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Kai Song and Mark Aindow*
Institute of Materials Science, University of Connecticut, Storrs, CT 06269-3136, USA
and
Materials Science and Engineering Program, Department of Chemical, Materials and

Biomolecular Engineering, University of Connecticut, Storrs, CT 06269-3222, USA

* Author for correspondence, Email: m.aindow(@uconn.edu

Abstract
The local grain boundary curvature in a model Ni-based superalloy was measured experimentally
using Dehoff’s tangent count method. The results show that, in materials containing significant
amounts of second-phase particles, the curvature parameter &, which relates the mean local
curvature to the grain size, can adopt far lower values than have been reported previously. It is
also shown that the value of & is not a constant, as is usually assumed, but instead varies both
with the volume fraction of second-phase particles and with the holding time during high-
temperature annealing. The lowest values for x were obtained for high particle volume fractions
and long annealing times. Since the local boundary curvature constitutes the driving force for
grain growth, these observations could help to explain grain growth phenomena in heavily

pinned systems.
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1. Introduction

In studies of grain growth, the grain boundary curvature is an essential parameter because it
represents the driving force for grain boundary (GB) migration. The thermodynamic driving
force for normal grain growth is usually expressed as:

P=2y.H (1)

where )¢ is the grain boundary surface energy and H is the surface-weighted average of the local
curvature over all GBs. Experimentally, the curvature A can be obtained from area tangent and
linear intercept measurements [1-3], and is given as:

H=rT,1/2 2)

where T is the number of points of tangency per unit area between a sweeping test line and a
curved grain boundary trace on a 2D cross section, and / is the mean linear intercept.
Conventionally, H is often replaced by the linear intercept and is expressed in the following form
[4-71:

H=x0O" (3)

The curvature parameter K is the factor required to describe the driving force for normal grain
growth relative to the grain size. Substituting « into Eq. (1) yields:

P =2ys (x/1) 4)

which is the expression frequently used for modeling grain growth. In most cases, « is assumed

to be a constant specific to the system under consideration [8], with the value of k< depending



upon the topology of the grain structure. Thus, K = 0 corresponds to completely flat GBs, while
Kk = 3/2 corresponds to spherical grains. For real grain structures, k adopts intermediate values.
For example, Patterson and Liu [5] measured the GB curvature in high-purity aluminum and
obtained a value of 0.31 for &: this corresponds to a driving force for grain growth approximately
three times smaller than the value quoted in conventional models.

Considering the importance of curvature in grain growth, however, there have been
surprisingly few experimental measurements of H and « reported. In an early paper, Haroun and
Budworth [9] reported curvature measurements from GBs in magnesia, but their measurements
involved certain geometrical assumptions. Aside from the work by Patterson and Liu [5], the
only other known measurements of H and & based on the tangent count method are those by Rios
and Fonseca [6, 7] for an Al-1 mass% Mn alloy, which contained AlgMn particles. These latter
authors obtained very similar results to Patterson and Liu, although the numerical values quoted
differ by a factor of 2 due to differences in the definition for H.

All of the previous measurements of H and k have been performed either in pure
materials [5, 9] or in dilute alloys [6, 7]: we are not aware of any similar studies on materials
containing significant volume fractions of second-phase particles. In our work we have studied
grain growth phenomena in powder metallurgy Ni-based superalloys whose initial microstructure
consists of a face-centered cubic y matrix, up to 40% by volume of the L1, y’ phase, and <1% by
volume of inert precipitates (carbides, borides, etc.). During thermal exposure at temperatures
above 1100°C, the y’ phase dissolves into the y matrix, and this has a profound effect on the grain
growth behavior. The grain growth data are reported elsewhere, but in this paper we describe a
study of the GB curvature in these superalloy samples. It is shown that the Yy’ phase can have a

profound impact upon the curvature of the boundaries, with far lower values of x than have been



reported previously. Moreover, the GB curvature is not a constant for such alloys, but instead
correlates strongly with the volume fraction of the second phase particles and the heat-treatment

holding time.

2. Experimental Materials and Methods

The alloy used in this study was a model powder metallurgy Ni-based superalloy whose
composition is Ni - 20.3Co - 14.8Cr - 4.6Al - 3.9Mo - 3.7Ti - 0.08Zr - 0.08C - 0.02B - 0.011Y
(all in wt. %): this resembles the chemistry of the matrix phase mixture in the commercial alloy
IN100 at the solution heat-treatment temperature (1143 °C). This alloy was produced as part of a
program to develop analytical models for the mechanical behavior and microstructural
development in alloys such as IN100 [10]; and was chosen for the investigation described here
because it contains low levels of impurities, has a highly homogenous microstructure, and has a
fine initial grain size.

The alloy was heat-treated at elevated temperatures to study the grain growth behavior.

Firstly, small coupons of the alloys, around 2%2%0.2 cm, were cut from the bulk material. The

small sample size was chosen so that the sample could be heated or cooled as quickly as possible.
The samples were inserted into a pre-heated tube furnace, and held under flowing Ar for times
ranging from 2 min to 4800 min to investigate the isothermal grain growth. The heat-treatments
were conducted at temperatures between 1093 °C and 1270 °C: since the solvus for the primary
Y’ phase is around 1143°C [11, 12], we refer to samples heat-treated above and below this
temperature as super-solvus and sub-solvus, respectively. At the end of each heat-treatment the

sample was removed from the furnace quickly and then water-quenched to minimize any



microstructural changes upon cooling.

The grain structure was characterized using scanning electron microscopy (SEM). The
surfaces of the coupons were firstly prepared using standard metallographic grinding and
polishing techniques. The GBs were then revealed by immersion-etching the sample in waterless
Kalling’s solution for a period of 1-3 min, while the Yy’ particles were defined by etching the
sample in Glycerygia for around 20 s [13]. Secondary electron images were obtained from these
samples using a JEOL 6335F field-emission SEM operating at an accelerating voltage of 30 kV.
The grain size was evaluated by measuring the mean linear intercept (/), and the mean boundary
curvature (H) was obtained by using the tangent count method, as given in Eq. (2). The volume

fraction of the Yy’ particles was determined using the point count method.

3. Experimental Results
A general overview of the microstructural development in these samples, with particular
emphasis on the grain growth phenomena, is presented elsewhere [12]. In this paper we consider

only those aspects directly pertinent to the issue of local boundary curvature.

3.1 Effect of Particle Volume Fraction

For the sub-solvus heat treatment temperatures used in this study, the equilibrium volume
fraction of the Yy’ phase is rather lower than that in the initial microstructure (= 40%). As such,
partial dissolution of the Yy’ phase occurs during these heat-treatments. An SEM micrograph of a
typical sub-solvus microstructure is shown in Fig. 1: this sample was held at 1127°C for 300 min.

The light areas correspond to the lightly etched y matrix grains, the fine bright lines correspond



to protruding ridges that delineate the y grain boundaries, the dark areas are deep etch pits
corresponding to the positions of the Yy’ particles, and the small bright particles are the inert
precipitates. The volume fraction of the Y’ phase, V, is 5.8% for this sample and this value tends
to 0% as the heat treatment temperature approaches the solvus at 1143°C. The M;B;-type
borides and M;3;Cs-type carbides present in the initial microstructure are unstable at the heat-
treatment temperatures used in this study and so all of the inert precipitates observed in such
images are MC-type carbides [11, 12]. The volume fraction of these MC-type carbides is ~0.6%
in each case.

To show the effects of Yy’ particle volume fraction on the boundary curvature we consider
the data from a series of ten samples held at various temperatures for 300 min. The values of H
and / obtained from these samples are plotted in Fig. 2 as a function of the heat-treatment
temperature. While the grain size for these samples increases steadily with the heat-treatment
temperature the mean curvature exhibits a maximum value at around 1127°C. This is clearly
inconsistent with the normal assumption that GB curvature varies inversely with the grain size.
The reason for this discrepancy is that the curvature parameter « is no longer a constant in an
alloy that contains a significant volume fraction of second-phase particles. The variation of A and
the volume fraction, V7, of the Yy’ particles with heat-treatment temperature for these samples is
shown in Fig. 3. For the sample heat-treated at 1093°C, in which Vy= 23%, the value of « is just
0.064: this is much smaller than any value reported previously. For samples heat-treated at
higher temperatures, however, Vris lower and the values of « are higher, indicating that it is the
particle/GB interactions that reduce the curvature. The value of & continues to increase with
increasing heat-treatment temperature until about 1138°C where Vy< 1%. For this sample, and

indeed for all samples heat-treated at super-solvus temperatures for 300 min, « adopts a value of



~ 0.33: this is consistent with the values reported by Patterson and Liu [5], and by Rios and

Fonseca [6, 7].

3.2 Effects of Heat-Treatment Time

It was found in this study that A not only depends on the heat-treatment temperature but
also correlates with the holding time. The variation of x with the holding time for samples heat-
treated at five different temperatures is shown in Fig. 4. In each case, the value of x after 30 min
is higher than that after 10 min. This corresponds to the period over which the y’ phase is
dissolving and is, therefore, consistent with the effect of particle volume fraction noted in
Section 3.1. Thereafter, the samples heat-treated at 1132°C, 1177°C and 1216°C exhibit a stable
value of « from 30 to 300 min, followed by slowly decreasing values from 300 to 4800 min. For
the samples heat-treated at 1110°C and 1127°C, however, there is no obvious plateau and the
decrease in K from 30 to 4800 min is more pronounced.

The corresponding grain growth data for these samples are presented in Fig. 5, and in
each case the grain growth stagnates because of particle pinning effects. It is seen that for the
samples heat-treated at 1132°C, 1177°C and 1216°C, it takes around 300 min for the grain growth
to stagnate. For the samples heat-treated at 1127°C and 1110°C, grain growth is essentially
stagnant after 30 min of heat-treatment. This is because the pinning force at lower temperatures
is much higher due to the higher ¥y of the y’ phase. By comparing Figs. 4 and 5, it appears that
after the initial increase in «, the value remains stable during grain growth, but decreases once

grain growth stagnates.



3.3 Boundary Curvature and Particle Interactions

The data presented in Sections 3.1 and 3.2 indicate that GB/particle interactions can have
a profound effect upon the curvature, leading to small values for K when V' is high. The effects
of the particles were revealed more directly in SEM images such as Figs. 6 and 7, which were
obtained from a super-solvus (1177°C) and a sub-solvus (1110°C) sample, respectively. In the
super-solvus sample (k= 0.33 and V;= 0) many of the GBs are curved, whereas in the sub-solvus
sample (kK = 0.094 and Vy = 9.8%) the majority of the GBs are straight. Moreover, in the sub-
solvus samples there is a strong correlation between the curvature of individual boundaries and
the presence or otherwise of particles. In Fig. 7 the boundaries that contain particles are rather
flat, whereas the particle-free boundaries are more obviously curved. The implication here is
that the volume-fraction dependence of A may arise from the variation in the degree of
boundary/particle contact. This was confirmed by measuring the apparent percentage of GBs in
contact with the Y’ particles (%6GB,,,) from the sub-solvus samples held at various temperatures

for 300 min: a plot of these data against V', is shown in Fig. 8.

4. Discussion

The data presented here show that the curvature parameter k can adopt much smaller
values than have been reported previously, that the value depends upon the volume fraction of
the second-phase particles, and that this is related to the degree of GB/particle contact. This is
broadly consistent with what one might expect on the basis of previous treatments of GB/particle
interactions using computer simulations, theoretical analyses and indirect experimental

approaches (e.g. [14-16]). In simulation of 2D grain growth, Srolovitz et al. [14] found that the



GB curvature can be eliminated by the particles sitting at boundaries and vertices, but Hillert [15]
showed that these effects should be rather different for 2D and 3D grain structures. Doherty et al.
[16] extended the simulations of GB curvature removal by second-phase particles to 3D grain
structures. These latter authors also analyzed the grain size distributions in grain structures with
and without second-phase pinning particles, and concluded that in both 2D and 3D grain
structure, particles in grain corners and at grain edges can remove the curvature of the GB.
These effects are shown clearly in images such as Figure 7 from the sub-solvus samples, wherein
the boundaries that contain particles consist of rather flat segments whilst the particle-free
boundaries are more obviously curved.

The reasons for the temporal variation of &, shown in Fig. 4, are less obvious. The
increase in K over the first 30 min is related to the dissolution kinetics for the y’ phase in this
alloy at these temperatures. Thus, as V falls over this period, K rises as expected from the data
shown in Fig. 3. The equilibrium value for Vris reached within 30 min, and thereafter < adopts a
constant value during grain growth, as reported previously for pure metals [5] or alloys with
stable particles [6,7]. More interestingly, at each of the temperatures considered here the value
of Kk decreases once grain growth stagnates. Moreover, the magnitude of this decrease is
somewhat larger for the samples with higher Vi As far as we are aware, this effect has not been
reported previously and the causes are unclear. This effect cannot be due to the coarsening of the
pinning particles at the heat-treatment temperature since coarsening would lead to a reduction in
the degree of grain boundary contact and would cause an increase in the value of k. One possible
explanation is the process of GB rotation described by Srolovitz et al. [14]: “Grain boundaries
which intersect particles are free to rotate about the particle center. When this is combined with

the ability of the vertex to undergo a rotation and limited translation, the curvature on the grain



boundary between the vertex and the particle can readily be eliminated. Curvature eliminated in
this fashion may be stored at the particle as a sharp boundary bend”. Fig. 9 is a schematic
diagram showing this process; and several examples of sharp boundary bends at Yy’ particles are
evident in Figure 7. It is important to recall that the GB must be pinned strongly by the particle
for the above mechanism to take operate; otherwise the GB may break away from the particle,
rather than rotating around it. We note, however, that grain growth stagnation represents the
state in which the unpinning of GBs from the particles becomes negligible. Indeed, it may be for
this reason that the value of « only decreases after grain growth stagnates. Moreover, the larger
decreases in K for the samples with higher V; are consistent with such a mechanism since the
degree of GB/particle contact is higher for these samples.

Based on the above discussion, we would expect the second-phase particles to play two
different roles in the inhibition of grain growth for such alloy systems. Firstly, the particles will
provide a pinning force that retards the migration of the GBs. Secondly, the particles that lie on
GBs will eventually remove the local GB curvature and decrease the overall driving force for
grain growth. A consequence of the second role is that, although the pinning particles will
coarsen continually in the heat-treatment, the decrease in the pinning force due to particle
coarsening might be counteracted by the decrease of the overall driving force, leading to a stable
limiting grain size. As an example of this, we note that the sub-solvus sample heat-treated at
1132°C, for which grain growth stagnation occurs somewhere between 300 and 600 min, the
grain size is essentially constant, even after 4800 min when the particles have coarsened
significantly [11,12]. Thus, these processes could help to explain the microstructural stability of

such strongly pinned alloy systems.
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5. Summary

Samples of a model Ni-based superalloy have been subjected to a variety of heat-
treatments at temperatures around the y’ solvus, resulting in microstructures with different y grain
sizes and volume fractions of the Y’ phase. Measurements of the mean local y grain boundary
curvature, H, have been performed using Dehoff’s tangent count method. These data have been
used to obtain values for the curvature parameter &, which relates H to the y grain size. The main
points that have been established are:

1. The value of « varies with the volume fraction, V; of the y’ phase. For super-solvus
samples, in which V=0, K= 0.33, which is consistent with the values reported for other
systems. For sub-solvus samples, however, values of « as low as 0.064 have been
obtained.

2. The value of « varies with the duration of the heat treatment. Initially, « increases as the
Y’ phase dissolves. Once the equilibrium V; is reached, « adopts a constant value during
grain growth. When the grain growth stagnates at the Zener limiting grain size, however,
there is a steady decrease in A and the magnitude of this depends to some extent on V.

3. The degree of y’ particle / y grain boundary contact is proportional to V.

Thus, the ¥y dependence of « is consistent with what one would expect for the removal of local
grain boundary curvature by individual Yy’ particles. However, the reduction in k after grain
growth stagnation, where V' is constant, requires an alternate mechanism such as the boundary
rotation process described by Srolovitz ef al. This process leads to a reduced driving force for
grain growth and may help to explain the stability of the grain structure in such strongly pinned

systems, even during subsequent coarsening of the pinning particles.
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Figure Captions

Figure 1: Secondary electron SEM micrograph showing the typical sub-solvus microstructure of

a sample heat-treated at 1127°C for 300 min.

Figure 2: Variation of mean grain Y size, /, and mean grain boundary curvature, H, with heat-
treatment temperature, 7, in samples heat-treated for 300 min. The error bars for / and H
correspond to the standard errors (Oy) on these data, and are omitted for / where the bars would
be smaller than the white squares. Since the values for H are obtained using Eq. (2), the Ou

values for H were calculated from those for 7 and 7.

Figure 3: Variation of y’ volume fraction, V5, and curvature parameter, &, with heat-treatment
temperature, 7, in samples heat-treated for 300 min. Error bars for V; correspond to the standard

deviation (0) of these data, and are omitted where the bars are smaller than the black squares.

Figure 4: Variation of curvature parameter, «, with the heat-treatment time, ¢, for samples heat-

treated at five different temperatures.

Figure 5: Variation of the mean y grain size, /, with heat-treatment time, ¢, for samples heat-

treated at five different temperatures. Error bars are omitted for clarity, but the values of oy on
these data are 0.28-0.32, 0.35-0.43, 0.42-0.76, 0.92-1.09 and 0.89-1.13 pm for 1100, 1127, 1132,
1177 and 1216°C, respectively.

Figure 6: Secondary electron SEM micrograph showing the typical super-solvus microstructure

15



of a sample heat-treated at 1177°C for 300 min. The white arrows indicate examples of curved

GBs.

Figure 7: Secondary electron SEM micrograph showing the sub-solvus microstructure of a
sample heat-treated at 1110°C for 300 min. The white arrows indicate examples of curved
particle-free GBs, whereas the black arrows indicate examples of flatter GBs that contain Y’

particles: in several cases there is a sharp change in boundary orientation at these particles.

Figure 8: Variation of the apparent percentage of pinned grain boundaries, %GB,,,, with Yy’
volume fraction, V, in samples heat-treated for 300 min. The error bars for both Vyand %GB,
correspond to the standard deviation (0) of these data, and are omitted where the bars would be

smaller than the black squares.

Figure 9: Schematic diagram showing the boundary rotation mechanism for the removal of GB

curvature (following Srolovitz [14]). The black arrow indicates the initial configuration of the

curved GBs and the white arrow indicates the GB configuration after the boundary rotation.
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