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Abstract: a new experimental method to determine the phase boundary and phase equilibrium is
accomplished by means of analytical transmission electron microscopy for alloys with a
macroscopic composition gradient. The various phase boundaries, i.e. the coherent binodal and
spinodal lines, incoherent binodal line and order/disorder transformation line are distinctly
determined for the Cu-Ti alloy and the other alloy systems. Furthermore, the equilibrium
compositions at the interface of precipitate/matrix can experimentally be obtained for various
particle sizes, and thus the Gibbs-Thomson's relation is verified. It is expected that the
composition gradient method proposed in the present will become an important experimental
method of the microstructural characterization.

1. Introduction

A comprehensive description of phase transformations should be realized in the form of
the three dimensional diagram having the temperature(T), time(t) and composition(c) axes^-2).
The section parallel to the temperature(T) and the composition (c) axes is well known as phase
diagram, and the section parallel to the temperature(T) and the time(t) axes is the TTT diagram.
A section parallel to the composition(c) and time(t) axes is also important as well as the phase
diagram and the TTT diagram, nevertheless it has not received attention yet. In the T-t-c
diagram, the experiments whose variables are the T-axis and t-axis are known as the thermal
analysis and the isothermal ageing, respectively. Since the c-axis is an important element of the
T-t-c diagram, experiments whose variable is composition c should be conducted.

Recently, we proposed^-2) a new characterization method of the microstructure, so
called "Macroscopic Composition Gradient Method", for analyzing the section parallel to the
composition(c) and the time(t) axes. Using this method we can successfully analyze the various
phase transformations such as the coherent or incoherent precipitation limits, the order-disorder
phase transitions, morphological boundary between the spinodal and the N-G type
decompositions, phase equilibria depending on the particle size, i.e. Gibbs-Thomson relation and
so on.

In the present paper, we show the various experimental results obtained by the
composition gradient method for determination of the various phase boundaries and phase
equilibria in Cu-Ti, Ni-Mo and Fe-Al alloys.

2. Experimental Procedures

There are many preparation methods to create a macroscopic composition gradient in
the specimen, i.e. diffusion coupling, imperfect arc melting of sandwiched metals, imperfect
homogenization of coarse discontinuous precipitates and so on. The macroscopic composition
gradient was realized in a Cu-Ti alloy by utilizing imperfect homogenization of a coarse
discontinuous precipitates. A Cu-4at.%Ti alloy was firstly prepared in the vacuum induction
furnace, and then forged and rolled to a thin plate of about 1 mm in thickness and solution
treated at 1173 K for suitable duration. After the homogenization at 1173K the specimens were
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aged at 973 K for a long duration to make a large discontinuous Cu3Ti precipitates whose inter
lamella distance was over 200 micron. These specimens were again heated at 1173 K for a short
duration so as to be imperfectly homogenized and then directly quenched to the ageing
temperatures. By this heat treatment the macroscopic gradient of the solute composition was
realized in the Cu-Ti supersaturated solid solution. The Ni-20at.%Mo alloy was prepared by
arc melting and then coupled with Pure Ni by arc melting for a short duration. The Fe-50at.%Al
alloy was also coupled with the pure Fe by a short time arc melting. The specimen are cut
vertically to the interface with about 0.5mm in thickness and then are sealed in the silica
evacuated tube.The specimens were annealed at 1373K for 7.2ks so as to make the macroscopic
composition gradient of solute atoms stabilized, and then quenched into the iced brine.

These specimens having the macroscopic composition gradient were aged at various
temperatures for suitable duration, i.e. 773-873K for Cu-Ti alloy, 923-1123K for Ni-Mo alloy
and 1023K for Fe-Al alloys, and then quenched into iced brine. The specimens were prepared to
thin foils by electro-polishing in an electrolyte of HNO:CH3OH=1:3 at 240 K for Cu-Ti alloy,
H2SO4:C2H5OH=1:9 at 240K for Ni-Mo alloy and HCLO4:CH3OH=1:9 at 205K. The
microstructural observation was performed by the analytical transmission electron microscope
and the solute composition analysis by the energy dispersive X-ray spectroscopy (EDS) was
concurrently performed at several locations in the same thin foil. The electron microscope,
JEM 2000FX, was operated at 200 KV. The LaB6 filament was used at an accelerating voltage
of 200 KV and the beryllium mesh was used. The K-factor defined by the Cliff-Lorimer
method^3) was estimated in the limit of a thin film specimen, and determined by the EDS
measurement on standard samples whose chemical compositions were already known. The
measuring error of each point was within ±0.1%. The chemical composition at any locations
can be estimated by using a composition vs.distance curve obtained by the EDS measurements.
Since the size of the incident electron beam was operated so as to be large enough to cover the
area containing several precipitates, the measured values of solute composition indicates the
locally average composition CA

3. Experimental Results
3.1 Determination of the Phase Boundaries
3.1.1 Coherent phase boundaries in Ni-Mo binary systems

Fig. 1 shows a dark field image of microstructure formed by aging in the Ni-Mo al loy
having the macroscopic composition gradient. The white cuboids in Fig.l are Ni4Mo-
precipitates. The solid gray circles in the figure indicate the measuring points for the solute
composition, whose values are shown in a small figure inserted in Fig.l, which clearly shows the
continuous change of solute composition. In the photograph many coherent particles can be seen
in the high composition area, while in the lower solute area the particles decreases in number and
finaly become unable to be observed. Thus, a virtual line connecting the two arrows in Fig. 1
must be coherent binodal, determined to be 12.8 at.%Mo from the Fig. 1.

The identical experiments performed for other ageing temperatures give a coherent
phase boundaries shown in Fig.2. In Fig.2, there are also drawn the equilibrium phase boundaries
obtained by HeijwegenW, Casselton(5) and Gust(6), investigated by the diffusion couple, the
measurements of lattice parameter and X-ray diffraction, respectively. Our results are in good
agreement with the Heijewegent's and Gust's results, but differ a little from Casselton's one.

3.1.2 Order(B2)-disorder(A2) transition in Fe-Al alloy

Figure 3 shows the phase diagram of Fe-Al binary system(9) where order(B2 and DO3)-
disorder(A2) transition lines can be seen. Many researchers have investigated the order-
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disorder phase transitions in this alloy systemC7-11), but the experimental investigation detailed
for the microstructural change in the vicinity of the transition line has hardly been performed,
possibly because it was difficult to prepare many specimens whose solute content varies
gradually but precisely. However, by utilizing the continues microstructure change due to the
composition gradient, we can easily observed the details of the microstructural change in the
vicinity of the transition line.

Fig.4, a dark field image of the transmission electron microscope of Fe-Al alloy having
the macroscopic composition gradient, aged at 1023K for a long duration of 86.4ks, shows the
microstructure changes of the ordered phase with composition in the vicinity of the B2-A2 2nd
order transition line. The bright regions in the figure correspond to the ordered domain and
black smoothly curved lines show anti-phase boundary(APB). It is clearly known that the
ordered domain size becomes gradually small with decrease in Al-content. Since the alloy was
aged for the very long duration, such the microstructural change with composition is considered
to be in equilibrium state. Thus, we can understand that the decrease of ordering at the
transition line is induced by the increase of APB density. The composition of transition line
(indicated by the gray large arrow) is determined to be 24.7at.%A1 at 1023K, which is good
agreement with the phase diagram of Fe-Al binary alloy*12).

3.1.3 Various Phase Boundaries of Cu-Ti alloy

Fig. 5 shows a microstructure formed in the aged Cu-Ti alloy having a composition
gradient. It is obvious from the figure that many coherent precipitates can be seen in the high
composition area, while in the lower solute composition area the contrasts except the
dislocations can not be recognized. Thus, a virtual line connecting the two arrows in Fig. 5 must
be a coherent binodal line, and is determined to be 2.39at.%Ti from the sub figure. Fig.6 shows
the microstructural change in the vicinity of the spinodal line. Many precipitates can be seen in
the higher composition area but gradually decrease in number with the decrease of the solute
composition. The microstructure is seemed to be divided into two regions by a virtual line
connecting the two arrows; the right side of microstructure demonstrates a so-called modulated
structure, while in the left side the precipitates become small in number and sparsely distribute.
Furthermore, the satellites around the 200 electron reflection spot are obtained from the
microstructure of the right side, that implies to occur the spinodal decomposition. On the other
hand, in the left of line the reflection spot is not accompanied with a satellite. Such a lack of
reflection spot means non-periodic distribution of the precipitates, usually formed by a
Nucleation and Growth (N-G) type phase decomposition. Consequently, the coherent spinodal
lines are evaluated to be 2.07at.%Ti, as shown in Fig.6.

Figure 7 shows incoherent precipitates heterogeneously nucleated on a dislocation, as is
pointed by a large arrow. It should be noted that the incoherent precipitate is isolated fairly
apart from the front end of the coherent precipitation which is given by the virtual line between
left side paired arrows. This clearly demonstrates the difference in the solubility limit between
the coherent and incoherent precipitates. Thus, the coherent binodal and incoherent
precipitation limits are found to be 1.75at.%Ti and 2.15at.%Ti, respectively, as presented in the
sub figure.

Consequently, we can get the coherent spinodal and binodal lines and also the
incoherent precipitation line by utilizing the composition gradient method. The phase boundaries
experimentally determined are summarized in Fig.8(a) in which the three lines are clearly
discriminated. The empirical points of the binodal and spinodal are scattered. Such a scattering
is clearly demonstrated in the enlarged Fig.8(b). However, it should be noted that such
dispersion of the empirical date does not come from the experimental errors but is caused by the
systematic change of the solubility limit with particle size, as is discussed in Section 3.2.
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Therefore, in Fig.8(a) and (b) the binodal and spinodal lines are drawn so as to accord with the
minimum value in the solubility.

3.2 Size Dependence of the Equilibrium Composition at the Particle Interface
(Gibbs-Thomson's Relation)

The size-dependency of the equilibrium solute composition at the interface of particle/
matrix is well known as the Gibbs-Thomson equation. However, the experimental demonstration
has not been succeeded in the metallic materials, so far as author know. By the utilizing the
composition gradient method, we can experimentally obtain the equilibrium solute composition
at the particle interface with the matrix. Fig.9 is a schematic illustration showing how to get the
equilibrium composition at the particle interface. The solute composition profile of the particle
existing in the high composition area must be as that of the particles ® of Fig. 9. In this case the
average solute composition CA measured by EDS is not equal to the equilibrium composition,
Ce(r), at the interface of particle. However, at the precipitation limit, CA must approximately
be coincident with the equilibrium composition Ce(r), as is illustrated in the case ©.
Conducting the ageing of various durations causes various sizes of the particle at the
precipitation front. Thus, the size-dependence of Ce(r) can be obtained.

Fig. 10 shows Cu3Ti particles in the vicinity of the coherent precipitation limit of the
alloy aged at 873K for 30 sec. Since the photograph was taken under the condition of g=l 11, a
so-called butterfly-contrast is seen around the precipitate. Such the contrast may lead a
fallacious particle size. Therefore, the particle contrast taken under the multi-beam condition of
B=001 is also used so as to evaluate accurate particle sizes. By comparing the particle sizes of
the butterfly and the squire particles we can obtain the relationship to calibrate the accurate
particle size from the butterfly contrast. Thus, the relationship between the particle size at the
precipitation limit and Ce, i.e. in the Fig. 10, Ce(r=15nm)= 2.30at.%Ti.

It is well known that the equilibrium composition Ce(r) of matrix varies with the
precipitate radius as given by equation (1)<13), which is called the Gibbs-Thomson equation.

Ce(r)=C(°°) • exp{2 r sVm/rRT} (1)

where 7 s is the interfacial energy density between the particle and matrix, Vm is the molar
volume of precipitate, R is the gas constant, T is the temperature and C( °°) is the equilibrium
solute composition at the particle with the infinite size. Eq.(l) can be changed for larger radius
in its linearized version into the equation(2)(13).

Ce(r)=C(°o)[i+(2 7sVm/rRT)] (2)

Fig. 11 exhibits relationships between Ce(r) and 1/r for the two ageing temperatures. The
empirical values of Ce(r) are clearly on a straight line. By giving Vm =7.12xlO'6m2/mol and
R=8.314J/K • mol, 7 s is estimated from the slopes of the straight line to be 0.11 J/m2 for ageing
at 873K and 0.10J/m2 for 823K ageing, respectively. Since the interfacial energy density has
conventionally been the order of 0.1 J/m2 for the coherent precipitate particles^14), 7 s evaluated
in the present work are considered to be proper. Besides, C( °°) are evaluated from the
intercepts of the ordinate axis to be 2.10 and 1.70at.%Ti for 873K and 823K ageing,
respectively. These values are properly consistent with the coherent binodal line shown in Fig. 8.

Hitherto, the measuring of the equilibrium composition change with particle size has
not been performed for the solid materials, so far as author knows, because the composition
change due to the particle size is too small to be distinct by the individual measuring the separate
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specimens. The composition gradient method proposed here is considered to open a new
method of the microstructural evaluation.

4.Discussion

It should be estimated whether the existence of the macroscopic composition gradient
gives some influence on the phase decomposition process or not. In order to know the degree
of the influence we can use the composition gradient energy proposed by Cahn(15), K(dc/dx)2,
where K is the gradient energy coefficient. The typical value of (dc/dx) for the macroscopic
composition gradient is the order of l(H/nm because the composition change is roughly 0.5%
for the distance of 1 fim, which is, as an example, shown in Fig 10, while (dc/dx) due to the
phase decomposition is considered to be lO'Vnm since the composition change of several tens of
percents occurs at the interface of precipitate whose width is about lnm(16). Therefore, the
change of K(dcAix)2 due to the macroscopic composition gradient is extremely small, compared
with the value for the case of precipitate-formation, i.e. approximately 10"6. Consequently, the
macroscopic composition gradient is hardly influenced on the phase decomposition process.

S.Conclusion

An Electron microscopic investigation on aged alloys containing a macroscopic
composition gradient yields the accurate phase boundaries and phase equilibria. The various
phase boundaries, i.e. the coherent binodal and spinodal lines and incoherent binodal line are
distinctly determined for the Ni-Mo and Cu-Ti alloy systems. The microstructural change with
composition is also observed in the vicinity of order-disorder transition line of Fe-AJ alloy.
Furthermore, the equilibrium compositions at the particle interface with the matrix are
experimentally obtained for various particle sizes, and the Gibbs-Thomson's relation is verified.

It is expected that the composition gradient method proposed in the present becomes an
important experimental method for the characterization of the microstructure.
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Fig.l A dark field electron micrograph of the Ni-Mo alloy having the macroscopic
composition gradient aged at 923K for 864ks, showing the coherent precipitation limit to
be 12.8at.%Mo. The solid gray circles indicate the measuring points for the solute
composition, whose values are correspondingly described in the inserted figure.
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Fig.2 A newly proposed coherent phase
boundaries of the Ni-Mo binary system.
There are also indicated the equilibrium phase
boundaries obtained by several researchers.

Fig.3 The phase diagram of Fe-Al binary
alloy system, indicating the ageing tempe-
rature in the present work.
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Fig.4 A dark field TEM image of the Fe-Al alloy
having the macroscopic composition gradient aged
at 1023K for 86.4ks, showing the microstructural
change of ordered domain with composition in the
vicinity of A2-B2 transition line. S 24
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Fig.5 Microstructurc formed by ageing (873K for 15sec.) of the Cu-Ti alloy having the

macroscopic solute composition gradient, indicating the coherent precipitation limit to be
2.39at.%Ti. The black solid circles indicate the measuring points, and the values obtained
arc correspondingly described in a sub figure.
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Fig.6 Changes of the microstructure with composition in the vicinity of the spinodal line
of the Cu-Ti alloy. The satellites around the 200 electron reflection spot clearly shows
the difference in microstructural periodicity across the spinodal line given by a virtual
line connecting the two arrows.
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Fig.7 Incoherent precipitates on the dislocation, formed apart from the front end of the
coherent precipitation, clearly showing the difference in composition between the
coherent and incoherent solubility limits.
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Fig.8(a)Various phase boundaries and (b)the enlarged coherent binodal line,
experimentally obtained for Cu-Ti alloy system by utilizing the composition gradient
method.
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Fig.9 A schematic illustration of the principle how to get the equilibrium solute
composition Cc(r) at the interface with the matrix.
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Fig. 10 Microstructurc in the vicinity of the coherent binodal line of the Cu-Ti alloy
having the composition gradient. The photograph was taken under the condition of
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Fig.l 1 Straight relationships between Ce(r) and 1/r of the Cu3Ti precipitates in the Cu-Ti
alloys aged at 873K and 823K, clearly indicating that the Gibbs-Thomson's equation is
satisfied. The slopes give 0.11J/mol(873K) and 0.10J/mol(823K) as the interfacial
energy density.
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