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Abstract

The precipitation mechanism of ordered phases in metallic solid solutions has been a
long-standing controversy due to the competing roles of chemical clustering (or phase
separation) and chemical ordering. In the present study, this controversy has been
resolved through the coupled use of aberration-corrected high-resolution scanning
transmission electron microscopy and atom probe tomography. Thus, the experimental
results, obtained at atomic resolution, can only be interpreted satisfactorily on the basis of

phase separation via spinodal decomposition followed by chemical ordering.

Introduction

Concurrent chemical clustering and ordering processes occurring within the same
supersaturated solid solution comprise an interesting class of solid-solid phase
transformations that can often lead to a homogeneous distribution of nanoscale ordered
precipitates within a disordered solid solution matrix [1-3] often resulting in enhanced
mechanical properties such as high temperature strength. Typically, these two processes
are considered mutually exclusive since chemica clustering involves a preference
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towards formation of bonds between like atoms, leading to compositional partitioning
within the metallic solid solution, while ordering involves a preference towards the
formation of bonds between unlike atoms leading to an ordered structure. When a
disordered solid solution is rapidly cooled (or quenched) from a single phase field to a
temperature corresponding to a two-phase field, the resulting highly undercooled and
supersaturated disordered solid solution is often unstable (or metastable) with respect to
both clustering and ordering processes [3]. There are a number of examples in the
literature that discuss the possibility of such concurrent clustering and ordering processes
in metallic solid solutions including Fe-Al [4], Ni-Al [5,6], Ni-Ti [7,8], and Cu-Ti [9,10].
While the order-disorder reaction in Fe-Al is a second (or higher) order reaction, in case
of Ni-Al and Ni-Ti alloys the ordering involves a first-order reaction. Furthermore, there
has been a substantial amount of controversy in the literature regarding whether the
spinodal clustering (or phase separation) precedes or is subsequent to the ordering
reaction. In most cases, reports indicate that the chemical ordering precedes the spinodal
decomposition since the ordering process involves short-range atomic jumps which are
relatively easy to accomplish and hence take place faster compared with the longer range
diffusion required for spinodal decomposition [1-3,11]. A few exceptions to this include
the reportsin Ni-Ti [6,7] and more recently in the Cu-Ni-Sn [11] systems, where spinodal
decomposition has not only been reported to precede but also has been a prerequisite for
the ordering reaction to take place. The proposition is that since the Cu-15Ni-8Sn alloy
composition cannot undergo congruent ordering, spinodal decomposition creates Sn-rich
domains within which DO,, (and subsequently L1,) ordering can take place [12]. Despite

these interesting experimental observations, in amost all these cases the evidence
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indicating concurrent spinodal decomposition and ordering is based primarily on
diffraction (electron or x-ray) data as well as diffraction contrast images recorded in a
transmission electron microscope. Direct observation of the early stages of concurrent (or
sequential) spinodal decomposition and ordering processes is simply not possible using
these particular techniques. Recent developments in aberration-corrected scanning
transmission electron microscopy (STEM) and complementary technique such as atom
probe tomography (APT) now permit the visuaization of these complex solid-state
transformations at their very early stage. Therefore, this letter focuses on capturing and
directly imaging these complementary processes of spinodal decomposition and chemical
ordering at atomic resolution as well as measuring the resultant compositional

partitioning at very early stages of the transformation.

In the case of formation of they’, Ni,Al-based (L1, ordered), phase within the disordered
face-centered cubic (fcc) y solid-solution matrix of Ni-base alloys containing Al and
other alloying additions, there has been some controversy in the literature regarding the
precipitation mechanism. Thus, while a number of reports clearly classify ¥’ precipitation
in the y matrix as a classical nucleation and growth process [12,13], there are others
which have claimed spinodal behavior [14,15]. For example, Hill and Ralph [14]
suggested that the precipitation process may involve spinodal decomposition, based on
results of atom probe field-ion microscopy (APFIM) studies of Ni-Al aloys.
Interestingly, there are issues regarding this interpretation of their results. For example,
Wendt and Hassan noted from [14] that in samples of the quenched alloy that have been

briefly aged (30 minutes at 898K) the composition of the Al-rich regions (~5 nm) was
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Ni-25at%Al, i.e. the stoichiometric y' composition, implying that the phase separation
was complete. Actually, it was reported in [14] that the composition of Al-rich regionsin
the as-quenched alloy aso corresponds to stoichiometry. Based on this argument, it was
claimed [13] that the precipitation process involved a classical nucleation and growth
mechanism. Because of these conflicting views, it is clear that the y' precipitation
mechanisms are not known. This letter reports novel results which permit identification
of these mechanisms of y’ precipitation in highly undercooled samples of a Ni-base

superalloy by coupling aberration-corrected STEM with APT investigations.

Experiments were carried out on the commercial Ni base superalloy aloy, Rene’'88 DT-
56.53Ni-16.24Cr-13.27C0-3.92Ti-2.09A1-4.08M0-3.92W-0.76Nb (in wt%) or 55.63Ni-
18.02Cr-13.00C0-4.74Ti-4.45A1-2.48M 0-1.21W-0.46Nb (at%) [16]. In order to obtain
the highest possible cooling rates, thin sections of the aloy (< 2mm) were solution
treated in the single y phase-field at 1150°C for 60 minutes in vacuum followed by a very
rapid quench in ice-water that was kept in an inert Ar atmosphere. The purpose of the
very rapid quench was to arrest or capture the formation of the ordered y' precipitates at
the earliest stage. Samples for transmission electron microcopy (TEM) studies were
prepared by extracting athin foil by the focused ion beam method (FIB), followed by low
energy Ar ion milling on Fischione Model 1040 nano-mill system. Atomic resolution,
Z(atomic mass)-contrast imaging was carried out in the High Angle Annular Dark Field
(HAADF)-STEM mode on an FEI Titan 80-300 kV microscope, operated at 300 kV,
equipped with a CEOS probe aberration corrector. Nanometer-scale compositional

analysis of the same samples was carried out using APT in alocal electrode atom probe
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system (Cameca's LEAP™). Samples for atom probe analysis were prepared in a dual-
beam FIB as per details discussed elsewhere [17]. All atom probe experiments were
carried out in the laser pulse evaporation mode at a temperature of 50K using a pulse

energy of 0.2 nJand a pulse frequency of 200 KHz.

Fig. 1(a) shows a selected area electron diffraction pattern from the as-quenched Rene
88DT Ni-base superalloy sample recorded along the [001] zone axis of the fcc y matrix.
In addition to the fundamental {200} and {220} reflections (or intensity maxima) from
the fcc y matrix, there are additional weak superlattice reflections clearly visible at the
{100} and {110} locations, indicating the presence of L1, ordering within the y matrix.
Additionally, satellite reflections are present near the fundamental matrix reflections.
Two such reflections have been marked in Fig. 1(a) and their presence is indicative of
phase separation (or compositiona clustering) consistent with previous observations of
spinodal decomposition [11,18]. Hence, these satellite reflections have been labeled
“spinoda” in the diffraction pattern. These satellite intensity maxima correspond to a
modulation wavelength of ~ 2 nm. The collective diffraction evidence (i.e., superlattice
and satellite reflections) is consistent with the co-existence of spinodal decomposition

and chemical ordering within the fcc matrix.

High-resolution Z-contrast imaging, carried out in HAADF-STEM mode in an
aberration-corrected electron microscope, revealed atomic scale information regarding
the nature of these ordered regions as shown in Figs. 1(b) and (c). While Fig. 1(b) shows

the raw HAADF-STEM image recorded with the electron beam parallel to the [011] zone
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axis of the y matrix, Fig. 1(c) shows the filtered (i.e., background-subtracted) image
which provides for improved contrast and enhanced image clarity. A lower magnification
HAADF-STEM has aso been included as an inset in Fig. 1(c). The contrast visible in
these HAADF-STEM can be correlated directly to Z-contrast or atomic mass contrast,
where brighter regions have a higher concentration of heavier solute elements (e.g. Co,
Cr, W, Nb) while regions of darker contrast are likely to contain higher concentrations of
lighter elements (e.g. Al, Ti). The contrast between these brighter and darker regions
within the y matrix is more clearly visible in the lower magnification image shown as an
inset in Fig. 1(c). Interestingly, these regions of brighter and darker contrast, visiblein the
HAADF-STEM images appear to be interconnected, a feature characteristic of a

spinodally-decomposed microstructure [19].

Similar conclusions can be drawn for the differences in contrast between individual
atomic columns in these HAADF-STEM images, with the brighter columns belonging to
the Ni sublattice in the NisAl-based L1, ordered structure, while the darker atomic
columns belong to the Al sublattice. Nanometer-scale regions exhibiting a relatively
darker contrast are marked with circles in Figs. 1(b) and (c). Closer inspection of these
regions shows the presence of an ordered structure within these regions with rows of
brighter atomic columns (Ni sublattice) alternating with rows containing 50% brighter
(Ni sublattice) and 50% darker (Al sublattice) atomic columns. This pattern is consistent
with an L1, ordered structure viewed along the [011] axis. L1, ordering is aso confirmed
by the presence of {100} and {110} spatial frequencies in the Fourier transform of the

HAADF-STEM image shown as an inset in Fig. 1(b). Based on the HAADF-HRSTEM
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analysis, the ordered domains nominally lie in the size range of 3 —6 nm. In contrast, the
nanometer-scale brighter regions in the HAADF-STEM images shown in Figs. 1(b) and
(c), do not appear to exhibit the periodic arrangement of brighter and darker atomic
columns, but rather all the atomic columns within the brighter regions appear to be
nominally of the same contrast indicating a random solid solution. A more detailed
analysis of the ordering and disordering in various regions will be presented subsequently

in this letter (refer to the discussion of Fig. 3).

A section of a 3D tomographical reconstruction (70 nm x 70 nm x 180 nm) of the atom
probe data recorded from the rapidly cooled sample is shown in Fig. 2(a). Since previous
studies on the same Ni base superaloy [20] indicate that Cr is the most strongly
partitioning element between they and y’ phasesin this aloy, the Cr-rich and Cr-depleted
regions have been clearly delineated by plotting a Cr=18at% iso-concentration surface (or
isosurface) in Fig. 2(a). Thus, the regions within this Cr isosurface (encompassed by
concave interfaces) contain less than 18%Cr while the regions outside the isosurface
contain higher amounts of Cr. This 3D reconstruction reveals several interesting aspects
of the microstructure. Firstly, despite the rapid quench rate experienced by this sample,
there is significant partitioning of Cr at the nanoscale. Secondly, the Cr-enriched and Cr-
depleted regions are interconnected as would be expected in case of a spinodally

decomposed microstructure.

Fig. 2(b) shows a proximity histogram analysis for the Cr=18at% isosurface shown in

Fig. 2(a). Composition profiles for the primary solute elements in this Ni-base aloy, Cr,
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Co, Ti, Al, and Mo, across the interface defined by the isosurface, have been plotted in
this figure. While there is partitioning of the solute elements across the interface, the
compositional gradient is rather diffuse for all these elements with an interface width ~ 4
nm (for Cr, Ti, and Al). Such a diffuse compositional gradient is consistent with the early
stages of a spinodally-decomposed microstructure with compositional modulations of
small amplitude present throughout the matrix [19] leading to local nanometer scale
domains enriched in Al and Ti while being depleted in Co, Cr, and Mo. Based on the
HAADF-STEM images (Fig. 1) it appears that the L1, ordered domains are discrete and
lie in the size range of 3-6 nm. Therefore, the Cr=18at% isosurface, exhibiting an
interconnected network, possibly does not delineate the y' domains. Previous results
indicate that the y’* phase can be best delineated using a Cr=14at% isosurface for this
aloy [20, 21]. Using a similar analogy in the present study, constructing a Cr=14at%
isosurface (Fig. 2(c)) results in Cr-depleted domains in the range of 3-8 nm, which isin
good agreement with the HAADF-STEM results (Fig. 1(b) and (c)). The average
composition of these Cr-depleted ordered regions was determined to be Ni-9.1Co-6.9Cr-
8.5A1-9.4Ti-2.7Mo (all in a%). The composition of these ordered domains is
substantially different from the near-equilibrium composition of larger y' precipitates
(Ni-6.5Co0-1.7Cr-12.3A1-9.2Ti-2.9Mo, all in at%) reported in previous atom probe studies
of the same aloy after long-term aging at 760°C [21]. The substantially higher
concentration of Co and Cr and a lower concentration of Al within they’ precipitates in
the rapidly quenched alloy are indicative of ordering taking place at far-from equilibrium

compositions.
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A more detailed analysis of the ordered and disordered structures present within different
regions of the fcc y matrix has been presented in the HAADF-STEM images shown in
Fig. 3. Three different nanoscale regions of the matrix, exhibiting two different levels of
contrast (different average atomic masses) are shown in this figure. The regions
exhibiting the lighter contrast (e.g., Fig. 3(a)) are aways disordered. The regions
exhibiting the darker contrast are sometimes ordered (e.g., Fig. 3(b)) and sometimes
disordered (e.g., Fig. 3(c)). [Change Fig Seq] The corresponding intensity profiles,
plotted along the <111> fcc direction (marked with aline in each figure) for each of these
regions is shown in Fig. 3(d), confirming the ordered and disordered regions. These
observations as well as other similar analyses carried out on different regions of the fcc
matrix are indicative of a particular transformation sequence. The two possible
transformation sequences are, congruent ordering within the entire matrix followed by
phase separation (via spinodal decomposition) and subsequent disordering, or, phase
separation followed by ordering. In terms of contrast levels, the former sequence would
result in all regions exhibiting dark contrast being ordered. In contrast, the latter sequence
would result in some regions exhibiting dark contrast being ordered (complete
transformation sequence) while other dark regions are disordered (incomplete sequence),

as observed in the present case.

The experimental observations presented in this letter can only be interpreted via a y’
precipitation mechanism involving a phase separation (via spinodal decomposition),
creating nanoscale domains depleted in certain solute elements (e.g. Co, Cr, and Mo)

while being enriched in other solute elements (e.g. Al and Ti) within the fcc y matrix,
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which subsequently undergo an L1, ordering reaction to form nanoscale y’ precipitates.
This mechanism can be simply illustrated based on schematic Gibbs free energy (G) —
composition (X,,) plots of they and y’ phases, at a low temperature (highly undercooled
into the y+y’ phase field) where a miscibility gap arises for the fcc y phase, as shown in
Fig. 4. Since the average composition of the Ni-base alloy (X,) lies within the spinodal
region of the y miscibility gap, the y phase is unstable with respect to compositional
fluctuations leading to continuous phase separation. This leads to solute (Al) lean and
solute-enriched domains within the matrix. The continually increasing amplitude and
wavelength of the compositional modulations eventually lead to the solute-rich domains
crossing the X(T,) point, providing a driving force for L1, ordering and the formation of
nanoscale y’ precipitates. However, this ordering takes place at a composition far-from
equilibrium as observed experimentally. Subsequent isothermal annealing is expected to
increase the solute partitioning driving the composition of the y’ precipitates towards

equilibrium.

Summarizing, this letter presents, for the first time, atomic resolution evidence of
synergistic spinodal decomposition and chemical ordering within a metallic solid
solution. The specific example of a Ni-base superalloy highlights the important role
played by prior phase separation within the fcc y solid solution matrix resulting in

appropriate nanoscal e compositional domains within which ordering can take place.
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Figure Captions:

Figure 1. (@) Selected Area Diffraction pattern of along the <001> fcc y zone axis
showing superaattice reflection of y' and satellite spots. (b) HAADF-STEM image
showing phase separated regions of darker and brighter contrast and ordering within the
darker regions (Fourier transform of HAADF-STEM image shown as an inset). (¢)
Filtered (background-subtracted) HAADF STEM image (a low magnification HAADF-

STEM image is shown as an inset).

Figure 2. Atom probe tomography results showing (a) 3D reconstruction of 18 at% Cr
iso-concentration surface delineating Cr-rich and Cr-depleted regions as an
interconnected network. (b) Proximity histogram corresponding to the 18at% Cr

isosurface. (c) 14 at% Cr isosurface reconstruction with Ni ions.

Figure 3. High magnification HAADF-STEM images of (a) Dark ordered region (b)
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Bright disordered region (c) Intermediate disordered region. (d) Intensity profiles along

<111> direction in the corresponding dark-ordered, bright disordered and dark disordered

regions.

Figure 4. Schematic G-X plots for both disordered y and ordered y’ phases showing the

transformation pathway comprising spinodal decomposition followed by ordering.
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Fig. 1.
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Fig. 2.
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Fig. 3.
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Fig. 4.
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