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Natural formation of bee Co: Initial stage of Co precipitation in supersaturated Augy,Co,
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Natural formation of the bec modification for Co was demonstrated to occur upon precipitation of Co in
supersaturated Aug,Co;q alloy. The microstructural evolution was investigated by high-resolution transmission
electron microscopy. Co precipitation starts with the formation of very thin coherent plates along {100} ,. This
initially precipitated Co was shown to be a hitherto unknown metastable bcc modification of Co exhibiting a
Bain-type orientation relationship with the matrix: (100)ay tecll (100)co pee and [001]ay fecll[011]copee (three
variants). Prolonged annealing causes the beec Co to transform according to a Bain-type transformation into
face-centered-cubic (fcc) Co, exhibiting the (cube-on-cube) orientation relationship (100) oy gecll (100) ¢ gee and
[001] oy £ecl[001]co fee (three variants), in association with loss of coherency and a morphological change from
Co platelets to equiaxed Co particles. A delicate balance of interface energy and bulk energy upon precipitation
and subsequent growth/coarsening governs the successive appearance of the bce and fcc modifications of Co.
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I. INTRODUCTION

Au-Co alloys play an important role as contact material in
microelectronic systems, as dental casting alloy and are also
of interest as a  material  exhibiting  giant
magnetoresistance.' The until now known naturally occur-
ring crystalline phases of cobalt have either the hexagonal-
closed-packed (hcp) crystal structure, stable below 695 K (at
1 atm), and the face-centered-cubic (fcc) crystal structure,
stable above 695 K (at 1 atm).* The investigation of the
kinetics and microstructure changes and the underlying
mechanisms of the allotropic hep-fce phase transformation in
bulk and thin layer systems has been subject of research
since decades.’ !¢

Artificially made thin layers of Co on a substrate can oc-
cur in a metastable (usually distorted) bee modification likely
as a consequence of prevailing very large strains in the con-
cerned (multi) layer/substrate system.!”?! The occurrence of
pure bee Co precipitates in the bulk of a supersaturated alloy
upon precipitation has not been observed before.

This work provides the first experimental evidence of
naturally occurring bec Co precipitates in the early stage of
precipitation in bulk AugyCo,q alloy. The precipitation pro-
cess was followed by differential scanning calorimetry
(DSC) applying a step-by-step isochronal annealing treat-
ment in combination with (high-resolution) transmission
electron microscopy [(HR) TEM] at each step.

II. EXPERIMENTAL

A cylindrical ingot of Au—10.12 at. % Co (further indi-
cated as AugyCo;,) with a diameter of 8 mm was produced
by melting Au (99.95 at. %) and Co (99.995 at. %) in a
protective argon atmosphere. The ingot was annealed in an
evacuated silica capsule in a protective argon atmosphere
(250 mbar at RT) and homogenized within a compensation
body at 1233 K for 236 h. The ampoule was quenched in ice
water by breaking the capsule. The ingot was hammered
down to a diameter of 5 mm and subsequently cut into disks
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of 500 um thickness. The specimen disks were recrystal-
lized at 1233 K for 24 h applying the same protective pro-
cedure as for the ingot, followed by quenching in ice water
by breaking the capsules.

Isochronal annealing experiments were performed apply-
ing a DSC Pyris 1 from PerkinElmer. The DSC was cali-
brated using the temperature and enthalpy of melting of In,
Pb, and Zn. Each specimen disk investigated was encapsu-
lated in Al pans closed and sealed with an Al lid. As refer-
ence an empty Al pan with two lids was used to reach a heat
capacity similar to that of the Al pan with the specimen.
Isochronal annealing was performed with a heating rate of
20 K min~! starting from room temperature. Such DSC runs
were interrupted at 550, 633, 668, and 773 K by fast cooling
of the specimen at a rate of 180 K min~!. The Vickers micro
hardness of the thus (partly) precipitated systems was mea-
sured using a microhardness tester LEICA VMHT MOT ap-
plying a load of 1 gf for 10 s. The microstructure of these
specimens was investigated by (HR) TEM.

Specimens for (HR) TEM were prepared by cutting out a
stripe from the disk, clamping and gluing it between two Al
blades fixed by a Cu ring and cutting again a thin disk. After
dimpling the disk to 100 wm, ion thinning was applied using
a GATAN precision ion polishing system with a voltage of
3 kV, a current of 10 uA, an incident angle of 9° and a LN,
cooling unit. TEM was performed using a Philips CM200
instrument operating at 200 kV, and HRTEM was performed
using a JEOL 4000 FX instrument operating at 400 kV. The
images and the selected-area electron-diffraction patterns
were recorded with a charge-coupled-device camera. The
composition of the Au matrix after completed precipitation
(at 773 K) was determined by energy-dispersive x-ray (EDX)
microanalysis in a VG501 scanning transmission electron
microscopy (STEM) instrument.

III. RESULTS

The baseline-corrected?? isochronal DSC scan (heating
rate of 20 K min™!) of an initially supersaturated Aug,Co,
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FIG. 1. Isochronal baseline-corrected DSC scan (heating rate of
20 K min!) of initially supersaturated AugyCo,, (top part of fig-
ure) and the corresponding hardness measurements [bottom part of
figure; dashed line has been drawn to guide the eye; the experimen-
tal error in the hardness data (each data point is the average of 25
measurements) results from a 10% uncertainty in the determination
of the diagonal length (2—5 um) of the indents]. a: relaxation of
stresses due to quenching after homogenization/recrystallization
(very weak exothermic preprecipitation peak and decrease in hard-
ness); b: the formation of bee Co precipitates takes place at tem-
peratures higher than 580 K, leading to a distinct exothermic peak
and an increase in hardness; c: the shoulder in the DSC scan at the
high-temperature side of the strong exothermic peak is assigned to
the bce-to-fee transformation of the Co precipitates in association
with elastic (misfit) stress relaxation reaction (loss of coherency);
and d: above 700 K only incoherent fcc Co particles occur within a
Co-depleted Au matrix.

is shown in the top part of Fig. 1 together with the associated
hardness changes in the bottom part of Fig. 1. The micro-
structure after quenching to room temperature exhibits a high
number density of dislocations (as observed with TEM). No
other structural defects (stacking faults, twins, “rodlike” de-
fects) were found after intensive analysis. The very small
exothermic preprecipitation peak “a” is due to the relaxation
of quenched-in thermal stresses. At the same stage of iso-
chronal annealing, a hardness decrease had occurred from
205+28 (as-quenched) to 167=19 HV (annealed to
550 K). The precipitation of Co starts at about 580 K leading
to the second exothermic main peak (b+c). The exothermic
main reaction consists of two parts: (i) a sharp, strong peak
with a peak maximum at 633 K and a corresponding hard-
ness increase to 271 =31 HV (b) followed by (ii) a shoulder
at higher temperatures around 668 K in combination with a
hardness decrease to 205+32 HV (c). Similar observations
were made using several fresh specimens applying heating
rates in the range from 5 to 40 K min~! (not shown here).
TEM bright-field and HRTEM images and corresponding
selected-area diffraction patterns (SADPs) taken after iso-
chronal annealing up to 633 K with 20 K min~' [corre-
sponding with exothermic peak maximum (Fig. 1 top) and
hardness maximum (Fig. 1 bottom)], are shown in Fig. 2.
Evidently very thin Co plates only 0.5-1 nm thick and with a
lateral extension between 5 and 10 nm have developed. The
habit plane of the precipitates is of {100} type: in case of a
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FIG. 2. TEM bright-field and HRTEM images of AugyCo after
isochronal annealing to 633 K with 20 K min~! (cf. b in Fig. 1). (a)
TEM image: [001] zone axis of the Au-rich matrix, small Co pre-
cipitates (arrows) are visible; streak formation along [100] and
[010] directions in the SADP shown at the right side in (a) are due
to very thin Co precipitates; extra spots due to incoherently diffract-
ing Co precipitates are not observed. (b) TEM image: [011] zone
axis of the Au-rich matrix; streak formation along [100] directions
in the SADP shown at the right side in (b) [cf. (a)]; extra spots due
to incoherently diffracting Co precipitates are not observed. (c)
Tilted by 9.7° from [011] zone axis of the Au-rich matrix toward the
[001] zone axis of the Au-rich matrix: streak formation along [100]
directions in the SADP shown at the right side in (c) [cf. (a)]; extra
spots due to the bee crystal structure of the Co precipitate plates
near the {111} Au-matrix spots (see arrows in the SADP) are com-
patible with a [111] zone axis for the beec Co precipitates. (d) HR-
TEM image: [011] zone axis of Au-rich matrix; Co has precipitated
as very thin coherent plates about 0.5-1 nm thick and 5-10 nm in
width.
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[001] zone axis of the Au-rich matrix two sets of mutually
perpendicular precipitate plates along (100) and (010) planes
of the Au-rich matrix are observed [Fig. 2(a)]; note the
streaks in [100] and [010] directions in the SADP. In case of
a [011] zone axis of the Au-rich matrix only one variant of
the three possible precipitate plate sets can be observed in
Fig. 2(b); note the pronounced contrast due to the strain field
surrounding the precipitates [see also the HRTEM image
shown in Fig. 2(d)].

If the electron beam is parallel to the [001] and [011] zone
axes of the Au-rich matrix [Figs. 2(a) and 2(b)] the corre-
sponding SADPs show no separate reflections which could
be ascribed to the precipitates: the precipitates reveal their
presence in the SADPs by streak formation along [100] and
[010] (note the thinness of the platelets in these directions).

The morphology and orientation of the coherent platelets
appears not compatible with the usual fcc and hep modifica-
tions of Co. It will be demonstrated immediately below that
the observations can be explained adopting a bcc modifica-
tion of Co and a Bain orientation relationship of the platelets
with the matrix. (i) Upon tilting the specimen by 9.7° from
[011] toward [001], i.e., into an approximate [034] zone axis
of the Au-rich matrix, small extra spots become visible next
to the 111, reflections in the SADP [see Fig. 2(c)]. (ii) The
measured d spacing for these extra reflections is
0.206 = 0.002 nm. From (i) and (ii) it follows that these ex-
tra spots are compatible with {110} reflections due to the

presence of bee Co precipitates satisfying a [11 copee Zone
axis (see further discussion below). This is compatible with a
Bain orientation relationship between the fcc Au-rich matrix
and the bcc Co precipitates: (100) sy fecll (100)copee  and
[001]py e l[011]co pee- By performing similar tilting experi-
ments these results could be validated: e.g., tilting into the

[113]copee zone axis, which is close to the [012] 5, sc Zone

axis, clear evidence for the 121 and 21_1C0,,Jcc diffraction
spots at the appropriate locations in the SADP was obtained.

A HRTEM image, for the case of an [011] zone axis of the
Au-rich matrix is shown in the Fig. 2(d). The Co precipitate
plates, two to three atomic layers thick and 5-10 nm long,
exhibit a coherent interface along {100} lattice planes of the
surrounding Au-rich matrix. A platelike morphology as re-
vealed for the precipitates developing in the initial stage of
precipitation has been observed before but the crystal struc-
ture of the precipitate was not investigated”>?* or was as-
sumed to be fcc.?

TEM bright-field and HRTEM images and the corre-
sponding SADP, taken after isochronal annealing up to
668 K with 20 K min~! [corresponding with the shoulder at
the high-temperature side of the main exothermic peak
(Fig. 1 top) and hardness decrease after peak hardness (Fig. 1
bottom)] are shown in Fig. 3. As compared to the stage of
peak hardness with bcc Co precipitates, coarsening of the
platelike precipitates has occurred. Some precipitates show
locally a Moiré-pattern contrast indicating a loss of coher-

ency. The diffraction pattern ([112] zone axis of the Au ma-
trix) shows spots consistent with the occurrence of the fcc
structure for the Co precipitates (@=0.354 nm) in accor-
dance with a (1IO)Au,fcc”(llo)Co,fcc, [le]Au,fcc”[l_lz]Co,fcc
(cube-on-cube) epitaxial orientation relationship between
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the fcc Au matrix and the (now) fcc Co precipitates. The
HRTEM image presented in Fig. 3(b) ([011] zone axis of the
Au matrix) shows a Co plate which has just started to bulge
out in the begin of the process of transformation of bcc Co
precipitate plate to fcc, more or less equiaxed Co precipitate.

A TEM image of Aug,Co;, and the corresponding SADP,
taken after isochronal heating to 773 K with 20 K min~!
(stage “d” in Fig. 1) are shown in Fig. 4. Bulky, more or less
equiaxed Co precipitates are revealed by the locations of
distinct Moiré-pattern contrast as a result of the presence of
double diffraction spots near “000” [see diffraction pattern in
Fig. 4(a)]. A cube-on-cube, epitaxial orientation relationship
between the fcc Co precipitate and the fcc Au matrix is fully
compatible with the position of the reflections of Au and Co
in the diffraction pattern. The residual Co concentration in
the depleted Au matrix at this stage, as measured with EDX,
is about 0.7 at. %, in good agreement with the published
phase diagram.* Hence, the precipitation reaction has been
completed at this stage.

IV. DISCUSSION

The here presented observations on the initial platelike
precipitates are fully consistent with a bcc crystal structure
for the initial Co precipitates with a lattice parameter
Acopee=0.2880.003 nm [derived from the measured lat-
tice spacing for the 011,y reflections (see above) and con-

firmed by tilting experiments, e.g., tilting to the [113] zone
axis of Co]. This equals the value of acope
=0.288+0.001 nm for Co found in artificial Co/Au layer
structures (cf. Refs. 19 and 20). Further, the theoretical d
spacing for bee-Co {110} is 0.204 nm, which is in agreement
with the value found in this work.

A Bain-type orientation relationship®® exists between the
bee Co precipitates and the fcc Au-rich matrix (with lattice
parameter  da,.=0.408 nm). The habit plane is
(100) oy ec 1 (100) o pee (three variants). The above crystallo-
graphic data strongly suggest that the bcc Co precipitates are
coherent with the Au-rich matrix, at least along the habit
plane: the value of ac,pec- V2 closely resembles the value of
Apufee- Hence, along the {100}, .. habit planes no signifi-
cant lattice mismatch between bcc Co and fcc Au occurs.
However, perpendicular to the habit planes a mismatch of
|aCOYbCC—aAu’fCC|/aAu,fCC* 100% =29% OCCUI'S.27

On this basis, as a consequence of the bce crystal struc-
ture of the initial precipitates, the occurrence of the platelike
morphology can be understood. The absence of separate dif-
fraction spots originating from the bcc Co precipitates in the
SADPs with (001)-type zone axes of the Au-rich matrix and
the presence of streaks in the SADPs (see Fig. 2) indicates
that the Co plates are diffracting coherently with the Au-rich
matrix (distorted by misfit strain in the plate-normal direc-
tion); see discussion for the case of platelike VN precipitates
in an a-Fe matrix in Ref. 29. Three sets of bcc Co plates
occur in the Au-rich matrix according to the determined ori-
entation relationship: Two sets {(100)y fecll(100)co pecs
[001]Au,fcc I [01 1]Co,bcc and (OlO)Au,fcc I (100)Co,bcc’
[001]ay tecI[011]co pect are visible in Fig. 2(a) (electron-beam
direction 2=[001] oy fec); the third variant
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FIG. 3. (a) TEM bright-field and (b) HRTEM images of AugyCo;, showing the precipitate morphology after isochronal annealing to

668 K with 20 K min~" (cf. ¢ in Fig. 1). (a) TEM image: [112] zone axis of the Au matrix; the diffraction pattern shows very intensive spots
of fcc Au and weak spots of fcc Co. Some of the platelike Co precipitates show a Moiré-pattern contrast as well, indicating the beginning
stage of the bec to fee transformation. (b) HRTEM image: [011] zone axis of the Au matrix showing the bulging of a Co plate revealing the

beginning stage of the bce-to-fec transformation.

{(lOO)Au,fcc”(110)C0,bcc and [001]Au,fcc||[OOl]Co,bcc} concerns
plates parallel to the TEM foil surface and is out of contrast
because of the coherent nature of the plate/matrix interface.
Also the tilting experiment shown in Fig. 2(c) validates the
bece crystal structure for the initial Co precipitates. Additional
diffraction spots appear which can be indexed as {011}cq pecs

in association with the [111] zone axis of bee Co, expected
for one of the above indicated three sets of precipitates after
such tilting.

The natural formation of bce Co, as in the course of pre-
cipitation process in a supersaturated solid solution, has not
been reported before. Instead, in case of manmade
multilayer/sandwich structures, Co layers could appear in

bee (Refs. 17-19) or body-centered-tetragonal®®?! modifica-

tions, likely as consequence of the misfit strains imposed at
the layer/layer and layer/substrate interfaces in these struc-
tures.

During the DSC measurements a small shoulder at the
high-temperature side of the exothermic main peak appeared
at about T=668 K (Fig. 1). The accompanying microstruc-
tural TEM investigation (Fig. 3) indicates that this shoulder
can be associated with the occurrence of a bcc— fec trans-
formation of the Co precipitates. The equiaxed fcc Co par-
ticles start to develop from the initial bcc Co plates; no in-
dication for a separate (fcc Co particle) nucleation process
was obtained [Fig. 3(a)].
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FIG. 4. TEM bright-field image ([112] zone axis of the Au matrix) showing the Co precipitates in Aug,Coy, after isochronal heating to
773 K with 20 K min~! (cf. d in Fig. 1). Moiré fringes caused by double diffraction crossing the equiaxed fcc Co precipitates can be seen.
The diffraction pattern (top right) reveals the cube-to-cube epitaxial orientation relationship between the fcc Au matrix and the from
bee-to-fee transformed Co precipitates. Extra spots visible around 000 in the SADP are caused by double diffraction and are responsible for

the Moiré-pattern contrast in the bright-field image.

Such local crystal-structure transformation, i.e., without
long-range diffusion of Co as would occur in a process of
dissolution (of bce Co) and reprecipitation (of fcc Co), can
be realized in the present case by a Bain transformation
from bec to fcc Co. This transformation involves contracting
two axes within the habit plane {e.g., the axes along the [011]

and [011] directions in the (100) habit plane} and elongating
a third axis perpendicular to the habit plane {i.e., the axis
along the [100] direction perpendicular to the (100) habit
plane}. As a consequence the here observed cube-on-cube
orientation relationship is established.

After the transformation the fcc modification of the Co
phase is preserved down to room temperature. The expected
hep Co phase, being stable below 695 K, was not observed in
the AugyCo;, alloy investigated. This may reflect the very
small difference in bulk energy of the fcc and hcp
modifications.?!

The initial formation of bee instead of fcc Co is a result of
the delicate interplay, upon Co precipitation, of the Gibbs
chemical energy released per unit volume precipitate and the

Gibbs interface energy absorbed per unit area precipitate/
matrix interface. The Gibbs chemical energy released upon
precipitation of one unit volume precipitate is larger for the
fcc modification than for the metastable bcc modification.
However, the Gibbs interface energy per unit area interface is
smaller for the coherent bcc precipitates than for the incoher-
ent fcc precipitates. The high supersaturation, i.e., the high
driving force for cobalt precipitation, in supersaturated
Aug,Coy, and the relatively low diffusivity of Co in the Au-
rich matrix at the precipitation temperature, lead to the for-
mation of many small precipitates and thus a high interface
density (see Fig. 2). As a consequence, the bcc modification
can be (thermodynamically) favored over the more stable fcc
modification. This can be illustrated by the following
estimate.

The chemical Gibbs energies released upon precipitation
of bee Co and fce Co, in a Au 10 at. % Co alloy at 633 K,
can be assessed using the data given in Refs. 32 and 33. The
misfit strain to be accommodated upon precipitation of Co
can be estimated adopting elastic isotropy and a rigid inclu-
sion, according to Ref. 34. The interface energy for a (coher-
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ent) interface of bcc Co with the matrix and for an (incoher-
ent) interface of fcc Co with the matrix can be crudely
estimated as 0.2 Jm™ and 1.0 J m™2, respectively. The
dimensions of the Co precipitate platelets are taken as
10X 10X 1 nm?® (see Fig. 2). It then follows that the net
Gibbs energy released upon precipitation of bcc Co is about
two times larger than the net Gibbs energy released upon
precipitation of fcc Co for the platelet dimension considered.

Upon prolonged annealing (or by increasing the tempera-
ture) growth/coarsening of the precipitate particles take place
and consequently a reduction in the interface-to-volume ratio
of the precipitate particles occurs. As a consequence, the
Gibbs chemical energy becomes the controlling energy term
and thus the transformation of the bce to the fcc Co crystal
structure is induced, albeit accompanied with an increase in
the interfacial energy per unit area interface (coherent
—incoherent interface).

V. SUMMARY

Natural formation of, according to bulk thermodynamics,
metastable bce Co, with a platelike morphology and a Bain-
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type orientation relationship with the Au-rich matrix, occurs
in the initial stage of precipitation of supersaturated Au—
10.12 % Co alloys. The metastable bcc modification happens
because the high initial interface-to-volume ratio promotes
the development of precipitates of low interface energy (as
holds for the bcc Co precipitates coherent with the Au-rich
matrix). Upon continued annealing growth/coarsening of the
precipitate particles takes place. Then, by a Bain transforma-
tion of metastable beec Co, the fcc Co modification can be
formed which then exhibits a cube-on-cube orientation rela-
tionship with the Au-rich matrix. The low interface-to-
volume ratio for the precipitate phase in an advanced stage of
annealing makes possible an overcompensation of an unfa-
vorable interfacial energy (incoherent vs coherent interface)
by a more favorable chemical bulk energy (fcc vs bee modi-
fication).
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