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Abstract

Rene88DT samples were subjected to different cooling rates after a supersolvus treatment, and
aged for varying periods of time from 25 to 200 hours at 760°C. Secondary and tertiary Y
precipitate sizes were measured after each heat treatment condition through Scanning Electron
Microscopy (SEM) and Energy Filtered Transmission Electron Microscopy (EFTEM).
Coarsening rate constants were calculated and reported from the measured values of precipitate
sizes. When describing the change in radius (r) as a function of time (t), good fits between the
experimental results and analysis resulted from the use of both types of functional relationships,
r’ vs. t and r* vs. t. The experimental rate constants derived from this analysis were compared
with theoretical values deduced from two different models — volume diffusion and interface-
controlled diffusion. The mechanism for y’ coarsening has been rationalized based upon the
comparison between the analytically derived and experimentally observed values, of these rate
constants.

1. Introduction

Rene88DT is a commercial Nickel-base superalloy used in the high temperature section of
aerospace propulsion systems. It is typically subjected to a two-stage supersolvus heat treatment:
the material is first solutionized by heating above the solvus, and then cooled to precipitate an
L1, ordered Ni3Al precipitate (secondary y) from the FCC matrix (y). The cooling rate
determines the size and distribution of the precipitates. The second heat treatment step involves
aging the material to precipitate a refined dispersion of ordered tertiary y precipitates. The
tertiary y is more or less spherical and has an effective particle size much smaller then the
secondary y. As documented in numerous studies, the morphology and size of the precipitates
greatly impact the mechanical properties of the materials [1-3]. Precipitate-matrix interaction,
influenced in part by the lattice parameter misfit between the ordered precipitates and the matrix,
combined with the size and volume fraction of the precipitates, has been reported to affect
properties such as creep behavior [4-6] in these alloys.

Several other aspects related to the composition and morphology of the y’ precipitates, including
the chemical gradients across y / vy’ interfaces, have also been discussed as contributing factors to
precipitate coarsening [7,8]. Overall the morphologies and mechanisms associated with y’
particle coarsening with aging have been a topic of significant discussion over the past decades
[9-15]. The theories and Lifshitz and Slyozov [9] and Wagner [10], known collectively as the



LSW theory, predict the coarsening of dispersed particles in a matrix to follow the general
relationship r° = kt, where r denotes the particle radius, t denotes the aging time and k denotes the
rate constant associated with coarsening. Other modifications have been proposed, to account for
some of the assumptions involved with the LSW theory [16]. In contrast, recently Ardell and
Ozolins [17] have proposed a new model, based upon interface diffusion, to account for the
coarsening of the y’ precipitates in superalloys. They have argued that the fundamental
assumptions of the LSW theory are valid only under certain restrictive conditions which may not
apply directly to the case of ¥’ coarsening in superalloys.

While significant experimental evidence is in fact available on the subject of ¥ coarsening and
growth in Nickel-base superalloys, the goal of this study is to provide a comprehensive study of
¥ (secondary and tertiary) size evolution over various cooling rates and aging times for
Rene88DT. Additionally, not much information exists on the actual rate constants associated
with coarsening in Rene88DT, and the effect of initial microstructures on the coarsening
kinetics. Hence, this study focuses on the determination of rate constants in Rene88DT for the
two different mechanisms proposed (a) volume diffusion, based on the LSW model [9,10], and
(b) interface diffusion driven mechanism based on the model proposed by Ardell and Ozolins
[17]. Size measurements of Yy’ precipitates have been made through the use of back scattered
SEM and energy filtered transmission electron microscopy (EFTEM) techniques. The measured
sizes have been plotted as a function of cooling rate and aging time, to determine the actual rate
constants associated with y’ growth/coarsening, as a function of aging time and cooling rate.
These values are compared with those measured previously in similar systems, and also
compared with theoretically derived rate constants based on the two different models. Finally,
the mechanism of y’ coarsening has been rationalized, based upon these comparisons.

2. Experimental Procedures

The bulk chemical composition of Rene88DT is provided in Table 1. Material was cut from the
bore and rim section of a disk, produced and tested under work supported by the Defense
Advanced Research Projects Agency, Defense Sciences Office (Engine Systems Prognosis,

Contract Nos. HR0011-04-C-0001 and HR0011-04-C-0002). ‘Fleprogram-evaluated-the-impaet
ﬂ#rmcrostmeﬂﬁe-efﬁmehameal-pmpemes%& The samples were supersolvus solution treated

at 1150°C for 30 minutes to dissolve primary y and then cooled under one of three cooling rates
— slow cooled (SC) at 24%C/min, fast cooled (FC) at 280°C/min and water quenched (WQ) at a
rate >300°C/min. The FC and SC samples were solutionized in a large vacuum chamber. Water
quenched samples were drilled to accommodate a thermocouple in the center of the sample.
They were heated in a non-vacuum furnace to allow for rapid water quenching of the material.
Despite these elaborate procedures, it is expected that the water quenched samples cooled at a
rate faster than the rate relayed by the thermocouple to the data acquisition system.

Following cooling, the samples were aged for 25, 50, 100 and 200 hours respectlvely, at a
temperature of 760°C, in a vacuum furnace equipped with a large chamber and air quenched.
Following aging, the samples were cut and polished for wavelength dispersive spectroscopy
- (WDS) homogeneity analysis using a Cameca SX 100 microprobe. Each of the samples was

evaluated for all of the chemical elements present in the bulk chemistry data by averaging 100
points in a line scan with a 5 um defocused probe operating at 15 kV.



Standard metallographic processes were used to mount and polish scanning electron microscopy
samples for back scattered SEM, performed using a FEI Sirion field emission gun SEM operated
at 10 and 15 kV. Prior to imaging, samples underwent various treatments to elucidate y
precipitate morphology with limited detrimental etching of features. Even with additional
processing controls, measurement results were subject to errors based on the flatness of the
image surface and the etching of precipitates and/or matrix material. Because of the forging
history of the disk material, the y texture of the samples was evaluated using orientation imaging
microscopy of a fast cooled, un-aged specimen. The analysis was performed at 20kV, with a
step size of 1 um and a probe spot size of 3 over an area of 1.9 mm?,

For Transmission Electron Microscopy (TEM) investigations, samples were cut using diamond
saws, polished to 100 um thickness, and core-drilled to produce 3 mm diameter discs. Thin foils
for TEM investigation were prepared by dimpling and ion milling of discs, performed on a
Fischione Model 1010 ion milling system operating at 6 kV and 5 mA. TEM analysis was
conducted on a FEI Tecnai F20 field emission gun transmission electron microscope operating at
200 KV. Images were obtained using the Cr M-edge in the energy filtered TEM (EFTEM)
mode, as described elsewhere [7,8]. Images were captured at different magnifications to identify
the relevant secondary and/or tertiary y precipitates and processed using Fovea Pro [19] and
Adobe Photoshop [20] to isolate each precipitate and determine the area fraction from the image
pixels. Details of the image stereology analysis are presented elsewhere [21,22]. The area
fractions were converted to equivalent diameter values. While this technique provided a
straightforward method for comparing precipitate area fractions, it is likely to be a more accurate
representation of sizes for smaller precipitates (~3-50 nm) with near-spherical morphologies, as
compared to larger (>2OO nm) precipitates showing non-spherical morphologies (discussed in
detail below).

For 3D Atom Probe (3DAP), specimens were prepared with a tip radius of approximately 50 nm.
Specimens were first cut by electro-discharge machining (EDM), followed by electropolishing
and Focused Ion Beam (FIB) milling to achieve the fine tip radius required for investigations. All
3DAP experiments were conducted on a LEAP 3000 Local Electrode Atom Probe (LEAP™)
microscope system manufactured by Imago Scientific Instruments, Inc. Additionally, all atom
probe experiments were carried out in the electric- field evaporation mode at a temperature of
70K, with the evaporation rate varying from 0.2 — 1.0 % and the pulsing voltage at 30% of the
steady-state applied voltage. More details of the sample preparation technique for the 3DAP
studies can be found elsewhere [23].

3. Results

A. Composition, texture and volume fraction of precipitates

Compositional determination using WDS confirmed good overall uniformity in samples for a
given cooling rate and aging condition. Texture measurements provided a value of 2.53 times
random, indicating only a slight texturing of the material. Thus, compositional inhomogeneity
and sample texture are not expected to be significant factors influencing y’ precipitate size and
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b) Equivalent diameters for secondary y precipitates increased for all cases with increasing
aging time. ,

¢) While the morphology of tertiary y precipitates remained near-spherical at all aging
times, secondary y morphology became increasingly non-spherical and more cuboidal-
like with increasing aging time. 4o e W shoded  coloide| amd (reang o

d) Volume fractions calculated from EFTEM images remained roughly constant for all
samples, as a function of aging time.

The above observations are important as a systematic experimental study of the coarsening
behavior of y’ precipitates in Rene88DT. It is worth mentioning that a more detailed
understanding of the size evolution during short aging periods (0-25 hours) forms part of a
separate study [27].

EFTEM images (Figure 1 and Figure 2) show that the secondary y’ morphology becomes
increasingly non-spherical with (a) decreasing cooling rates, and (b) increasing aging times ata
given cooling rate, especially for the FC and SC samples. Although the secondary y’ precipitates

M \A——may coarsen intoYarger cuboidal-like shapes, the sampling of the structures may create more

spherical features of smaller dimension due to the nature of the sampling plane cutting through
the precipitate. Consequently, the EFTEM imaging may underestimate the area fraction of the
non-spherical structures, as several of these features are expected to be greater than the foil
thickness. While some amount of overestimation in sizes may occur for the secondary y’
precipitates due to the projection of the features onto the image plane (mainly due to particles
and shapes that may reside in close proximity in three dimensions), this is expected to be
relatively small. Consequently, all size values should be treated as a lower bound for the actual
sizes of the secondary y’ precipitates. The difference between true and measured values is
expected to be much lower for the tertiary y’ precipitates, as these are usually confined within the
foil thickness.

Figure 3 shows the evolution of precipitate sizes (measured in the form of an equivalent
diameter) with aging time for three cases: WQ samples (where a unimodal size distribution is
observed), tertiary y’ precipitates in FC samples and tertiary y° precipitates in SC samples. Note
that with increasingly non-spherical shapes being observed in the case of secondary y’
precipitates in FC and SC samples, the concept of an equivalent diameter may not be particularly
appropriate, and may in fact yield erroneous values for coarsening rates. The importance of using
the correct precipitate morphology and size for determining coarsening kinetics is discussed in
more detail below, and has also been addressed in other studies [17].

C. Measurement of solute concentrations and compositional gradients at v/y’ interface

The solute concentrations in the y and y’ phases and the compositional gradient across the y/y’
interface have been determined using 3D atom probe tomography studies. As an example, Figure
4 shows the results of 3DAP studies carried out on the WQS50 sample. Figure 4(a) shows a 3D
reconstruction of the Al=8at% iso-concentration surface (in red) corresponding to the y’
precipitates together with the Co atoms plotted in blue. Figure 4b shows the same 3D atom probe
reconstruction with the Cr=14at% iso-concentration surface plotted to define the y’ precipitates.
Finally in Figure 4(c), the concentration profiles of various alloying elements across the y/y’

tonvoin
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interface have been plotted for a specific tertiary precipitate (marked by the arrow in Figure 4(b).
The concentration profiles have been determined using the proximity histogram approach
wherein the composition of each alloying element at a particular location is plotted as a function
of its proximity to the interface [28]. From Figure 4(c) it is evident that while Cr, Co, and, Mo
tend to partition strongly to the y matrix, Al and Ti partition to the y* precipitate. Furthermore,
there appears to be a compositional gradient at the y/y’ interface, defined as the zero location on
the distance axis. The width of this compositional gradient is approximately 3.5 nm for Cr (the
major alloying element in Rene 88DT) and this value has been assumed to be the compositional
width of the interface for use in the coarsening models to be discussed below.

4. Discussion

A. y’ sizes, volume fraction and morphology

As shown in Figure 3, the vy’ precipitate sizes are observed to increase with decreasing cooling
rate, and increasing aging time. The measured sizes are in agreement with those reported in
previous studies on Rene 88DT [7,24]. Similarly, the overall volume fractions of " measured in
this study are generally in agreement with those reported earlier [24]. The change in size and
morphology of secondary y’ precipitates as a function of cooling rate is typical of Ni-base
superalloys. In the initial stages of nucleation and growth, the y* precipitates exhibit a spherical
morphology, as observed in the as-cooled microstructures (Figure 1(a)), dictated by the
minimization of surface energy per unit volume. While the observed increase in size with slower
cooling (due to growth kinetics) is accompanied by sighificant chemical partitioning, this
increase in precipitate size is also accompanied by a change in precipitate morphology; there is a
tendency for precipitates to become more cuboidal at lower cooling rates (Figures 1(b) and 1(c)).
~ This is attributed to the rapidly increasing coherency strain energy accompanying the growth and Suspee led
coarsening process. Additionally, significant degree of particle coalescence is d at
slower cooling rates (FC and SC samples). Consequently, it becomes difficult to attribute the
increase in size during aging to simply coarsening processes. Thus, for the purpose of
comparison with coarsening models (discussed below), it is important to carefully select
/%s that do not exhibit coalescence effects and retair}their near spherical shapescor ihf\

/r;ffo/s_t part. > 1

Similar effects are seen during the aging treatment as well. While the precipitates in the WQ
sample microstructure tend to be nearly spherical even after 200 hours of aging, t]gf ﬂecipitates

in the FC and SC samples have a propensity to become cuboidal and mere often ASstithe arbitrary
shapes as shown in Figure 2(b), 2(c) and Figure 5(a). Splitting of coarse ¥’ precipitates (observed
primarily in SC and FC samples aged at 200 hours) into a number of small particles or cuboids

‘has been experimentally observed to occur in other Ni-base alloys [25], and has also been -
observed in very coarse secondary y’ precipitates in the SC samples subjected to 200 hours of - :
aging, as shown in Figure 5(b). It is important to note that this splitting is not expected to
significantly affect the size measurements of the tertiary vy’ precipitates in the FC and SC
samples, as these tertiary y’ particles have a nearly spherical morphology, and have smaller size
ranges (~ 35-40 nm). This is evident through a qualitative comparison of the-sizes of the

secondary and tertiary y’ particles in Figure 5(a) and 5(b).
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Due to all the factors listed above, it is clear that for the purpose of comparison with coarsening
models (discussed below), it is important to select near-equilibrium morphologies that do not
exhibit coalescence or splitting effects (as observed in Figure Sb). A careful scrutiny of various
morphologies suggests that the WQ samples show minimal tendency for coalescence of y’
precipitates, while maintaining a nearly spherical morphology. Similarly, the tertiary y’
precipitates in FC and SC samples also exhibit nearly spherical y’ precipitates and do not
typically appear to be coalescing. More importantly, these respective types of y’ precipitates in

all three samples lie in the size range of ~3-40 nm, permitting the modeling of coarsening
kinetics of these precipitates. Hence, for the purpose of calculating rate constants associated with
coarsening, these specific morphologies have been chosen, and discussed below. Note that while

the underlying mechanism of coarsening for larger secondary and smaller tertiary y” precipitates

may be the same, the largely non-spherical morphologies of the secondary precipitates coupled ;.. 4 .
with the increased tendency for coalescence and splitting make it rather difficult to apply — ©
standard coarsening models. In addition, it is important to note that 3D atom probe studies have
indicated some non-uniformity in the composition of individual tertiary y’ precipitates [23,29],
especially during the initial stages of growth (precipitate size < 5-10 nm). Consequently, the data
points of average y’ sizes in WQ, FC, and, SC samples, prior to aging, are not included in the
analysis of the coarsening models as it is likely that the precipitates in these samples are still in

the “growth” regime and have not yet entered the ‘“coarsening” regime of the phase
transformation.

B. Modeling the coarsening kinetics of ¥’ precipitates

(i) Classical Lifshitz-Slyozov-Wagner (LSW) coarsening model

The respective y’ precipitates in all three samples, (WQ secondary, FC tertiary and SC tertiary),
all exhibit an initial rapid increase with aging time that tapers off at longer aging periods (as
illustrated in Figure 3). It has been commonly proposed that coarsening of the y’ precipitates in
Ni base superalloys occurs via Ostwald ripening for which theoretical understanding has been
extensively developed +a-thepast. In case of Ostwald ripening, the rate of mass transport (.i.e. the
product of diffusivity and concentration of solute in the matrix) is considered a¢the rate-limiting
step~ during the coarsening of the precipitates. Typically, such a time dependent coarsening
process is described according to the LSW theory by the following power law expression [9,10]:
)

=3 =3 _ v
r=r =kt

P
@XW !
where 7 is the mean particle size at a time ¢, 7 is the mean particle size at the onset of
coarsening (at £=0), and k" is described as the coarsening constant that is largely dependent on
factors such as the volume fraction and size distribution of precipitates. Experimentally the
values are obtained from the slope of the plot 7’ -7’ versus r. More recent modifications
[11,12,16] to the LSW theory continue to use the original power law form of coarsening kinetics
expressed by Equation 2 with differing k” values. Consequently, the power law equation
expressed by Equation 2 has been applied t(;/ the coarsening behavior of precipitates in all three
sets of samples, WQ secondary, FC tertiary, and, SC tertiary, as shown in Figure 6, where the
measured precipitate sizes (or equivalent radius raised to the third power), ¥, is plotted as a -

/
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function of the aging time #. Values of the coarsening constant (k") are obtained from the slopes
of these curves. As mentioned earlier, for the purpose of obtaining rate constants, the data points
for samples prior to aging (¢=0) have not been considered. The WQ sample aged for 200 hours
has also not been considered, as there is likely to be interaction of elastic strain fields between
larger particles [17], and also particles may not have equilibrium shapes in this regime.

In general, the experimental data of r’ vs. t appears to fit quite well to the classical LSW
coarsening model expressed by Equatlon 2 for all samples analyzed. The & values obtained from
the slopes of these plots are listed in Table 2, and lie in the range 0.0046 to 0.0157 nm’s
Although £ values for multi-component superalloys are not widely available in the publlshed
literature, these values are closer to those reported in various ternary alloys [12,15]. One of the
primary reasons underlying the fact that the k values for the three types of samples all lie within
a limited range could be the initial microstructure. Thus, the secondary y* precipitates in the WQ
samples/and the tertiary y’ precipitates in the FC and SC samples, chosen for this analysis, have
a mono-modal precipitate size distribution similar to the ones in the Ni-Cr-Al alloy studied by
Chellman and Ardell [12]. In both studies, the precipitate morphologies are nearly spherical and
similar in size range (< 30 nm) prior to aging. Another very important point of similarity to be
noted is that both are low misfit alloys (& < 0.05). Finally, in both these studies minimal
coalescence of precipitates has been observed (as compared with the SC and FC secondary
precipitates in the present study). '

In the classical LSW model of coarsening, the rate constant k depends on a number of
parameters including the diffusivity of the solute in the matrix, the solute concentration, as well
as the interfacial energy between the matrix and the precipitate. An analytical expression for the
rate constant is given below [11,12,15,30]:
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where D is the diffusion coefficient of solute in the matrix (m’s™"), C, is the atomic fraction of
solute in equilibrium with. the pre<:1p1tate ¥ is the precipitate/matrix interface energy, Vi is the
molar volume of the precipitate (m mol™), R is the universal gas constant (J mole'-K ) and T is
the absolute temperature (K). A is a constant dependent on the precipitate distribution in the
matrix. k in this equation is expressed in nm’s™.

Assuming the equilibrium solute concentration does not vary with aging temperature, i.e. Co/T
remains constant in Equation 3, the activation energy for coarsening can be obtained by plotting
log(k) vs. 1/T. Studies conducted on various binary and ternary Ni-base superalloys have
reported activation energy values in the range of 260-280 J/mole-K [31]. These values are closer
to the activation energy for Al diffusion in Ni, consistent with the volume diffusion mechanism
suggested for y’ precipitate coarsening in Ni-base superalloys [32]. Recent studies by Isheim et
al. [33] in model Ni-Cr-Al alloys with refractory metal additions, have also shown the Al
concentration in the y’ precipitates to vary inversely with increasing aging time, lending added
support to this argument.
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The rate constant (k) for the aging of y’ precipitates for the WQ microstructures has been
calculated using Equation 3 and the following parameters: A = 8/9 [30], diffusivity for Al
diffusion in Ni at 1033K = 7 x 10"® m%™ [34], interface energy, y; = 0. 0037 Jm? [17], gas
constant R=8.31 J mole-K™!, molar volume of the precipitate V= 2.716 x 10”° m® mol™! [15] and
aging temperature T = 1033K (760°C)

While the parameters discussed above are available in the literature, the value of the solute
concentration C, is specific to the alloy and aging condition. In the past various experimental
methods have been used to obtain the solute concentration C, in the y matrix. Chellman and
Ardell [12] used the Curie temperature calibration method to arrive at the solute content of the
matrix. Others have used more conventional X-ray spectroscopy in the TEM [24,25]. In this
study, solute content of the y matrix was accurately determined from the heat-treated sample
using 3D atom probe (3DAP) studies, as shown in Figure 4. Thus the value of C, for Al was
taken as 0.03 (3 at%). '

Substituting these various values into Equation 3, a value of £ = 0.002 nm’s”" was obtained. This
value is only marginally lower than the range of experimentally determined k values reported in
Table 2. Interestingly, the study by Isheim et al. [33] on Ni-Cr-Al model systems has shown the
time constant for » vs. f to be near 3 regardless of alloying additions and elastic strain energies

(indicative of cuboidal ¥’ precipitates).

Noting that for Rene 88DT, the primary alloying addition is Cr, it can be argued that the Cr
diffusivity in the y phase could constitute the rate limitmg step in the coarsening process. Taking
the diffusivity of Cr in Ni at 1033K to be 1.8x10™"® m*s! [34], C, for Cr as 0.3 from the 3D atom
probe data [23], and keeping the other parameters the same as discussed above, the rate constant,
k, is calculated to be 0.005 nm’s™". This value of k is in good agreement with the experimentally
determined range listed in Table 2, considering the significant assumptions involved in the
calculation, especially with respect to values of the various parameters (such as the y/y’
interfacial energy) that are not well known for a complex multicomponent alloy such as Rene 88.

(ii) Trans-interface diffusion-controlled (TIDC) coarsening model (Ardell and Ozolins)

Ardell and Ozolins [17] have recently proposed a model based on the notion that the rate-
limiting step associated with the coarsening of y’ precipitates in a y matrix is the diffusion of
solute elements through the order-disorder y/y’ interface. In such a scenario, the particle size
evolution with aging time has been proposed to follow a behavior as shown below:
Rer =kt (4)

where ' is the coarsenmg constant based upon an interface diffusion controlled mechanism, and
has units of nm’s". Figure 7 shows the plot of the square of measured particle sizes (or
equivalent radius, as in this study), 7%, vs. the agmg time (¢). The experimental data points have
been fitted-to a linear function w1th excellent R? values, comparable to the R values obtained in

case of the fitting of the »° st*}lfe aging time—t&=data shown in Figure 6. The coarsening
constant, & values, are listed in Table 3.



The rate constant for the TIDC model can be analytically expressed by the following expression
[17):

32Dl '
K=o (5)
81AX,5

where Di; is the trans-interface diffusion coefficient, /, is the capillary length, AX, =X, - X, is the
difference in solute concentration between the equilibrium compositions of the precipitate and
matrix, & is the interface width, and k' is the coarsening constant having units of nm?’s”. The
capillary length is calculated using the following equation [17]:

= 2Vm}: (6)

AX.G,,

where V,," is the partial molar volume of the element under consideration in the y’ phase and

Gy is the local curvature of the molar free energy of mixing of the y phase, calculated at the

composition X,. In the present calculation, the value of G "y was calculated using the expression
given by Calderon et al. [30] for Xf‘f: 0.03 (corresponding to Al).

X ’( (AN qu«o:* l.\)owlf.{ -

- Using the 3D atom probe experimental values for Al (refer Figure 4) AX, = 0.08, 6 =3.5 nm for

the interface width, and ;5= 0.11,/and a value of £ = 0.0006 nm’s™ obtained from the slope of

SR

e ”(mm?o«\d»:\r} o C/g"?

the plot of #* vs. t (Figure 7), the value of Di was calculated to be 4.33x10°"° m%s7. This is very
close to the value of “effective” interface diffusivity reported by Ardell and Ozolins [17], lying
in between the reported diffusivity values in Ni [35] and NizAl [36,37], suggesting that the
process limiting coarsening as governed by an interface diffusion process could indeed be related
to the Al diffusion through the order-disorder interface. Interestingly, Ardell and Ozolins [17]
have pointed out that this interface diffusion model is the only one that accounts for the absence
of dependence of coarsening kinetics on the volume fraction of y’. It is important to note that in
the current study, the total volume fraction of y’ has been observed to be fairly constant (as
measured by SEM and EFTEM studies), and could in principle account for the good match
between experimental data and both models of coarsening. However, it is possible that the TIDC
model may actually explain the coarsening behavior better in cases where there is a significant
change in the volume fraction of the precipitates, and this aspect needs to be investigated in
future studies. Despite these issues, the experimental coarsening data presented in this paper on
Rene 88DT provides encouraging evidence for an interface diffusion-controlled process to be
actually operative in y’ coarsening in Ni-base superalloys, especially considering the fact that
values for atomic fraction of solute in the y and vy’ phases used in the analysis and the width of
the interface, have been determined with reasonable accuracy from experimental 3D atom probe
studies.

Clearly, from the calculations discussed above, it is rather difficult to establish ﬁnequivocally the
validity of either the LSW or TIDC coarsening models to explain coarsening kinetics of v’
precipitates in Rene 88DT. Further complications are introduced by the fact that unlike the

’L\ O a. [ -&J ~ ’ﬁ{"e k - {‘v\*t! Coren Pang '}CO 0601,\1\,, Q,A\?'\N\r oJ VQ.LA\).A ?

Arent yyon A
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