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AEM DETERMINATION OF COMPOSITION PROFILES FORMED DURING
CELLULAR PRECIPITATION IN Ni-In ALLOYS

K. B. Alexander and D. E, Laughlin

Cellular precipitation occurs in a wide range
of alloys and is generally associated with a
degradation in mechanical and electrical prop-
erties. In order to suppress the reaction,

the factors that govern the kinetics of the re-
action must be understood. Many theories have
been proposed to account for the growth kinet-
ics of cellular precipitation. To compare the
observed growth kinetics with any theoretical
model, several parameters must be measured:

the growth velocity, the interlamellar spacings
involved, and the amount of nonequilibrium
segregation retained in the o lamellae. This
last parameter has often been measured by x-ray
diffraction methods. However, microanalytical
techniques in the transmission electron micro-
scope have proved to be much more informative.

Experimental Procedure

Energy-dispersive x-ray spectroscopy was
performed in the STEM mode in a Philips 420T,
with a 20° elevated detector and the sample
tilted 10° toward the detector. The cellular
reaction front was oriented as shown in Fig. 1
to optimize the microanalysis from the inter-
lamellar regions.Ni-Ko and In-La lines were
used for the quantitative analysis. The foil
thickness at the microanalysis location was
determined by convergent beam electron diffrac-
tion and confirmed by the use of the thickness
determined from the distance between contamina-
tion deposits on samples tilted 45°. The spot
size and condenser apertures used were chosen
to minimize the "halo" of spherically aberrat-
ed electrons outside the intense central beam.
Probe sizes used were 10 to 30 nm. Attempts
were made to acquire at least 3000 counts in
the indium Lo peak., Several Ni-In alloys of
known composition were used to obtain KIn-La/
KIn-La/Ni-Ka to convert Xyn/¥Ni (intensities)
to Crp/CNi (compositions). The experimental
compositions were corrected for absorption ef-
fects. The results of the absorption correc-
tions as a function of thickness in a well-
annealed sample are shown in Fig. 2. The in-
terlamellar spacings were measured from TEM
micrographs with the lamellae oriented in an
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edge-on configuration, whereas the growth ve-
locities were measured for the colony of in-
terest directly from the thinned TEM foil in a
scanning electron microscope.

Cellular Precipitation in Ni-In Alloys

During cellular precipitation, a two-phase
lamellar product is formed behind a migrating
boundary. This reaction can be expressed as
a9 = a + B, where oy is the original supersat-
urated matrix and a and B are the components of
the two-phase lamellar product. As a result of
cellular precipitation, nonequilibrium segrega-
tion necessarily occurs within the a lamella.
Tho determination of the degree of segregation
in this region is necessary to quantify the
growth kinetics of cellular precipitation.
Following Cahn® and Sundquist,? the solution
to the diffusion equation governing the redis-
tribution of solute in the « lamella can be
written as:

Xg - X cosh[va(z/S ]
@ _ o 1)
Xo - x3  cosh(va/2)
v§ 2
where a 2 (2)

= Cos § avg kDpd

and x9 is the alloy composition; Xy is the po-
sition-dependent composition within the ¢ lam-
ella; X3 is the composition at the ¢/B inter-
face, which, due to capillarity is not neces-
sarily equal to x¢*F, the equilibrium o compo-
sition; z is a distance across the © lamella;
v is the growth velocity; S, is the interlam-
ellar spacing of the o lamella; k is the grain
boundary segregation coefficient; Dy is the
grain boundary diffusion coefficient; & is the
grain boundary thickness; and 6 is the angle
between the global growth direction and the lo-
cal reaction front normal. The dimensionless
parameter a reflects the amount of nonequilib-
rium segregation retained in the a lamellae.
For large values of a the solute profile in
the o lamella is very steep, whereas for small
a , the solute profile is very flat. For ex-
perimentally determined o phase interlamellar
solute profiles, the two unknown values (a
and x3) can be determined by nonlinear regres-
sion analysis from Eq. (1).

precipitation for two reasons: (1) there is
very little prior matrix precipitation, which
is a necessary condition to treat the untrans-
formed matrix thermodynamically as a solid
solution of a of composition xo; and (2) the
system is suitable for use of energy-disper-
sive x-ray spectroscopy (EDS) to determine the
solute profiles within the « lamella. The al-
loy compositions, aging temperatures, and aging
times were chosen so that the interlamellar



were larger than 0.2 ym and that sub-
growth (>10 um) occurred in a few
minutes. Solute depletion was often observed
prior to the appearance of the cellular lamel-
lar structure. Figure 3 shows a solute-deplet-
ed region between the original grain boundary
location and the initiation of the lamellar
structure. This depletion has also been ob-
served in Al-Zn alloys, and it has been pro-
posed that diffusion-induced grain boundary
migration (DIGM) processes are responible.®

A solute profile obtained in a Ni 4.6 at.% In
alloy is shown in Fig. 4. The a and xg values
calculated by nonlinear regression analyses
from Eq. (1) are also shown. Figure 5 shows a
STEM micrograph along with the solute profile
obtained across the a lamella,

spacings
stantial

Discussion

The growth kinetics can be modeled, follow-
ing Hillert,"”® by balancing the forces on the
¢ and B lamellae individually. The forces
acting on each portion of the reaction front
include: a chemical driving force (+), a sur-
face energy term to create new ogh interfaces
(-}, and a drag force term since the boundary
is not infinitely mobile (-). By assuming a
parabolic free-energy expression and solving
these equations for both the «¢ and B lamellae,
a series of solutions relating the growth ve-
locity and the interlamellar spacing S,; is ob-
tained. In Fig. 6, the velocity-spacing rela-
tionship is plotted in dimensionless parame-
ters for several values of the dimensionless
mobility m=MSreyo/kDps, where Syev = 26Vm/AGtot
is the spacing that would be observed if all
the free energy available (AGtot) were used to
create new interfacial area and M is the grain
boundary mobility. For Ni-In, ¢ was assumed’
to be 0.56 J/m? and the molar volumes Vy used
were those calculated by Graf.® The growth
velocities and spacings measured in this study
are also plotted in Fig. 6. In previous
work*»® it was assumed that the drag force on
the boundary was negligible (m = «). However,
the present results indicate that the drag
force term is significant with m values of the
order of 0.10 to 0.50. From these dimension-
less mobility values, the mobility M can be
calculated and is consistent with those usually
obtained in DIGM experiments (M = 10-15 m"/J 5,
More detailed comparisons of the growth kinet-
ics model with the present data and with pre-
vious investigators'! results can be found in
Ref, 7.

By writing a force balance for each point
along the lamella, where the surface energy
term is now that due to the local radius of
curvature, the shape of the reaction front can
be calculated by solving for the radius of
curvature at each point along the lamella.’
Figure 7 shows the reaction front calculated
from the solute profile and m value (0.25) ap-
propriate for the cellular colony shown in Fig.
5. The observed reaction front shape agrees
very well with that predicted from the growth
kinetics model. Much larger values of m result
in reaction front shapes that are very convex;
i.e., the reaction front bows forward toward
the untransformed matrix. Since the reaction
front is nonplanar, the distances over which
diffusion must occur are larger than Su/2.

Solving the growth kinetics equations itera-
tively with the reaction front shape equations
results in a maximum spacing (Spax) beyond
which there are no steady-state solutions. At
this maximum spacing, the reaction front devel-
ops a deep recess, which results in a very
steep concentration profile due to the longer
diffusion distances involved. At spacings
above the maximum spacing, the diffusion dis-
tances become so large and the profiles so
steep that it is impossible for all points
along the reaction front to migrate forward
with the same velocity. However, re-entrant
reaction front shapes favorably oriemt portions
of the boundary for nucleation of a new lamel-
la, thus permitting steady-state growth to con-
tinue should the spacing diverge beyond the
maximum steady-state spacing. There also ex-
ists a minimum spacing due to the shape of the
velocity-spacing curve. The spacing Spin 2s-
sociated with the maximum velocity will outgrow
spacings with Sq < Smin. Therefore, only spac-
ings with Syin < Sq < Smax should ever be ob-
served. The maximum allowable spacing Spax for
m = 0,1 is marked on Fig, 6. (Sgax for m = 0.5
is just beyond Su/Srev = 12.0.)

Conclusions

The solute profiles in the o lamellae during
cellular precipitation in Ni-In alloys can be
accurately measured by x-ray microanalysis.

The advantage of this method over x-ray dif-
fraction methods to determine a are

1. There are no spurious contributions to
the composition measurements from solute deple-
tion which occurs prior to cellular precipita-
tion (Fig. 3).

2, Often, the spacings of adjacent lamellae
vary quite dramatically. Using microanalysis,
the exact relationship of velocity, spacing,
and a can be determined for individual lam-
ellae.

This model summarized in this paper is based
on Hillert's treatment of the growth kinetics
of cellular precipitation. With this model, it
is clear that the drag force term is a signifi-
cant factor in cellular precipitation. The
calculated mobility values M are consistent
with those observed during DIGM processes and
the growth front shapes observed are similar to
those predicted with small m values. The model
predicts an upper bound on the observable spac-
ing. The lower bound is the spacing possessing
the maximum growth velocity. The experimental
data obtained from Ni-In alloys all lie within
the predicted range of permissible spacings.
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FIG., 1.--Schematic microanalysis geometry.

FIG. 2.--Effects of absorption correction as a function of foil thickness. Squares represent
original uncorrected data; crosses, absorption corrected data,

FIG, 3.--Microanalysis across original grain boundary site., Cellular portion is on left, orig-
inal grain boundary site on right. Growth direction is from right to left.

FIG. 4.--Composition profile for Ni-4.6 at.% In aged 15 min at 1020 K. Error bars represent
95% and 99% confidence intervals on data.

FIG. 5.--(a) Composition profile across o lamella shown in STEM micrograph (b). Slight contam-
ination spots can be seen at microanalysis locations.
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FIG. 6.--Dimensionless velocity v* = vSyev?/kD, plotted against dimensionless spacing for var-
ious values of dimensionless mobility m.

FIG. 7.--Reaction front shape calculated with experimental parameters associated with reaction
front shown in Fig. 5.



