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The thermal stability and coarsening of nanostructures is of both scientific interest and of
engineering significance in order to produce thermally stable nanomaterials. Real time
observations were carried out using ultra high vacuum (UHV) in situ TEM to investigate the
coarsening process of a highly modulated nanolamellar structure obtained by
crystallization of a Co based CogsSi1sB14FesNio amorphous magnetic alloy. The coarsening
process consisted of three steps: (a) precipitation of spherical fine precipitates; (b)
continuous coarsening of the nanolamellar structure at the surface and precipitation at the
grain boundaries; and (c) formation of a stable multiphase structure. Due to surface effects,
continuous coarsening of nanolamellar structure was observed during in-situ annealing;
this mechanism was different from that of the coarsening process found during
conventional annealing. Discontinuous coarsening from grain boundaries, which
dominates the coarsening process in the conventional annealing of bulk sample, also
occurred in in-situ annealing of thin sample. The driving force for coarsening of the
nanolamellar structure from interlamellar interfaces, grain boundaries and surfaces is
discussed. © 2005 Springer Science + Business Media, Inc.

1. Introduction
The exploration and development of nanostructured
materials is one of the focus areas of materials re-
search [1]. Nanostructured materials are often found to
have superior properties including magnetic, mechan-
ical, thermal, electrical and chemical properties. How-
ever, the stability of these nanostructures is of great
concern in several applications, since coarsening is a
common phenomenon at elevated temperatures of fine
microstructures [2-5]; it will result in undesirable mi-
crostructures, causing a deterioration of the properties.
In conventional materials, the coarsening process can
be continuous or discontinuous; it can be initiated by
interfaces or by defects such as dislocations, stack-
ing faults, grain boundaries and excess vacancies. The
study of coarsening in nanostructures can predict the re-
liable temperature range for applications and possible
pathways to stabilize the fine microstructures in order to
further improve the properties. The coarsening process
of nanostructures can also differ from the conventional
materials [6-9], it is thus of interest in nanostructure
research.

In previous work [10], a highly modulated
nanolamellar structure was reported in a crystallized
Co based CogsSi5B14FesNi; amorphous magnetic al-
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loy. This highly modulated nanolamellar structure has
potential applications as nanotemplates, nanogrids, fil-
ters and catalysts. The nanolamellar structure was sub-
sequently consumed by a heterogeneous microstruc-
ture after longer annealing time or annealing at
higher temperature [10, 11]. This heterogeneous mi-
crostructure is actually the coarsened microstructure
of the initial nanolamellar structure. In this paper, a
real time in-situ TEM observation of the microstruc-
tural evolution of this nanolamellar structure is re-
ported. A comparison of microstructural evolution be-
tween in-situ annealing and conventional annealing is
included.

2. Experimental

This investigation started from a crystallized Co based
metallic glass CogsSiisB4Fe4Nip with a highly modu-
lated nanolamellar structure (Fig. 1). The TEM sam-
ple was slightly ground to about 10 pum and then
ion-milled to make it electron transparent. Real time
observations were conducted in a JEM-2000V in-situ
UHV-TEM. The sample is positionedon a6 x 2 mm sil-
icon slab, which can be resistively heated. The temper-
ature of 500°C was obtained by controlling the current
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Figure 1 BF TEM micrograph of the periodic nanolamellar structure
observed in the starting material.

passing through the silicon substrate (Joule heating).
Conventional annealing was conducted in a vacuum
furnace (10~ Torr); the TEM sample was thinned us-
ing ion milling after annealing; and TEM observation
used a JEOL 2010 TEM.

(b)

3. Results

The initial microstructure consisted of grains with
nanolamellar structure; the nanolamellar structure was
very regular with lamellar width of about 5 nm (Fig. 1).
Phase transformation of this microstructure was rapid
at the annealing temperature of 5S00°C. Fig. 2 shows the
overall microstructural evolution process. From the ini-
tial highly modulated nanolamellar structure within the
large grains (Fig. 2a), a high density of spherical precip-
itates were formed after annealing for 400 s (Fig. 2b),
the nanolamellar structure underwent no change at this
stage; subsequently the nanolamellar structure showed
a corrugated appearance and a contrast change in
some part of the grain was observed (Fig. 2c¢); finally,
the nanolamellar structure disappeared and was trans-
formed to a multiphase structure (Fig. 2d).

The detailed evolution process in each step is shown
in Figs 3-5 respectively. The density of the spherical
precipitates which appeared after just a few seconds of
annealing at 500°C increased slightly after holding for
longer time (Fig. 3a and b). A few precipitates grew
larger while most of them did not change much in size
during annealing up to 5300 s (Fig. 3c and d); at the
same time, larger precipitates could be observed at the

(d)

Figure 2 BF TEM micrographs, showing overall coarsening process of nanolamellar structure in a cobalt based alloy CogsSijsB14FesNiy in-situ
annealed at 500°C. The holding time is about (a) 0 s, (b) 400 s, (c) 2500 s, and (d) 7000 s.
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Figure 3 Spherical precipitates and evolution. In-situ TEM micrographs of the sample annealed at 500°C for (a) 650 s, (b) 1100 s, (c) 3700 s and (d)
5300 s. Arrows indicated the fine precipitates; the white dash line refers to the grain boundary that underwent change.

grain boundaries (dashed line in Fig. 3d). Corrugated
nanolamellae were observed after holding for about
2400 s at 500°C. This distortion of nanolamellar struc-
ture became greater after holding about 3800 s (Fig. 4a);
then the nanolamellar structure was consumed by a new
structure which is bright in BF image (Fig. 4b); the
bright area increased (Fig. 4c) and consumed the grain
with the nanolamellar structure (Fig. 4d). However, the
initially formed small spherical precipitates could still
be observed after the disappearance of the nanolamel-
lae. The SADPs from the grain with corrugated lamel-
lae (Fig. 4a) and the grain after the nanolamellae was
consumed (Fig. 4d) showed a difference in the intensity
distribution of the reflection spots.

Further microstructural evolution was mainly initi-
ated by precipitation at the grain boundaries (Fig. 5a
and b) followed by heterogeneous or homogenous nu-
cleation of new phases (Fig. 5c and d). The original
grain with regular nanolamellar structure was finally
transformed to a multiphase structure. Fig. 6 showed the
coarsened nanolamellar structure from conventionally
annealed samples. Fig. 6a showed the microstructure
in the intermediate stage of coarsening, the nanolamel-
lae remained the same as the initial structure while the
upper part was clearly coarsened; Fig. 6b showed the

final product from conventional annealing, which is a
multiphase structure.

4. Discussion
4.1. In-situ observation of the coarsening
process of nanolamellar structure
In-situ TEM (transmission electron microscopy) is a
state-of-art technique, which can provide a real time
observation of the microstructure evolution [12—15]. It
can thus enable a better understanding of mechanisms
as well as the modeling of relevant processes. From
in-situ TEM observations, the overall coarsening pro-
cess (Fig. 2) of nanolamellar structure can be described
in three steps: (a) precipitation of fine precipitates, (b)
change in nanolamellae, and (c) formation of a multi-
phase structure. The steps (a) and (c) were discontinu-
ous coarsening process; step (b) corresponded to con-
tinuous coarsening.

In the first step, a high density of spherical nanopre-
cipitates was observed after annealing at about 500°C.
The precipitates had a size of about 10 nm (Fig. 3a).
With an increase in holding time, these precipitates
did not change significantly except for a small in-
crease in the density of the precipitates (Fig. 3b); a few
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Figure 4 In situ TEM showing corrugation and disappearance of nanolamellae. (a) 3800 s, (b) 5000 s, (c) 5400 s and (d) 5900 s. The arrows refers to
the corrugated regions and the bight regions. The circled bright region with dash lines increased the area with the increase in annealing time.

precipitates with larger size were observed (Fig. 3c and
d). Even after very long holding time, these precipi-
tates were observed, as in Fig. 5, when the nanolamel-
lar structure had disappeared. From the image con-
trast, the precipitate appeared to have no crystallo-
graphic relationship with the nanolamellae; at the same
time, no ring pattern of SADP was observed from
the grains with these fine precipitates. It is there-
fore suggested that this precipitation is a surface ef-
fect, which could be due to surface oxidation or spe-
cial atomic structures at the surface. In Byeon’s work
[16], oxide precipitates were formed in a crystal-
lized substrate Co74,6Fes74Si21Nygg after annealing
at 250°C in air. The oxide precipitates in their work
were amorphous and interpreted to be borosilicates.
In our work, in-situ TEM was carried out in ultra
high vacuum conditions, serious oxidation is not pos-
sible; however, due to trapping of oxygen atoms in
the sample, release of oxygen at elevated temperature
can occur and surface oxidation can take place. Al-
though these fine precipitates did not greatly affect
the nanolamellar structure, they served as a hetero-
geneous nucleation sites for precipitation in the third
step. The large precipitates in Fig. 3d did not grow
from fine spherical precipitates but were instead the
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discontinuously coarsened product of the nanolamellar
structure.

The coarsening of nanolamellar structure actually
started from a change of shape of the lamellae to corru-
gated morphology and discontinuous coarsening (from
the grain boundaries and free surfaces). Fig. 4 shows
the evolution of nanolamellae: firstly the nanolamellae
became corrugated, some dark and bright areas in the
corrugated region were observed (Fig. 4a); then more
nanolamellae changed to a corrugated morphology and
some corrugated regions appeared bright (Fig. 4b); such
bright areas grew larger and finally consumed up the
whole grain (Fig. 4c and d), the nanolamellar structure
disappeared after this stage. The difference in SADPs
from the same area with initial nanolamellar structure
and when nanolamellae were consumed is related to
the intensity of spots; no extra spots corresponding to
the formation of new phases were observed. This in-
dicates that the crystal structure did not change during
this transformation.

Precipitation and growth of precipitates at the grain
boundaries were also observed (Fig. 4). The initially
straight grain boundaries were found to become zig-
zag due to the formation of fine precipitates at the grain
boundaries (Fig. 4a); these fluctuations in the grain



(a)

(b)
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Figure 5 Further transformation after disappearance of nanolamellar structure. (a) 6350 s, (b) 6550 s, (c) 7800 s and (d) 8150 s. The arrows in (a) and
(b) refers to the black precipitates. The arrows in (c) and (d) indicated the white precipitates and heterogeneously formed precipitates.

boundary became larger with increasing holding time
(Fig. 4b and ¢). This is a discontinuous coarsening pro-
cess of the nanolamellar structure. It can also be seen
that this type of coarsening depends on the orientation
relationship of the nanolamellae with the boundary and
lamellae in neighboring grains [17]. As indicated in
Fig. 4b, very little change in grain boundary I occurred
although in boundary II and III large changes had taken
place. Boundary lis nearly parallel to the lamellae while
boundary II and III have a high angle with the bound-
ary as well as the neighboring lamellae in boundary II
and III. This difference can be attributed to the atomic
segregation to the boundary and their geometry of the
interface, as discussed later.

The third step is a multi-phase formation process.
As the equilibrium phases from Co-Si-B ternary phase
diagram [18] are Co,Si, Co,B and h.c.p. Co for a com-
position close to the alloy composition used in this in-
vestigation, transformation into these phases is enabled
when the diffusion of atoms is high enough. The mo-
bility of atoms in the surface and defects such as dislo-
cations, stacking faults and grain boundaries is usually
higher. Therefore, this step started from the surface by
heterogeneous nucleation at the fine spherical precipi-

tates formed in the first step as well as from the grain
boundaries. As shownin Fig. 5, large precipitates (black
in contrast) were observed (Fig. 5a); subsequently most
of them increased in size and some new precipitates
were observed (white in contrast) near the grain bound-
aries (Fig. 5b); these new precipitates became larger
and more precipitates (bright in contrast) could be seen
while some of the initial precipitates (dark in contrast)
decreased in size or disappeared, these new precipitates
were mainly located near the grain boundaries or close
to the initial precipitates (black in contrast) (Fig. 5c);
finally the multiphase structure was formed (Fig. 5d).
A similar precipitation process was also observed in
other grains. From the microstructural evolution in
this third step, it can be concluded that the precipitate
formed earlier is metastable; the precipitates formed
later caused the dissolution of these earlier formed pre-
cipitates, they also consumed some of the matrix phase;
equilibrium composition was then reached and a mix-
ture of phases formed. From earlier report, it is ex-
pected that these two types of precipitates were Co,Si
and Co,B phases. In Fig. 5c and d, some faulted pre-
cipitates were observed, which correspond to the Co
phase.
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Figure 6 Conventional coarsening process. (a) 530°C for 60 min and
(b) 600°C for 60 min.

The time periods for these three steps are not
separated but overlap. For example, discontinuous
coarsening from grain boundaries actually involved the
formation of multiphase mixtures which should belong
to the third step; however it occurred almost at the same
time as nanolamellae corrugation in the second step.
Comparison of these processes can provide information
on the effect of grain boundaries, lamellar interfaces and
the surfaces on the coarsening of nanolamellae. This
will be discussed in detail in Section 3 of discussion.

4.2. Comparison of in-situ coarsening and
conventional coarsening

The difference in the coarsening process of in-situ

and conventional annealing is due to surface effects.

In in-situ annealing, a thin foil sample was used, in

which a large portion atoms are at or near the sur-
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face, the surface effects thus play a significant role in
coarsening.

Fig. 6a shows the conventionally annealed sample,
it can be observed the nanolamellar structure retains
good periodicity although a large portion of the lamellar
structure was consumed by the discontinuous coarsened
microstructure. This discontinuous coarsening was ini-
tiated by the grain boundary. This is different from
the in-situ coarsening process in which the nanolamel-
lar structure was corrugated together with the discon-
tinuous coarsening from the boundaries (Fig. 4). Fig.
6b showed the final microstructure from conventional
annealing, which consisted of similar near-spherical
grains to the final product of in-sifu annealing. In our
previous paper [11], the phases were tentatively inter-
preted to be a mixture of Co,Si, Co,;B, h.c.p. & f.c.c.
Co and Co4B.

It can thus be concluded that surface effects have a
significant effect on the process of the coarsening while
it has less effect on the final product. The surface ef-
fect led to a continuous coarsening of the nanolamellar
structure and formation of a metastable phase which
has a crystal structure similar to that of the original
nanolamellae. The discontinuous coarsening from the
grain boundaries was also affected by surface effects. In
conventional annealing, discontinuous coarsening led
to a coarse lamellar structure which consisted of several
phases, due to the large interfacial energy between the
lamellae they were metastable and broke up into near
spherical grains. In the case of the in-sifu annealing, dis-
continuous coarsening started by the nucleation of one
phase at the grain boundaries; then heterogeneous nu-
cleation of another phase from the first phase occurred
and a multiphase microstructure was thus formed.

4.3. Thermodynamic explanation of the
coarsening process

Microstructures try to reach a minimum energy but are
kinetically controlled by the diffusion [19], the coars-
ening process occured mainly due to the large interfa-
cial energies. The instability of the nanolamellar struc-
ture in this investigation can be attributed to the energy
of the metastable crystal structure, composition of the
lamellar structure and the interfacial energy between
the nanolamellae.

To determine which coarsening process will domi-
nate, one needs to consider the driving force of continu-
ous and discontinuous coarsening. For the nanolamellar
structure, a coherent interface is assumed, the interfa-
cial energy of nanolamellae is mainly due to change in
the bonding environment of the atoms at the interface
(Fig. 7). Yeh-a 1s used to represent this type of inter-
facial energy. At the grain boundaries, the interfacial
energy will include contributions due to the change in
bonding of atoms at two neighboring grains y.,_g, the
strain energy y.p-c and also the interfacial energy of
nanolamellae y.p-a. At the surface, the energy mak-
ing the structure unstable includes contributions from
atoms in the surface layer ych-p and yep-a. The driving
force per unit area for the coarsening of a small volume
selected from interlamellae, different grain boundaries
and surface (as schematically illustrated in Fig. 7) can
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Figure 7 Schematic interfacial conditions with nanolamellar structure. (a) Interlamellae, (b) grain boundary oriented parallel to the nanolamellae of
one neighboring grain (Grain boundary I), (c) grain boundary having a large angle to the nanolamellae, (d) free surface with nanolamellae perpendicular

to the surface.

be represented as

(a) Interlamellae. Fy = yep-a

(b) Boundary I Fgp-1 = 2ych-a + 2Veh-B + 2¥eh-C
(c)Boundary I Fp.y = (> 4) Yeh-a +

(>2) Yeh-B + (>2) Yen-c
(d) Surface Fs =2ych-A + Ven-p

The number used before the y in the above equations
represents how many such interfaces involved (as indi-
cated in Fig. 7). From this estimate, it is obvious that
boundary II has the highest energy and the energy of in-
terlamellae is smallest. The driving force at the surface
may be large since atoms with unsatisfied bonds can
have much higher interfacial energy. Therefore contin-
uous coarsening occurring directly at the interlamel-
lar interface is difficult compared to the coarsening
from the boundaries and surfaces. Grain boundaries
can act as nucleation sites of the stable phases, thus dis-
continuous coarsening can easily occur from the grain
boundary II.

At the surface, due to capillary effects, a straight
surface with perpendicular nanolamellar interface (or
other non-parallel configurations) was found to be un-
stable, thus the interface will become wavy. In order
to further reduce the energy, the wavelength will in-
crease, thus continuous coarsening from the surface can
occur.

5. Conclusions

A real time in situ hot stage TEM investigation of the
coarsening process of the nanolamellar structure was
carried out.

(1) From the observations the coarsening process can
be described in three steps: (a) precipitation of spher-
ical fine precipitates; (b) continuous coarsening of the
nanolamellar structure from the surface and precipi-
tation at the grain boundaries; and (c) formation of a
stable multi-phase structure.

(2) Surface effects play a significant effect in the
coarsening of nanolamellar structure in the thin foil,
leading to different coarsening processes in in-situ com-
pared to conventional annealed samples. Considerable
continuous coarsening was observed in the in situ an-
nealed sample, while this was virtually absent in the
conventionally annealed samples.

(3) The final products of coarsening by in-situ and
conventional annealing are similar.

(4) Discontinuous coarsening from the grain bound-
aries dominated the coarsening of nanolamellar struc-
ture. The orientation relationship of grain boundaries
with the nanolamellae and the orientation relationship
of nanolamellae in the neighboring grains also affected
the coarsening process.
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