nucleationwas taken
to be gSF¼ 0. In addition, the critical embryo sizewas given in terms
of the number of dissociated lattice dislocations in the inclusion. In
the proposed analysis, minimal energy conditions for embryo
nucleation were found as a function of the embryo geometry (size
and thickness) by using the method proposed by Easterling and
Th€ol�en [21]. In this method, the energy considerations for the
austenite-martensite transformation are defined by the well-
known Eshelby formalism [22].

Consider a martensite embryo plate (such as the ones found in
the directionally solidified Coe20Cr alloy) which is expected to
nucleate upon cooling. Energetically, various workers [14,21] have
suggested that martensite nucleation from a defect occurs as a
result of the propagation of existing strain fields rather than energy
consumption by the phase change. In this context, the structural
defects capable of acting as nucleation sites must possess long
range stress fields [14]. Among the reported faulting defects that
promote embryo nucleation are incoherent twin boundaries, grain
boundaries and incoherent inclusion particles [15,23].

In addition, consider a Bain distortion which gives rise to
martensite from the austenitic matrix with a minimum of atomic
displacements and an invariant plane condition. In the case of a
small inclusion, lattice invariant deformationmight not be required
as the inclusion is under the strain field of a defect. Accordingly, the
total energy associated with the nucleation process is given by
Ref. [21].

Etot ¼ Esurf þ Estrain þ Echem þ Eint : (1)

Notice that the total energy incorporates (a) the coherent
interfacial energy between the austenite matrix and the martensite
embryo (Esurf), (b) coherency strains due to a change in lattice pa-
rameters (Estrain), (c) the difference in chemical free energy for the
austenite-martensite transformation (Echem) and (d) interaction
between the strain field of a Shockley partial and the strain field of
the martensite embryo (Eint). Since ε-martensite embryos result
from the dissociation of a number of properly spaced lattice dis-
locations, the development of stable nuclei is then plausible
whenever a net energy reduction occurs through the incorporation
of a dissociated dislocation onto the critically sized martensite
embryo.

Considering the geometry for martensite nuclei assumed by
Easterling and Th€ol�en [21] and by Olson and Cohen in Ref. [24], a
single martensite embryo possessing a thin ellipsoidal geometry
can be defined by a semi-thickness c, a radius a and volume V. The
thin ellipsoidal geometry for the martensite embryo is shown in
Fig. 2. This figure also contains a top view of the ellipsoidal embryo
which resembles a flat plate, as well as a front view resembling a
needle-shaped inclusion. In addition, it is assumed that the trans-
formation can be expressed by a simple shear of magnitude S and
that the interaction of the strain field of the Shockley partial is
compatible with the strain field of the martensite embryo. Under
these assumptions, Eq. (1) can be rewritten as [21].

Etot ¼ 2psa2 þ pm

2

�
S
2

�2ð2� yÞ
ð1� yÞ

c
a
V � DGVV � p2mSb

4
2� y

1� y
ac;

(2)

In the above expression, the total energy is a function of the
surface energy (s), the shear modulus of the austenite matrix (m),



Table 1
Selected alloy properties.

Property Value in I.S. units Reference

S 0.2 [21]
s 0.0075 J/m2 [28]
m 8.8 � 1010 Pa [28]
y 0.28 [28]
b 0.145 � 10�9 m [28,29]
DGV 2.098 � 106 J/m3 e

Table 2
Computed DGV, energy barrier values and critical parameters for athermal
martensite nucleation in selected alloys.

Alloy [reference] DGV [J/m3] Energy barrier [J] c [nm] a [nm]

Coe20Cr 2.098 � 106 5.692 � 10�12 6.953 20176
Coe29Cre6Mo [28,30] 7.801 � 106 6.065 � 10�15 1.652 938.84
Steel [21,31] 1.740 � 108 6.650 � 10�16 2.044 53.331
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Poisson's ratio (y), the volumetric chemical free energy difference
(DGV) and the magnitude of the Burgers vector intrinsic to the
Shockley partial (b). The value of s used is minimum as it corre-
sponds to a fully coherent interface, but increases as the interface
becomes semi-coherent. According to various workers, in transition
metals and alloys the value of s varies from 0.005 to 0.015 J/m2

[25,26]. In addition, the magnitude of m is of the order of 1010 Pa
[27] whereas y is around 1/3 [21].

The shear transformation can be determined by the strain over
the inclusion; in this instance, the various parameters used in Eq.
(2) are given in Table 1. The total energy associated with the
athermalmartensite embryowas estimated using the data reported
by Yamanaka and co-workers for a Coe29Cr-Mo alloy [28] (see
Table 2). Moreover, DGV is highly sensitive to the molar weight of
the elements involved, as well as, to the austenite-martensite
transformation temperature, Hence, in this work a determination
ofDGV is made by considering a regular solutionmodel as described
in Appendix A.

Fig. 3 shows the total energy surface contour predicted by Eq. (2)
by arbitrary varying the c and a geometrical martensite plate pa-
rameters. From this graph, minimal energy conditions required for
embryo nucleation can be found including critical parameters that
Fig. 3. Energy surface generated by arbitrary variation of c and a plate dimensions in Eq
FeeCreNi steel are marked by a circle, a square and a triangle, respectively.
satisfy minimal energy conditions (as described in the minimal
energy subsection). In addition, Fig. 3 shows the critical dimensions
needed formartensite nucleation from an austenitic matrix in other
alloy systems.
1.2. Minimal energy

Minimal energy conditions necessary to surmount the energy
barrier for nucleation can be estimated by a partial derivation of Eq.
(2) [21] with respect to the a and c parameters. As a result of this
derivation, a system of two coupled equations is obtained, which
can be described by the array in Eq. (3). In this expression, each
partial derivation evaluated for the critical parameters ccrit and acrit
must be equated to zero. The equations for the critical parameters
obtained by this method thus provide the semi-thickness and
radius that satisfy the minimal energy state. A minimal energy
expression can then be obtained by substitution of the critical pa-
rameters ccrit and acrit into the energy equation (Eq. (2)).

8>>>>>>><
>>>>>>>:

v

vc
Etotða; cÞ

���� c ¼ ccrit

a ¼ acrit

¼ 0

v

va
Etotða; cÞ

���� a ¼ acrit

c ¼ ccrit

¼ 0

: (3)

In the case when there is no interaction between the strain field
of the Shockley partial dislocation and the strain field of the
martensite embryo (Eint¼0), critical parameters that satisfy Eq. (3)
are given by Eqs. (4) and (5).

ccrit ¼
2s
DGV

; (4)

acrit ¼
5psm

ðDGV Þ2
�
S
2

�2

: (5)

Under these assumptions, the minimal energy condition can be
described by the expression proposed by Easterling and Th€ol�en
[21].
. (3). Minimal energy conditions for the Coe20Cr alloy, a Coe29Cre6Mo alloy and a



Table 3
Computed critical parameters (c and a) and critical energy contributions for an
ellipsoidal plate in the Coe20Cr alloy. Energy units are expressed in pJ.

Condition c [nm] a [mm] Esurf Estrain Echem Eint Etot

Eint¼0 7.150 23.553 26.143 16.654 �34.857 0 7.940
Eints0 6.953 20.176 19.183 13.492 �24.873 �2.110 5.692
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Emin ¼ 50p3

3
s3m2

ðDGV Þ4
�
S
2

�4
: (6)

Alternatively, in the case of interaction between the strain field
of the partial dislocation and the strain field of the martensite
embryo ðEints0Þ, minimal energy and critical size parameters do
not have general analytic expressions equivalent to Eqs. (4) and (5).
When Eints0, critical parameters are obtained by numerical sub-
stitution of all constants involved in the system given by Eq. (3). To
ensure an accurate calculation, a solution to the system of coupled
equations was obtained by using the Wolfram Mathematica®

software. The results of minimal energy computations are given in
Table 3. The first column refers to no interaction whereas the sec-
ond column considers the effect of strain field interactions. The
computed energies were calculated for the critical plate di-
mensions determined in this work (see 1.1. athermal nucleation
subsection) and they are also given in Table 3.

An important result of the above analysis (see Table 3) indicates
that the elastic field interactions between the Shockley partial and
the martensite embryo leads to a net reduction in the surface and
strain energy contributions to martensite embryo nucleation. In
turn, a reduction in the total energy barrier for nucleation of around
2.270 pJ implies that nucleation is highly favored by the propaga-
tion of the interacting elastic fields. Thus, the spontaneous nucle-
ation of athermal ε-martensite is assisted by further dissociation of
partial dislocations. Table 3 summarizes the outcome on computed
chemical volumetric free energies, critical energy barriers and the
martensite plate dimensions, a and c.
Fig. 4. (a) Scheme of the casting process showing the cooper mold coupled with the cooling
and, the Coe20 wt. % Cr alloy plate. The unidirectional heat flux is in the x-direction perpe
curve: fit and extrapolation). (For interpretation of the references to color in this figure leg
2. Experimental

High purity cobalt (99.99%) and chromium (99.99%) were used
as starting metals for processing the experimental Coe20 wt. % Cr
alloy. The alloy was processed by vacuum induction melting under
an argon (Ar) atmosphere. In order to avoid melt contamination
alumina crucibles were used for alloy casting [32]. The foundry
process consists of three vacuum times, each of twenty minutes
prior to melting. Along with the three vacuums, argon purges were
implemented to remove any residual oxygen inside the furnace.

Subsequently, the liquid metal was brought to a temperature
above 2200 K (1926 �C approx.), to ensure the complete dissolution
of chromium (Cr). Finally, the liquid alloy was poured at a tem-
perature of 1873.15 K (1600 �C) in a Cu-mold coupled with a cooling
systemwhere water is recirculating at all times during melting and
in the casting process, (Fig. 4 (a)). In turn, this enabled the tem-
perature of the cooper mold to remain always at around 298.15 K
(25 �C). A cooling rate of the order of 278 K/s was achieved at the
time of casting. The temperature profile for these cooling condi-
tions (Fig. 4(b)) was recorded using an Amprobe TMD90A Digital
Thermometer with R type thermocouples inserted into a ceramic
sheath, embedded in the cooling metal.

Plates of 10 cm � 5 cm � 7 mm were cast and the developed
phases were identified and quantified by X-ray diffraction in a
Siemens D-5000 diffractometer using Ka-Cu (1.5418 Å) radiation.
Metallographic preparationwas achieved by grinding all the way to
2000 grit paper followed by polishing with 1 mm alumina slurry.
Electrolytic etching at 6 V and 5 mA for 20 s using a 60 vol. %
HNO3 þ 40 vol. % H2O solution revealed the alloy microstructure.
The as-cast microstructure was examined by scanning electron
microscopy (SEM) in a JEOL-7600f microscope coupled with an
energy dispersed X-ray microanalysis (EDS). Thin foils for trans-
mission electron microscopy (TEM) were prepared using a Struers
Tenupol 2 3 5 Twin Jet Electro Polisher in a 60 vol. % HNO3 þ 40 vol.
% H2O solution as electrolyte. A JEOL-TEM operating at 120 kV was
used for observations of selected area electron diffraction (SAED)
patterns.
system where water (298.15 K) is recirculating all the time during melting and casting
ndicular to cast direction, (b) Temperature profile (black curve: experimental data, red
end, the reader is referred to the web version of this article.)



Table 4
Relative X-ray intensities and vol. pct. ε-martensite in the Coe20Cr alloy.

Alloy HCP (vol. %) Ið1010ÞHCP [u2] Ið200ÞFCC [u2]

Coe20 Cr 97.26 464.61 8.71

Fig. 6. Schematic illustration of coherent growth between g-FCC and ε-HCP phases in
the austenite-martensite transformation. Notice the relationship between the cHCP
lattice parameter and the major diagonal in the FCC unit cell.
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3. Results

3.1. X-ray diffraction

Fig. 5 shows X-ray diffraction peaks for the as-cast directionally
solidified Coe20Cr alloy. Notice that the first (111) and second (200)
diffraction peaks corresponding to the g-FCC phase appear at 2q
values of 44.74� and 52.74�, respectively. Also, notice that the
ð1010Þ, (0002) and ð1011Þ HCP ε-phase peaks are found at 41.5�,
44.74� and 47.37� 2q values, respectively. For determinations of
athermal ε-martensite the method proposed by Sage and Guillaud
[33] was employed using the expression.

HCP ðwt:%Þ ¼
I
�
1011

�
HCP

I
�
1011

�
HCP

þ 1:5 Ið200ÞFCC
; (7)

where I(200)FCC and Ið1011ÞHCP are the integrated intensities of the
(200)g and ð1011Þε diffraction peaks for the FCC and HCP phases,
respectively. The relative intensities and the amount of athermal
ε-martensite in the Coe20Cr alloy are given in Table 4. In particular,
notice a dramatic increase in the amount of transformed athermal
ε-martensite which approaches 100% (97 vol. %) induced through
rapid solidification. In addition, the g-Co (FCC) and ε-Co (HCP)
lattice parameters were calculated using Bragg's law and the cor-
responding crystallographic expressions for interplanar spacings
[34]. For the FCC phase, lattice parameter determinations were
based on the average values found for the (111), (200), (220) and
(311) peak positions, whereas the ð1010Þ, (0002) and ð1011Þ peaks
were used for the HCP-phase.

It is well known [8] that coherent growth in the Bain distortion
as represented in Fig. 6 includes two mechanisms: (a) an invariant
axis trough coherent growth and, (b) a contraction and expansion
in the other lattice axes. In Co-based alloys, the martensitic trans-
formation shows an invariant plane along the [111] and [0002] axes
for the g-FCC and ε-HCP phases, respectively [25]. In turn, this
implies that the magnitude of the cHCP lattice parameter should
equal 2/3 the main diagonal of the FCC unit cell. From the X-ray
diffraction data (see Fig. 5), the estimated lattice parameters are
aFCC ¼ 3.46443 Å and cHCP ¼ 3.92099 Å for the as-cast Coe20Cr
Fig. 5. X-ray diffraction pattern of the as-cast directionally solidified Coe20Cr alloy
cooled at 278 K/s.
alloy. From this outcome a contraction along the c-axis (i.e. normal
to the basal plane) of around 1.98% was found which can be asso-
ciated with additional strain contributions to the coherency strain
when the martensitic transformation occurs.
3.2. Microstructural features

Fig. 7 is an SEM micrograph of the columnar dendrites devel-
oped by directional solidification showing 001 preferential orien-
tation. Notice the vast amounts of martensite as evidenced by the
supersaturated arrays of straight transgranular markings known as
striations. These striations, typical of athermal ε-martensite are
found inside the columnar dendrites. Moreover, this figure sche-
matically shows the dissociation of a lattice dislocation 1

2 ½101� into
its Shockley partial components 1

6 112 and 1
2 ½211� along closest

packing (111) planes [35] as anticipated in the dendritic structure.
Detailed features of some of the plausible ε-martensite nucle-

ation sites were disclosed by TEM observations. Fig. 8 shows a large
density of stacking faults, including a large number of athermal
ε-martensite plates (Fig. 8 (a)) [5] and coherent interfaces between
the g-FCC/ε-HCP phases (Fig. 8 (b)) [21]. In particular, Fig. 8 (a)
shows the formation of athermal ε-martensite from the austenite
phase in the region labeled “g/ε”. The exhibited morphology of the
athermal ε-martensite is consistent with the HCP1 phase reported
by K. Rajan [36].

From the electron diffraction pattern (Fig. 8 (c)) taken in the area
labeled (2), it is found that the zone axis for the HCP ε-Co is ½0110�.
Also, in the area (1) (see Fig. 8 (b)) both g-FCC and ε-HCP phases are
present with zone axes [011] and ½0110�, respectively. These phases
exhibit a ð111Þ����ð0002Þ orientation relationship. In addition,
randomly orientated athermal ε-marteniste is shown in the bright
field micrograph of Fig. 9 (a) which includes a large amount of
stacking faults, stacking fault intersections and martensite plates.

Fig. 9(bec) are the corresponding dark-field images of the
selected areas (1) and (2), respectively. The corresponding diffrac-
tion pattern is shown in Fig. 9 (d), with a zone axes for the ε-Co, HCP
phase [0001]. The exhibited features of a high density of stacking
faults in these microstructures are analogous to the ones reported
by Zhuang and Langer [37] for a rapidly cooled Co-Cr-Mo alloy.



Fig. 7. SEM micrograph of the as-chill cast Coe20Cr alloy showing a vast martensitic transformation including typical athermal ε-martensite striations within columnar dendrites. It
also shows the dislocation dissociation reaction: 1

2 ½101�/1
6 ½112� þ 1

6 ½211�.

Fig. 8. (a) Bright field micrograph of the as-cast Coe20Cr alloy showing several features related with a high percentage of ε-martensite transformation: a large density of stacking
faults (SF), fine athermal ε-martensite plates and coexistence between g-FCC/ε-HCP phases (diffraction pattern 1), (b) Diffraction pattern of zone labeled as 1 showing a
ð111Þ����ð0002Þ orientation relationship, (c) Diffraction pattern of zone labeled as 2 showing the ε-HCP indexing with a zone axes ½0110�.
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4. Discussion

H. Jones [38] has described conditions for rapid solidification in
alloys systems. In his work he indicated that cooling rates
exceeding 102 K/s fall in the range of rapid solidification. Accord-
ingly, from the experimentally determined cooling curve exhibited
by the Co- 20wt. % Cr alloy in this work, it is evident that the alloy is
in the regime of rapid solidification (278 K/s, Fig. 4 (b)).

From Fig. 5, an estimation of the amount of transformed athe-
rmal ε-martensite in the directionally solidified Coe20Cr alloy gives
97 vol. % ε-martensite. Since the g4 ε transformation is intimately
related to the ability of a stacking fault to extend indefinitely, this
process is strongly dependent of the local variations in gSF with the
solute content of these faults [30]. In this regard, a clear advantage
of employing rapid solidification is the elimination of any detri-
mental effects associated with interdendritic segregation. Fig. 10
shows and SEM micrograph and corresponding X-ray mapping of
chromium in a region of a directionally solidified columnar
dendrite. Notice that Cr is uniformly distributed with no evidence
for solute (Cr) segregation in the interdendritic regions of the
investigated alloy.

In cobalt based alloys, the athermal martensite formation is



Fig. 9. (a) Bright field micrograph of a Coe20Cr alloy showing martensite plates randomly distributed, (b) and (c) are dark-field images of selected areas 1) and 2) respectively. (d)
Selected-area electron diffraction pattern with zone axis ½0001�

ε
.
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expected to occur by a diffusionless mechanism. Yet, the nucleation
stage during the transformation is limited by the availability of
faulting defects such as intrinsic stacking faults. In the work of
Olson and Cohen [14] the critical condition for the spontaneous
formation of athermal martensite embryos is satisfied when
gSF ¼ 0. In addition, martensite nucleation from faulting defects can
be considered as a heterogeneous process closely linked to the
propagation of strain fields between the martensite embryo and
the nucleation defect.

In this work, it is found that rapid solidification introduces a
high density of fault defects including twins, stacking faults and
grain boundaries in agreement with other reports [5,38e40].
Moreover, non-equilibrium cooling from elevated temperatures
Fig. 10. (a) SEM micrograph of the as-chill cast Coe20Cr alloy showing a part of co
generate local vacancy supersaturations around lattice dislocations
[30]. In turn, these high local vacancy supersaturations can give rise
to osmotic forces on the dislocations [35]. These forces are
tremendously high and can easily modify the dislocation sub-
structure through various dislocationevacancy interactions
including climbing and the development of dislocation loops. In
addition, condensation of excess vacancies along closed packed FCC
planes can lead to the development of prismatic vacancy loops
which resemble intrinsic stacking faults except for the nature of the
burgers vector (Frank partial dislocations). Intrinsic stacking faults
have been considered as potential fault defects for the spontaneous
nucleation of athermal martensite embryos [14].

A large density of stacking faults and of ε-martensite plates is
lumnar dendrites directionally solidified, (b) X-ray mapping of Cr (chromium).



Fig. 11. (a) SEM micrograph of athermal ε-martensite plates and their sizes, (b) Length
of ε-martensite plates measured in Fig. 11(a), graphic is divided on different regions in
order to identify the region with statistical mode.

Fig. 12. TEM micrograph showing some residual g-Co phase between fine martensite
plates, as well as selected areas 1) and 2) containing large numbers of aligned athermal
ε-martensite used for plate thickness measurements.
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found in this work due to rapid solidification. This strongly in-
dicates that the density of fault defects which promote sponta-
neous embryo formation is drastically enhanced, well beyond the
ones reported by Olson and Cohen (105e107 per cm3) [14]. From
this work, it is evident that a full g 4 ε transformation in cobalt
based alloys is highly possible when fast cooling rates are imple-
mented such as in rapid solidification processing. The large
amounts of transformed martensite agree with the experimental
outcome from other workers [5,37] of an increasing density of
dissociated dislocations combinedwith stacking faults and stacking
fault intersections in fast-cooled Co-based alloys.

In the investigated alloy, additional lattice straining is experi-
mentally found when the g 4 ε transformation occurs. These
strains consist mainly of a contraction normal to the basal plane of
approximately 1.8 pct. Thus, there is an additional contribution of
coherency energy to the fault energy (Estrain) which arises from
these strains (beyond the ones due to the existing dislocations) and
that are needed to complete the transformation to the product
lattice. In the work of Olson and Cohen [14], an estimation of the
strain energy contribution of a 1 pct. contraction in FeeCreNi alloys
along the hcp c axis yields a value of 42 J/mol which is significant.
Nevertheless, this energy contribution is expected tomonotonically
decrease as the embryos widen along the fault plane. This process is
accomplishedwith increasing separation of the partial dislocations.
Once the conditions described by Eq. (6) are satisfied, spontaneous
formation of a martensite embryo occurs. Notice from Eqs. (4) and
(5) that in the investigated Coe20Cr alloy that the nucleated plate
length is relatively large when compared with the ones predicted
for other systems (see Table 2). This effect can be attributed to the
relatively large c axis contraction (1.8 pct.) which is expected to
increase the contribution of coherency energy by almost two fold
when compared with the one estimated by Olson and Cohen [14].

Determinations of martensite plate dimensions a and c were
made by SEM and TEM means. Fig. 11 (a) shows the length of
athermal ε-martensite as resolved by SEMmeans. Inasmuch as this
length is delimited by striations that correspond to the extended
dislocations which enclose several martensite plates. Since the
plane of the examined alloy surface will cut martensite plates at
different locations, a distribution of plate lengths is found as shown
in Fig. 11 (b). Notice from this Figure, that plates are located on the
largest length range (37e42 mm). Because of the high occurrence
probability that accompanies the statistical mode, length mea-
surements on this region can be used to estimate a representative
length for martensite plate. The average plate length obtained is
40.952 ± 2.875 mm, this value is in good agreement with the one
predicted by the proposed analysis (see Fig. 2 and Table 3).
Martensite plate thickness cannot be resolved in the SEM and
further work was carried out using transmission electron micro-
scopy for thickness determinations.

Fig.12 shows an area containing a copious number of martensite
plates aligned in a preferential direction. From this figure, the
thickness of athermal ε-martensite plates is clearly visiblemaking it
possible to make measurements directly in the TEM yielding values
of approximately 13.793 nm (this corresponds to the 2c value). A
comparison of the experimentally measured plate dimensions 2a
(40.352 mm) and 2c (13.906 nm) with the predictions based on
minimal energy conditions for spontaneous embryo nucleation
yield errors of only 1.486% and 0.812%, respectively (see Table 3).
The slight variations between the experimental evidence and the
theoretical predictions may be attributed to oversimplification in
the computed calculations as more detailed expressions for the
energy barrier components and corresponding critical parameters
require increasingly complex interactions that are not included in
Eshelby's inclusion treatment. Notice that these estimations as-
sume that during the athermal transformation, martensite
nucleation is dominant whereas growth is severely hindered. In
particular, from this outcome the density of nucleating fault defects
can be estimated by considering a mean plate volume of
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1.211 � 10�11 cm3. Based on this value, the density of faulting de-
fects that act a nucleation sites can be estimated yielding
8.258 � 1010 embryos/cm3.

In addition, from the experimentally measured plate thickness
the estimated number of extended dislocations in a given
martensite plate is of the order of 16e17. This is at least twice the
number of extended dislocations estimated by Olson and Cohen for
critically sized martensite embryos. Apparently, under rapid so-
lidification conditions, there is enough transformation energy to
surmount the relatively high energy conditions required for spon-
taneous nucleation in this alloy. For comparative purposes, Table 2
contains the estimated energy barriers for nucleation including
some corresponding to other alloy systems. Notice that in a
conventionally solidified Coe29Cre6Mo alloy (see Table 2), an
estimation of the number of dissociated dislocations gives 3e4
which is close to the one predicted in the work of Olson and Cohen.
The magnitudes of the alloy properties used for these de-
terminations were extracted from the references given in the first
column of this table.

From the above outcome, it is evident that the energy barrier
and the critical plate dimensions are strongly influenced by DGV. In
particular, it is found that the magnitude of DGV for the Coe20Cr is
well below the ones reported for other alloy systems, including
some Co-alloys [21,28,30,31]. Apparently, in the investigated cobalt
alloy, there is a relatively high energy barrier for the martensite
nucleation when compared with other systems. Nevertheless, a
relatively high energy barrier favors an increase in the critical di-
mensions of the athermal martensite embryos and they agree with
the experimental outcome of this work (see Table 2). Thus, it is
evident that rapid solidification greatly enhances the spontaneous
nucleation of ε-martensite embryos by increasing the density of
faulting defects in the investigated alloy.
5. Conclusions

In the present work, experimental conclusive evidence is pro-
vided which indicates a drastic increase in the formation of athe-
rmal martensite by implementing chill casting in a Coe20Cr alloy.
Rapid solidification was achieved with an alloy cooling rate of
278 K/s when casting in a water cooled Cu-mold was introduced.
The estimated amount of precipitated athermal ε-martensite
measured using X-ray diffraction was 97.26 vol. %. An examination
of the exhibited microstructure including consideration of some
mechanistic aspects associated with the transformation, particu-
larly, martensite embryo nucleation yields the following:

1. Rapid solidification promotes appreciable dendrite grain
refinement and alloy homogenization (i.e. nearly segregation
free columnar dendrites, Fig. 10). In addition, numerous visible
striations associated with the g4ε transformation inside
columnar dendrites indicated the dissociation of lattice dislo-
cations along planes of closest packing (111) in the g-Co FCC
phase.

2. TEM observations indicated the development of an extremely
large amount of stacking faults and stacking fault intersections,
including ε-martensite plates.

3. Eshelby's inclusion theory was considered in estimating critical
conditions in terms of energy and plate size conditions for
spontaneous martensite embryo nucleation. The geometry of
the martensite embryos was assumed to consist of thin ellip-
soidal plates and their dimensions were experimentally deter-
mined by SEM and TEM means.

4. A comparison between the predictions of Eshelby's inclusion
theory and the experimental outcome for plate dimensions
indicates good agreement as the error involved is only 1.486%
for plate length and 0.812% for plate thickness.

5. An estimation of the chemical volumetric free energy DGV using
a regular solution model indicated that the magnitude of this
term is rather small when comparedwith other alloy systems. In
turn, it is found that the energy barrier for spontaneous nucle-
ation is relatively high resulting in appreciably large sized
athermal martensite plates.
Acknowledgments

The authors gratefully acknowledge the technical support from
A. Tejeda, C. Flores-Morales and C. Zorrilla, and the financial sup-
port from UNAM/PAPIIT IT100316.
Appendix A

Free energy estimation (DGV)

An accurate estimation of the DGV value for the Coe20Cr alloy
can be obtained by following the method proposed by Allain and
Co-workers [26]. In this method, the Gibbs free energy for the
austenite-martensite transformation can be estimated using a
regular solution model. Consider a CoeCr binary system, under-
going an austenite-martensite transformation, with the molar
Gibbs free energy given by Eq. (A1).

DGg/ε ¼ cCoDG
g/ε

Co þ cCrDG
g/ε

Cr þ cCocCrU
g/ε

CoCr þ DGg/ε

mg :

(A1)

The first two terms in the right hand side of this equation are the
products of the molar fractions of the pure elements (cCo andcCr)
and their corresponding differences in molar Gibbs energies be-
tween austenite and martensite in paramagnetic pure elements
(DGg/ε

Co ¼ ðDGε

Co � DGg
CoÞ and DGg/ε

Cr ¼ ðDGε

Cr � DGg
CrÞ). The molar

Gibbs free energy also considers the net excess of molar Gibbs
energy due to mixing elements in the austenite-martensite trans-
formation (cCocCrU

g/ε

CoCr ¼ ðDGε

m � DGg
mÞ) and the difference of

molar Gibbs energy at the magnetic transition
(DGg/ε

mg ¼ ðGε

mg � Gg
mgÞ).

In the Coe20Cr alloy the molar fractions of the pure elements
are cCo¼6.7877 and cCr¼1.9234. Gibbs energies for pure elements
as a function of temperature are extracted from thermochemical
database of Scientific Group Thermodata Europe (SGTE) [41,42],
where the g/ε transition occurs at approximately 1098.15 K.

Expressions for excess Gibbs energy and Gibbs energy associ-
ated with the magnetic transition are obtained by Oikawa and Co-
workers in Ref. [42]. Excess Gibbs energy determinations can be
made by means of the RedlicheKister description [42].

Gmg ¼ RT lnðbþ 1Þf ðtÞ: (A2)

The molar Gibbs energy at the magnetic transition as given by
Eq. (A2) is a function of the transformation temperature (T), Bohr
magneton number (b) and the polynomial function f(t) whose
argument is the ratio between T and the Curie temperature (TC)
[42].

From the above expressions, absolute DGg/ε values were
determined yielding 14.866 J/mol. Moreover, in order to obtain the
corresponding DGV value the equivalency described by Ferreira and
Müllner in Ref. [25] was used. In their method they consider a
conversion factor given by the volume of one mol of atoms.

In addition the volume of a HCP unit cell (VHCP) can be estimated
from the experimental outcome. According to the XRD patterns for
the Coealloy, the lattice parameter in the FCC cell (aFCC) remains at
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0.3464 � 10�9 m. Alternatively, in the HCP phase there is an
observed contraction (s) normal to the basal plane when the g/ε

transformation occurs, this contraction in the c-axis is roughly
1.98%. Thus,

VHCP ¼
 
aFCC

ffiffiffi
2

p

2

!2

ð1� sÞ ¼
 
aFCC

ffiffiffi
2

p

2

!2�
2aFCCffiffiffi

3
p ð1� 0:00198Þ

�

¼ 2:353� 10�29
h
m3
i
:

(A3)

Eq. (A3) represents the volume of two atoms in the Co-Cr alloy
[25]. Now, by considering the volume of one mol of atoms, the
equivalence between DGg/ε and DGV is then given by

DGV ¼ 141155*DGg/ε

h
J
.
m3
i
: (A4)
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