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Thermal ageing for up to 1000 h at 600-800 °C was used to study the long-range ordering
behaviour to Ni,Mo and related ordered phases in seiected Ni—-Mo based alloys with varying
Fe and Cr contents, and the corresponding effects on mechanical properties. Analytical
electron microscopy and X-ray diffraction were used to characterize the microstructure.
Mechanical properties were determined from microhardness and tensile tests. During the early
stages of ordering, the crystallographically-related Pt,Mo-type, DO,, and D1, superlattices
coexisted in all alloys studied. However, depending upon the exact chemical composition,
particularly the Mo, Cr and Fe contents, some of these superlattices became unstable as the
ordering reaction progressed. Chromium was found to act as a stabilizer of either a Pt,Mo-
type superlattice or Ni;Mo depending upon the Mo content; however Fe acted as a stabilizer
only of Ni;Mo. For both Cr and Fe, the tendency to stabilize Ni;Mo was realized at relatively
higher Mo contents. Ordering behaviour of commercial alloys containing minor concentrations
of Cr and Fe was found to significantly vary from one heat to another depending upon the
exact Mo content. Although ordering to Ni,Mo and Ni;Mo could lead to severe embrittlement,
ordering to a Pt,Mo-type superlattice was found to have beneficial effects on mechanical

strength.

1. Introduction
Alloys based upon the Ni-Mo system such as the
wrought HASTELLOY® alloys B and B-2 (HASTEL-
LOY is a registered trademark of the Haynes Interna-
tional Company) have been of particular importance
to the chemical process and to the petrochemical
industries because of their unique combinations of
environmental resistance, mechanical strength and
fabrication characteristics [1, 2]. Table I summarizes
their nominal chemical compositions. Alloy B-2 is
essentially a low-Fe and C version of alloy B. Thermal
ageing of these alloys in the temperature range of 600
to 800°C is known to cause long-range ordering
reactions resulting in the precipitation of Ni,Mo (D1,
superlattice) and/or NizMo (based upon a DO,,
superlattice) depending upon the alloy composition
[3].

Long-range ordering to Ni;Mo and Ni;Mo can
cause severe loss of ductility leading to intergranular
embrittlement [3-6]. Also, Niy,Mo ordering was

found to degrade the corrosion resistance in reducing
media such as HCI [5, 6]. Most evidence points out that
the embrittiement associated with Ni,Mo ordering is
related to a discontinuous ordering reaction at grain
boundaries [4, 7-9], which could also have an adverse
effect on corrosion resistance [ 5, 6]. It is typical of the
brittle NiMo phase to form as long platelets leading
to a considerable loss of ductility [3]. Recently, critical
additions of B to Ni-NiyMo alloys were found con-
siderably to improve their room-temperature ductility
[10, 11]. Also, ordering to a Pt,Mo-type superlattice
(isomorphous with Ni,Cr) in certain Ni-Mo—Cr al-
loys was found to have beneficial effects on mechan-
ical strength [6, 12-16]. Crystallographically, the
Pt,Mo-type superlattice (orthorhombic structure) is
closely related to the D1, superlattice (NiyMo; tetrag-
onal structure) and DO,, superlattice (basis for the
Ni;Mo structure; orthorhombic) as illustrated in
Fig. 1. Each superlattice can directly be derived from
the parent disordered face-centered cubic (fcc) lattice

TABLE I Nominal chemical compositions of alloys B and B-2 (weight %)

Alloy Ni Co Cr Mo Fe Si Mn C v

B Bal. 2.5% . 1.0 26-30 5% 1.0* 1.0* 0.05* 0.30

B-2 Bal. 1.0* 1.0 26-30 2.0* 1.0¥ 1.0* 0.02* -

* Maximum
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(c)

Figure 1 Atomic arrangements of various superlattices as viewed
along the [00 17, . direction; unit cells are indicated by dotted lines
(ao = lattice constant of the fcc crystal). Large circles, Mo atoms;
small circles, Ni atoms; closed circles, atoms at level 0 or 1; open
circles, atoms at level 1/2. (a) Pt,Mo-type superlattice, (b) DO,,
superlattice, (¢) D1, superlattice.

by minor atom rearrangement on {42 0}; . . planes. In
the case of the Pt,Mo-type superlattice, each third
{420} plane becomes occupied with Mo atoms and
planes in-between are occupied by Ni atoms (Fig. 1a)
producing characteristic superlattice reflections at
1/3¢420) positions. For the DO,, and D1, super-
lattices, the fourth and fifth planes are occupied by Mo
atoms as shown in Fig. 1b and c, resulting in super-
lattice reflections at 1/4(420)> and 1/5¢420) posi-
tions, respectively.

Minor elements present in alloys of commercial
grade (Table I) can have a significant effect on
ordering behaviour [17, 18]. A number of studies
limited to stoichiometric NiyMo alloys (Ni-29.1%
Mo) have dealt with the effects of Fe and Cr on the

ordering behaviour [19-217]. However, it is possible
that the effect of these elements is a critical function of
the Mo content [13].

Toward the objective of developing ductile ordered
alloys for structural applications and improving the
performance of existing alloys, it is essential to develop
a basic understanding of the effect of minor elements
on ordering behaviour and mechanical strength. It
was the objective of this study to determine the effects
of selected concentrations of Fe and Cr on the
ordering behaviour of Ni-Mo alloys. Also, the effect
of changing the Mo content at given Fe and Cr
concentrations was examined in the case of alloy B-2.
For comparative purposes, the ordering behaviour of
binary Ni—-Mo alloys was included in the study. Em-
phasis was placed upon: (1) ordering kinetics; (2) na-
ture and morphology of ordered phases; and (3) the
corresponding effects on mechanical properties.

2. Experimental procedure

Four groups of alloys were included in this study:
(1) three binary Ni-Mo alloys nominally containing
25% Mo, 27% Mo and 29.1% Mo (Niy;Mo composi-
tion); (2) two heats of alloy B-2 containing the same
concentrations of Fe and Cr but different Mo con-
tents; (3) six Ni-Mo—Cr alloys containing 25% Mo,
27% Mo, 29.1% Mo and 3-5% Cr; and (4) five
Ni-Mo-Fe alloys containing 27% Mo, 29.1% Mo
and 2-5% Fe, all in weight percent. Tables II-V show
the chemical compositions of the alloys studied. All
alloys were prepared by vacuum melting and then
processed into 1.5-mm-thick sheets by hot and cold
rolling. Specimens were solution annealed at 1065 °C
for 15 min and then water quenched. Ordering reac-
tions were induced by thermal aging for up to 1000 h
at 600, 700 and 800 °C.

Both Vickers microhardness tests and tensile tests
were used to evaluate the mechanical strength. To
reveal the gross grain structure, metallographic speci-
mens were etched in a solution consisting of 80% HCl
and 20% chromic acid. Bulk structural analysis was
conducted on polished specimens using X-ray diffrac-
tion (Cuk, radiation). Fractography was conducted
in a scanning electron microscope. An analytical elec-
tron microscope equipped with an ultra-thin window
X-ray detector and operating at 200 kV was used to

TABLE II Chemical compositions of binary Ni-Mo alloys studied (weight %)

Alloy Ni Co Cr Mo Fe Si Mn C \'s
1 Balance < 0.1 < 0.1 24.96 < 0.1 < 0.02 <01 0.002 -

Balance < 0.1 < 0.1 26.97 < 0.1 < 0.02 < 0.1 0.002 -
3 Balance < 0.1 < 0.1 29.06 < 0.1 < 0.02 < 0.1 0.002 -

TABLE III Chemical compositions of the heats of alloy B-2 studied (weight %)

Heat Ni Co Cr Mo Fe Si Mn C A\
A Balance < 0.1 0.64 26.92 093 < 0.02 0.24 0.002 < 0.01
B Balance < 0.1 0.60 28.78 0.98 < 0.02 0.25 0.002 < 0.01
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TABLE IV Chemical compositions of Ni-Mo~Cr alloys studied (weight %)

Alloy Ni Co Cr Mo Fe Si Mn C v
Hypostoichiometric alloys

1 Balance <01 2.91 24.89 <01 < 0.02 <01 0.002 -
2 Balance <01 495 2492 <01 <002 < 0.1 0.002 -
3 Balance <01 297 26.90 < Q.1 < 0.02 < 0.1 0.002 -
4 Balance <01 490 27.03 < 0.1 < 0.02 < 0.1 0.002 -
Stoichiometric alloys

1 Balance < 0.1 3.02 29.07 < 0.1 < 0.02 < 0.1 0.002 -
2 Balance < 0.1 4.96 29.02 < 0.1 < 0.02 < 0.1 0.002 -
TABLE V Chemical compositions of the Ni~Mo-Fe alloys studied (weight %)

Alloy Ni Co Cr Mo Fe Si Mn C v
Hypostoichiometric alloys

1 Balance <01 < 0.1 26.90 2.08 < 0.02 <01 0.002 -
2 Balance < 0.1 < 0.1 27.10 293 < 0.02 <01 0.002 -
3 Balance < 0.1 < 0.1 26.98 4.89 < 0.02 <01 0.002 -
Stoichiometric alloys

1 Balance < 0.1 < 0.1 29.14 2.87 < 0.02 <01 0.002 -
2 Balance <0.1 <01 29.05 4.96 < 0.02 < 0.1 0.002 -

characterize the ordered microstructure. Thin-foil spe-
cimens were prepared by a jet polishing technique in
solution consisting of 30% nitric acid in methanol at
about — 20°C.

3. Results and discussion

3.1. Annealed microstructure

All alloys studied had similar grain structures in the
annealed condition. Each alloy consisted of equi-axed
grains about 20-70 um in size, containing a high
density of annealing twins indicating full recrystalliza-
tion. In addition to characteristic face-centred cubic
reflections, electron diffraction patterns derived from
all alloys contained extra weak reflections at {1 1/20}
and all equivalent positions, indicating the presence of
short-range order [3, 22, 23]. Examples illustrating
the above structural features derived from the
Ni~27 Mo alloy are given in Fig. 2.

3.2. Transition from short-range to
long-range order
To establish the structural transitions which occur
during the early stages of ordering using electron
diffraction, {00 1> orientation was selected because it
contains the short-range order reflections as well as
the characteristic reflections of the Pt,Mo-type, DI,
and DO, superlattices, as schematically illustrated in
Fig. 3. As all the alloys studied exhibited similar struc-
tural changes during the very early stages of
ordering, representative examples derived from heat A
of alloy B-2 (Table III) during ageing at 700°C are
given below to illustrate the general behaviour.
Initially, the short-range order reflections present in
the as-quenched condition (Fig. 2b) became connected
with diffuse intensity lines along {100) directions,
thus passing through the {110} positions character-
izing the DO, , superlattice as shown in Fig. 4a (5 min
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Figure 2 Characteristic microstructural features of the Ni-27 Mo
alloy in the annealed condition {as-quenched). {a) Backscattered
electron composition image illustrating the grain structure.
(b) Selected-area diffraction pattern in {00 1] orientation illustra-
ting short-range order reflections at {1 1/20} positions (indicated by
arrows). (c) Selected-area diffraction pattern in [T 1 2] orientation
illustrating short-range order reflections at {1 1/20} positions (indi-
cated by arrows).

aging at 700°C). However, there was no specific
microstructural change corresponding to this stage.
With continued ageing, the diffuse intensity lines dis-
appeared and the short-range order reflections at
{11/20} positions became elongated along {100}
directions. Simultaneously, diffuse arced intensity was
found to emanate from the short-range order
reflections and pass through the 1/3{4 20} positions
(Pt,Mo-type superlattice) toward the 1/5(420) posi-
tions (D1, superlattice) as shown in Fig. 4b (15 min
ageing at 700 °C). Similar diffraction effects were pre-
dicted during long-range ordering to Ni,Mo in binary
Ni—Mo alloys based upon an Ising model of pairwise
interaction [24]. Corresponding to the diffuse intens-
ity of Fig. 4b, the microstructure exhibited a tweed
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Figure 3 A schematic of the [00 1], reciprocal-lattice intersection
illustrating positions of short-range order reflections (indicated by
arrows), the DO,, superlattice positions at {11/20}, {100} and
{110}, the Pt,Mo-type superlattice positions at 1/3{420) or equi-
valently at 1/3(220), and the DI, superlattice positions at
1/5¢4205.

Figure 4 Representative example

illustrating early stages of
ordering in the alloys studied during ageing at 700°C
(Ni-26.92 M0-0.93Fe~0.64Cr; heat A of alloy B-2 in Table IH).
{a) [001] selected-area diffraction pattern derived after S min
ageing at 700°C. (b} [00 1] selected-area diffraction pattern derived
after 15 min of ageing at 700 °C; arrows indicate change in intensity
distribution at short-range order positions. {¢) Bright-field TEM
image corresponding to the pattern of (b) and illustrating tweed
contrast.

contrast such as that shown in Fig. 4¢. Such a type of
strain contrast was observed during the early stages of
ordering in a number of alloy systems and could be
interpreted in terms of a non-random high density
distribution of strain centres in the parent disordered

fcc lattice resulting from either continuous ordering
or copious nucleation and growth [25].

It could be concluded from the above observations
that, regardless of alloy composition, all the closely-
related Pt,;Mo-type, D1, and DO,, superlattices
{Fig. 1) had a tendency to form during the early stages
of ordering, which is consistent with theoretical pre-
dictions as well as other experimental observations.
According to an order—disorder theory based upon
static concentration waves, it is possible that a DO,,
superlattice could form as an intermediate transient
phase during long-range ordering to NiyMo and
Ni;Mo [26]. Experiments have confirmed this predic-
tion for a number of binary Ni-Mo alloys as well as
Ni-Mo alloys containing minor concentrations of Fe
and Cr [27-31]. Furthermore, thermodynamic calcu-
lations based upon the first and second nearest neigh-
bour interaction parameters for binary Ni-Mo alloys
containing 16 to 25 at % Mo led to the conclusion
that the ground-state structures of Pt,Mo-type, DO,
and D1, superlattices have similar energies [32, 33].
As the ageing progressed at a given temperature,
however, the equilibrium ordered phase(s) was found
to be a function of exact chemical composition as
demonstrated below.

As an example, during ageing at 700 °C, the peak of
the diffuse arced intensity was transferred from the
short-range order position {1 1/20} into the 1/3{420)
position in the case of the Ni-27 Mo-5Cr alloy
{Fig. 4b) resulting in the formation of a Pt,Mo-type
superlattice as shown in Fig. Sa. In the case of heat A

Figure 5 Representative example illustrating the development of
various superlattices in the alloys studied during ageing at 700°C.
{a) [001] selected-area diffraction pattern illustrating character-
istic reflections of the Pt,Mo-type superlattice at 1/3¢(420) posi-
tions as indicated by the arrows; weak short-range order reflections
can be distinguished (Ni-27 Mo-5 Cr alloy aged for 4 h at 700°C).
(b) [001] selected-area diffraction pattern illustrating the coexis-
tence of the DO,, and D1, superlattices as indicated by arrows
{Ni-26.92 M0-0.93 Fe-0.64Cr; heat A of alloy B-2 in Table III).
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of alloy B-2, the diffuse arced intensity was redistribu-
ted into peaks at both 1/4{420} and 1/5(4 20} posi-
tions, indicating the co-existence of the DO,, and D1,
superlattices (Fig. 5b). Earlier studies have shown that
a DO,; superlattice can form as an intermediate
transient phase during long-range ordering to Ni,Mo
[27, 28], and both DO,, and Pt,Mo-type superlat-
tices can form during ordering to Niz;Mo [29-31].
Dark-field images formed with any of the above super-
lattice reflections revealed that, at this stage of ageing,
the respective ordered phase consisted of dense arrays
of discrete particles as illustrated in Fig. Sc.

As indicated by the above observations, the micro-
structural changes which occurred during the early
stages of intragranular ordering were independent of
alloy composition. Initially, the microstructure con-
tained a strain contrast characterizing either copious
nucleation and growth or continuous ordering follow-
ed by the formation of dense arrays of fine ordered
particles. Subsequent microstructural changes which
occurred as the ordering reaction progressed with
further ageing, however, were functions of the res-
ultant ordered phase(s) depending upon alloy com-
position as described in the next sections.

3.3. Long-range ordering in binary
Ni—Mo alloys

As expected, all the binary Ni-Mo alloys studied were
ordered to NisMo after ageing at temperatures in the
range of 600 to 800 °C. However, the ordering kinetics
as determined from the functional dependence of
microhardness and tensile properties on ageing time
were accelerated with the Mo concentration. It is
notable that for the stoichiometric NijMo alloy
{Ni-29.1% Mo), a generalized ordering reaction oc-
“curs where diffusion of Mo over large distances is not
required to establish the NiyMo composition. In con-
trast, for the off-stoichiometric alloys where NiyMo
precipitates from the disordered fcc phase, diffusion
of Mo over relatively large distances is required to
establish the Ni,Mo composition, and therefore the
reaction kinetics become progressively slower with
decreasing the Mo content [34]. Dependence of the
ordering kinetics on Mo content was reflected by the
changes in mechanical properties as functions of
ageing time at a given temperature, as illustrated in
the example given below.

Figs 6 and 7 illustrate the effect of ageing time at
700°C on the room-temperature microhardness and
the tensile properties of the binary alloys studied,
respectively. For the Ni-29.1% Mo both the hardness
and yield strength reached their maximum values
within the first 15 min of ageing and then remained
essentially unchanged with continued ageing. How-
ever, for the Ni-27Mo alloy, the hardness and yield
strength reached their maximum value within the first
hour of ageing. In contrast, both the hardness and
tensile properties of the Ni-25% Mo alloy remained
unchanged relative to the annealed condition after
24 h of ageing, reflecting the comparatively sluggish
ordering kinetics as further confirmed by microstruc-
tural characterization.
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Figure 6 Effect of ageing time at 700°C on the room-temperature
microhardness of the binary Ni-Mo alloys studied. ®, Ni-25Mo;
A, Ni-27Mo; B, Ni-29.1Mo.

Tensile elongation in 50.8 mm (%)

24 1 60 1000

0 |-

B i i i
0 14121 2 4

—

N

[

o
I

0.2 % Yield strength (MPa)

400 s

300 ] 1 1. . [ 1 1 | |
o 1/41/21 2 4 8 24 100
{b} Ageing time (h}

]
1000

Figure 7 Effect of ageing time at 700 °C on the room-temperature
tensile properties of the binary Ni-Mo alloys studied.
(a) Elongation; (b) 0.2% yield strength. @, Ni-25Mo; A,
Ni~-27Mo; B, Ni-29.1Mo.

As can be seen from Fig. 7, the Ni-29.1% Mo alloy
differed from the Ni-27% Mo alloy in that there was a
one-to-one correspondence between the increase in
strength and decrease in ductility. In the case of the
Ni-27 Mo alloy, the decrease in tensile ductility
lagged behind the increase in strength. Such a differ-
ence in behaviour could be correlated with the occur-
rence of a discontinuous grain boundary ordering
reaction, and the dependence of its kinetics on the Mo
concentration, as described below.



Intragranular ordering to Niy,Mo is known to result
in a mosaic assembly of twin-related variants along
the {100} planes [3]. With continued ageing, the
dense arrays of ordered particles observed in the early
stages (Fig. 5¢) grew to impingement, resulting in an
assembly of twin-related variants lined up along
{100}, planes as illustrated in Fig. 8. As a result of
further ageing, the twin-related variants were con-
siderably coarsened as can be seen by comparing
Figs 8 and 9.

Comparative microstructures representing different
growth stages of NiyMo in the alloys studied after
ageing at 700 °C are shown in Fig. 10. After 24 h of
ageing, the twin-related variants were well developed
in the Ni-29.1% Mo and Ni-27% Mo alloys, as
shown in Fig. 10a and b, respectively. However, the
structure of the Ni-29.1% Mo alloy was coarser in
comparison with that of the Ni-27% Mo alloy. For
the Ni-25% Mo alloy there was no evidence for the
presence of NizMo after 24 h of ageing. However, after

Figure § Example illustrating the twin relationship between NigMo crystals across {100}, . . planes (Ni-27 Mo alloy aged for 24 h at 700 *C).
(a) Dark-field TEM image formed with the encircled Ni,Mo reflection in the [00 1] diffraction pattern of the inset. (b) Interpretation of the
pattern in {(a) as two twin-related patterns along (100), . direction.

4_

(a) P %

Figure 9 A typical microstructure of the Ni~27Mo alloy after 1000 h of ageing at 700 °C. (a) Bright-field TEM image; characteristic reflections
of the D1, superlattice of Ni,Mo are observed in the corresponding {00 1] diffraction pattern shown in the inset. {b) Dark-field TEM image
formed with the encircled 1/5¢420) superlattice reflection in {(a).
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Figure 10 Bright-field TEM images illustrating the microstructure of Niy;Mo in the binary Ni-Mo alloys aged at 700 °C. (a) Ni-29.f Mo
alloy aged for 24 h at 700°C; (b) Ni—27 Mo alloy aged 24 h at 700°C; (¢) Ni-25Mo alloy aged 100 h at 700° C.

100 h of ageing, the alloy exhibited a strain contrast
characteristic of a large volume fraction of coherent
fine particles as shown in Fig. 10c, consistent with the
sluggishness of the ordering reaction in this alloy as
described above.

During the later stages of ageing, a lamellar struc-
ture of Niy,Mo was observed at grain boundaries, as
shown in the example of Fig. 11 (Ni-27 Mo alloy aged
for 100 h at 700 °C) indicating a discontinuous grain
boundary reaction. Earlier studies have shown that
the matrix strain energy associated with intragranular
ordering could be minimized by self-generated or
strain-induced recrystallization, resulting in a dis-
continuous ordering reaction at grain boundaries
[25, 35] such as that shown in Fig. 11. A lamellar
grain boundary structure similar to that shown in
Fig. 11 was observed in the stoichiometric Ni-29.1%
Mo alloy earlier during ageing at 700 °C, indicating
greater reaction Kkinetics in comparison with the
Ni-27% Mo alloy. This could be explained in terms of
differences in matrix strain energy between the two
alloys after a given ageing time. Generally, matrix
strain energy can act in certain alloy systems as the
driving force for a discontinuous grain boundary pre-
cipitation reaction [36]. In the present case, increasing
the Mo concentration would be expected to accelerate
the kinetics of intragranular ordering and increase the
associated matrix strain energy, resulting in a greater

driving force for the grain boundary reaction. As the
order-induced embrittlement was correlated with the
discontinuous reaction [4, 7-9], the above argument
could explain the lag between the increase in strength,
which is primarily associated with intragranular
ordering, and decrease in ductility observed in off-
stoichiometric alloys (Fig. 7).

3.4. Ordering behaviour of alloy B-2

As determined from the effect of ageing time at various
temperatures on the room-temperature microhard-
ness and tensile properties, the ordering kinetics of
alloy B-2 were found to be somewhat slower in com-
parison with a binary Ni-Mo alloy containing the
same Mo content. For example, Fig. 12 illustrates the
effect of aging time at 700 °C on the room-temperature
microhardness of heat A in Table III, nominally con-
taining 27% Mo and the binary Ni-27% Mo alloy.
As can be seen, the hardening rate of the binary alloy
was higher in comparison with the heat of alloy B-2,
particularly during the early stages of ageing. Possibly,
minor elements present in alloy B-2 could reduce the
diffusivity of Mo in Ni, leading to slower ordering
kinetics. Also, as demonstrated below, those elements
were found to have significant effects on the nature of
ordered phase(s) depending upon the Mo content.

(c) 420

Figure 11 An example illustrating discontinuous grain boundary precipitation of Ni;Mo in the Ni-27Mo alloy after ageing for 100 h at
700°C. (a) Light optical micrograph illustrating lamellar structure at grain boundaries. (b) Bright-field TEM image of a grain boundary
lamella. (c) Corresponding selected-area diffraction pattern illustrating characteristic superlattice reflections of NigMo at 1/5¢420)

positions.
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Figure 12 Comparative effect of ageing time at 700 °C on the room-
temperature microhardness of the Ni-27Mo alloy and heat A of
alloy B-2. @, Ni-27Mo alloy; A, alloy B-2 (heat A in Table III).

Fig. 13 summarizes the effect of up to 1000 h of
ageing at 600, 700 and 800°C on the room-temper-
ature tensile properties of the two heats of alloy B-2
studied. Reference to Table III indicates that both
heats had essentially the same concentrations of Fe,
Cr, Mn and Si. However, the Mo content of heat B
(28.78Mo) was greater than that of heat A (26.92Mo)
by about 2%. After a given ageing time at 600 °C up to
100 h, both heats had about the same yield strength
and tensile ductility. Although after 1000 h of expos-
ure, both heats continued to have the same yield
strength, heat A (26.92Mo) suffered a complete loss of
ductility while heat B (28.78Mo) maintained about
60% of its initial tensile ductility. Both heats behaved
in a similar fashion over the entire ageing period at
700 °C, although heat A (26.92Mo) continued to lose
tensile ductility at a somewhat faster rate in com-
parison with heat B (28.78% Mo). As can be seen from
Fig. 13, the behaviour observed at 600°C was re-
versed as the temperature was raised to 800 °C. After
up to 24 h of ageing at 800 °C, both heats can be seen
to have about the same tensile ductility. Correspond-
ing to this condition, X-ray diffraction data showed
that both heats remained to consist of fcc solid
solution. However, further aging caused heat B
(28.78Mo) to lose tensile ductility at a considerably
faster rate in comparison with heat A (26.92 Mo).
After 1000 h of exposure at 800 °C, heat A (26.92Mo)
maintained about 55% of its initial tensile ductility;
however heat B (28.78Mo) suffered a complete loss of
ductility. It is evident from the above observations
that the ordering behaviour of alloy B-2 is a sensitive
function of exact chemical composition and ageing
temperature, as further demonstrated below.

Using both X-ray diffraction and electron diffrac-
tion, NigMo was the only ordered phase identified in
heat A (26.92Mo) after 100-1000 h of exposure at 600,
700 and 800 °C, indicating that the behaviour of this
heat was similar to that of a binary Ni-Mo alloy. A
lamellar structure of Niy;Mo at grain boundaries sim-
ilar to that shown in Fig. 11 was observed only after
1000 h of exposure at 600 °C, explaining the corres-

ponding severe loss of ductility. However, this struc-
ture was well developed during the earlier stages of
ageing at 700 °C, which could be related to the in-
creased matrix strain energy associated with compar-
atively faster kinetics of intragranular ordering. As the
temperature was raised to 800 °C, the volume fraction
of Niy,Mo was considerably reduced as would be
expected, and there was no evidence for the occurrence
of the grain boundary reaction explaining the ob-
served moderate loss of ductility.

In contrast with the behaviour of heat A (26.92Mo)
described above, after 1000 h of exposure at 600 °C,
both Niy;Mo and a DO,, superlattice (basis for the
Ni;Mo structure) were identified in heat B (28.78 Mo)
as shown in the (00 1) electron diffraction pattern of
Fig. 14a. Dark-field imaging of NiyMo reflections re-
vealed dense arrays of discrete particles as shown in
Fig. 14b. Streaking of the characteristic DO, super-
lattice reflections along <{001> directions (Fig. 14a)
could be interpreted in terms of the platelet morpho-
logy shown in Fig. 14c. It is well known that the DO,,
superlattice forms on the {001} planes of the parent
disordered fcc lattice in other alloy systems [37-39].
Over the entire ageing time at 600 °C, there was no
evidence for discontinuous grain boundary precipita-
tion of NizMo, unlike the case of heat A (26.92 Mo),
which could be related to the restricted growth of the
ordered domains (Fig. 14). This could explain the
observation that heat B (28.78 Mo) maintained a high
ductility level. However, after 1000h of ageing at
700°C, NizMo was the only ordered phase identified
in heat B (28.78 Mo) similar to the case of heat A
(26.92 Mo), suggesting the possibility that the DO,
superlattice observed at 600°C was present as an
intermediate transient phase during ordering to
Ni,Mo as pointed out earlier. After 1000 h of ageing at
800°C, the only ordered phase identified in heat B
(27.78 Mo) was NizMo as shown in the example of
Fig. 15, explaining the observed severe loss of tensile
ductility. It is also evident from this observation that
the ordering behaviour of heat B (28.78 Mo) was a
function of ageing temperature unlike the case of heat
A (26.92 Mo). As can be seen from Fig. 15a, Ni;Mo
assumed the morphology of long thin platelets. Cor-
responding electron diffraction patterns in [00 1],
and [11 1], orientations are shown in Fig. 15b and
¢, respectively. Similar to a DO,, superlattice, the
orthorhombic structure of Niz;Mo has three twin-
related variants producing superlattice reflections at
{100}, {11/20} and {110} positions of the parent fcc
reciprocal lattice [3]. An energy dispersive X-ray spec-
trum representative of Niz;Mo is shown in Fig. 154,
and the results of quantifying the spectral data using
the thin-film approximation [40] are given in Fig. 14e
in comparison with the matrix composition (fcc solid
solution). Relative to the matrix, Ni;Mo was enriched
in both Fe and Cr, suggesting that both elements had
stabilized NizMo in heat B (27.78Mo).

Based upon the above results, the presence of minor
concentrations of Cr and Fe in alloy B-2 could have a
significant effect on its ordering behaviour. However,
for given Cr and Fe contents, this effect appears to be
a function of the exact Mo content. Toward the lower
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Figure 13 Room-temperature tensile properties of heats @, A and 4, B of alloy B-2 (Tébie 111} as functions of ageing time at 600, 700 and

800°C.

limit of Mo specification (Table I), the results indi-
cated that the ordering behaviour approaches that ofa
binary Ni—Mo alloy containing the same Mo content.
However, a considerable deviation from binary beha-
viour is realized as the upper limit of Mo is ap-
proached, leading to variations in ordering behaviour
from one heat to another. Evidently, minor concentra-
tions of Cr and Fe could stabilize Ni;Mo as the upper
limit of Mo is approached.

3.5. Effect of Cr on ordering behaviour
For a given Cr concentration within the range studied
(up to 5%), the ordering behaviour was found tobe a

530

function of the Mo content. In alloys containing
25-27% Mo and 3-5% Cr, the predominant ordered
phase was found to have a Pt;Mo-type superlattice.
However, increasing the Mo content to 29.1% at the
same Cr level was found to promote the formation of
NisMo.

To demonstrate the effect of Cr on the ordering
behaviour, Fig. 16 illustrates the effect of up to 1000 h
of ageing at 700°C on the room-temperature tensile
properties of the Ni-27 Mo and Ni-27 Mo--3Cr alloys.
Relative to the annealed condition, the 0.2% yield
strength of both alloys increased by about 80-85%
after the ageing. Although the Ni-27 Mo alloy suf-
fered an almost complete loss of ductility after 24 h of



Figure 14 An example illustrating the coexistence of D1, and DO,, superlattices in alloy B-2 after 1000 h of ageing at 600°C (heat
B:Ni-28.78Mo0-0.98Fe—0.60Cr). (a) [00 1] selected-area diffraction pattern illustrating D1, and DO, , superlattice reflections at 1/5¢420, .
and 1/4¢420); . . positions, respectively, as indicated by the arrows. (b) Dark-field TEM image formed with a D1, superlattice reflection.

{c) Dark-field TEM image formed with DO,, superlattice reflection.
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Figure 15 Identification of Niz;Mo in alloy B-2 after 1000 h of ageing at 800 °C (heat B: Ni—28.78 Mo-0.98Fe—0.60Cr). (a) Bright-field TEM
image illustrating platelets of Ni;Mo. (b) [001];, . diffraction pattern of Ni;Mo. (c) [111]; ., diffraction pattern of Ni;Mo. (d) X-ray
spectrum derived from Ni;Mo in the STEM mode using a 20-nm probe diameter. (¢) Comparative chemical compositions of Ni;Mo and the

matrix solid solution.
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Figure 16 Effect of 5% Cr addition to the Ni-27Mo alloy on its
room-temperature tensile properties as functions of ageing time at
700°C. (a) Elongation; (b) 0.2% yield strength. @, Ni-27Mo; A,
Ni-27Mo-5Cr.

exposure, the Ni-27 Mo-5Cr alloy retained about
65% of its initial tensile ductility and maintained a
relatively high ductility level after 1000 h of exposure.

Fig. 17 illustrates selected-area electron diffraction
patterns derived from the Ni-27 Mo-5Cr alloy in
different orientations after 24 h of exposure at 700 °C.
In contrast with the Ni-27 Mo alloy where Ni,Mo
was precipitated resulting in superlattice reflections at
1/5¢420) positions, the only superlattice reflections
observed in Fig. 17 are of the type 1/3¢(420) charac-
terizing a Pt,Mo-type superlattice isomorphous with
Ni,Cr (A,B-type phase). Based upon the chemical
composition of the alloy, it is likely that the composi-
tion of the ordered phase was of the type Ni,(Cr, Mo).
Since a Pt,Mo-type superlattice could form as an
intermediate transient phase during Ni,Mo ordering,
it is evident from the above observations that this
superlattice was stabilized by the presence of Cr. As

illustrated in the dark-field TEM image of Fig. 18a,
the A,B phase assumed the morphology of aligned
arrays of discrete particles about 30 to 50 nm in size
after 24 h of exposure at 700 °C. With continued ag-
eing up to 1000 h, the ordered phase maintained the
same morphology and size as shown in Fig. 18b, an
effect similar to the case of Ni,V [41], and unlike the
case of NiyMo described earlier. This result suggested
that the strain energy associated with intragranular
ordering to the A,B phase was comparatively smaller
in comparison with NiyMo. Another evidence for this
difference in behaviour was provided by the absence of
a grain boundary ordering reaction in the
Ni-27 Mo-5Cr alloy after up to 1000 h of exposure at
700°C, as shown in Fig. 19. Apparently the grain
boundary reaction, which could have an adverse effect
on ductility, was suppressed in the Ni-27 Mo-5 Cr
alloy due to the comparatively smaller strain energy
associated with intragranular ordering to the A,B
phase.

3.6. Effect of Fe on ordering behaviour
Unlike the case of Cr described above, Fe was found
to be a stabilizer of only Ni;Mo. However, the Fe
content required to stabilize Ni;Mo was found to be
smaller for a higher Mo content. For example, about
5% Fe was required to completely change the nature
of the ordered phase in a Ni-27Mo alloy from NizMo
into Ni;Mo during ageing at 700 °C. However, about
2% Fe was required to produce a similar result in the
stoichiometric Ni-29.1Mo alloy.

Fig. 20 illustrates the effect of Fe additions to the
Ni-27Mo alloy on its room-temperature tensile prop-
erties as functions of ageing time at 700°C. Up to
about 2% Fe, the only ordered phase identified after
1000 h of exposure was NigyMo. However, in com-
parison with the Ni-27Mo alloy the ordering kinetics
became rather sluggish, suggesting that Fe could re-
duce the diffusivity of Mo in Ni. When the Fe content
was increased to 5%, the ordering kinetics became
more sluggish; however, the only ordered phase de-
tected after 1000 h of ageing was found to be Ni;Mo
as illustrated in the example of Fig 21. In the matrix,
NizMo assumed a platelet-type morphology, but at
grain boundaries it was in the form of blocky particles.

Figure 17 Selected-area diffraction patterns derived from the Ni-27Mo-5Cr alloy after 24 h of ageing at 700 °C; characteristic reﬂecti_olls of
the Pt,Mo-type superlattice are observed at 1/3¢420), . or equivalently at 1/3(220) . positions. (a) [110]; . orientation; (b} [t 11];..

orientation; (¢) [112];.. orientation.
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Figure 18 Dark-field TEM images formed with 1/3{420), . reflec-
tions of the Pt,Mo-type superlattice to illustrate the effect of ageing
time at 700°C on the morphology of ordered domains in the
Ni-27 Mo-5 Cr alloy. (a) Aged 24 h; (b} Aged 100 h.

Figure 19 Bright-field TEM image illustrating the absence of dis-
continuous grain boundary ordering in the Ni-27 Mo-$ Cr alloy
after 100 h of ageing at 700°C.

Relative to the surrounding matrix phase (fcc solid
solution), Ni;Mo was enriched in Fe as demonstrated
in the X-ray spectra of Fig. 21, indicating that Fe was
an NiyMo stabilizer. In contrast with the case of Cr-
containing alloys, all Fe-containing alloys suffered
complete loss of ductility during ageing at 700 °C as a
result of ordering to either NiyMo and/or Ni;Mo.
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Figure 20 Effect of Fe additions to the Ni-27Mo alloy on the
room-temperature tensile properties as functions of ageing time at
700°C. @, Ni-27Mo; A, Ni-27Mo—2Fe; B, Ni-27Mo-5Fe.

Combining the above results with those derived
from the Cr-containing alloys could further explain
the difference in ordering behaviour from one heat to
another in the case of alloy B-2. For the typical Cr and
Fe concentrations in alloy B-2 (about 2-3%), both
elements could act as NizMo stabilizer in heats con-
taining relatively high Mo content (> 27%) and
therefore, the behaviour deviates from that of a binary
alloy containing the same Mo concentration. How-
ever, for heats containing lower Mo concentrations,
the ordered phase becomes NiyMo and the behaviour
approaches that of the respective binary alloy as
observed.

3.7. Effect of ordering on deformation
behaviour

As expected, all alloys studied were found to deform
by slip in the disordered state. However, in the ordered
state, twinning on {111}, planes became the pre-
dominant deformation mode. Depending upon the
state of order including the nature of the ordered
phase and its distribution throughout the microstruc-
ture, the tensile strain accommodated by twinning
varied considerably as demonstrated in the examples
given below.

To illustrate the case of Niy,Mo ordering, Fig. 22
shows the effect of ageing time at 700°C on the
deformation substructure and tensile fracture mode of
heat A of alloy B-2 (Table III).

In the disordered state (annealed condition), de-
formation occurred by slip as shown in Fig. 22a. Slip
lines could be clearly distinguished in the deformation
substructure with evidence of cross-slip, suggesting a
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medium stacking fault energy. As expected, the corres-
ponding tensile fracture mode was transgranular
(dimple-type rupture).

After ageing for 2 h at 700 °C, and prior to the onset
of discontinuous grain boundary precipitation of
Ni,Mo (0.2% yield strength = 710 MPa, tensile
ductility = 34%, as shown in Fig. 13), a high density
of {111}, twins was observed in the deformation
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Figure 21 Identification of Ni;Mo in the Ni-27Mo-5Fe alloy after
1000 h of ageing at 700°C. (a) Secondary electron SEM image
illustrating platelets of Ni;Mo in the matrix and blocky particles at
grain boundaries. (b) Bright-field TEM image of Ni;Mo platelets.
(c) Microdiffraction pattern derived from Ni;Mo in orthorhombic
[101] orientation. {(d) X-ray spectrum derived from Ni;Mo in the
STEM mode using a 20-nm probe diameter. (¢) X-ray spectrum
derived from the matrix solid solution in the STEM mode using a
20-nm probe diameter.

substructure as shown in Fig. 22b. Deformation by
twinning of the D1, superlattice of Niy,Mo on {111},
planes was shown to be energetically more favourable
in comparison with deformation by slip [42]. As
shown in Fig. 22b, the fracture mode remained trans-
granular, however the dimples became finer relative to

g
L

Figure 22 Bright-field TEM images of substructures (left) and sec-
ondary electron SEM images of fracture surfaces (right) illustrating
the effect of Niy;Mo ordering in alloy B-2 on its room-temperature
tensile deformation behaviour (heat A: Ni-26.92Mo-0.93Fe—0.64Cr).
(a) Annealed (as-quenched); substructure = 6%  elongation.
(b) Aged 2 h at 700°C; substructure = 15% elongation. (c) Aged
100 h at 700 °C; substructure = 2% eclongation.






the annealed condition, which could be due to nucle-
ation of voids at the Ni;Mo domains—matrix inter-
face.

As the ageing time was increased to 100 h, the yield
strength remained essentially unchanged (715 MPa as
shown in Fig. 13), however the tensile ductility was
decreased to 3%. At this stage, the deformation sub-
structure contained a high density of {111},
stacking faults rather than twins as shown in Fig. 22c.
Overlapped faults were frequently observed, sugges-
ting a strong tendency towards twinning. Correspond-
ing to this behaviour was the discontinuous grain
boundary precipitation of Ni,Mo, as illustrated in
Fig. 11. As seen in Fig. 22¢, the fracture mode became
predominantly intergranular indicating the embrittle-
ment effect of the grain boundary reaction [4]. Since a
{111}, stacking fault can be envisioned as a very
thin layer of a {11 1}, twin, it is possible that inter-
granular fracture occurred before the faults of Fig. 22¢
could grow into twins.

Similar to the above case, after ordering to the A,B
phase in the Ni-27Mo-5Cr alloy, deformation occur-
red predominantly by twinning on {11 1}, planes as
shown in the example of Fig. 23. However, in this case
deformation continued to occur by twinning after up
to 1000 h of ageing at 700 °C, and the fracture mode
remained transgranular as shown in Fig. 23. Also
ordered domains were observed in the deformation
substructure, as shown in Fig. 23, indicating that de-
formation of the Pt,Mo-type superlattice was energe-
tically favourable as reported earlier [43].

Iron-containing alloys ordered to Ni;Mo exhibited
a behaviour somewhat similar to that of alloys or-
dered to Ni,Mo, particularly at intermediate stages of
ageing where NiyMo and/or a Pt,Mo-type super-
lattice were present as intermediate transient phases.

4. Conclusions

Long-range ordering behaviour and the correspond-
ing effects on mechanical properties of selected
Ni-Mo-based alloys aged for up to 1000h at
600800 °C were studied. All alloys exhibited a similar

Figure 23 Effect of ordering to a Pt,Mo-type superlattice in the
Ni-27Mo-5Cr alloy on its room-temperature tensile deformation
behaviour (aged for 24 h at 700°C). (a) Bright-field TEM image of
the substructure after 15% elongation illustrating {111}, twins.
(b) Secondary electron SEM image of the tensile fracture surface
illustrating a transgranular mode. (¢) Dark-field TEM image form-
ed with a 1/3{420), . . superlattice reflection to illustrate ordered
domains in the deformation substructure.
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behaviour during the very early stages of ordering.
Initially, the crystallographically-related Pt,Mo-type,
DQO,, and D1, superlattices co-existed in the micro-
structure. As the ordering reaction progressed, how-
ever, some of these superlattices became unstable
depending upon the exact chemical composition, par-
ticularly the Mo, Cr and Fe contents. For alloys of
commercial grade containing minor concentrations of
Cr and Fe, the ordering behaviour could considerably
deviate from that of binary alloys containing the same
Mo content. At given Cr and Fe contents, such devi-
ation was found to increase with the Mo content.
Depending upon the Mo content, Cr could act as a
stabilizer of either Ni;Mo or a Pt,Mo-type super-
lattice isomorphous with Ni,Cr. Increasing the Mo
content was found to promote the role of Cr as Ni;Mo
stabilizer. However, a Pt,Mo-type superlattice was
stabilized at lower Mo contents and at the same Cr
level. In contrast, Fe was found to be a stabilizer of
only Ni;Mo depending upon the Mo content. For a
given Fe content, the tendency to stabilize NizMo
increased with the Mo content. Although advanced
stages of ordering to Niy,Mo and Ni;Mo resulted in
severe intergranular embrittlement, ordering to a
Pt,Mo-type superlattice in alloys of balanced Mo and
Cr contents was found to have beneficial effects on
mechanical strength.
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