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The formation of intermetallic compounds consisting of nickel-rich B2-type NiAl (β-phase)
ductilized by two-phase A1 (γ )/L12 (γ ′) regions provides the possibility of combining
ductility and high-temperature performance. Similar microstructures can also form the
basis of high-temperature shape memory alloys, due to martensitic transformation of the
β-phase to an L10-type product. One route by which β−γ /γ ′ microstructures can be
produced involves the use of chromium as a γ -stabilizer. However, microstructural
development in such a case is complicated by the formation of α-Cr precipitates.

This paper examines microstructural development and stability in cast Ni–25 at % Al–14
at % Cr, Ni–29 at % Al–22 at % Cr and Ni–27 at % Al–8 at % Cr alloys, together with a more
complex material, namely, Ni–20 at % Al–13 at % Co–9 at % Cr–4 at % Ti–1 at % Mo–1 at % V.
Both the as-cast condition and samples aged at 850 and 1100 ◦C for 140 h are examined
using transmission electron microscopy. The paper discusses the formation of L10

martensite, intradendritic γ ′, interdendritic γ /γ ′ and α-Cr precipitation. C© 1999 Kluwer
Academic Publishers

1. Introduction

There has been considerable interest in recent years
in the ductilization of materials derived from the B2
compound NiAl (commonly denoted as the “β” phase)
by the addition of various second phases [1–7]. A sig-
nificant body of this work has employed theγ ′ (L12-
type compound with a nominal composition of Ni3Al)
andγ (Al-type nickel-base solid solution) phases. Mi-
crostructures based onβ-γ , β-γ ′, and β-γ /γ ′ have
been examined in various investigations, [2, 3, 5, 7] and
considerable scope for ductilization exists. Of these ma-
terials, theβ-γ /γ ′ alloys are particularly interesting,
as these would seem to offer the possibility of com-
bining low-temperature ductility with high-temperature
creep resistance.β-γ /γ ′ alloys can also form the ba-
sis of high-temperature shape-memory alloys. In the
β-γ /γ ′ materials, the shape-memory effect is asso-
ciated with the formation of thermoelastic L10-type
martensite from nickel-richβ [8], while the presence
of theγ /γ ′ regions reduces the risk of brittle fracture
at low temperatures.

Much of the work conducted to date onβ-γ /γ ′ mi-
crostructures has focused on iron-bearing alloys. Iron
stabilizes theγ -phase (particularly at the expense ofγ ′
[9]) and allows the formation ofβ-γ /γ ′ rather than
β-γ ′ [5–7]. Typically, the addition of iron produces
β-γ /γ ′ microstructures in low aluminum alloys such
as Ni–20 at % Al–30 at % Fe. In contrast, one of the au-
thors has previously found that the use of chromium as a
γ -stabilizer allows the formation ofβ-γ /γ ′microstruc-

tures in relatively aluminum-rich materials such as cast
Ni–24 at % Al–21 at % Cr [10, 11]. A further increase
in the aluminum content of these materials would be at-
tractive from the standpoint of increased environmental
resistance and reduced density. Hence, the present in-
vestigation examines microstructural development in
three relatively aluminum-rich arc-melted alloys: Ni–
25 at % Al–14 at % Cr, Ni–29 at % Al–22 at % Cr and
Ni–27 at % Al–8 at % Cr. These alloys were selected
to offer a range of (γ -stabilizing) chromium to (γ ′-
forming) aluminum ratios in materials with higher alu-
minum contents than investigated previously.

In a previous work by one of the authors [12], the
occurrence of highly stableβ-γ /γ ′ microstructures
was observed in a complex multi-element cast alloy
originally produced to simulate phase transformations
in aluminide diffusion coatings. The original material
contained over 1 at % C, which resulted in the exten-
sive formation ofM23X6 precipitates (for whichM was
mostly chromium andX carbon). Thus, the formation
of M23X6 served to tie upγ -stabilizing chromium. In
the present investigation, microstructural development
is examined in a cast alloy: Ni–20 at % Al–13 at % Co–9
at % Cr–4 at % Ti–1 at % Mo–1 at % V, which is similar
to that examined previously, but from which carbon has
been removed.

2. Experimental procedures
Arc-melted samples of Ni–25 at % Al–14 at % Cr, Ni–
29 at % Al–22 at % Cr, Ni–27 at % Al–8 at % Cr and

0022–2461 C© 1999 Kluwer Academic Publishers 407



          

P1: DES 1231-96 December 19, 1998 14:29

Ni–20 at % Al–13 at % Co–9 at % Cr–4 at % Ti–1 at %
Mo–1 at % V were produced in the form of 30 g buttons.
These buttons were each inverted and arc-melted six
times to promote mixing. Homogenization treatments
were conducted in an argon atmosphere at temperatures
of 850 and 1100◦C for 140 h, followed by furnace
cooling to room-temperature.

Transmission electron microscopy (TEM) specimens
were prepared from each of the arc-melted alloys in the
as-cast condition and after homogenization at 850 and
1100◦C. Ion milling, rather than electropolishing, was
employed to manufacture the TEM specimens, as se-
vere problems with differential polishing have been ex-
perienced previously by the authors with alloys of this
type. Argon ion milling was conducted using a Gatan
DuoMill employing an accelerating voltage of 5 kV
with dual guns operated at a current of 500µA per gun
and with gun–specimen angles of 13◦. The TEM inves-
tigations were supplemented by light and scanning elec-
tron microscopy (LM and SEM, respectively). SEM and
LM studies were conducted on metallographic samples
electroetched at 3 V in asolution consisting of 70 vol %
distilled water, 10 vol % glycerol, 15 vol % hydrochlo-
ric acid and 5 vol % nitric acid. For analytical inves-
tigations, some SEM work on polished, but unetched,
samples was also conducted.

TEM investigations used a JEOL JEM 2010 instru-
ment operated at 200 kV. Throughout this paper, the

TABLE I Summary of the key microstructural features of the materials examined

Precipitates
Purely Purely crossing
intradendritic Interdendritic interdendritic dendrite

Material (at %) Condition Dendrite matrix second phases matrix second phases boundaries

As-cast Martensitic α-Cr spheres Mostlyγ ′ α-Cr needles α-Cr needles
Ni–25 Al–14 Cr 850◦C aged β α-Cr spheres γ ′ α-Cr needles α-Cr needles

1100 ◦C aged β γ ′ andα-Cr γ /γ ′ None None
As-cast Martensitic α-Cr spheres γ /γ ′ None α-Cr needles

Ni–29 Al–22 Cr 850◦C aged Mostlyβ γ ′ ellipsoids γ ′ α-Cr needles None
1100 ◦C aged β None γ ′ None α-Cr needles
As-cast Martensitic α-Cr spheres Mostlyγ ′ None α-Cr needles

Ni–27 Al–8 Cr 850 ◦C aged β γ ′ lamellae α-Cr None None
1100 ◦C aged β γ ′ lamellae Mostlyγ ′ α-Cr needles None

Ni–20 Al–13 Co–9 As-cast Martensitic Negligible Mostlyγ ′ Negligible None
Cr–4 Ti–1 Mo–1 V 850◦C aged β γ ′ andσ γ/γ ′ σ None

1100 ◦C aged β γ ′ andσ γ/γ ′ None None

TABLE I I Summary of compositional data (from SEM-based EDS analyses) obtained from the materials examined

Average composition (at %)
Overall composition (at %) Condition Dendritic region Interdendritic region

As-cast Ni–32 Al–11 Cr Ni–13 Al–31 Cr
Ni–25 Al–14 Cr 850◦C aged Ni–35 Al–9 Cr Ni–17 Al–40 Cr

1100 ◦C aged Ni–35 Al–5 Cr Ni–13 Al–27 Cr
As-cast Ni–30 Al–12 Cr Ni–12 Al–34 Cr

Ni–29 Al–22 Cr 850◦C aged Ni–40 Al–3 Cr Ni–13 Al–51 Cr
1100 ◦C aged Ni–35 Al–3 Cr Ni–17 Al–22 Cr
As-cast Ni–32 Al–12 Cr Ni–13 Al–31 Cr

Ni–27 Al–8 Cr 850 ◦C aged Ni–31 Al–9 Cr Ni–0 Al–97 Cr
1100 ◦C aged Ni–37 Al–2 Cr Ni–20 Al–63 Cr
As-cast Ni–30 Al–9 Co–6 Cr–2 Ti–0.5 Mo–1V Ni–14 Al–16 Co–14 Cr–4 Ti–1 Mo–1V

Ni–20 Al–13 Co–9 Cr–4 850◦C aged Ni–22 Al–11 Co–10 Cr–4 Ti–1 Mo–1V Ni–11 Al–16 Co–17 Cr–4 Ti–3 Mo–1V
Ti–1 Mo–1 V 1100 ◦C aged Ni–32 Al–10 Co–7 Cr–3 Ti–0 Mo–0.5V Ni–13 Al–16 Co–14 Cr–4 Ti–2 Mo–1V

Note: the compositions given for the dendritic and interdendritic regions excludeα-Cr needles that cross dendrite boundaries.

following nomenclature is employed: “BF” and “DF”
indicate bright field and dark field micrographs, re-
spectively, “B” represents the beam direction for se-
lected area diffraction (SAD) and nano-beam diffrac-
tion (NBD) patterns and “g” indicates the reciprocal
lattice vector of the operating reflection in DF im-
ages. SEM studies employed a JEOL JSM 840 instru-
ment operated at 20 kV. In this paper, “SEI” represents
a SEM-derived secondary electron image. Analytical
studies were conducted using energy dispersive X-ray
spectroscopy (EDS) via ultra-thin window (UTW) de-
tectors and Link Systems Isis analyzers attached to
the JEM 2010 and JSM 840 instruments. Quantitative
SEM-based and qualitative TEM-based analyses were
performed.

3. Results and discussion
In this section, microstructural development in the Ni–
25 at % Al–14 at % Cr, Ni–29 at % Al–22 at % Cr,
Ni–27 at % Al–8 at % Cr and Ni–20 at % Al–13 at %
Co–9 at % Cr–4 at % Ti–1 at % Mo–1 at % V materials
examined in the present work will be discussed. The
general microstructural and compositional features of
these materials will first be described and specific phase
transformations will then be considered. The overall
microstructural and compositional features of the four
alloys examined in this work are contained in Tables I
and II, respectively.
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(a)

(b)

Figure 1 Intradendritic L10 martensite present in the as-cast condition:
(a) BF micrograph (Ni–29 at % Al–22 at % Cr alloy); (b) NBD pattern
with B = [1 0 1]L10 (Ni–25 at % Al–14 at % Cr alloy).

3.1. Overview of microstructural and
compositional features

All of the materials examined were found to solid-
ify dendritically, with the dendrite matrices undergo-
ing complete martensitic transformation during cool-
ing. In the as-cast condition, nickel-rich dendrites with
a twinned L10-type matrix were observed (Fig. 1) in
all cases. No evidence was found of the formation of
the 7R transitional phase [e.g., 13] or otherβ-phase de-
composition products. Aging at both 850 and 1100◦C
in general had the effect of transforming the dendrite
interiors from L10 martensite to a range ofβ-γ ′ two-
phase microstructures (an example of aβ dendritic mi-
crostructure is shown in Fig. 2). The character of these
β-γ ′ microstructures varied significantly between the
different materials examined, and this is discussed in
detail in section 3.2.

Chromium was found to have segregated to the in-
terdendritic regions of the as-cast samples. Conversely,
the dendrites of the three Ni–Al–Cr ternary alloys were
found to be rich in aluminum when compared to the
interdendritic regions. In the as-cast Ni–Al–Cr alloys,
the compositions (Table II) of both the dendritic and
interdendritic regions varied only slightly from alloy to
alloy. This contrasts strongly with the significant dif-
ference in overall composition between the three alloys
(overall aluminum contents range from 25 to 29 at %

(a)

(b)

Figure 2 SEIs showing the microstructure of the Ni–20 at % Al–13 at %
Co–9 at % Cr–4 at % Ti–1 at % Mo–1 at % V alloy aged for 140 h at
1100 ◦C (β-phase dendrites are labeled as “d” and the interdendritic
γ /γ ′ region is denoted by “i”): (a) overall microstructure; (b) detailed
microstructure.

and chromium contents from 8 to 22 at %). Variations
in the volume fraction occupied by the interdendritic
regions accommodated the different overall composi-
tions.

Chromium is aγ stabilizer, at the expense of both
β and γ ′ [9]. However, with the exception of the
22 at % Cr alloy, the matrices of the interdendritic re-
gions in the as-cast Ni–Al–Cr materials were found
to consist largely of single-phaseγ ′. In the Ni–Al–Cr
alloys, the failure to observe significant interdendritic
γ -phase precipitation appeared to result from the exten-
sive precipitation ofα-Cr (A2-type chromium-based
disordered solid solution). Precipitation ofα-Cr that
influenced the composition of the interdendritic ma-
trix occurred both interdendritically and across den-
drite boundaries. The formation ofα-Cr removed
γ -stabilizing chromium from solution in the interden-
dritic matrix. Precipitation ofα-Cr is discussed in fur-
ther detail in section 3.3.

In the case of the Ni–20 at % Al–13 at % Co–9 at %
Cr–4 at % Ti–1 at % Mo–1 at % V alloy in the as-cast
condition, segregation of cobalt, chromium, titanium,
and molybdenum to the interdendritic regions was ob-
served. Although the formation ofα-Cr did not take
place in the as-cast material, the interdendritic regions
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were single-phaseγ ′. Jiaet al. [9] give the following
partition coefficientsγ ′ and γ (kγ

′/γ ) for a tempera-
ture of 1100◦C: chromium 0.79, cobalt 0.58, molyb-
denum 1.60, and titanium 1.82 (all data are for dilute
alloys). Thus, although the interdendritic regions con-
tained 16 at % of cobalt and 14 at % of chromium,
γ -stabilization by these elements was presumably (at
least in part) counteracted by the presence interdendrit-
ically of γ ′-stabilizing titanium and molybdenum.

In some cases, aging at both 850 and 1100◦C had
the effect of (at least partially) re-solutioningα-Cr and
hence releasingγ -stabilizing chromium into the inter-
dendritic matrix. This correlated to the formation of
γ /γ ′ interdendritic microstructures in the as-aged con-
dition. In the case, however, of the Ni–27 at % Al–8
at % Cr alloy aged at 850◦C, the interdendritic regions
were largely consumed by growth of the dendrites and
the residual interdendritic regions were composed en-
tirely of α-Cr. Changes in the distribution ofα-Cr pre-
cipitates, in particular, complicated the trend in over-
all dendritic and interdendritic composition with aging,
and no single simple correlation between aging treat-
ment and these compositions was apparent.

Based upon overall compositional and microstruc-
tural features discussed above, the development of spe-
cific phases will now be discussed in detail.

3.2. Intradendritic precipitation of γ ′
As was noted above, aging of the as-cast materials at
both 850 and 1100◦C resulted in transformation of the
L10 martensite to theβ-phase. After furnace cooling to
room-temperature,β plusγ ′ two-phase microstructures
were often observed in aged samples. The L10 marten-
site phase is fully reversible on re-heating (and this
can be directly observed using hot-stage TEM [11]).
Indeed, the existence of a fully reversible martensitic
transformation forms the basis of the shape-memory
effect observed in (nickel-rich) NiAl [8]. Thus, the L10
martensite must have first transformed back to the B2
type β-phase and only subsequently precipitatedγ ′.
In these circumstances, the morphology of the L10
martensite could have no influence on the morphol-
ogy of theγ ′ precipitates. Thus, “inheritance” of the
morphology of the L10 martensite plates by lamellarγ ′
precipitates, as was proposed by Kainumaet al. [14]
for γ ′ lamellae formed in an Ni–25 at % Al–15 at % Fe
alloy, does not seem plausible [15]. This conclusion is
of some importance in the present work as the matrix
of the Ni–27 at % Al–8 at % Cr alloy was found (Fig. 3)
to consist of a lamellar two-phase mixture ofβ andγ ′
(such that theγ ′ lamellae typically possessed a width
of around 400–600 nm and were separated byβ-phase
regions possessing a width of around 200–400 nm).

The γ ′ lamellae were observed to form low-angle
boundaries where adjacentγ ′ lamellae met (typically
these were misoriented by around 1 to 2◦). However,
most interfaces were of theβ-γ ′ type, rather than
γ ′-γ ′. Furthermore,β-β interfaces were not gener-
ally observed within the lamellarβ-γ ′ microstructure.
The extent of intradendritic precipitation of theγ ′ and
β-phases (in the 850 and 1100◦C aged Ni–27 at %

Al–8 at % Cr alloy) was roughly similar and hence, at
first sight, distinct designations of “matrix” and “second
phase” might appear misleading. However, on further
investigation, it was noted that theβ-phase (Fig. 3c)
formed a continuum within a given dendrite, which was
not the case for theγ ′, which was composed of discrete,
slightly mutually misoriented lamellae. Hence, the in-
tradendritic microstructure of the 850 and 1100◦C aged
Ni–27 at % Al–8 at % Cr alloy is best described as aγ ′
second phase in aβ-phase matrix. This is consistent
with the precipitation ofγ ′ from nickel-richβ (present
after reversion of the L10 martensite to itsβ parent
phase).

A noticeable feature of theγ ′ lamellae in the Ni–27
at % Al–8 at % Cr alloy was the absence of twinning.
Given that the L10 martensite plates in the as-cast ma-
terial were extensively twinned, this provides a further
argument against inheritance of the morphology of the
L10 martensite by theγ ′ lamellae.

In contrast to the lamellar mode ofγ ′ precipitation
found in the Ni–27 at % Al–8 at % Cr alloy, forma-
tion of roughly ellipsoidalγ ′ precipitates in aβ-phase
matrix was observed after 850 and/or 1100◦C aging
of the other three materials investigated. Theγ ′ pre-
cipitates varied somewhat in size from material to ma-
terial. Precipitate dimensions also depended upon the
heat-treatment temperature employed and the position
of the host dendrite in the arc-melted buttons. However,
a precipitate length of around 500 nm–1µm and width
of around 200–600 nm was “typical”. In general, the
ellipsoidal precipitates were twinned (Fig. 4). Often,
but not invariably, a single midrib twin boundary was
observed.

The precipitation of (γ and/or)γ ′ from nickel-richβ
can occur [15] with both Nishiyama–Wassermann and
Kurdjumov–Sachs-type orientation relationships, such
that:

[0 0 1]β // [1 1 0]γ ′

(1 1 0)β // (1 1̄ 1)γ ′

for the Nishiyama–Wassermann orientation relation-
ship and

[1 1 1]β // [1 1 0]γ ′

(1̄ 1 0)β // (1 1̄ 1̄)γ ′

for the Kurdjumov–Sachs orientation relationship. In
the present investigation, both of these orientation re-
lationships were observed (some examples are shown
in Figs 4c and 5) within any given sample. How-
ever, within a particular dendrite, only one of the two
orientation relationships was usually encountered (al-
though this was not always the case). Given that the
misorientation between the Nishiyama–Wassermann
and Kurdjumov–Sachs-type orientation relationships
involves only a small rotation, the co-existence of these
two orientation relationships is not unreasonable.

Yanget al.[16] have proposed a model for the precip-
itation of midrib twinnedγ ′ from nickel-richβ. In Yang
et al.’s model,γ ′ nucleates on the domain boundaries of
ordered domains of antisite defects. The twin boundary
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(a) (b)

(c) (d)

(e)

Figure 3 Formation of intradendriticγ ′ lamellae in the Ni–27 at % Al–8 at % Cr alloy aged for 140 h at 850◦C (m = β-phase matrix andp = γ ′
precipitates): (a–c) BF micrographs; (d–e) DF images withg= (200)γ ′ .

then corresponds to the plane of the antisite domain
boundary and the twinning results from the growth ofγ ′
with different variants of the Nishiyama–Wassermann
orientation relationship (in Yanget al.’s case) into the
β-phase.

While the formation of antisite defects is well doc-
umented in nickel-rich B2 NiAl (for which the anti-
site defects consist of nickel atoms on aluminum sites
[17]), no evidence has been found in the literature for
the ordering of these defects into distinct domains. Fur-
thermore, in the present case, twinning was observed
even when theγ ′ precipitates nucleated on other (pre-

viously formed)γ ′ precipitates. In such a case, unless
uncleation occurred onγ ′ precipitate–antisite domain
boundary junctions (which would presumably be rela-
tively infrequent unless the antisite domain size were
small) an alternative mechanism would be required.
One conceivable possibility is that the twinning results
from an attempt to accommodate this misfit between
theβ andγ ′ phases. However, further investigation of
this suggestion is required.

In (qualitative) TEM–EDS investigations the in-
tradendriticγ ′-phase was found, as would be expected,
to be lower in aluminum than the adjacentβ-phase. The
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(a) (b)

(c) (d)

Figure 4 Twinnedγ ′ precipitated within theβ-phase dendrite matrix of the Ni–24 at % Al–11 at % Co–9 at % Cr–4 at % Ti–1 at % Mo–1 at % V
alloy aged for 140 h at 850◦C (m = β-phase,p = γ ′ precipitates,d = β-phase dendrites with intradendriticγ ′ precipitates,i = interdendritic
γ /γ ′ andn = σ -phase interdendritic needles): (a) BF micrograph; (b) SAD withB = [1 1 0]γ ′ ; (c) SAD with B = [1 1 0]γ ′ // [1 1 1]β showing a
Kurdjumov–Sachs-type orientation relationship; and (d) SEI showing the extensive intradendritic precipitation ofγ ′. Note also the existence of an
interdendriticγ /γ ′ matrix withσ -phase needles.

chromium content of the intradendriticβ andγ ′ phases
in the three Ni–Al–Cr alloys was (in general) roughly
similar, which is to be expected, given that the partition
co-efficient betweenγ ′ andβ (kγ

′/β) is approximately
unity for chromium [9]. However, an anomaly was ob-
served in the Ni–20 at % Al–13 at % Co–9 at % Cr–4
at % Ti–1 at % Mo–1 at % V alloy aged at 850◦C, for
which chromium generally partitioned to theβ-phase.
The origin of this anomalous behaviour is not known at
this time. The value ofkγ

′/β for cobalt is similar to that
for chromium and, in the Ni–20 at % Al–13 at % Co–9
at % Cr–4 at % Ti–1 at % Mo–1 at % V alloy, these two
elements behaved similarly, showing no marked prefer-
ence for either theβ or theγ ′ phase in the 1100◦C aged
condition. In contrast, titanium was found to segregate
to theγ ′ phase and this correlates with akγ

′/β value of
4.06 [9]. The average intradendritic molybdenum and
vanadium contents of the Ni–20 at % Al–13 at % Co–9
at % Cr–4 at % Ti–1 at % Mo–1 at % V alloy were at,
or below, 1 at % and thus were close to the detection
limit for EDS. Hence, it was not possible to make a
convincing determination of the segregation behavior
of these two elements.

In Table I, it is noted that, although aging at 850
and 1100◦C usually resulted in the formation of in-

tradendriticγ ′, γ ′-free dendrites were observed for the
Ni–25 at % Al–14 at % Cr alloy aged at 850◦C. A
further anomaly was also observed in the Ni–29 at %
Al–22 at % Cr alloy aged at 850 and 1100◦C. In this
sample, some regions of the dendrites retained some
L10 martensite (Fig. 6), whereas adjacent regions of
the same dendrites were transformed to aβ-matrix with
ellipsoidal twinnedγ ′ precipitates.

3.3. Formation of α-Cr
The precipitation of both intradendritic and interden-
dritic α-Cr was observed in many of the materials
examined. In addition, largeα-Cr needles were often
observed to cross over dendrite boundaries, and hence
these needles could not be described uniquely as either
intradendritic or interdendritic precipitates. In all cases,
theα-Cr precipitates were aluminum-free (within the
detection capability of EDS). However, some of the
α-Cr contained up to 5 at % Ni.

In the as-cast condition, intradendriticα-Cr formed
as spheroidal precipitates (Fig. 7). Fieldet al. [18] ob-
served thatα-Cr precipitated in theβ-phase is only
semi-coherent and forms distinctive interfacial dislo-
cation networks. In the present investigation, in cases
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(a)

(b)

(c)

Figure 5 SAD patterns showingγ ′ precipitated within theβ-phase den-
drite matrix of Ni–Al–Cr samples aged for 140 h at 1150◦C: (a)B =
[1 1 0]γ ′ (Ni–29 at % Al–22 at % Cr alloy); (b)B = [1 1 0]γ ′ // [0 0 1]β
showing a Nishiyama–Wassermann-type orientation relationship
(Ni–27 at % Al–8 at % Cr alloy); (c)B = [1 1 0]γ ′ // [1 1 1]β show-
ing a Kurdjumov–Sachs-type orientation relationship (Ni–27 at % Al–8
at % Cr alloy).

where theα-Cr precipitates were relatively small (e.g.,
less than about 50 nm in diameter), coherent (elastically
strained) interfaces were formed with the surrounding
matrix. In contrast, larger (e.g., 100 nm diameter or
larger precipitates) were semicoherent.

In the case of intradendriticα-Cr found in the as-cast
materials (i.e., for the case of all three Ni–Al–Cr ternary
alloys), theα-Cr precipitates were found to adopt the

(a)

(b)

Figure 6 L10 martensite observed intradendritically in the Ni–29 at %
Al–22 at % Cr alloy aged for 140 h at 1100◦C: (a) BF micrograph.
Note the presence ofα-Cr second-phase precipitates (labeled as “s”)—
these precipitates were not present in the non-martensitic regions of the
dendrites; (b) DF image withg= (1̄ 1̄ 1̄)L10.

following orientation relationship to the surrounding
L10 martensite (Fig. 7b):

[1 0 1]L10 // [1 1 1]α-Cr

(1 11̄)L10 // (1̄ 1 0)α-Cr

The morphology of theα-Cr precipitates appeared com-
pletely independent of that of the L10 martensite. Thus,
it might be the case that theα-Cr nucleated from the
β-phase and that the latter only subsequently underwent
martensitic transformation. In such a case, the observed
orientation relationship between the martensite and the
α-Cr would be that between theβ-phase parent and L10
type product of the martensitic transformation. The ob-
served (Kurdjumov–Sachs type) orientation relation-
ship is compatible with (but does not of course directly
support) this suggestion. Aging of the Ni–Al–Cr alloys
generally led to dissolution of the intradendriticα-Cr.
This was unexpected as, once formed,α-Cr is generally
stable in similar systems [19].

The formation ofα-Cr precipitates residing entirely
in the interdendritic region took on two forms. The first
of these, as observed in the Ni–27 at % Al–8 at % Cr
alloy arose when significant growth of theβ-phase oc-
curred during 850◦C aging, to the point where only
occasional isolated interdendritic regions remained.
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(a)

(b)

Figure 7 Precipitation of spheroidalα-Cr in as-cast Ni–Al–Cr samples:
(a) BF micrograph showing the L10 martensite dendrite matrix of the
Ni–29 at % Al–22 at % Cr alloy andα-Cr second-phase precipitates
(labeled as “s”); (b) NBD pattern withB = [1 0 1]L10 // [1 1 1]α-Cr

showing a Kurdjumov–Sachs-type orientation relationship between
α-Cr precipitates and the L10 martensite in the Ni–25 at % Al–14 at %
Cr material.

Given the low solubility of chromium in theβ-phase
(around 4 at % for stoichiometric NiAl at 850◦C [20]),
the growingβ-phase rejected chromium back into the
remaining interdendritic regions during aging (thus
continuing in the solid-state the chromium redistribu-
tion observed after solidification). This chromium re-
jection correlated, in the Ni–27 at % Al–8 at % Cr alloy,
with the transformation of the residual interdendritic
regions to single-phaseα-Cr. Within any given region
of a sample, the single-phaseα-Cr was of a constant
crystallographic orientation. However, no orientation
relationship was noted with the adjacent dendrites.

The second type of interdendriticα-Cr precipitates
observed in the present work were needles, typically
with a length of around 5µm and a width of about
2µm. These needles were formed either in the as-cast
condition (Ni–25 at % Al–14 at % Cr alloy) or after
aging (Ni–29 at % Al–22 at % Cr aged at 850◦C or
Ni–27 at % Al–8 at % Cr aged at 1100◦C). These fine
needles possessed a Nishiyama–Wassermann-type ori-
entation relationship to the surrounding (γ ′-phase) in-
terdendritic matrix.

In addition to the relatively fineα-Cr needles, coarse
α-Cr needles (typically in the range of 50 to 200µm

Figure 8 SEI illustrating the overall microstructure of the Ni–25 at %
Al–14 at % Cr alloy aged for 140 h at 850◦C. Note the presence of
largeα-Cr needles (labeled as “n”) crossing dendrite boundaries (β-
phase dendrites with intradendriticα-Cr precipitates are labeled as “d,”
while the interdendritic regions consisting of aγ /γ ′ matrix andα-Cr
precipitates are denoted by “i”).

long and around 5 to 10µm wide) were observed. These
coarseα-Cr needles (Fig. 8) frequently crossed dendrite
boundaries and the position of the needles appeared to
be little influenced by the local topographic orientation
of the dendrite boundaries. Unique orientation relation-
ships could not be identified between theα-Cr nee-
dles and other phases present in the samples. However,
given the large size of the coarseα-Cr needles, prob-
lems with differential thinning were experienced during
ion milling. Differential thinning impeded the identifi-
cation of any orientation relationships that may have
been present. The detailed mechanisms leading to the
formation of both the fine and coarseα-Cr needles re-
main unclear.

3.4. The generation of interdendritic γ ′ and
γ /γ ′ microstructures

As was noted in section 3.1 above, the interdendritic
matrix of all but one of the materials examined in the
present work consisted, in the as-cast condition, of al-
most single-phaseγ ′ (only occasional regions ofγ
were observed). The sole exception to this trend was
the Ni–29 at % Al–22 at % Cr alloy. In this material,
dendrite boundaries were coated with a layer of single-
phaseγ ′ with a thickness typically in the range of
200–500 nm. This layer of single-phaseγ ′, which con-
tained numerous antiphase boundaries, was cube-cube
orientation-related to the interdendritic matrix. How-
ever, theγ ′ layer was not orientation-related to the
dendrites (an orientation relationship was not observed
between the dendritic and interdendritic matrices). The
remainder of the interdendritic region was composed
of γ ′ cuboids whose edges possessed lengths of around
100–200 nm. Theseγ ′ precipitates were cube-cube
orientation-related to theγ -phase interdendritic matrix.

The formation ofγ /γ ′ microstructures (an example
of which is given in Fig. 2b) during aging at either
850 or 1100◦C was found to require complete dis-
solution of theα-Cr precipitates contained within, or
intersecting, the interdendritic regions. In contrast, in
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cases where existingα-Cr remained present, or where
newα-Cr formed during aging, insufficient chromium
remained in solution in the interdendritic matrix to sta-
bilize the γ -phase. In these circumstances, a single-
phaseγ ′ matrix resulted, even when (in the case of the
Ni–29 at % Al–22 at % Cr alloy) the interdendritic ma-
trix consisted of two-phaseγ /γ ′ in the as-cast condi-

(a)

(b)

(c)

Figure 9 Precipitation ofM23X6 in Ni–Al–Cr materials arc-melted with
a graphitic electrode: (a) DF image employingg = (2̄ 2 2)M23X6 showing
an M23X6 precipitate in the Ni–25 at % Al–14 at % Cr alloy aged for
140 h at 1100◦C; (b) SAD pattern produced withB = [1 1 0]M23X6

(Ni–27 at % Al–8 at % Cr alloy aged for 140 h at 850◦C); (c) SAD
pattern corresponding toB = [1 1 0]M23X6/γ

′ showing the cube-cube
orientation relationship of anM23X6 carbide and theγ ′ interdendritic
matrix of the Ni–27 at % Al–8 at % Cr alloy aged for 140 h at 850◦C.

tion. Whenγ /γ ′ microstructures did form during ag-
ing, the interdendritic regions closely resembled those
found in the as-cast Ni–29 at % Al–22 at % Cr material.

3.5. Other phases
All of the materials investigated in the present work
were arc-melted. When a graphitic electrode was em-
ployed, occasionalM23X6 (for whichM was chromium
andX carbon) carbides were observed (Fig. 9) interden-
dritically with a cube-cube orientation relationship to
the interdendritic (γ /γ ′ or γ ′) matrix. These carbides
presumably formed as a result of carbon incorporation
into the melt from the electrode and subsequent reaction
with chromium. Likewise, the use of a tungsten elec-
trode correlated with the presence of a few randomly
oriented metallic tungsten particles.

In contrast to theM23X6 precipitates and tungsten
particles resulting from the arc-melting process, the
precipitation (Fig. 10) ofσ -phase (rich in chromium,
molybdenum, and cobalt) was an intrinsic characteris-
tic of the Ni–20 at % Al–13 at % Co–9 at % Cr–4 at %
Ti–1 at % Mo–1 at % V alloy. A small amount of intra-
and interdendriticσ was observed in this material after
aging at 850◦C, whereas aging at 1100◦C led only to

(a)

(b)

Figure 10 Intradendritic precipitation ofγ ′ (labeled as “p”) andσ -phase
(labeled as “n”) in the Ni–20 at % Al–13 at % Co–9 at % Cr–4 at % Ti–1
at % Mo–1 at % V alloy aged for 140 h at 850◦C: (a) BF micrograph
(note the change of orientation of this figure with respect to Fig. 4a). (b)
SAD pattern (B = [1 1 0]σ ).
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the formation of occasional intradendriticσ -phase pre-
cipitates. In the carbon-rich material from which the
Ni–20 at % Al–13 at % Co–9 at % Cr–4 at % Ti–1 at %
Mo–1 at % V alloy was derived, extensive precipitation
of interdendriticM23X6 was observed. In contrast, in
the present work on tungsten-electrode arc-melted ma-
terial for which no intentional addition of carbon was
made, only a small amount ofσ was formed.

4. Conclusions
In this paper, a study of microstructural development
in the following materials has been presented: Ni–25
at % Al–14 at % Cr, Ni–29 at % Al–22 at % Cr, Ni–
27 at % Al–8 at % Cr and Ni–20 at % Al–13 at %
Co–9 at % Cr–4 at % Ti–1 at % Mo–1 at % V. These
alloys have been investigated both in the as-cast con-
dition and after 140 h duration aging treatments con-
ducted at both 850 and 1100◦C. As a result of this work,
the following conclusions were drawn:

• All of the materials investigated underwent marten-
sitic transformation of the B2-typeβ-phase formed
during solidification. Hence, in the as-cast condi-
tion, all of the materials investigated had dendrite
matrices composed of L10 martensite.
• Aging of the as-cast material at either 850 or

1100 ◦C for 140 h was (in general) sufficient to
cause complete reversal of the L10 martensite to the
β-phase and subsequent precipitation of intraden-
dritic γ ′. In any given material and condition, both
Nishiyama–Wassermann and Kurdjumov–Sachs-
type orientation relationships could be observed
between theβ andγ ′ phases. Marked disparities
were noted inγ ′morphology between the different
materials examined.
• Three distinct classes ofα-Cr precipitation were

noted in the materials examined. These classes
were as follows:
1) Intragranularα-Cr precipitates in the as-cast
materials formed with a Kurdjumov–Sachs-type
orientation relationship to the L10 martensite den-
drite matrices. Thoseα-Cr precipitates remaining
after aging (and any fresh intradendriticα-Cr
formed during aging) were cube-cube orientation-
related to theβ-phase.
2) Interdendritic α-Cr precipitated with a
Nishiyama–Wassermann-type orientation rela-
tionship to the surroundingγ ′-phase.
3) Coarse needles ofα-Cr were observed to cross
dendrite boundaries.

• In the as-cast condition, the extensive precipitation
of α-Cr removedγ -stabilizing chromium from so-
lution in the interdendritic matrix, resulting in the
formation of single-phase interdendriticγ ′ in the
three Ni–Al–Cr alloys examined. Re-solutioning
of α-Cr impinging upon and/or contained within
the interdendritic regions was necessary to allow
the formation of interdendriticγ /γ ′ during aging
at 850 or 1100◦C.
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