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Phase transformations and structure—property
relationships in a rapidly solidified Ni-Al-Mo
alloy

Part | Phase transformations

SANG YUL LEE*, P. NASH
Hlinois Institute of Technology, Chicago, IL 60616, USA

An Ni-Al-Mo-V—-Re alloy was melt-spun at 30 ms™" to produce a completely solutionized
metastable solid solution. The phase transformation sequences on subsequent ageing of this
material over a range of temperatures from 650 to 800 °C were studied using transmission
electron microscopy. The results showed that the transformation behaviour was independent
of the ageing temperature over the range studied, but with increased transformation kinetics

on increasing the temperature. A complex transformation sequence was found involving
spinodal ordering, precipitation of metastable phases and discontinuous transformation. In
addition, while equilibrium Ni;Mo phase was involved in the transformation sequence, the

d (NiMo) phase was not observed for the heat treatment range studied. The results of the
phase transformation sequence of this alloy are correlated with the corresponding physical and

mechanical properties of the material in Part Il

1. Introduction

The phase transformations in Ni-rich Ni-Mo binary
alloys have been studied extensively and very complex
ordering sequences depending upon alloy composi-
tion and ageing temperature have been reported
[1-7]. It is not surprising, therefore, to observe similar
complex phase transformation behaviour in ternary
and higher-order Ni-Mo-based alloys [8-10]. The
effects of alloying on the phase transformations of
Ni-Mo-based alloys have been reviewed elsewhere
[117 and the effects of alloying on the metastable
phase stability have been studied by several investig-
ators [4-6, 10], the results were interpreted in terms of
either the change in the ratio of the second to first
nearest-neighbour pair interaction potential, V,/V,,
or a substitutional size effect. For example, addition of
Al [6] or V [7] were reported to stabilize the meta-
stable Ni;Mo(D0,,) phase while destabilizing the
metastable Ni,Mo phase. Based on the statistical
thermodynamic theory developed by Clapp and Moss
[12-14] and extended by de Fontaine [15, 16], the
coherent phase diagram of the Ni-Mo system for
three V,/V, ratios showed an increase in the stability
of the metastable Ni;Mo phase, confirming the con-
clusion based on experiments [5, 6].

The objectives of this work were to study the phase
transformations in Ni-Al-Mo alloy resulting from
isothermal ageing. Particular attention was paid to the
evolution of the embrittling & (NiMo) phase on ageing
below 1000 °C and to the stabilities of the metastable
phases. The corresponding variation of physical and

mechanical properties of this alloy on isothermal
ageing are presented in Part II [17].

2. Experimental procedure

The method of sample preparation has been described
in a previous paper [18]. An alloy with a composition
of Ni-13.5 at % Al-19.2 at % Mo-1.9 at % V-0.4 at
% Re was melt-spun at 30 ms™! using a chilled block
melt-spinning (CBMS) process to produce a continu-
ous ribbon.

The ribbons were encapsulated in a quartz tube
under an Ar atmosphere of 1.33 kPa and were heat-
treated at four different temperatures and a series of
times. Samples to be aged for less than 4 min were not
sealed in a quartz tube, but were put into a tantalum
boat and aged in air. Although some surface oxidation
occurred this was done in order to ensure accuracy of
the heat treatment time. Discs, 3 mm in diameter, were
electropolished using a double-jet Tenupol polisher
with a solution of 10% perchloric acid in methanol
kept at — 60°C during the electropolishing process.

Since the microstructural features of aged speci-
mens are very complex due to the presence of multiple
phases, coherency strains and double diffraction,
dark-field images (DFI) and selected-area diffraction
patterns (SADP) were incorporated with bright-field
images (BFT) to identify the phases. For SADP, long
photographic exposures of up to 3 min with a defo-
cused second condenser lens were used to record the
very weak diffraction spots. Despite the complexity of
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the ageing sequence, SADP analysis is adequate for
identification of phases which are well established in
the literature. Transmission electron microscopy
{TEM) samples were examined in a JEOL 100 CX at
100 kV and a Phillips 400EM at 120 kV.

3. Results and discussion

Rapid solidification of this alloy using the CBMS
process with a wheel speed of 30 ms ™! resulted in
complete solutionization of the alloying c¢lements as
reported previously [ 18]. Therefore this as-cast ribbon
was used as starting material to study the micro-
structural development as a function of ageing time at
different ageing temperatures from 650° to 800 °C.

Very complex transformation behaviours were ob-
served in this alloy. Knowing the complex ordering
transformations of the binary Ni-Mo alloys [3, 7,
19-237 even more complex transformations were ex-
pected in this alloy. The transformation sequences
studied in this work at different temperatures were
very similar, except that the transformation kinetics
increased as ageing temperature increased. In the
following discussion the aged specimens will be re-
ferred to by their heat treatment time in minutes and
temperature, e¢.g. 1/650 indicates ageing for 1 min at
650°C.

For specimen 1/650, the microstructure (Fig. 1) was
similar to that of as-cast ribbon, showing a modulated
structure within the cells. However, the inset SADP in
Fig. 1 exhibited weak v'(NijAl) superlattice spots,
satellite spots in (100> around the fundamental re-
flections, and very weak streaks running through the
fundamental reflections in {100). Also, the diffuse
intensity around the fundamental spots observed in
the as-cast ribbon was still present. On further ageing
at 650 °C the diffuse intensity around the fundamental
reflections decreased as compared with that of as-cast
ribbons and became more confined to form (100)
streaks as shown in Fig. 2. At the same time the
intensity of the y'(NiyAl) spots as well as that of the
satellite spots around the fundamentals increased. In
other words, continuous transfer of diffuse intensity

Figure I TEM micrographs of ribbon after ageing for 1 min at
650°C. {0017 zone for the inset diffraction pattern.

around the fundamental spots toward the superlattice
spots occurred as ageing proceeded. This diffraction
evidence suggests that the early-stage decomposition
of the supersaturated disordered f.c.c. y(Ni) solution
with short range-order occurs by means of spinodal
ordering (or continuous ordering), as defined by de
Fontaine [15]. An ordering transformation by a spin-
odal ordering mechanism has been reported in
Ni—Mo-based alloys [6, 10, 20, 23] as well as in many
other alloy systems, such as Ni-Ti, Cu-base alloys and
Co-base alloys [1].

By measuring the Ag (length of the displacement
vector from the diffraction spot to the satellite spot)
from SADP the composition modulation wavelength
during spinodal ordering was determined using the
Daniel-Lipson equation [24]:

» = ah 9
R+ 2P+ PP\ Ag

where ) = modulation wavelength, a = lattice para-
meter, h k [ = Miller indices and g = length of the
reciprocal lattice vector of the plane used. The lattice
parameter of the supersaturated solid solution of this
alloy (a,) was measured to be 0.3646 nm [25]. The
results of the composition modulation wavelength as a
function of ageing time and temperature are sum-
marized in Fig. 3, which shows that the cube of the

Figure 2 Selected-area diffraction patterns of ribbon after ageing for
5 min at 650°C: (a) [00 1] zone, (b) [0 1 1] zone.
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Figure 3 Modulation wavelengths as a function of ageing time and
temperature: ([1) 600°C, (O) 650°C, (A) 700°C.
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wavelength is linearly proportional to the ageing time
in the early stage, implying that spinodal ordering is
controlled by a volume diffusion process.

The microstructural features of specimen 30/650
{Fig. 4) were very similar to those of 5/700. The BFI in
Fig. 4 shows a coarsened modulated structure in the
cells, giving rise to a smaller Ag. Precipitates (as
indicated by the arrow) were observed at the cell
boundaries in dark-field imaging, using a diffracted
spot indicated by an arrow in the inset SADP. These
precipitates were identified to be o(Mo) phase. The
inset SADP exhibits strong and sharp streaking in
{100 and reflections from the «(Mo) precipitates as
indicated by the arrow. Being very strong and sharp
the <00 1) streaks from the fundamental spots did not
seem to be solely due to spinodal ordering. In fact,
close examination of the inset SADP also revealed
streaking of y'(NizAl) superlattice spots in {100).
Since v'(Ni;Al) precipitates generally have a cuboidal
form, aligned in {100) with (100}, (100),. a strong
streaking in (100> due to fine cubic particles is
expected. Therefore the (100} streaking is partly due
to a diffraction effect caused by precipitate shape [26].
The SADP with (01 1) zone axis also exhibits streak-
ing in <{100>. However, it is also possible that the
streaking in (100> might be due to elastic strain in
the {100) direction associated with the modulated
structure produced by spinodal ordering (note that
the elastically soft direction in Ni-base f.c.c. material is
{100>). The coarsened modulated structure in the cell
implies the formation of discrete y'(NijAl) precipit-
ates, even though they are still too fine to be resolved.
Therefore the (100 streaking in Fig. 4 could be due
to a combination of spinodal ordering, shape effect,
and elastic strain. It was difficuit to identify the exact
cause for streaking using conventional TEM. Even
though it was much reduced, the diffuse intensity
around the fundamental reflections was still present in
30/650, suggesting that spinodal ordering was still in
progress.

Fig. 5 shows the microstructure of specimen 45,/700.
Thin plate-like precipitates were observed in the cells
with sizes of the order of 40 nm in length and 3 nm in
width. These plate-like precipitates were nucleated

Figure 4 TEM micrographs of ribbon after ageing for 30 min at
650°C. [001] zone for the inset diffraction pattern.
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homogeneously in the cells and were identified to be
o(Mo) using DFT technique. These precipitates have
also been observed on ageing a directionally solidified
eutectic Ni-Al-Mo alloy [27] and the orientation
relationship between this precipitate and the matrix
was confirmed to be the Nishiyama—Wassermann
relationship [18], where (110),/(001),, [112],]
[110],. In addition, Fig. 5 shows signs of discontin-
uous transformation at the boundaries, which was
observed as early as after 5 min at 700 °C. Since this
transformation was not observed at every boundary,
the boundaries where the transformation occurred are
believed to be grain boundaries rather than cell
boundaries. From the DFT of the y'(Ni;Al) phase (Fig.
5b) it was noted that the matrix of the discontinuous
transformation region was y'(NizAl) showing a clear
interface between the transformed and the untrans-
formed regions. Discrete y'(NiyAl) precipitates within
the cells were also observed and the size and shape of
this fine precipitate was difficult to determine but
seemed to be cuboidal with the unit length being
approximately 5Snm. It also shows that the a(Mo)
precipitates as indicated by the arrows in Fig. Saand b
form at the transformation boundaries and are left
behind as the interface advances into the cells. Higher-
magnification micrographs of the transformed grain
boundary area in Fig. 5¢c and d shows the BFI and
DFI of a(Mo) phase in the discontinuously trans-
formed region, respectively. The shape of the a(Mo)
phase in the transformed region seems to be an irregu-
lar disc, whose thickness is approximately equal to the
thickness of the a(Mo) precipitates at the cell bound-
aries (about 15nm). An attempt to determine the
possible orientation relationship between the disc-
shaped «(Mo) and the matrix was unsuccessful.

On ageing for 60 min at 700 °C, more plate-like
a(Mo) precipitates nucleate and grow in the cells as
shown in Fig. 6 and the discontinuous transformation
develops further. The discontinuous transformation
has an additional driving force from the strain energy
associated with the semi-coherent plate-like o(Mo)
precipitates within the modulated y/y” matrix. As the
interface of the transformed region advances into the
cells the strain energy associated with the plate-like
a(Mo) precipitates is relieved by forming a large disc-
shaped «(Mo} phase, resulting in a decrease in total
free energy of the system. The modulation wavelength
calculated from the inset SADP (AL =80 nm) is in
reasonable agreement with that measured from the
BFI (Fig. 6). The inset SADP shows (100} streaking
and this is believed to be due to the discrete y{Ni,Al)
precipitates as discussed before. However, the contri-
bution of the plate-like o{Mo) precipitate to <100)
streaking must be considered at this stage. Since one
of the variants of «(Mo) precipitates lying normal to
the thin foil specimen (see Fig. 8c below) has a diffrac-
ted spot parallel to (100),, these plate-like a(Mo)
precipitates can also give rise to streaking in <100},
due to the shape. So, the streaking in the inset SADP
in Fig. 6 has two different origins, one from cuboidal
v'(Ni;Al) precipitates from the spinodal ordering and
the other from plate-like o(Mo) precipitates from the
continuous precipitation. Considering the expected



Figure 5 TEM micrographs of ribbon after ageing for 45 min at 700 °C: (2) BF, (b) DF using Ni;Al superlattice spot, (¢} BF of discontinuous
transformed grain boundary region, (d) DF using an «(Mo) diffraction spot.

growth of the cuboidal y'(Ni;Al) precipitates in the
cells and the fact that y'(NizAl) superlattice spots in
the SADP are discrete and not streaked, it is likely
that most streaking is due to the shape eflect of the
thin plate-like a(Mo) precipitates.

After ageing for 120 min at 700°C, longer and
thicker a(Mo) plates were observed within the cells

(Fig. 7) and the inset SADP exhibits weak reflections
from the metastable Ni,Mo(Pt,Mo type) phase and
the metastable Ni;Mo(D0,,), Al;Ti-type phase as
indicated by arrows. The microstructural and diffrac-
tion features of 120/700 are very similar to those of
5/800. The <100) streaking from the fundamental
reflections is reduced in length and in intensity as the
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Figure 6 TEM micrograph of ribbon after ageing for 60 min at
700°C. [001] zone for the inset diffraction pattern.

Figure 7 TEM micrograph of ribbon after ageing for 120 min at
700 °C. [001] zone for the inset diffraction pattern.

o(Mo) plates become thicker. The Ni;Mo(DO0,,)
spots in the inset SADP are elongated in (100> and
weak streaks in (100> from the elongated
Ni;Mo(D0,,) spots are present, suggesting that the
Ni;Mo(D0,,) domains are elongated. The reflections
from the metastable Ni,Mo and Ni;Mo(DO0,,)
phases could not be observed on the microscope
screen because of their weak intensities, and long
exposures (2—-3 min) with an overfocused condenser
lens were used to photographically record these spots.
DFI of these metastable phases was attempted with-
out success. The plate-like a(Mo) precipitates are of
the order of 5-10 nm in thickness. Also at this stage,
the a(Mo) plates seem to have coalesced.

After ageing for 300 min at 700 °C, the length of the
a(Mo) precipitates in the cell did not seem to increase
much, but the «(Mo) phase at the cell boundaries
seems to thicken and was measured to be of the order
of 15 nm. In comparison the thickness of the ®(Mo) at
the cell boundaries of 120/700 was of the order of
10 nm as shown in Fig. 7. Fig. 8 shows three orienta-
tion variants of the o(Mo) precipitates. Fig. 8a is a BFI
and Fig. 8b is a DFT of the «(Mo) plates using the spot
indicated by an arrow, showing the various size dis-
tributions lying parallel to the surface of the thin foil
specimen. Fig. 8¢ was taken using two spots encircled
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in the inset SADP in Fig. 8a, showing the a(Mo) plates
lying normal to the specimen and the a(Mo) pre-
cipitates at the cell boundaries. Fig. 8d shows another
variant of the a(Mo) precipitates and it is interesting
to note that the a(Mo) plates seem to have coalesced.
However, further investigation is needed to identify
the growth mechanism more clearly. No work related
to the growth mechanism of the plate-like a(Mo) has
been reported.

In the SADP of 600/700 (Fig. 9a) the streaks in
100> were much reduced in intensity and the spots
from both metastable phases were still observed. The
metastable Ni,Mo(Pt,Mo type) spots are indicated
by an arrow and Ni;Mo(D0,,) spots are indicated by
a square in Fig. 9a. These metastable phases were also
observed to form during ordering in Ni-Mo alloys
[21, 28] and have been discussed extensively by
Thomas and co-workers [ 20, 227. These Ni,Mo spots
seem to spread into arcs in [420] directions as pre-
viously reported [20, 22, 27]. The spreading of the

%20} spots into arcs is mainly due to the shape of
this phase [20, 22]. On the other hand the
Ni;Mo(D0,,) spots were more spherical, compared
with those of 120/700 in Fig. 7. The DFT of the Ni,Mo
phase is shown in Fig. 9c. The Ni,Mo phase nucleates
homogeneously in the cells and it has an ellipsoidal
shape in the range of 1 to 10 nm in thickness. Also, the
sharp appearance, rather than coentinuous transfer, of
the intensity maxima at the Ni,Mo positions in Fig.
9a as well as in Fig. 7 indicates that the formation of
the small, ordered Ni,Mo precipitates occurs by
means of a classical homogeneous nucleation mech-
anism rather than by spinodal ordering as observed in
other Ni—Mo-based ternary alloys [6]. The weak
streaking of the Ni;Mo(D0,,) spot in {1 00} was still
present. The streaking of the {130} Niz;Mo(DO0,,)
spots in (100} directions was also observed in
Ni;(Al, Mo) alloys on ageing at 600°C [6]. In that
case the results were interpreted as formation of
NizMo(D0,,) phase by spinodal ordering from the
short-range ordered matrix as in the case of Niz;(Mo,
X} [6]. This interpretation, however, cannot be ap-
plied to this work because the {130} spot in this work
is due to the already formed NizMo(D{,,) metast-
able phase, not the short- range ordered matrix. Hence
the streaks in {100) of the Ni;Mo(D0,,) spots in
this work are likely to be due to the precipitate shape.
Dark-field imaging of a superlattice spot as indicated
by an arrow in Fig. 9b shows a coarsened cuboidal
v'(Ni;Al) phase in Fig. 9d. Examination of micro-
graphs of 600/700 reveals that the cells still consist of
v(Ni) + y'(Ni3Al) + a(Mo) and the metastable phases
of Ni;Mo(D0,,) and ellipsoidal Ni,Mo, and the
discontinuous transformation products are y'(NizAl)
and o(Mo) (Figs 10 and 11).

The SADP after 6000 min at 700 °C is similar to
that of specimen 300/800 in Fig. 10 and streaking from
the fundamental reflections and the metastable
Ni,Mo spots is no longer present. However, the
Ni;Mo(D0,,)} spots are still present. Another phase
(Fig. 11a) was observed in the discontinuously trans-
formed region and this phase was identified as equilib-
rium, orthorhombic, Ni;Mo phase by indexing the



Figure § TEM micrographs of ribbon after ageing for 300 min at 700 °C. (a) BF; (b) DF of «(Mo) using a spot indicated by the arrow in the
inset SADP in (a); (c) DF of «(Mo) using a spot enclosed in the inset SADP in (a); (d) DF of «(Mo), showing coalescence a{Mo) precipitates.

1951



Figure 9 TEM micrographs of ribbon after ageing for 600 min at 700 °C. (a) SADP [00 {] zone; (b) BF with inset [001] SADP; (c) DF of
Ni,Mo using a spot enclosed in the inset SADP in (b); (d) DF of Ni;Al using a spot indicated by an arrow in the inset SADP in (b).

SADP in Fig. 11b, as shown in Fig. 11d. The orienta-
tion relationship between the orthorhombic NizMo
precipitate and the matrix was identified as

(100),lI(01 1), [010], [T 1 1],

confirming the reported orientation relationship be-
tween these two phases [21]. Fig. 11¢ shows the DFI
of the orthorhombic NizMo from the spot encircled in
Fig. 11b. The SADP also shows sharp streaking in the
[1117,/[[010], direction, which is normal to the thin
dimension of the stacking faults in the orthorhombic
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Ni;Mo phase. This orthorhombic Ni;Mo phase was
observed previously in Ni—Al-X alloys [29-31]. This
phase formed as a product of a cellular precipitation
reaction, in which 7y(Ni) + v'(Ni;Al) + metastable
Ni,Mo transform discontinuously into v'(NijAl)
+ orthorhombic Ni;Mo [29].

While the Ni,Mo spots disappeared completely in
specimen 60/800 the NiyMo(D0,,) spots were still
present. Interestingly, spots at {330} which
apparently represent the metastable Ni,Mo phase
reappeared in 1200/800 (Fig. 12a). Since it is not



Figure 10 SADP with [001] zone of ribbon after ageing for
300 min at 800°C.

possible thermodynamically to form this phase again
after it has dissolved, extreme care was paid to index
the SADP (Fig. 10), especially double diffraction spots
originating from different sources which were identi-
fied as shown in Fig. 12b. One source of these double
diffraction spots is from the fundamental spots (desig-
nated o,-Mo) and the other double diffraction spots
are from the o(Mo) spots (designated a,-Mo). It was
found that the a,-Mo spots were located at or very
close to the spots from the metastable Ni,Mo phase,

220} spots, in Fig. 12a. These are o,-Mo, not the
spots from the Ni, Mo phase. Diffraction spots corres-
ponding to NiyMo are also close to the (320) position.
This suggests that the NiyMo(Dl,) reported earlier
[25] on the basis of diffraction spots at the (3£0)
position was misinterpreted. The orthorhombic
NizMo phase was observed on ageing at 800°C as
early as after 300 min at 800°C and, on long-time
ageing to 6000 min at 800 °C, the SADP was similar to
the one after 1200 min at 800 °C.

3.1. Isothermal transformation curves

Based on the structural development on ageing of this
alloy determined in this and previous work [18, 25],
schematic isothermal transformation curves for the
phases present, including the metastable phases, were
drawn (Fig. 13). Phase transformation sequences on
ageing at 800 and 700°C up to 100 h can be sum-
marized as follows:

v(N1) + short-range order
!
y(Ni) + y'(NizAl)
!
v(N1) + v (NiyAl) + a(Mo),
!
v(N1) + v'(NizAl) + (Mo}, + o(Mo),
:
v(Ni) + y'(NizAl) + o(Mo), + «(Mo), + Ni,Mo
+ NizMo(D0,,)
!
¥(N1) + v'(NizAl) + a(Mo), + a(Mo)
+ NizMo(DO0,,) + Ni;Mo

where a(Mo),, represents the a(Mo) precipitates at the

boundaries and «(Mo), represents the plate-like
a(Mo) precipitates within the cells. The supersatur-
ated y(Ni) matrix decomposes by spinodal ordering in
the very early stage of ageing, resulting in a modulated
v/y’ matrix. a&(Mo) phase then forms both by hetero-
geneous nucleation at the cell boundaries and by
homogeneous nucleation within the cells. The «(Mo)
at the cell boundaries probably forms first and the
plate-like o Mo) precipitates homogeneously from the
v/y" matrix in the cells after a short incubation period.
The observation of «{Mo) at cell boundaries as well
as homogencous precipitation of the o{ Mo) within the
cells can be explained as follows. On ageing, Mo
atoms will diffuse fast along the cell boundaries to
form the precipitates in the boundaries first. While the
spinodal ordering occurs within the cells, the y/y’
matrix is still in a metastable state since it is still
supersaturated with Mo, Assuming that all the Mo is
trapped within the y/y’ matrix without a(Mo) pre-
cipitation, the matrix is supersaturated with Mo by
about 4 to 14 at % because the maximum equilibrium
Mo contents in y(Ni) and v'(NiyAl) phases at 800 °C
are about 15 and 5 at % Mo, respectively [32]. This is
a reasonable assumption since Mo is expected to be
very slow to diffuse out of the y(Ni) and y'(NijAl)
phases. Therefore, on further ageing the y(Ni) and
v'(NisAl) phases will try to attain equilibrium Mo
contents by diffusion of Mo to the interface between
the y(Ni) and y/(Ni;Al} phases. This resuits in pre-
cipitation of semi-coherent a(Mo) at these interfaces.
This heterogeneous nucleation and growth of the
plate-like «(Mo) precipitates continues until the
supersaturation of Mo has been reduced to an equilib-
rium level and coarsening begins. Coarsening of this
phase is observed after 300 min at 700 °C as shown in
Fig. 8d. The metastable phases Ni,Mo and
Ni;Mo(D0,,) form homogeneously in the y/y’ matrix
while the nucleation of plate-like a(Mo) precipitates
stops as shown by the electrical resistivity experiments
discussed in Part II [17]. It is not clear which one
forms first, but the ellipsoidal Ni,Mo phase disap-
pears before the Ni;Mo(DO0,,) phase does. Even
though the morphology of the Ni;Mo(D0,,) phase
was not definitely established in this work, it is sus-
pected that it has a lath shape, based on the streaking
in (100> of the spots in the SADP in Fig. 10. It was
reported that Ni;Mo(D0,,) phase formed as laths on
the orthogonal {100} faces of y'(Ni;Al) particles in an
Ni-Al-Mo-Ta alloy [10] and Inconel 718 [33]. Al is
reported to stabilize the Ni;Mo(DO0,,) phase [5, 6] by
decreasing the V,/V, ratio (ratio of second and first
nearest-neighbour interaction parameters) in the
theory developed by Sanchez and de Fontaine [34].
Therefore the stability of Ni;Mo(D0,,) phase up to
1000 °C is believed to be due to the large amount of Al
in this alloy. A discontinuous transformation was
observed at the grain boundaries as early as in speci-
men 5/700. In the early stage of ageing, it involves

v(Ni) + v'(Ni;Al) + a(Mo) — v/(Ni,Al) + «(Mo)

which can be defined as a discontinuous coarsening.
However, a more complex type of discontinuous
transformation was observed in the later stage of
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ageing involving
v(Ni) + v'(NizAl) + a(Mo) + NizMo(D0,,)

+ Ni,Mo — y'(NizAl) + a(Mo)
+ equilibrium Ni;Mo

Equilibrium orthorhombic Ni;Mo phase was also
observed after ageing at 800 and 700°C but not at
650 °C. Even though slow kinetics at 650 °C might be

a reason for not observing NiyMo phase, it could also
be an indication that the upper solvus of this phase is
between 650 and 700 °C. Niz;Mo has been observed as
a product of a cellular precipitation reaction occurring
at grain boundaries in Ni—-Al-Mo {30] and in
Ni—-Al-Mo-Ta [29]. Hence the Ni;Mo phase in this
alloy is expected to form as a product of the discon-
tinuous transformation. The orthorhombic Niz;Mo
phase has been reported to cause a substantial loss in
ductility [29]. More importantly, the embrittling
d(NiMo) phase was not found at temperatures at or
lower than 800 °C up to 100 h. Whether it is really the
effect of the V addition in reducing the 3(NiMo) phase
region or it is simply a matter of kinetics is not clear
and requires further work.

{d)

Figure 11 Equilibrium, orthorhombic Ni;Mo phase observed after
ageing for 6000min at 700°C. (a) BF; (b) SADP with
g=[001]n,me =[011];cc; () DF of NizMo; (d) indexed
SADP: (O) NizMo, { x ) matrix.
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Figure 12 Ribbon after ageing for 1200 minutes at 800°C. (a) SADP
with [00 1] zone; (b) a schematic indexed SADP with [00 1] zone,
showing the double diffracted spots from two origins, cxy(Mo)
= double-diffracted o(Mo) spots diffracted from fundamental f.c.c.
diffracted spots, o, = double-diffracted «(Mo) spots diffracted from
diffracted «(Mo) spots. (O) Fundamental f.c.c. spots, (0) super-
lattice Ni; Al spots, ( @)ax(Mo) spots, (e) o, double-diffraction spots,
(<) ay double-diffraction spots.

1100
§ (NiMo) start

10001 \
S e
2 900}
= \
g R Ni, Mo \
€800 A o
= | (DO, ;) start NisMo start

\
700- \\
a (Mo) start™~>
600 . . .
100 101 102 103 104

Time (min}

Figure 13 Partial isothermal transformation curves for the phases
observed in the alloy. (O} Niz;Mo(DO0,,), () «(Mo), (A) Ni,Mo,
() equilibrium NizMo, ( + ) 8(NiMo).

4. Summary and conclusions

The phase transformation sequences during ageing of
rapidly solidified Ni-Al-Mo-V—Re in the range from
800 to 650 °C for up to 100 h have been identified. The
transformation behaviour of this alloy was independ-
ent of the ageing temperature over this range, simply
showing enhanced kinetics with increasing temper-
ature. Due to the large amount of Al in the alloy the
metastable Ni;Mo(D0,,) phase was more stable than
the metastable Ni,Mo phase. The addition of a small
amount of V to the eutectic alloy composition resulted
in the 3(NiMo) phase not being observed after ageing
up to 100 h at temperatures at or below 800°C. An
isothermal transformation diagram summarizing the
transformation events has been deduced.

A discontinuous transformation was observed at
the grain boundaries. While the reaction was deter-
mined to be a discontinuous coarsening reaction in
the early stage of ageing, it became a more complex
discontinuous transformation at the later stage, invol-
ving metastable phases and the equilibrium ortho-
rhombic NizMo.

The results of this study are corrclated with the
physical and mechanical properties of the material in
the following paper, Part 1T [17].
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