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INTRODUCTION

 

The alloy Ni-20at.% Mo is a face-centered
cubic (fcc) solid solution (

 

a

 

) above 868

 

8

 

C,
and at equilibrium has a long-range or-
dered (LRO) structure (designated 

 

b

 

) be-
low this temperature [1]. The 

 

a

 

 structure
can be retained by sufficiently rapid cooling
(e.g., water quenching). However, the struc-
ture is not a random solid solution, but ex-
hibits short-range order (SRO). Its presence
can be easily detected in the (001) electron
diffraction pattern by the appearance of
diffuse maxima at {1,1/2,0} positions, as
shown in Fig. 1a. (All diffraction indices are
referred to the parent fcc lattice.) If the
structure is LRO 

 

b

 

, the pattern shows su-
perlattice spots, as shown in Fig. 1b. If the 

 

a

 

has begun to decompose to 

 

b

 

, the pattern
appears as shown in Fig. 1c [2]. The SRO
structure appears to be a characteristic of
the high temperature 

 

a

 

 phase. For example,
Cao et al. [2] observed the diffuse SRO
spots in splat-cooled samples where the
cooling rate was approximately 10

 

6

 

K/sec.
In this study, we have determined the

effect of 2, 5, 7, and 9at.% Al additions to
the base Ni-20at.% Mo alloy on the as-
quenched hardness and structure. Samples
were quenched from 1280

 

8

 

C, and the Ni-
Mo-Al phase diagram [3] in Fig. 2 indicates
that all alloys should be in the 

 

a

 

 region at
1250

 

8

 

C.

 

EXPERIMENTAL PROCEDURE

 

The alloys were prepared by arc-melting
pieces of a Ni-20at.% Mo base alloy of the
composition in Table 1 with pieces of high
purity aluminum (99.99wt.% Al). The com-
positions of the alloys are listed in Table 2,
and are based on the weighed amounts of
the starting material, and not chemical anal-
yses. Note that for all alloys the Ni-Mo ratio
is about 4.0. Melting was carried out in a
conventional, cold hearth, arc-casting fur-
nace using a nonconsumable tungsten elec-
trode and a low partial pressure of argon.
The samples were turned 4–5 times and re-
melted to ensure homogeneity. Samples were
encapsulated in silica tubes, which were
evacuated and then backfilled with high
purity argon at a reduced pressure. One set
of samples in silica tubes was heated to
1250

 

8

 

C (

 

6

 

10

 

8

 

C) for 50 hours, followed by
breaking the tubes under water at 25

 

8

 

C (wa-
ter quenching). Optical microscopy showed
that in this condition all the alloys were
single phase except for the 9at.% alloy. A
second set of samples, encapsulated in silica
tubes as the other set, was heated to 1280

 

8

 

C
for 50 hours, then quenched as before.
However, this set did not include the 9at.%
Al alloy due to limited material. Note that
the 9at.% Al alloy was solution heat treated
for 50 hours at 1250

 

8

 

C, whereas all the
other alloys were heat treated for 50 hours
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at 1250

 

8

 

C, then reheat treated for 50 hours
at 1280

 

8

 

C.
For transmission electron microscopy

(TEM) examination, slices 

 

z

 

1-mm thick
were cut from each solution heat treated in-
got using a thin, high-speed, abrasive, cut-
off wheel with copious water for cool-
ing. From these slices 3-mm discs were
punched. Each disk was then further re-
duced to about 0.3mm thickness by slow
hand grinding on wet 600 grade SiC paper.
The center of the disks was thinned to elec-
tron transparency by a twin jet polishing
apparatus with a light detection system to
minimize over-etching. The samples were

thinned electrolytically first in a solution of
640ml H

 

3

 

PO

 

4

 

, 150ml H

 

2

 

SO

 

4

 

, 35ml HCl, and
210ml water, followed in some cases by
further thinning in a solution of 175ml bu-
tanol, 30ml HCl, and 300ml methanol. For
the former electrolyte, the operating condi-
tions were 5–10V, 0.3–0.5A, and 

 

2

 

25–10

 

8

 

C.
For the latter solution, they were 30–40V,
0.3–0.5A, and 

 

2

 

5–0

 

8

 

C. After thinning, the
samples were rinsed in distilled water, then
methanol, and air-dried on lint-free paper.
To enhance the electron transparency, this
thinning usually was followed by ion mill-

FIG. 2. The Ni-Mo-Al phase diagram at 12608C [3]. The composition of the alloys of this study are noted by the
crosses.

 

Table 1

 

Chemical Analysis of the Base Alloy 
Used to Make the Ternary Alloys

 

Element at.% wt.%

 

Ni 80.0 70.5
Mo 20.0 29.5
Al

 

,

 

0.0003

 

,

 

0.01
O 0.0001 0.003

 

Table 2

 

Nominal Chemical Composition of 
the Alloys Studied

 

Ni Mo Al
Ni/Mo 
ratioat.% w†.% at.% w†.% at.% w†.%

 

78 69.8 20 29.2 2 1.0 3:9
76 69.1 19 28.9 5 2.0 4:0
74 68.4 19 28.6 7 3.0 3:9
73 67.7 18 28.3 9 4.0 4:1
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FIG. 3. Hardness as a function of Al content for the solution heat-treated condition (12508C, 50 hours, water
quenched, then 12808C, 50 hours, water quenched, except for the 9at.% Al alloy which was 12508C, 50 hours). Also
shown are data for the as-cast condition.

 

ing. The operating parameters were 6V, 12–15

 

8

 

tilt, 0.5–0.6A gun current, a milling time of
30 min, and thinning was at 

 

2

 

196

 

8

 

C to min-
imize preparation artifacts. The samples were
examined in a Philips CM-12 transmission
electron microscope operated at 120kV.

Microhardness measurements were made
on metallographically polished, etched sam-
ples with a load of 500g. At least three mea-
surements were made on each sample, and
the average value is reported. The accuracy
is approximately 

 

6

 

10 DPH.

 

RESULTS

 

HARDNESS

 

The effect of Al on the hardness of the solu-
tion heat treated alloys is shown in Fig. 3.
Data are also shown for the as-cast condi-
tion. The hardness increases gradually up
to 5at.% Al, but markedly increases to
about 470DPH at 9at.% Al. The as-cast

hardness is about the same as that of the so-
lution heat treated condition.

 

OPTICAL MICROSCOPY

 

After the first solution heat treatment, ex-
amination of the microstructure using both
light and scanning electron microscopy re-
vealed what appeared to be a single phase
structure for the 0, 2, 5, and 7at.% Al alloys
(Figs. 4a–d). This observation is consistent
with the phase diagram at 1260

 

8

 

C in Fig. 2,
since the compositions of the alloys lie
within the single phase 

 

a

 

 region. The TEM
examination was of samples which had the
additional solution heat treatment, and
they were single phase. It is assumed that
the second solution heat treatment pro-
duced a single phase microstructure for
these alloys as shown in Figs. 4a–d. The
9at.% Al alloy showed second phase parti-
cles (arrows, Fig. 4e); according to Fig. 2,
this could be a small amount of the 

 

a
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phase. However, TEM examination did not
detect any second phase.

 

TRANSMISSION ELECTRON MICROSCOPY

 

Characterization of the structure of Ni-rich
Ni-Mo alloys is especially convenient by
examination of the (001) electron diffrac-
tion pattern. (112) patterns are also useful.
The well-known [1] diffuse spots of the

short-range ordered 

 

a

 

 phase are shown in
Fig. 1a for a binary Ni-20at.% Mo alloy. The
(001) pattern from three variants of the
long-range ordered 

 

b

 

 is shown in Fig. 1b;
the superlattice spots are at distinctly dif-
ferent locations from the SRO spots.

Figure 5b shows a (001) pattern for the
present water-quenched Ni-20at.% Mo
base alloy. A SRO diffuse spot is indicated
by the arrow. The microstructure from
which the pattern was obtained is shown in

FIG. 4. Microstructure (optical micrographs) of the so-
lution heat treated alloys. All the alloys appear to be
single phase except the 9at.% Al alloy.
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Fig. 5a. There are dislocation arrays present
and the structure has a fine mottled ap-
pearance.

In the Al-containing alloys, other phases
in addition to SRO 

 

a

 

 appeared. These were
identified by comparison with the known
(001) and (112) patterns shown in Fig. 6 [4,
5, 6] for the equilibrium phases 

 

b

 

 (Ni

 

4

 

Mo),

 

g

 

 (Ni

 

3

 

Mo), and 

 

g9

 

 (Ni

 

3

 

(Al,Mo)), and the
nonequilibrium phases DO

 

22

 

 (Ni

 

3

 

Mo) and
(Ni

 

2

 

Mo).
The microstructure of the 2at.% Al alloy

showed a fine mottled appearance (Fig. 7a).
The diffraction pattern consisted of (Fig.
7b) SRO 

 

a

 

 diffuse spots (at “a”) and DO

 

22

 

spots (at “b”) (compare with Fig. 6). The
5at.% Al alloy showed a similar structure
(Fig. 8a), but the (112) pattern (Fig. 8b) did
not contain any diffuse SRO 

 

a

 

 spots. The
spots could all be identified with the DO

 

22

 

structure.
The structure of the 7at.% Al alloy, which

is also mottled, is shown in Fig. 9a. Com-
parison of the diffraction pattern (Fig. 9b)
with those in Fig. 6 shows that the structure
consists of the two phases DO

 

22

 

 and Ni

 

2

 

Mo.
The same two phases were found in the
9at.% Al alloy (Fig. 10), which also had a
fine mottled structure.

 

DISCUSSION

 

The arrangement of the Ni and Mo atoms
in SRO 

 

a

 

 in the Ni-20at.% Mo alloy has
been the subject of extensive scrutiny. The
status was reviewed by Brooks et al. [1] in
1984. At that time there were two models.
One considered the SRO 

 

a

 

 to consist of fine
microdomains of 

 

b

 

 [7, 8], and the other con-
sidered the structure to consist of concen-
tration wave packets [9–13]. Since then,
subsequent microstructural observations
[14, 15] have not clarified this situation. It
has not been possible to attain quenched 

 

a

 

without SRO being present, even upon
splat cooling [2]. The SRO can be destroyed
by electron irradiation of either the SRO 

 

a

 

or of LRO 

 

b

 

, and low temperature anneal-
ing will restore them [16–18].

In the binary Ni-Mo alloys, it is clear that
the a phase has a SRO structure at high
temperature. It is well documented that
upon aging the a phase below the order-
disorder temperature of 8688C [1], in the
lower temperature range (e.g., 6008C) the
formation of the ordered b is preceded by
the formation of the non-equilibrium DO22

[19–22] or the non-equilibrium Ni2Mo
phases [21–23]. In the Ni-Mo-Al alloys, the

FIG. 5. Microstructure and (001) diffraction pattern of solution heat treated Ni-20at.% Mo base alloy. Only SRO a
is present. A SRO diffraction spot is noted by the arrow, but these spots are very weak.
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appearance of these phases in the solution-
treated condition raises the question
whether they are present at the solution-
treatment temperature and are retained
upon quenching. However, the phase dia-

gram indicates that only a is present. An al-
ternative explanation is that these phases
formed during cooling, and that the Al en-
hances the kinetics of the formation of these
phases on cooling so that their formation

FIG. 6. Predicted (composite A: panels a–f) (001) and (composite B: panels a–e) (112) electron diffraction patterns
for several phases which appear in Ni-Mo-Al alloys (adapted from [4, 5, 6]). (A) d fundamental spots, s superlat-
tice spots, (a) SRO a phase equilibrium, (b) b phase (Ni4Mo) equilibrium, (c) DO22 (Ni3Mo) non-equilibrium, (d)
Pt2Mo (Ni2Mo) non-equilibrium, (e) LRO g9 (Ni3Al) equilibrium, (f) LRO g (Ni3Mo) equilibrium; (B) d fundamen-
tal spots, s superlattice spots, (a) SRO a phase equilibrium, (b) b phase (Ni4Mo) equilibrium, (c) DO22 (Ni3Mo)
non-equilibrium, (d) Pt2Mo (Ni2Mo) non-equilibrium, (e) LRO g9 (Ni3Al) equilibrium.
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was not prevented at the cooling rate asso-
ciated with breaking the silica tubes under
water. To evaluate this effect, a sample of
the 2at.% Al alloy was heated unprotected
(no silica tube) in air for 20 min. at 12508C,
then quenched into water. Electron diffrac-
tion patterns showed only SRO a present,
and no DO22 structure present. This is
taken as evidence that the cooling rate
upon breaking the silica tubes was not suf-

ficiently high to prevent the formation of
the metastable phase on cooling. It is con-
cluded that increasing Al content enhanced
the kinetics of the formation of the DO22

and Ni2Mo phases during cooling.
For a Ni-14 at.% Mo-7at.% Al alloy, Agar-

onik et al. [24] have reported a somewhat
different result. They water quenched thin
strips (e.g., 10mm) of the alloy from 12008C
and found the structure contained SRO a

FIG. 6. Continued.
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and very small (e.g., 6–8Å) domains of the
DO22 phase. However, no explanation for
this structure in the quenched condition
was offered.

The hardness of the 2 and 5at.% Al alloys
is about the same as that of the binary alloy
(Fig. 3), even though in the Al-containing
alloys the structure contains fine domains
of the metastable DO22 phase in the SRO a
whereas the binary alloy is single phase
SRO a. The marked hardness increase at 7
and 9at.% Al coincides with the appearance
of the Ni2Mo metastable phase in the form

of fine domains, present along with fine do-
mains of DO22. Although for all of the Al-
containing alloys the domain size is about
the same, the complex microstructure of
the mixed domain structure is apparently
responsible for the high hardness.

CONCLUSIONS

It appears that Al additions to the base
Ni4Mo alloy enhance the decomposition of
the short-range ordered a to metastable

FIG. 8. Microstructure and (112) diffraction pattern for the solution heat-treated 5at.% Al alloy. Only the DO22

phase is present.

FIG. 7. (a) Microstructure and (001) diffraction pattern for solution heat-treated 2at.% Al alloy. (b) Diffraction
spots from the SRO a (per arrow at “a”) and the DO22 phase (per arrow at “b”) are present.
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FIG. 9. Microstructure and (001) diffraction pattern
for the solution heat-treated 7at.% Al alloy. The DO22

and Ni2Mo phases are present.

FIG. 10. Microstructure and (112) diffraction pattern for the solution heat treated 9at.% Al alloy. The structure con-
sists of the DO22 and Mi2Mo phases.
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phases upon quenching from the solution
heat treating temperature. The markedly
higher hardness in this condition of the 7
and 9at.% Al is due to the presence of fine
domains of the metastable Ni2Mo phase,
which are not present in the other alloys.

Some of this research was conducted at the Oak
Ridge National Laboratory (ORNL) SHaRe
User Facility, partially supported by the Divi-
sion of Materials Sciences, U.S. Department of
Energy under contracts DE-AC05-960R22464
with Lockheed Martin Energy Research Corpor-
ation and DE-AC05-760R00033 with Oak Ridge
Associated Universities.
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