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An investigation is reported of the constitution of the 75 at % nickel section of the
Ni—Cr—Al—Mo system in the temperature range 1523 to 1073 K. Alloys in the region
10 to 20 at % Al were annealed at 1523, 1273, and 1073 K, respectively, and subjected
to electron microprobe analysis, X-ray diffraction, and microscopical and hardness
examination. Constitutional data are presented as partial isothermal sections and as
vertical sections. At 1523 K the section consists only of fields containing v', ¥’ + v and
v, the last mentioned phase being predominant. With decreasing temperature the ' and
v' + v fields increase in extent. Also, the NiMo and Ni;Mo phases were encountered in
the ternary Ni—Al—Mo alloy studied. The quaternary v + v’ alloys showed small lattice
mismatch values, i.e. up to ~ 0.25%. Raft like morphologies of v’ were found in the
quaternary alloys, resulting from directional coarsening. Observations of as-cast struc-

tures are also reported.

1. Introduction

In understanding the equilibrium constitution of
multi-component nickel based superalloys various
quaternary systems can provide important insights.
The Ni—Cr—Al-Mo system is of particular interest
in representing the equilibria between + (nickel-
rich solid solution), 7' (based on NizAl) and o
phases. Machlin and Shao [1] have proposed the
extension of the Ni—Cr—Al-Mo quaternary to
higher order alloys by using the following scheme
of equivalents: (Ni, Co, Fe):Cr:(Al, Ti): (Mo, W,
Nb, V, Ta, Hf). They have discussed a procedure
termed SIGMA-SAFE to predict the tendency to
o precipitation in individual alloys. The boundaries
between the v,y + 0,7 +7 and v + y' + o phase
fields in the multicomponent phase diagrams
corresponding to superalloy compositions have
been predicted as a function of temperature.
Machlin and Shao [1] have given a schematic
representation of the nickel-rich corner of the
quaternary Ni—Cr—Al—Mo system. However, there
appear to be no experimental determinations
reported of the equilibrium diagram of the system
and the present investigation aimed to obtain such
data for the nickel-rich portion.
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The experimental approach adopted in the
presently reported work is to determine parts of
isothermal sections in the range 1523 to 1073 K at
selected constant nickel contents; two series of
alloys were selected for this purpose. The first
series, which is reported here, lies on the 75 at%
Ni section of the quaternary, and serves to repre-
sent the y/y' equilibria. The second series, with
50 or 60at % Ni, includes ¢ and P phase equilibra;
the results are to be reported separately. The use
of electron microprobe analysis to establish tie
lines enables isothermal section data to be obtained
from a relatively small number of alloys.

2. Literature survey

The literature concerning the nickel-rich corners
of the Ni—Al-Cr, Ni—Al-Mo and Ni—Cr—Mo
ternary systems is selectively reviewed here to
provide a basis for considering the equilibria rele-
vant to the 75 at% Ni section of the quaternary
system.

2.1. Ni—AI—Cr system
The literature on the complete system (e.g. [2—
11]) has recently been the subject of a detailed
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critical assessment by Merchant and Notis [12];
isothermal section data exist mainly for the region
NiAl—Cr—Ni. An extensive investigation by Taylor
and Floyd [2] covered the temperature range
1423 to 1023 K and included tie-line data, e.g. for
v/y' equilibria, based on X-ray measurements.
They also presented a possible form of the liquidus
projection. Part of an isothermal section at 1473 K
was determined by Kornilov and Mints [4, 7] and
the maximum solubility of chromium in " was
found to be~ 7.8 at %. The assessment of Merchant
and Notis refers to recent work by DeLanerolie
and Seigle [13] and by Tu [14] on the 1298 K
section. Another recent investigation of the system
is that of Argent et al. [15] who have studied the
isothermal section at 1423 K. Among features of
interest from previous investigations is an invariant
reaction at ~ 1273 K : B(NiAl) +v - %' + Cr (solid
solution) [2]; below this temperature the system
includes three phase equilibria between 8,y and v’
and 8, v and Cr.

As fai as the 75 at% Ni line is concerned the
range of the present work includes single phase
regions of y and 7', respectively, and a two-phase
v+ 7' region. At 1523 K the v range is very wide
but its extent is greatly reduced with decreasing
temperature. The solubility of chromium in 7'
increases with decreasing temperature approaching
20 at% at 1023 K [2].

2.2. Ni—Al—Mo system

The literature on the nickel-rich corner has been
recently summarized [16] and also some additional
references should be noted [9, 17—25]. Nash et al.
[24] determined a partial isothermal section at
1473 K which confirmed previous work except
that the maximum solubility of molybdenum in '
was found to be greater, at around 6 at%. The
75 at % Ni line at 1473 K is similar in general form
to that in the Ni—Al—Cr system containing y and
v’ regions separated by a y + 7 region. As the
aluminium and molybdenum contents are pro-
gressively increased three phase equilibria are
encountered involving ¥+ + Mo and v + 8+
Mo: equilibrium between 7y, Mo and NiMo is also
inferred at 1473 K. A possible schematic form of
the liquidus in the nickel-rich region was presented
[24]. More recently Wakashima et al. {25] have
reinvestigated the equilibria and have confirmed
the occurrence of an invariant reaction: y + Mo -
v+ NiMo at ~ 1400 K. Thus, the 75 at % Ni sec-
tion below 1400 K includes a three phase region

containing v, v’ and NiMo. Miracle ef al. [17] have
also reported this invariant reaction at a tempera-
ture between ~ 1365 and 1420 K. Markiv ef al.
[18] have reported an isothermal sectionat 1073 K
which shows the NizMo phase entering into equi-
librium with v and molybdenum and with NiMo
and molybdenum.

2.3. Ni—-Cr—Mo system
A detailed investigation of the constitution of the
system at 1523 K has been reported by Bloom
and Grant [26] following a previous study of part
of the system at 1473 K [27, 28]. At 1523 K the
v phase was shown to enter into equilibria with
the following phases: NiMo (8'), P phase (a ternary
compound), o phase (another ternary compound)
and the bcc solid solution involving chromium
and molybdenum (which two elements show com-
plete solid solubility). Sigma shows a very exten-
sive single phase region, particularly with respect
to chromium content (from ~22 to 60at%Cr
along a region located around a nickel content
of ~32at%). P phase lies between ¢ and §' at
around 40Ni—42Mo—18Cr (at %) at 1473 K [30].
The structures of both ¢ and P phases have been
investigated in detail e.g. [29-31]. ¢ phase is
reported as S-uranium type tetragonal structure
P4/mnm with ¢ =0.900 nm, ¢ =0.450 nm at a
composition of ~ 27 Ni—27 Mo—46 Cr (at %) [27,
28]. P phase is reported as primitive orthohombic
with 2 =0.9070nm, b=1.6983nm and c=
0.4752 nm, space group D16/2h-Pbnm [30].
Three phase regions at 1523 K include v+
NiMo + P; y + P+ ¢ and v+ o + (Cr, Mo). The
75 at % Ni line of the 1523 K isothermal, which is
the only feature relevant to the present work, is
shown as including a small amount of they + NiMo
region [26]. However, recent data [31] and the
present work indicate that the solubility limit of
molybdenum in nickel is greater than 25 at% so
that the whole of the 75 at% Ni line is single
phase . Various other studies of the constitution
of the Ni—Cr—-Mo system have been reported,
including isothermal sections for various tempera-
tures in the range 2400 to 1000 K, calculated from
thermodynamic data [32]. Theoretical consider-
ations of the 7y boundary on the basis of PHACOMF
techniques have been put forward by Barrows and
Newkirk [33] and by Mihalisin ez al. [34]; the latter
have also presented an extrapolated <y phase boun-
dary at 1173 K. Smiryagin et al. [35] determined
the limits of the v field in the range 973 to 1473 K.
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The data obtained by Raghavan et al. [31] for

the limit of the + field at 1523 K agree quite well
with the 1473 K results of Rideout eral [28],
except in the high chromium range. The limit is
greater than that reported by Bloom and Grant
for 1523 K [26].

As the temperature is progressively decreased
below 1523 K phase fields involving NiMo, NizMo,
and possibly P intrude into the 75 at% Ni line.
Raghavan et al. {31] have reported that an addi-
tional phase forms at 1123 K, namely a pu phase
(A,B¢ type compound).

3. Experimental procedure

Three quaternary alloys were prepared along a
line from the NizAl corner of the 75 at% Ni
section of the isothermal tetrahedron with decreas-
ing aluminium contents and a constant ratio
of chromium and molybdenum (Table I). Two
ternary alloys were also prepared, one from
the Ni—Al-Mo system and the other from the
Ni—Al-Cr system; these alloys contained 15 at%
Al in common with one of the quaternary alloys
(Table I). The alloy-making employed metals of
purity: nickel (99.99%), chromium (~ 99.9%);
aluminium (99.99%) and molybdenum (~ 99.9%).
Argon arc melting was used to produce ingots of
~ 30g weight, several remelts being made to aid
homogeneity. Melting losses in similar previous
studies were usually <1% by weight, but in the
present series of alloy the losses were somewhat
greater, i.e. up to ~ 1.5%.

Samples were cut from the ingots for examin-
ation. The remaining portion of the ingots were
sealed in silica tube under vacuum with a partial
pressure of argon; they were then annealed for
1 week at 1523+ 5K followed by iced water
quenching. Portions were reheated to 1273 £ 5K
for 1 week and iced water quenched; after this
treatment, portions were annealed for 1 week at
1073 £ 5K and iced water quenched. Arising from
studies on the Ni—Al—Mo—Ta system, the Ni—Al—
Mo alloy (1) was also annealed at 1073 K for
1 week without prior treatment at 1273 K; this
was done to approach equilibrium at 1073 K from
a v + 7' structure without the presence of NiMo
which forms during 1273 K anneal.

Optical and SEM examination were carried
out on specimens etched with Marble’s reagent or
alcoholic ferric chloride (FeCly; 5g, HCL 2 em3,
ethanol 95 cm?). Bulk polished samples were held
on a rotary spinner for X-ray diffractometer
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examination using CuKa radiation and a graphite
monochromator. The lattice spacing values were
estimated to have an accuracy better than = ~ 0.2%.
Electron microprobe analysis (EPMA) was carried
out on polished, unetched samples by EDX analy-
sis using a JEOL JSM-35CF instrument and a
ZAF4 computer programme software disc supplied
by LINK. The resolution for compositional analy-
sis is ~ 2 um and the relative error is < 1% of the
individual element. Back scattered electron imag-
ing was used to assist in characterizing the phases.

A minimum of 5 EDX analyses of each phase
was made. Although coring was observed in some
specimens after annealing, no concentration
gradients were detected within individual phase
regions after annealing, thus indicating local
equilibrium. The agreement between analysed
and nominal compositions was not as close as
has been found in work on other similar systems,
e.g. [16, 24]; the analysed aluminium contents
were significantly lower than the nominal values
and the analysed nickel contents higher than the
nominal contents so that the second studied lies
nearer to 76 at% Ni than 75 at% Ni. The differ-
ences tended to be more marked in the as-cast
samples where the heterogeneity of structure was
most noticeable and hence the analysis the least
accurate.

4. Results and discussion

Tables 1 and II list X-ray, phase composition and
hardness data. It should be noted that in some
cases, the fine v’ particle size prevented accurate
microprobe analysis not only of the 4', but some-
times of the matrix 7 phase. Microstructural
features are discussed in Section 4.4.

To assist in the interpretation of the data,
Fig.1 shows schematically information con-
cerning the nickel-rich corner of the quaternary
system. In the present work the following symbols
are used for the Ni—Mo compounds. 8'-NiMo;
8"-NizMo; the symbol § has been used for NiMo
in some previous work in the literature [36,37],
but this is not followed here to avoid confusion
with the compound Ni;Ta which is often referred
toasé.

4.1. Isothermal sections (Figs. 2a to c)

At 1523 K the isothermal section is simple in form
containing only the y and 7' phases; the single
phase «y region dominates the section. At 1273 and
1073 K the single phase ' region has expanded
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Figure 1 Nickel-rich portion of the
Ni—Cr—Al-Mo system at 1523 K
viewed towards the nickelrich corner
of the isothermal tetrahedron. (a)
Schematic representation of the
phases present in three of the con-
stituent systems i.e. Ni—~Al-Cr, Ni—
Al—Mo, Ni—Cr—Mo, showing 3-phase
tie triangles based on experimental
data {2, 12, 24, 26, 31]. The full
extent of the single phase regions
is not shown and the 2-phase regions
are represented by straight lines.
The 3-phase tie triangles for v, §', Mo
and v, v', 8 are not shown, since
with this method of representation,
it is virtually coincident with the
Ni—Mo edge of the tetrahedron. The
Cr—Mo system shows complete solid
solubility. Possible forms of the equi-
librium regions in the quaternary
system are not shown. (b) Schematic
representation showing the approxi-
mate forms of the single phase regions
in the Ni—Al-Cr, Ni—Al-Mo, Ni—
Cr—Mo systems. ————- represents
75at% Ni section. (¢) Schematic
representation of the liquidus pro-
jections for the Ni—Al-Mo, and Ni—
Al-Cr systems. These projections are
based on previously reported experi-
mental work for the Ni—Al-Cr and
Ni—Al-Mo systems [2, 24]. Exper-
imental data are available for the
Ni~Cr—-Mo system {26]; the pro-
posed liquidus equilibria are com-
plex and are not shown here.
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Figure 2 Partial isothermal sec-
tion of the Ni-Cr—-Al-Mo
system at a nickel content of
75at%: (a) 1523 K, (b) 1273 K,
and (¢) 1073 K. & Data for the
Ni—Al—-Cr ternary system are
from [2]. 2 Data for the Ni—
Al-Mo ternary system are from
the present work and from [25].
Data from {17] show some dif-
ferences in boundary positions
from those shown here. At
1073 K, a small vy + §" region
[38] is not included here.

Experimental data for the Mo-
rich corner at 1073 K are lacking
and the boundaries shown are
estimated to indicate the type
of equilibrium expected. 4 Data
for the Ni-Cr—Mo ternary
system are derived for (a) [31]
and for (b), (¢) from binary
Ni—Mo and Ni—Cr data [36,

) / M n v Ot v v "
Nizs Algs 2 B e At %) .
(a)
Ni75Crz5

LRV g

37]. In addition y boundary
points by [34] at 1173 K and
by [35] at 1073 K are shown
by 4 and vsymbols, respectively.
Data pointat 1123 K [31] isalso
presented by symbol m. The only
phase composition data points
included in Fig.2 are those
lying close to the 75at% Ni
section i.e. within ~+ 0.5 at %.
Concerning alloy 4 at 1073 K
the structure was found to be
v + 4" (Fig. 7); but the nickel
contents of vy + ' were signi-
ficantly higher than 75 at%.
The data for this alloy have
not, therefore, been used to
define the boundary of the 7'
region. Instead the boundary
has been drawn on the basis of
data for alloy 5 where the v/
composition is close to the
75at% Ni section. o Phase
composition by EPMA; —--—--
interpolated phase boundary;
— — - tie lines determined by
EPMA; & data from previous
work; * single phase alloy; o

Ni75 M025

15

Nizs Alys < AL{at %)

{b)

progressively along the chromium axis from the
NissAlys corner in the direction of decreasing
aluminium content. At these lower temperatures,
the <y field correspondingly diminishes, along the
chromium axis. Also from the molybdenum axis
and the NigsCrys—NigsMo,s axis  intermetallic
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composition of 2 phase alloy;
e composition of 3 phase alloy.

compounds (NiMo, NizMo(8"), o and P phase)
intervene in the v field. The present results provide
no information on intermetallic compounds in the
quaternary alloys.

In the two phase v and v’ region, the tie lines
for the quaternary alloys generally deviated by up
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Figure 2 Continued.
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to ~1at% from the average alloy compositions
and it is thus difficult to represent accurately the
boundaries of the phase regions. The v in the
quaternary alloys tends to lie at nickel rich levels
and the 7' at nickel poor levels relative to the
average alloy compositions.

Concerning the location of the boundaries of
the v + 7' region in the ternary Ni—Al—Cr system,
the points shown have been taken from the work
of Taylor and Floyd [2]. The compositional data
for the Ni—Al-Cr alloy in the present work at
1073 K agree well with Taylor and Floyd even
though the accuracy is limited by the small vy’ par-
ticle size; however, the y composition measured in
the v + 7' structure produced by 1273 K annealing
does not agree closely with Taylor and Floyd [2],
but is in reasonable agreement with DeLanerolle
and Seigle [13] at 1298 K. The single phase y
at 1523 K is consistent with Taylor and Floyd’s
data for 1423 K [2].

In the case of the Ni—Al-Mo alloy the results
reported here for y' at 1523 K agree reasonably
with the work of Nash et al. [24]; however, the v
composition determined at 1523 K lies at a lower
aluminium content than is indicated by this pre-
vious data {24]. For 1273 K the presence of NiMo
indicating equilibrium between v, ¥' and NiMo is
in agreement with recent work [25] and thus sug-
gests the occurrence of the v + Mo - ' + NiMo

reaction (Fig. 3). On annealing at 1073 K without
prior annealing at 1273 K, the structure consists
of y +v' 4+ 8" (NizMo) (Tables I and II). Ni;Mo
shows a lamellar type of precipitation within the ¥
phase. Details of this structure are to be reported
elsewhere [38]. This observation contrasts with
the work of Markiv ez al. [18] who reported equi-
librium between 7, v and molybdenum in the
composition range in which alloy 1 lies.

Figure 3 Alloy 1, Ni-15A1-10Mo, annealed at 1273 K
for 1 week after 1523 K, 1 week treatment. Large v’
phase particles (dark) are retained from 1523 K treatment
in a vy matrix (grey). In addition, solid state precipitation
of fine ' particles (dark) along withacicularand “blocky”
forms of NiMo precipitation (white) are evident at this
temperature; the “blocky’ particles form near the edges
of the large 4’ regions. High resolution back-scattered
electron image, unetched.
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Figure 4 Data for alloy series 3,4, 5along
the line Ni, Al,, to Ni,; (Cr,, Mo, )
representing decreasing aluminium con-
tent at a constant Cr:Mo ratio. (a)
Approximate form of vertical section
. of the 75 at% Ni section of the quater-
nary system. (b) Hardness data. (c)
1 v+ ' lattice parameter data. Heat
treatment temperatures are o 1523 K,

21273 K, and o 1073 K. Open symbols
(bl | 7; closed symbols v'.
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Loomis et al. [10] have studied v, y' relation-
ships in certain Ni—Cr—Al-Mo alloys: the /vy +
v' boundaries reported for alloys with nickel con-
tents between ~ 75 and 76 at % Ni agree reason-
ably well with the present work.

4.2. Vertical sections

Figs. 4a and S5a show the data in the form of
vertical sections, although phase boundary regions
are not accurately bracketed.

The section containing alloys 3, 4 and 5
(Fig. 4a) illustrates the expansion of the v’ field
with decreasing temperature. Thus, alloy 3 con-
sisted of v + 7' at 1523 K but was single phase v’
at the lower temperatures. The v’ composition in
alloy 3 with respect to molybdenum and chro-
mium was virtually independent of temperature,
while the aluminium content showed a decrease
accompanied by an increase in nickel. Alloy 4 was

interpreted as single phase y at 1523 K and was two
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phase v + 7' at the lower temperatures. In alloy 4,
the v showed a trend towards an increase in
molybdenum and chromium and a decrease in
aluminium with decreasing temperature; for 7'
there was no significant variation in molybdenum
and chromium while the nickel and aluminium
variations showed no clear trend. Alloy 5 consisted
of v at 1523 K but became y + v with increasing
amounts of ¥’ with decreasing temperature. The y
composition tended to increase in molybdenum
and chromium and to decrease in aluminium as
the temperature decreased; the ' also showed an
increase in molybdenum and chromium with an
unexpected marked decrease in aluminium.

In the section consisting of alloys 2,4 and 1,
each alloy contained 15 at% Al (Fig. 5a). In the
Ni—Cr—Al alloy (2), the alloy was single phase y
at 1523 K (although ' formed during quenching),
and v +v' at the lower temperatures; the v com-
position showed a decrease in aluminium content



Figure 5 Data for alloy series 2, 4, 1 rep-
resenting constant aluminium content
_ (15at%). (a) Approximate form of vertical
5 section of the 75at% Ni section of the
= quaternary system. The boundaries separat-
E ing the regions containing §'(NiMo) and
z 8"(Ni;Mo) have not been determined. (b)
g‘(‘_ Hardness data. (¢) v + v’ lattice parameter
w data heat treatment temperatures are o
= 1523K, & 1273K, and o 1073K. Open
& symbols v; closed symbols v'.
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and an increase in chromium content as the tem-
perature decreased from 1523 to 1273 K. The
Ni—Al—Mo alloy (1) consisted of y + 9" at 1523 K,
while at 1273 K, NiMo was also present; the v’
and vy showed a small decrease in aluminium and
molybdenum content, respectively, with decreas-
ing temperature. NisMo was present at 1073 K in
place of NiMo; but the boundaries separating the
regions containing NiMo and NizMo, respectively,
have not been determined.

4.3. Lattice parameter and hardness data

Table I and Figs. 4c¢, 5c show the lattice parameter
for the v and v’ phases. In view of the v and 7'
lattice parameter being so close, it should be noted
that successful identification and lattice parameter
determination of v, and v were only possible on

the basis of (100), (110), (210) and (211)
reflections which are characteristic of y" super-
lattices only.

The alloy series 2, 4, 1, representing increasing
molybdenum content of the alloy at a constant
aluminium content of 15at% shows a small
increase in the v lattice parameter (Fig. 5c). This
is consistent with the large atomic diameter of
molybdenum (0.147 nm) and the increase in
molybdenum content of the y phase from 0 to
10 at% Mo (Table II). There is an exception for
the 1073 K treatment, where vy in alloy 1 has a
slightly smaller parameter than in alloy 4. In the v’
also the parameter increases with the molybdenum
content of the phase. ,

In the alloy series 3, 4, 5 representing a decrease
in aluminium content at constant Cr/Mo ratio,
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eutectic

Figure 6 Alloy 3, Ni-2.5Cr-20A1-2.5Mo: (a) as-cast structure which is predominantly v dendrites with interdendritic
B present (dark etching) together with regions which may be /v’ eutectic (etched FeCl,/ethanol), optical micrograph;
(b) annealed 1523 K 1 week, showing bi-modal dispersion of v in a matrix of ' (dark appearance) (etched FeCl,/

ethanol). SEM.

there is a small progressive increase in y and 7'
parameters (Fig. 4c) which also follows a reasonably
consistent correlation with increase in molybdenum
content of the individual phases [10].

The v/v' mismatch values in the heat treated
ternary Ni—Al—Mo alloy are negative after anneal-
ing at 1523 and 1273 K (i.e. the 7' parameter is
less than that of 7); the values are —0.56 and
— 0.83%, respectively. These relatively large values
are attributed mainly to the difference of ~ S at%
in the molybdenum contents of the two phases
(Table II); the higher content of molybdenum in
the v phase significantly expands the lattice para-
meter. After annealing at 1073 K the y/y' mis-
match in the ternary Ni—Al-Mo alloy (1) shows a
small positive value (0.20%) associated with a
significant decrease in <y lattice parameter. The
effect is thought to be due mainly to a depletion
of the vy phase in molybdenum resulting from the
NizMo(8") precipitation, but the plate like forma-
tion of NizMo is on too fine a scale for accurate
electron probe microanalysis of the associated vy to
be carried out. The mismatch values in the quater-
nary alloys (3, 4, 5) are small and negative, lying
between ~—0.14 and — 0.25. This feature also can
be correlated approximately with the smaller Mo
content difference between the 7y and v’ in 3 and
4; however, the correlation is not good in the case
of alloy 5, where there is a larger difference in
molybdenum content. In the ternary Ni—Al-Cr
alloy, there is a small positive mismatch (~ 0.1 to
0.2%). The data agree well with the work of Taylor
and Floyd [2] who reported the coexistence of 7y
and v’ of equal parameters over a range of com-
positions in this system. The ¥ parameter of
0.3565 nm in the present work for the Ni—Al-Cr
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alloy annealed at 1073 K agrees well with the
value of 0.3559 nm reported by Taylor and Floyd
[2] for an alloy of the same composition annealed
at the same temperature; it also agrees well with
the results of Arbuzov and Zelenkov [21].

The interpretation of the hardness data (Figs.
4b and 5b) is hindered by lack of data on fine
scale solid state precipitation. The Ni—Al-Mo
alloy shows the highest hardness of the alloys
studied: the increase in hardness after annealing
at 1073 K is attributed to NizMo precipitation. In
alloy series 3-5, alloy 3 consisting mainly or
entirely of 7' has a relatively low hardness. The
data for alloy 2 agree well with that reported by
Arbuzov and Zelenkov [21] for an alloy of the
same composition quenched from 1273 K; these
workers, however, reported the structure as v not
v+7'. Alloy 4 consisting of v+ 7" with ' dis-
persions shows a higher value, while there is a
decrease in hardness in alloy 5 which has the
greatest 7y content in the series.

4.4, Microstructural features

All of the alloys appeared to solidify predomi-
nantly as cored single phase structures. Only in
the ternary Ni—Al-Mo alloy 1 and in quater-
nary alloy 3 was there clear evidence that a second
phase formed during solidification, as distinct
from during subsequent solid state cooling. Thus,
alloy 1 in the as-solidified state contain molyb-
denum rich regions [16] while in alloy 3, 8 (NiAl)
phase was detected and possibly /vy’ eutectic
(Fig. 6 and Table IT). However, X-ray diffraction
showed the presence of both v and 4’ in the as-
solidified state in all of the alloys. In the two
ternary alloys consideration of the phase diagram



Figure 7 Alloy 4, Ni—5Cr—-15A1-5Mo, (a) annealed at 1273 K for 1 week, and (b) annealed at 1073 K for 1 week after
1273 K treatment. Raft-like v’ structure (dark) in v matrix. Raft length ~ 10 to 12 um. Raft width ~ 1 to 1.5 um in (a)

1 to 3 um in (b). Etched in FeCl,/ethanol. SEM.

data in the literature indicates the primary phase
to be v; the presence of v'isinterpreted as resulting
mainly or entirely from solid state precipitation.
It is probable that the primary phase is also v in
each of the quaternary alloys and that where a few
particles were observed these were v’ formed in
the solid state; for example, the as-cast sample of
alloy 3 when viewed by optical microscopy showed
a fine particle dispersion of the order of 1 um size.
In the absence of transmission electron micro-
scopy results, detailed interpretation of the as-cast
structures cannot be made.

Structures produced by annealing are illustrated
in Figs. 6b, 7 and 8. In alloy 3, annealed at 1523 K,
the predominant phase was 7', and there was a
bimodal dispersion of irregular shaped particles of
v (Fig. 6b); annealing had removed the § phase.
Alloys 4 and 5 annealed at 1273 and 1073 K con-
sisted of v + 7' structures (Figs. 7 and 8). Alloy 4
contained a greater volume fraction of 4. The ¢’
dispersions were raft-like in nature [10], each raft

apparently having formed by directional coarsen-
ing of a number of ¥ cuboids. The average raft
length in alloy 4 was in the range ~ 10 to 12 um
as compared with ~2 to 5um in alloy 5. Raft
widths (corresponding to the dimension of an
individual ¥' cuboid) were in the range ~ 0.7 to
3 um and there was little difference in raft width
between alloys 4 and 5. There was a trend for
raft width (and, less clearly, raft length) to be
increased by annealing at 1073 K for 1 week after
annealing at 1273 K for 1 week; this is attributed
mainly to an increase in the volume fraction of 7'
produced by the 1073 K annealing, rather than to
a normal coarsening process.

v “raft” formation has been studied in nickel-
based superalloys, resulting from directional

coarsening under stress at elevated temperatures,
e.g. [39-42]; Ni—Al-Mo-Ta alloys showing large
negative y/y' mismatch values are among materials
investigated. The present results show that 7y rafts
can form on prolonged annealing at 1273 K with-
out the application of stress. The raft dimensions
are considerably larger than those reported in

1273 K treatment. Raft like 4" structure (dark) in y matrix. Lower volume fraction of 4’ than in alloy 4. Raft length
(a) 2 to 3um. (b) 3 to 5 um. Raft width (a) 0.7 to 2 um. (b) 1 to 2.5 um. Etched FeCl,/ethanol (a) optical micrograph,

(b) SEM.
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previous studies where the annealing temperatures
were lower. It should be noted that rafts form in
the quaternary Ni—Cr—Al-Mo alloys (4 and 5)
which show small negative mismatch values,
whereas in the ternary Ni—Al—Cr alloy (2) which
has a small positive mismatch, raft formation
has not clearly developed.

The coarsening rate of v’ has not been studied
in the present work. However, it is of interest to
compare the present observations with studies of
y' coarsening in IN 738 alloy [43—45]. The v
cuboid size of alloys 4 and 5 annealed for 1 week
at 1273 K lay in the range ~ 0.7 to 2 ym, which is
larger than that reported by Rosenthal [45] for
IN 738 annealed for 15 days at 1323 K (..
0.75 ym). The low mismatch in alloys 4 and 3
should favour resistance to coarsening; however,
the influence of diffusion in achieving the nec-
essary partitioning of alloy elements may be less
effective in retarding coarsening in the quaternary
alloys than in the more complex alloy containing
a range of slow diffusing elements.

5. Conclusions

The constitution of the Ni—Cr—Al—-Mo system in
the 75 at % Ni section at 1523 K consists of phase
fields containing v', ' + 1, and v; the ¥ phase
occupies the major part of the system, ie. for
alloy compositions with greater than ~ 5 at% Cr
and ~ 17 at% Mo. The maximum extent of the
7' region lies at ~2.5at% Cr, 2.5 at% Mo. With
decreasing temperature (1273 and 1073 K), the
v' and v’ + v fields expand at the expense of the
v field. The maximum extent of the ' region lies
at ~5at% Cr, 5at% Mo at 1073 K. At the lower
temperatures other phases appear in the quater-
nary system, although these were not studied in
the present work. The quaternary +v/y' alloys
showed small lattice mismatch values (up to
~0.25%); the y' parameter being less than that
of v, i.e. negative mismatch. In the ternary Ni—
Al-Mo alloy studied §'(NiMo) precipitated at
1273 K and 8" (NizMo) at 1073 K.,
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