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On the Formation of Multiply Coherent y
Grains in a Powder Metallurgy Ni Base

Superalloy
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Abstract

In this study, a unique microstructure where y grains con-
tain multiple coherent primary y’ particles is reported.
We term these unique features “multiply coherent grains”
(MCGs). While the y grains containing coherent primary
Y’ particles suggest the heteroepitaxial recrystallization
(HeRX) mechanism, HeRX can only explain the pres-
ence of a single coherent primary y’ within a given y
grain, not multiple. Other potential formation mechanisms
of MCGs are assessed using combined energy dispersive
spectroscopy and electron backscatter diffraction, then a
likely formation mechanism is posited. The median grain
size of MCGs surpasses other y grains, which shows the
potential impact of MCG formation on the grain size dis-
tribution.
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Introduction

When used as turbine disk materials, Ni-base superalloys
must achieve high strength at elevated temperatures for
improved power and fuel efficiency. The high performance
requirements of these alloys make cast and wrought process-
ing challenging. Powder Metallurgy (P/M) is widely used
as an alternative processing method, and it provides addi-
tional benefits such as less chemical segregation and a smaller
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grain size [1]. Turbine disks have a number of fatigue criti-
cal regions where maintaining a fine and homogeneous grain
size is crucial for performance [2, 3]. One microstructural
mechanism that allows the retention of a fine grain size, both
during sub-solvus processing and during service, is Smith-
Zener pinning by primary y’ particles [4]. If the Smith-Zener
pinning force is inhomogeneous it can result in a bimodal
grain size distribution or even the formation of abnormally
large grains [4, 5]. In polycrystalline Ni-base superalloy, such
abnormal grains may contain long >3 twin boundaries, where
fatigue cracks may be preferentially initiated under cyclic
loading [6]. Thus, formation of coarse grains due to insuf-
ficient pinning (especially for those formed near the surface)
can in some cases be tremendously detrimental for fatigue
life [3, 7].

For Smith-Zener pinning to be effective, the primary y’ par-
ticles must be located at the grain boundaries; intragranular
primary y’ do not contribute to the Smith-Zener pinning pres-
sure [8]. There are three mechanisms that result in primary v’
particles transitioning from intergranular to intragranular:

* Pinning-unpinning: the Smith-Zener pinning pressure pro-
vided by the y’ particle is overcome by pressure driving
boundary movement and the moving boundary bypasses
the particle.

* Dissolution-reprecipitation: the moving boundary
dissolves the particle and the local supersaturation of par-
ticle elements initiates reprecipitation as the boundary
passes. Moving boundaries (such as a recrystallization
front) have higher diffusivity and solubility than station-
ary boundaries [9], which aids in the dissolution of par-
ticles. However, dissolution becomes energetically unfa-
vorable when particles are large, and thus, dissolution-
reprecipitation is typically only observed for particles
smaller than a few hundreds nanometers in diameter [10].

* Heteroepitaxial recrystallization (HeRX): a y phase recrys-
tallization nucleus coherently templates off an existing pri-
mary Y’ particle [11].
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Each of the mechanisms results in unique microstructures. A
y grain formed via either pinning-unpinning or dissolution-
reprecipitation can have multiple internal particles while het-
eroepitaxial recrystallization (HeRX)-y only has a single
internal particle. The size, shape, and orientation of parti-
cles stay fairly intact during pinning-unpinning, however, they
drastically change when dissolved and reprecipitated.

In a recently published study by the authors [12], a
microstructure not completely explained by the aforemen-
tioned mechanisms was observed in which multiple micron-
sized, and coherent y’ particles were located inside of a sin-
gle y grain. We have termed these features “multiply coherent
grains” (MCGs). Surveying the literature, similar microstruc-
tures have been observed in at least one other instance [13].
The objective of the present study is to explain the formation
mechanism of these MCGs.

Material and Methods

The P/M low solvus high refractory (LSHR) alloy material
used in this work was originally characterized in Reference
[14], then further characterized as part of the present authors’
larger study [12]. The key experimental methods are sum-
marized here. LSHR has an intermediate lattice misfit; it is
measured as 0.23 % at room temperature [15] and is predicted
to increase as temperature increases [16]. The occurrence of
HeRX in LSHR system was observed and reported recently
even though a high lattice mismatch had been considered a
hurdle for that mechanism [12].

Double cone compression specimens were fabricated using
electro-discharge machining (EDM), which does not change
microstructure during fabrication but enables to build a range
of strains (0—1.0) during compression. Starting with the as-
received billet microstructure, the specimen was isothermally
forged at 1065 °C (below the y’-solvus, 1157 °C) at an initial
plastic strain rate of 0.1 /s. Prior to deformation, the spec-
imen was held for Smin at the forging temperature. At the
conclusion of deformation, the specimen was immediately
water quenched.

Due to the nature of the double cone geometry, a range of
strain rates and strains is produced across the radius of the
specimen. Details of the gradient of strain rates and strains
across the specimen can be found in Reference [12]. While
adiabatic self-heating is possible, it is typically only problem-
atic at high strain rates over 1/s [17]. The effect of self-heating
in this study is expected to be negligible.

Radial sections of the as-forged microstructure were pre-
pared for microstructural characterization by grinding with
successively finer silicon carbide abrasive papers, followed by
polishing with a 1 pum alumina suspension and finally vibra-
tory polishing using a 0.05 pm colloidal silica suspension.
Microstructural characterization was completed using simul-

taneous electron backscatter diffraction (EBSD) and energy
dispersive spectroscopy (EDS) at 15 kV operating voltage and
13 nA beam current with a 0.25 pm step size. The combined
technique is necessary because EBSD alone cannot differen-
tiate between y and y’ due to the similarity in crystal sym-
metry; instead, chemistry information from EDS is used to
differentiate between the phases [18]. Due to the large inter-
action volume of EDS, only large primary y’ particles (>
~1 wm diameter) were unambiguously identified. Secondary
or tertiary y’ were undetected, resulting in ay’ volume fraction
which is lower than expected from the material chemistry.

The open-source MATLAB package MTEX [19] was used
for the post-processing of EBSD-EDS data, calculation of
grain information, and figure generation. The misorientation
threshold used for coherency in this study is 3°, though the
results were insensitive to this value. The threshold for general
grain segmentation used in this study was 5°.

Results and Discussion

A representative microstructure of interest in this study is
presented in Fig. 1. The microstructure was taken from the
mid-radius region where the final compressive plastic strain
was 0.2. The coherent boundaries between primary ' par-
ticles and y matrix are colored in white in the inverse pole
figure (IPF), as shown in Fig. la. With a prevalent HeRX-vy,
populations of y grains that contain multiple coherent primary
v’ particles are present. Such y grains with multiple coherent
primary y’ particles will be referred to as multiply coherent
grains (MCGs).

The possibility that the apparent MCGs result from stereol-
ogy (i.e., the appearance of multiple particles is caused by the
section plane of one large sub-surface particle with complex
morphology) was considered. However, stereology is unlikely
to be the cause of the MCGs because some of the similarly
orientated particles are multiple microns apart. This would
require an implausibly large sub-surface particle. In fact, it is
more likely that stereological considerations cause the under-
reporting of MCGs, as the section plane must intersect both
particles within the y grain.

As shown in the grain average misorientation (GAM) map
in Fig. 1b, MCGs (with bold outlines) have minimal inter-
nal misorientation, which means they were likely formed via
dynamic recrystallization during hot compression. Several of
the MCGs have an internal low angle boundary separating the
coherent primary y’ particles. MCGs were observed across the
whole range of plastic strains (0.1-1) across the radius of the
specimen.

The presence of a coherent interface between a primary
Y’ particle and its surrounding y grain suggests the activ-
ity of HeRX. However, the formation of MCGs cannot be
fully explained with the current understanding of HeRX, as
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Fig.1 a Inverse pole figure (IPF) map with reference direction out of the plane of the page. White boundaries indicate a coherent interface, while
black boundaries denote conventional grain boundaries. b Grain average misorientation (GAM) of each grain. Low GAM of MCGs indicates the
grains are likely recrystallized. In both the IPF map and GAM map, MCGs are highlighted with a bold outline

it proposes one y grain nucleating off one primary y’ par-
ticle [11, 20]. This standard description does not include a
mechanism in which multiple primary y’ would occur inside a
single recrystallized y grain. Other potential formation mech-
anisms are considered in the next section.

Potential Mechanisms of MCGs Formation

The formation of MCGs requires groups of primary vy’ par-
ticles having the same orientation; however, it is uncertain
whether these groups pre-exist in the microstructure or form
during the most recent iteration of recrystallization. Phrased
another way, did the recrystallization front move past the pri-
mary Y’ particles via a pinning-unpinning mechanism or via
a dissolution-reprecipitation mechanism? Based on this, the
authors examined two possible mechanisms for the formation
of MCGs: 1) the moving recrystallization front “cut” the pri-
mary y’, with the moving boundary dissolving and reprecipi-
tating them, or 2) the spatial correlation of similarly oriented
primary " preceded recrystallization and formed earlier in
processing.

The first potential scenario for the formation of MCGs
is dissolution-reprecipitation or the particle cutting mech-
anism. When the moving boundary, such as the recrystal-
lization front, passes through second phase particles, it can
dissolve the particles and result in local supersaturation of
particle elements. This provides the driving force to repre-
cipitate the secondary phase behind the moving boundaries
(dissolution-reprecipitation). In some cases there is no time

delay between the dissolution and reprecipitation, leading to
the boundary apparently “cutting” and reorienting the particle
to be coherent with the y front as it passes [9]. If the recrys-
tallization front encountered and cut through several primary
Y’ particles, it could result in an MCG-like microstructure.
However, particle cutting has only been observed under nar-
row ranges of thermo-mechanical processing conditions, par-
ticularly slow strain rates, and only for secondary and tertiary
precipitates [21, 22]. As the energy required to dissolve and
reprecipitate a particle scales volumetrically [10], the energy
penalty of cutting the particle increases rapidly with particle
size. Additionally, the strain rates used in this study are higher
than those where particle cutting is typically reported. This
makes it unlikely that particle cutting is responsible for the
MCGs observed herein, though it cannot be definitively ruled
out.

The second possible formation mechanism of MCGs is
that clusters of similarly oriented primary y’ pre-existed in
the microstructure before the thermo-mechanical process-
ing. If the oriented clusters of primary y’ pre-existed in the
microstructure, HeR X nucleation could occur at one (or more)
of the particles. This would result in a recrystallization front
that has the same crystallographic orientation as the surround-
ing particles. If the recrystallization front bypasses these par-
ticles by pinning-unpinning, it would result in an MCG struc-
ture. This proposed formation mechanism is illustrated in
Fig.2. The authors assert that this is the most likely formation
mechanism of MCGs.

The second possible formation mechanism for MCGs is
that pre-existing clusters of similarly oriented primary y’ are
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Fig.2 Schematic diagram illustrating the proposed mechanism of MCG formation. During ingot-to-billet processing, primary y’ are coarsened but
their local orientation is biased. Following sub-solvus hot deformation initiates HeRX nucleation from one y’ particle. Finally, the growth of the

HeRX grain forms MCGs

already present in the microstructure. This was tested by quan-
tifying the spatial correlation of primary y’ below a misori-
entation threshold of 3°. Any two y' particles with a mis-
orientation below the threshold were counted as a ‘pair’ and
the separation distance was recorded, then the distribution
of distances was plotted in Fig. 3. For comparison, the loca-
tions/orientations of the y’ particles were randomly shuf-
fled and the distances between similarly oriented y’ parti-
cles were again calculated. As shown, clustering in the “real”
microstructure manifests as small spacings between similarly
oriented y'. Comparison with the randomized structure (rather
than e.g., the starting microstructure) allows for any texture
of the ' particles to be accounted for. This methodology is
an analog to “correlated” and “uncorrelated” misorientation
distribution functions often used to quantify grain boundary
character [23-25]. Both the original and the randomized dis-
tributions are plotted in Fig. 3a.

The real and randomized microstructures have notably
different spatial correlations of primary y" particles. A ran-
dom distribution of y’ orientations (without any clustering)
results in more ‘pairs’ of similarly oriented " particles with
increasing distance, as the sample area and number of parti-
cles observed increases with distance. In reality, imaged areas
have finite sizes, so the randomized distribution (blue) has a
peak with the decrease at large separations due to the bound-
aries of the measured region. In contrast, the real distribution
in the sample shows strong clustering; there is a tremendous
peak at the radial centroid-to-centroid distances of less than
5 microns.

While Fig. 3aillustrates the presence of ¥’ orientation clus-
ters, it includes the grains already identified as MCGs. In
Fig. 3b, the above analysis is repeated but grains already iden-
tified as potential HeRX grains (or MCGs) due to a coherent
y-y interface are excluded. As shown, the clustering is still

present; groups of similarly oriented primary y" extend past
the boundaries of existing MCGs. Therefore, the presence
of the clusters must have preceded the current stage of pro-
cessing, i.e., the particles of similar orientation were already
clustered in the starting material due to some prior processing
stage.

Though identification of the formation mechanism of these
oriented particle clusters is beyond the scope of the present
manuscript, the cluster sizes are consistent with feature sizes
characterized during prior processing. As reported by Semi-
atin et al., this LSHR billet was formed via powder extrusion
with areported powder size of 23 wm [14]. The largest clusters
within the peak are approximately 8 pum in separation, which
is consistent with the grain sizes in polycrystalline powder. It
is possible that the primary y’ particles observed during this
stage of processing are over-grown precipitates originating
from a single grain within a powder particle.

More broadly, there are a number of mechanisms by which
clusters could form. Clusters of similar orientation y’ parti-
cles have been reported in Ni-base superalloys that undergo
ingot-to-billet processing (such as LSHR) in which recrys-
tallization is not complete at the early stage super-solvus
thermo-mechanical processing [26]. Under these bimodal
stored energy conditions, recrystallized grains can grow into
the neighboring unrecrystallized grains. The recrystalliza-
tion front would encounter y" small enough to be reoriented
by dissolution-reprecipitation (due to the effects of super-
solvus processing). This results in nearly coherent- or twin-
orientation y — y’ [26, 27]. In other words, the orientation
of those intragranular y’ becomes significantly biased locally.
Such an ingot condition is illustrated in Fig. 2. The following
sub-solvus billet conversion processing can result in the coars-
ening of the y’ and recrystallization of new y grains near the
v that do not have an orientation relationship to the particles.
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Fig. 3 Histograms plotting the number of pairs of similarly oriented
primary v’ as a function of separation distance. a Counts every instance
of two Y’ particles being similarly oriented. b Excludes the counting of
Y’ particles which are contained within any HeRX grain or MCG

To summarize, microstructural evidence suggests that the
orientation clusters of primary y’ particles pre-existed in the
microstructure prior to the deformation processing in this
study. To form MCGs, HeRX first occurs at one primary
v’ within a cluster. As the HeRX y grain grows, the recrystal-
lization front encounters other similarly oriented ' particles
within the cluster. Due to the similarity in orientation, the
recrystallizing y can form an interface that is at least partially
coherent. In other instances, HeRX nucleation may occur at
2 or more Yy’ particles in an orientation cluster. These nuclei
would merge into a single grain upon impingement.

Notably, when a recrystallization front encounters a par-
ticle of nearly the same orientation, the ability to form a
(semi)coherent interface reduces the effect of Smith-Zener
pinning. There is a “wicking” force which draws the recrys-
tallization front around the particle, discussed further below.

Modified Smith-Zener Pinning Force

The modification to conventional Smith-Zener pinning was
calculated for a recrystallization front growing into an ori-
ented particle cluster. In its most basic form, the Smith-Zener
expression describes the force acting against a growing grain
boundary front, as given by

Fz =27nr ygp sinf cosb [%] (1
where r is the particle radius, ygp is the grain boundary
energy, and 6 is the dihedral angle formed where a grain
boundary meets the particle surface. 6 represents how far
the boundary has swept through the particle. This setup is
shown schematically in Fig.4a. The conventional Zener cal-
culation balances this drag pressure and the driving pressure
for boundary movement.

In this conventional form, the particle is incoherent (i.e.,
has a high-energy interface) with both grains, so when the
boundary intersects the particle it reduces the total energy.
Another derived form assumes that the particle is initially
coherent with its host grain, so the advancing boundary
replaces a low-energy interface with a high-energy inter-
face [28]. Under these assumptions, the pinning force is dou-
bled. In the present case of MCGs, the case is reversed: a new
low-energy coherent particle-matrix interface is created as the
boundary advances.

With this new assumption, the pinning force can be re-
derived. First, the area of particle interface converted from
incoherent to coherent can be described by the spherical cap
equation:

A =27r%(1 — cos(¢)) [m?] (2)

where r is the radius of the particle and ¢ is the angle between
the rays from the center of the sphere to the apex of the cap
and the edge of the disk forming the base of the cap. As
shown in Fig.4a, ¢ is the complementary angle to the 6 used
in the Smith-Zener equation. The spherical cap equation can
be rewritten in terms of 6:

A =27r%(1 = cos(m)2 — 0)) [m?] (3)

The associated energy for this new interfacial area will
be the difference in interfacial energy over the length of the
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where vy is the interfacial energy and r is the particle radius.
The total energy is achieved by multiplying this energy com-
ponent by the new interfacial area described in the spherical
cap equation:

m

&)

J
Fy = 27rr2(l —cos(m/2 = 0)) * ((Ycoherent = Yincoherent)/(21)) [ ]

As incoherent interfacial energies can be assumed to be
higher than coherent interfacial energies in a given material,
this term will be negative (favorable). Simplification of the
terms in this equation:

J
Fu = (Yeoherent = Yincoheren)Tr (1 — cos(m/2 — 0)) I:n_1i|
(6)

The additional “wicking” force can be incorporated into the
Smith-Zener pinning force:

Frowal = Fz + Fy = Qurygpsinfcost)

J
+ (Yeoherent — Yincoherent)r (1 — cos(m/2 — 0)) [;]
)

Simplification results in the following equation for the total
force:

Frotal = Fz + Fy = Qnrygpgsinfcosh)
s J
+ 7 (Yeoherent — Yincoherent)(1 — COS(E —0)) Z

®

Figure 4b illustrates the components and total pinning force
as a function of 6.

The conventional Smith-Zener component is initially neg-
ative as more and more boundary area is removed from the
system. A maximum pinning force is seen at 45°. The wick-
ing force is always negative, favoring the advancement of the
boundary. The total pinning force (including wicking) has a
reduced maximum pinning force, and the maximum occurs at
alarger angle, 49.8°. The reduction in pinning efficacy would
be manifested in the microstructure through larger grain sizes.
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Potential Impact of MCGs Formation on GSD

Further implication of reduced Smith-Zener pinning on the
formation of MCGs and resulting microstructure is investi-
gated by comparing grain size distribution of each type of y
grains. The effective grain size distributions for y grains (no
coherent y'interfaces), HeRX grains (coherent interface with
one Y’ particle) and MCGs (coherent interfaces with multiple
y'particles) are compared in Fig.5. The plotted grain sizes
are equivalent circular diameters where an HeRX y-y’ pair is
treated as a single grain.

The HeRX grains and matrix grains have similar median
sizes. The spread in matrix y sizes appears larger; however,
it is possible that this results from stereological effects. For
an HeRX grain to be detected and correctly classified, the
section plane must pass through the y’ particle to illustrate the
coherent interface. Many section planes in HeRX grains will
intersect an insufficient volume of the associated y’ particle
for accurate EDS classification, resulting in over-reporting of
matrix y grains. This stereological effect likely contributes
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Fig.5 Histogram and box plot displaying the grain diameter and number
of occurrences of MCG, HeRX, and Matrix grains. The legend shows
the percentage of the total area that each category represents. Multiply
coherent grains are the largest in the microstructure with a median grain
size significantly larger than either HeRX or matrix grains

Table 1 Predicted maximum grain size using conventional Zener pin-
ning calculations (dz) and Zener pinning plus wicking calculations
(dz4+w) for varying particle distributions. The baseline condition is rep-
resentative of the material used in this study

Vi (%) | ¥ radius (um) dz dziw
Baseline 13 0.57 11.70 15.52
Larger v/ 13 1.00 20.52 27.24
Larger Vy 20 0.57 7.60 10.08
Larger y& Vy |20 1.00 13.34 17.70

to the difference in apparent distribution widths between the
HeRX grains and other y grains.

Conversely, the MCGs have a median diameter that is sub-
stantially larger than either the matrix y or HeRX grains, with
a median diameter of 5.6 pum as compared to 1.9 and 2.0 pwm.
The MCGs account for 2 % of the grains based on number
fraction, but account for nearly 11 % of the measured area.
While the number of MCGs measured is obviously lower than
the number of HeRX or matrix y grains, it is statistically likely
that they are from a different distribution. Their larger size can
be at least partially attributed to the reduction in the Smith-
Zener pinning force.

For both HeRX and MCGs, stereological effects may affect
the quantification of volume fraction. In both cases, the section
plane must cross the coherent y’ particle(s) for the HeRX grain
or MCG to be counted. As such, the included quantification
should be considered a lower bound estimate.

To further illustrate the role of the reduced pinning force
and how it may be magnified during subsequent solution treat-
ment, the Zener-limited grain diameter [10] was calculated
under the assumptions of conventional Smith-Zener pinning
and pinning modified with a wicking force. The results are
presented in Table 1. Different combinations of y’ size and
volume fraction are considered. While these are idealized the-
oretical cases, they illustrate that even the relatively modest
reduction in pinning efficacy from the wicking force can result
in substantial increases in the average grain diameter.

Conclusions

In summary, the origins and implications of multiply coher-
ent grains (MCGs) were investigated for the first time. Poten-
tial mechanisms for their formation were examined, and the
potential role of MCGs in microstructural evolution was dis-
cussed. The following conclusions can be drawn:

* Recrystallized y grains containing multiple coherent pri-
mary Yy particles were described for the first time and
termed “multiply coherent grains” (MCGs).
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e The formation of MCGs most likely results from HeRX
on one or more Yy particles in a pre-existing cluster of
similarly oriented primary y’ particles.

* MCGs are substantially larger in diameter than either
matrix y grains or other HeRX grains.

e The large size of MCGs can be partially attributed to
reduced efficacy of Smith-Zener pinning when a grain
encounters a particle with which it can form a low-energy
coherent interface.
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