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The precipitate growth features in the duplex size (fine and coarse) precipitate distribution,
obtained by quenching the alloy from the holding temperature of 1140◦C, was studied by
treating the alloy for various times in vacuum at selected temperatures in the range
800–1100◦C. It was found that both the fine and the coarse precipitate particles grow with
time, apparently aided by the particle movement in the matrix and coalescence, by the
so-designated Precipitate Agglomeration Mechanism (PAM). At 1100◦C the fine particles
grew to the size of the coarse particles in about 100 hours and a near single coarse size of
about 840 nm was obtained in the matrix. The activation energies for the growth of both
the fine and coarse particles were calculated using particle sizes at different temperatures
after 25 h of aging and at 1040 and 1100◦C for different aging times. These were found to
decrease continuously with an increase in size of the particles, meaning that the coarse
particles grow more easily than the fine particles, requiring less activation energies. This
behavior could be attributed to the greater attractive force with which the coarser particles
would attract the finer particles. C© 2005 Springer Science + Business Media, Inc.

1. Introduction

IN738LC is a modern, cast nickel-based superalloy uti-
lized at high temperatures in gas turbine engine envi-
ronments. Durability of this superalloy at high tem-
peratures is dependent on the strengthening by the γ ′
Ni3Al(Ti,Nb) precipitates. The volume fraction of the
precipitate phase in this alloy is about 40 to 43%.

The alloy is generally used at high temperatures in
the duplex size distributed condition of γ ′. The alloy’s
microstructure control and stabilization are necessary
for its effective utilization at high temperatures.
Developing suitable processes to reduce the grain size
of the parent phase and preventing the growth of parent
grains and precipitate particles are of fundamental
importance in high temperature applications. The
current study focuses on the stability of the duplex size
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γ ′ precipitate microstructure in the alloy IN738LC at
high temperatures.

A standard heat treatment that is generally applied
in the industry to IN738LC is a solution treatment at
1120◦C—2 h/water quench (WQ) and a subsequent
aging treatment at 850◦C—24 h/furnace cooling (FC).
This treatment gives the duplex size distribution for
the γ ′ precipitates in the matrix. A microstructure with
fine γ ′ precipitates develops if solutionizing is carried
out at 1200◦C—2 h/accelerated argon cooling (AAC)
[1, 2]. Annealing at lower temperatures after this so-
lution treatment leads to precipitate growth. Aging at
1120◦C—24 h/WQ produces coarse size γ ′ precipitates
of about 700 nm size. A further treatment of 1140◦C-
6 h/WQ produces a duplex size precipitate microstruc-
ture [3]. Furnace cooling from 1200◦C showed the
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joining of fine particles to form coarser particles. Also,
annealing specimens containing fine precipitates at
high temperatures led to their growth and eventually to
alignment of particles at some stage, causing the slow
evolution of raft-like patterns. Two different γ ′ pre-
cipitate growth processes were observed in general—
merging of smaller precipitate particles with adjacent
smaller or larger precipitate particles by migration in
the matrix (precipitate agglomeration by the Precipi-
tate Agglomeration Mechanism-PAM) [2], and growth
through solute absorption from the matrix (by the Ost-
wald Ripening Mechanism-ORM) [2–4].

The mechanism and growth characteristics of the γ ′
precipitate in the duplex size (fine and medium) dis-
tribution has been documented earlier by Footner and
Richards [5] who treated the duplex precipitate size
specimens at 750◦C for 15000 h. (625 days). Their
results demonstrated that a single coarse size is achiev-
able after about 10,000 h (417 days) at 750◦C. Mosh-
taghin and Asgari [6] who took up the study of coars-
ening of particles in the duplex size distribution in the
alloy IN738LC found the area fraction of the primary
(coarse) particles increasing with time, while that of the
secondary (fine) particles decreased, when annealed for
3000 h (125 days) at 850◦C. They also found that the
growth of the secondary (fine) γ ′ particles (d3 vs. t plot)
deviated from the linear trend predicted by the LSW
theory [7] for a given temperature, and, instead, showed
a curvilinear trend, indicative of increased difficulty in
their growth with increase in size. They suggested that
this deviation of the coarsening kinetics from the linear
behavior may be related to the elastic interaction of the
particles in a coherent system.

The current research takes up this issue and critically
analyzes the simultaneous growth features of both the
fine and the medium size precipitate particles in the

duplex size microstructure when the alloy samples with
the duplex size γ ′ precipitate particles are heated for
different lengths of time at temperatures in the range of
800–1100◦C. Through determination of particle sizes
after various holding times at different temperatures,
the activation energies for the growth of both the fine
and coarse γ ′ particles are determined using the LSW
model and analyzed.

2. Experimental procedure
Small pieces of the alloy IN738LC, about 4 mm thick
and 6 mm edge length, were wrapped in stainless steel
foils, sealed in silica tubes in vacuum, and solution
treated at 1200◦C for 4 h. The tubes, each contain-
ing four to six samples, were quenched in cold wa-
ter and then reheated at 1120◦C for 24 h resulting in
a coarse precipitate microstructure. The temperature
was then raised to 1140◦C and the coarse precipitates
were allowed to dissolve partially into the matrix. Wa-
ter quenching the capsules after 6 h at 1140◦C yielded
the starting γ ′ precipitate duplex size distribution
[3].

The capsules were later broken and each sample was
then wrapped in stainless steel foil and individually
sealed under vacuum in silica capsules. They were heat
treated at 800, 850, 900, 980, 1040 and 1100◦C for
periods of 1, 3, 7, 13, 25, 50, and 100 h. Six to eight
capsules, each carrying one sample, were put in the fur-
nace at one of the chosen temperatures. Only selected
times among those given above were adopted at the
different temperatures and these are given in Table I
along with the heat treatment schedule followed. The
samples were individually removed after the specified
time periods at the given temperatures and quenched
in cold water. Cold water quenching was to retain the

T AB L E I Heat treatment schedule and Sizes of precipitate particles for IN738LC after different treatments

Annealing
Temp.◦C ↓

Annealing
Time (h) →

Precipitate Sizes (µ m)
1 3 7 13 25 50 100

800 Microstructure X X X
Fine 0.06 0.12
Coarse 0.31 0.38

850 Microstructure X
Fine 0.21
Coarse 0.48

900 Microstructure X X X X
Fine 0.28
Coarse 0.55

980 Microstructure X X X X X X X
Fine 0.37
Coarse 0.64

1040 Microstructure X X X X X X
Fine 0.21 0.25 0.3 0.35 0.44 0.55
Coarse 0.48 0.525 0.58 0.64 0.69 0.73

1100 Microstructure X X X X X X X
Fine 0.3 0.355 0.390 0.440 0.520 0.625 0.84
Coarse 0.56 0.6 0.650 0.70 0.736 0.775 0.84

1. Treatment undergone by the as-received material: Cast from the melt + hipping at 1185◦C – 2 h/argon cooling to room temperature (RT) +
solution treating at ∼1120◦C – 2 h/ argon cooling to RT + aging at 843◦C – 24 h/argon cooling to RT. The as-received material showed a duplex size
distribution for the precipitates with sizes around 500 and 150 nm, respectively [2].
2. Initial treatment in vacuum to produce duplex size precipitate microstructure 1200◦C – 4 hr/water quench to RT + 1120◦C – 24 h + 1140◦C –
6 h/water quench to RT. This produces fine cooling precipitates in the matrix along with partially dissolved medium size precipitates.
3. Precipitate coarsening treatments in vacuum for the duplex-treated samples (subsequent quenching in water to RT after treatment) and precipitate
particle sizes (X in the rows of microstructure refers to specimen that has been analyzed using an SEM).
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precipitate sizes in the microstructure after the given
reheating.

For precipitate microstructure studies, the samples
were ground using grinding papers with coarse 120
to fine 600 grit size abrasives and polished on rotat-
ing wheels with fine alumina powder of size down
to 0.05 micron. After cleaning, they were etched
with a solution of composition 33% HNO3 + 33%
acetic acid + 33% H2O + 1% HF (vol.%) [3]. A
JEOL 840A Scanning Electron Microscope (SEM),
equipped with an ultra-thin window Energy Disper-
sion Spectrometer (EDS), was used to characterize the
size, morphology and composition of the precipitate
particles.

Microstructures were digitally recorded using a Mac-
intosh Quadra data acquisition and control system and
analyzed for precipitate grain size later. Sizes of about

100 small precipitate particles and as many medium
size coarse precipitates as available in the pictures were
determined manually by measuring the lengths along
several diagonals and averaging those for each case.
The sizes for both the coarse and fine particles mea-
sured this way were found to lie in a small range for
each, with particles near a single size for each being
dominant. The average sizes of particles were then ob-
tained for both the fine and coarse precipitates from the
dominant size data collected. These average precipi-
tate sizes for both the fine and the coarse particles are
also incorporated in Table I. Precipitates in selected mi-
crostructures were also analyzed for composition using
the EDS attached to the SEM. Photomicrographs were
generally recorded at 2500, 8000 and 16000×. Some
of these micrographs are reproduced in Figs 1–3. In
these figures the magnification is maintained at 8000×

Figure 1 Microstructures obtained after annealing for various times at 1040 and 1100◦C. (Continued.)
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Figure 1 (Continued).

to facilitate direct comparison between the different
microstructures.

3. Results and discussion
Both the fine and medium size γ ′ precipitates grew
with time at a given temperature (e.g., 1040◦C). Fig. 1
shows the microstructures obtained after annealing for
various times at 1040 and 1100◦C, respectively. Pre-
cipitate shapes and sizes obtained after 25 h heat treat-
ments at the different temperatures used are shown in
Fig. 2. It is seen that the growth is slow at lower tem-
peratures, whereas the growth rate is noticeably high
at 1040 and 1100◦C, as expected. The fine precipitates
are found not only to join with each other and coarsen,
they also merge with the adjacent medium size precip-
itates, coarsening them further (see Fig. 3). The fine
precipitates gradually coarsen to the size of the grow-
ing medium size coarse precipitates and after a certain
time interval a single unimodal coarse size is realized
throughout, in line with the observations of Footner and
Richards [5]. Thus, nearly single size coarse precipi-
tates were found after only 100 h of treatment at 1100◦C
(compare with 10,000 h at 750◦C [5]). It is thus estab-
lished that the duplex sized precipitates would grow
faster at higher temperatures and ultimately become
single sized coarse particles. The particles also line up
and form rafts. Further heat treatments are underway
using longer holding times at 1100◦C in order to de-
termine the maximum size attainable for the coarse
precipitates.

Treating the fine-precipitate-containing alloy at
1120◦C for longer times showed earlier that the pre-
cipitates would grow to a certain maximum size be-
yond 700 nm and then begin to dissolve partially
even at 1120◦C [3]. (1130–1150◦C is judged to be
the normal range for precipitate’s partial dissolution
and duplex precipitate size evolution upon quench-
ing). Similar dissolution could occur at 1100◦C after a
much longer time. This possibility is also under further
study.

Agglomeration of fine particles with each other and
also with the coarse ones, contributing to coarsening by
the Precipitate Agglomeration Mechanism (PAM) [1],
was found in the microstructures of a few heat treated
samples at the initial stages, such as the one in Fig. 3.
PAM postulates the prevalence of an attractive force of
sufficient magnitude between adjacent precipitate par-
ticles when there is considerable strain energy present
in the matrix due to misfit between the matrix and the
precipitate. The strain energy is elastic in nature and
evolves due to the volume misfit, as well as the interfa-
cial structural misfit between the two. In addition, the
precipitate, being much stiffer than the matrix, exerts
a force on the softer matrix proportional to its mass.
The total strain energy can be reduced considerably by
merging adjacent particles, which translates into an at-
tractive force between the particles, one that becomes
significant when the particles are close to each other and
their strain fields overlap. The strain energy would in-
crease also with increasing size of the particles. Hence
coarser particles would exert a larger force on smaller
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Figure 2 Precipitate microstructures obtained after 25 h heat treatments at the different temperatures given.

particles and the agglomeration of the finer ones with
the coarser would be lot easier than the agglomeration
of the fine ones with the adjacent fine ones. It can also
be noted here that because of agglomeration there will
be a precipitate denuded zone around such consolidated
coarser particles as well.

It is apparent from microstructure analysis that the
particles in the duplex precipitate size microstructure
attract the nearby ones through elastic interactions and
join with them, leading to their coarsening by the
agglomeration process, simultaneously denuding the
zone around them from the fine ones. Note that the fine
particles join with each other too forming coarser parti-
cles (and the fine ones near the coarser ones merge with
the latter), an observation that Moshtagin and Asgari
seem to have overlooked.

From the sizes of precipitates obtained from differ-
ent microstructures and the temperatures and times in-
volved, the molar activation energy for the growth pro-
cess for both the fine and the coarse precipitates were
calculated using the LSW formula:

dn
t − dn

0 = K t, where K = K0 exp

(
− Q

RT

)

wherein do is the initial size of the particle to start with
at t = 0, dt is the size after a heating time of ‘t’ at
the temperature T, n is the growth exponent (generally
assumed to be 3 for volume diffusion control), and Q is
the molar activation energy for the growth process [4].
It is not certain, however, whether this equation, orig-
inally given by Lifshitz and Slyazov [7] and Wagner
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Figure 3 Agglomeration of fine particles with each other and with the
coarse ones contributing to coarsening by the Precipitate Agglomeration
Mechanism (PAM).

[8], would still be valid for the precipitate growth by
the Precipitate Agglomeration Mechanism, although
the latter could still involve some volumetric diffusion
of atoms in the agglomeration process.

Size data obtained are plotted in Fig. 4 for the 25 h
treatment at different temperatures and in Fig. 5a and
b for different times at 1040 and 1100◦C, respectively.
The data in Fig. 4 are replotted as ln d vs. 1/T plots
in Fig. 6. The plots in Fig. 6 were found to have three
nearly linear segments in the temperature ranges 800–
850, 850–900, and 900–1100◦C. From the slopes of
these linear segments, the corresponding Q values were
obtained. Each Q value was then taken to prevail in the
corresponding temperature range and was plotted in
a separate figure against the mean temperature, as Q
vs. mean T plots (Fig. 7). These data points appear as
small markers in the figure. Data points for 850, 900 and
980◦C were obtained from the corresponding d values
by interpolation and their values are shown by larger
markers in the plot. Values for the first two temperatures
are close to the averages obtainable from the Q values of
the two straight line segments going through these two

points. Corresponding to temperatures of all of these
data points in the plot the d values were known (or could
be obtained from the equations of straight lines given)
and using this data Q vs. d data was plotted in Fig. 9
(plots for 25 h treatment at different temperatures).

From the data of precipitate sizes at the two temper-
atures 1040 ◦C and 1100◦C (given in Fig. 5), activation
energy Q for the precipitate growth process could be
calculated from the two values of the size data for each
of the coarse or fine precipitates corresponding to the
two temperatures for a specific time. These Q values,
the lower for the coarse and the higher for the fine, were
taken to prevail in the temperature range 1040–1100◦C
and were taken corresponding to the mean temperature
1070◦C for the specific holding time. Fig. 8 gives the
plots of Q for coarse and fine particle growth vs. hold-
ing time ‘t’ for the mean temperature 1070◦C. From
the average of the logarithms of the precipitate sizes at
the two temperatures for a given holding time the size
of the precipitate at the mean temperature for the corre-
sponding holding time could be obtained and the above
Q vs. ‘t’ plots could be converted to corresponding Q
vs. d plots. These plots are also included in Fig. 9 (plots
for mean temperature 1070◦C for different times). The
data for the plots given in Fig. 9 are given in Table II.

The results obtained show that the activation ener-
gies for the growth of coarse precipitate particles are
smaller than the analogous values for the growth of fine
ones. There is a continuous decrease in the activation
energy for the growth of the coarse or fine particles with
an increase in temperature (25 h data at different tem-
peratures). The activation energy for the growth also is
found to decrease with increasing size of the precipitate
particle by increasing the holding time at a given tem-
perature (data from 1040 and 1100◦C, represented for
the mean temperature 1070◦C), for both the fine and
coarse precipitates. The data for the coarse particles
from both of the above sets fall nearly on a contin-
uously falling curve toward the tail end of the plots.
Slight offset is seen, however, between the two sets of
data for the fine precipitates and this can be attributed
to scatter in the size data of fine precipitate particles

Figure 4 Plot of precipitate size data obtained for the 25 h treatment at different temperatures.
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Figure 5 (a and b) Plots of precipitate size data obtained for different times at 1040 and 1100◦C, respectively.

in the various microstructures at different temperatures
leading to possible inaccuracies in the estimation of the
average sizes.

Fig. 9 also shows the best fit mean curve (dotted)
for the variation of Q with d. This curve is represented
by the polynomial: y = 6E − 10x4 – 3E − 06x3 +
0.0035x2 – 2.1934x + 612.52, where y = Q and x =
d. Further work is needed to correlate variation of Q
with other parameters such as d2 (proportional to pre-
cipitate surface area) and d3 (proportional to precipitate
volume).

The above results clearly indicate that the activa-
tion energy for the growth of precipitate particles in

the duplex size range is not a constant, but depends on
the size of the particles. It decreases with increasing
size of the particles in the duplex structure, which im-
plies that the coarser particles grow more easily in the
duplex structure, needing less activation energy, than
the finer particles. This can be attributed to the elastic
interaction, as Moshtaghin and Asgari [6] point out,
and to larger attractive force (enunciated in the PAM
model [1]) the coarser particles would exert on the finer
particles, while the corresponding agglomerating force
would be weaker for the finer ones. The larger attractive
force from the coarser particles would make it easier
for the fine particles to move in the matrix and this

T AB L E I I Data for Fig. 9 giving Q vs. d (d in nm and Q in kJ/mol)

d1070−f Q1070−f d1070−c Q1070−c d25h−f Q25h−f d25h−c Q25h−c

252.58 267.3 513.8 102.02 122.24 336.64 374.23 140.52
291.4 233.39 559.195 92.96 211.45 250 468.4 110
336.3 196.62 609.26 78.97 285.07 189.17 545.75 89.51
390.19 171.48 659.69 67.1 364.6 150 636.69 68.3
458.26 133.77 714.84 52.38 420.77 120 686.01 51.46
583.95 95.75 754.85 44.82 504.9 101.52 726.69 42.23
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Figure 6 The precipitate size data in Fig. 4 shown as ln d vs. 1/T plot.

Figure 7 Q vs. T plots for 25 h annealing. (825, 875 and 1000◦C are mean temperatures, while 850, 900 and 980◦C are actual temperatures used).

Figure 8 Q vs. holding time ‘t’ for the mean temperature 1070◦C.
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Figure 9 Q vs. ‘d’ plots for the average precipitate sizes at the mean temperature 1070◦C corresponding to various times, and for different temperatures
for 25 h annealing time.

apparently leads to a reduction in the activation energy
needed for particle agglomeration and the resultant size
increase. Since the attractive force will increase with
the increase in size of particles, progressively, there is
also less activation energy needed to consolidate the
adjacent particles and contribute to the size increase of
the particles. Thus, the results obtained in this study
reinforce the Precipitate Agglomeration Mechanism-
PAM, enunciated earlier for the growth of particles in
the duplex size precipitate microstructure [1].
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