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Microstructural development in cast and aged
Ni-Al-Cr-based alloys derived from the B2 type
B3-NiAl structure
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The formation of intermetallic compounds consisting of nickel-rich B2-type NiAl (8-phase)
ductilized by two-phase A1 (y)/L1, (y’) 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
B-phase to an L1y-type product. One route by which —y/y’ microstructures can be
produced involves the use of chromium as a y-stabilizer. However, microstructural
development in such a case is complicated by the formation of «-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 % AI-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 L1g
martensite, intradendritic y’, interdendritic y/y’ and «-Cr precipitation. © 1999 Kluwer
Academic Publishers

1. Introduction tures in relatively aluminum-rich materials such as cast
F\éi—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

There has been considerable interest in recent yea
in the ductilization of materials derived from the B2
compound NiAl (commonly denoted as thg&"phase)
by the addition of various second phases [1-7]. A sig
nificant body of this work has employed theé (L1,-
type compound with a nominal compaosition of;MI)
andy (Al-type nickel-base solid solution) phases. Mi-

! _ 1
crostructures based ofry, f-y’, and -y /y’ have o offer a range of %-stabilizing) chromium to ¥’-

been examined in various investigations, [2, 3, 5, 7] am(iiormin ) aluminum ratios in materials with higher alu-
considerable scope for ductilization exists. Of these ma- 9 9

; : ; : minum contents than investigated previously.
terials, theg-y/y’ alloys are particularly interesting, .
as these would seem to offer the possibility of COm_oclgu?reprzgglcgésh\gvohrlk l?S){acl)Drre_of tr}erglétrggzrsugﬁl’e;he
bining low-temperature ductility with high-temperature nignly B-v/v
creep resistance-y /v’ alloys can also form the ba- was observed in a complex multi-element cast alloy

sis of high-temperature shape-memory alloys. In theoriginally produced to simulate phase transformations

B-y/y' materials, the shape-memory effect is assoln aluminide diffusion coatings. The original material

ciated with the formation of thermoelastic d-fype contained over 1 at% C, which resulted in the exten-
martensite from nickel-rick$ [8], while the presence >'°© formation 0Mz3 X precipitates (for whiciM was

of they /y' regions reduces the risk of brittle fracture Qoatly;h;%wggntgqg Sar-bs?gt)fiIi-g?nus’ctr:]rirfr?i[;mnwatll(r)mn
at low temperatures. 2376 V4 g -

. the present investigation, microstructural development
Much of the work conducted to date ghy /¢’ mi- . . : T 0 o
crostructures has focused on iron-bearing alloys. Irof® examined in a castalloy: Ni-20 at % Al-13at % Co-9

stabilizes the/-phase (particularly at the expense/of at% Cr—4at% Ti—1 at % Mo—1 at% V, which is similar
[9]) and allows the formation oB-y/y’ rather than Loe?r?trzxma:)rccler:jed previously, but from which carbon has
B-y' [6-7]. Typically, the addition of iron produces '

B-y/y' microstructures in low aluminum alloys such

as Ni—20 at % Al-30 at % Fe. In contrast, one of the au2. Experimental procedures

thors has previously found that the use of chromium as &rc-melted samples of Ni-25 at % Al-14 at % Cr, Ni—
y-stabilizer allows the formation ¢#-y /¥’ microstruc- 29 at% Al-22 at% Cr, Ni-27 at% Al-8 at% Cr and
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Ni—20 at % Al-13 at % Co-9 at % Cr—4 at % Ti—1 at % following nomenclature is employed: “BF” and “DF”
Mo-1 at % V were produced in the form of 30 g buttons.indicate bright field and dark field micrographs, re-
These buttons were each inverted and arc-melted sigpectively, B” represents the beam direction for se-
times to promote mixing. Homogenization treatmentslected area diffraction (SAD) and nano-beam diffrac-
were conducted in an argon atmosphere attemperaturéien (NBD) patterns andd” indicates the reciprocal
of 850 and 1100C for 140 h, followed by furnace lattice vector of the operating reflection in DF im-
cooling to room-temperature. ages. SEM studies employed a JEOL JSM 840 instru-
Transmission electron microscopy (TEM) specimensnent operated at 20 kV. In this paper, “SEI” represents
were prepared from each of the arc-melted alloys in the SEM-derived secondary electron image. Analytical
as-cast condition and after homogenization at 850 andtudies were conducted using energy dispersive X-ray
1100°C. lon milling, rather than electropolishing, was spectroscopy (EDS) via ultra-thin window (UTW) de-
employed to manufacture the TEM specimens, as seectors and Link Systems Isis analyzers attached to
vere problems with differential polishing have been ex-the JEM 2010 and JSM 840 instruments. Quantitative
perienced previously by the authors with alloys of thisSEM-based and qualitative TEM-based analyses were
type. Argon ion milling was conducted using a Gatanperformed.
DuoMill employing an accelerating voltage of 5 kV
with dual guns operated at a current of 50@ per gun 3. Results and discussion
and with gun—specimen angles of13he TEM inves- In this section, microstructural development in the Ni—
tigations were supplemented by lightand scanning elec25 at% Al-14 at% Cr, Ni-29 at% Al-22 at% Cr,
tron microscopy (LM and SEM, respectively). SEM and Ni—27 at % Al-8 at% Cr and Ni—20 at% Al-13 at%
LM studies were conducted on metallographic sample€o-9 at % Cr—4 at % Ti—1 at % Mo-1 at % V materials
electroetchedta V in asolution consisting of 70vol % examined in the present work will be discussed. The
distilled water, 10 vol % glycerol, 15 vol % hydrochlo- general microstructural and compositional features of
ric acid and 5 vol % nitric acid. For analytical inves- these materials will first be described and specific phase
tigations, some SEM work on polished, but unetchedtransformations will then be considered. The overall
samples was also conducted. microstructural and compositional features of the four
TEM investigations used a JEOL JEM 2010 instru-alloys examined in this work are contained in Tables |
ment operated at 200 kV. Throughout this paper, theand II, respectively.

TABLE | 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 a-Cr spheres Mostly’ a-Cr needles a-Cr needles
Ni-25 Al-14 Cr 850°C aged B a-Cr spheres y' «a-Cr needles «a-Cr needles
1100 °C aged B y’ anda-Cr y/y' None None
As-cast Martensitic a-Cr spheres y/y' None «a-Cr needles
Ni—29 Al-22 Cr 850°C aged MostlyB y’ ellipsoids y' a-Cr needles None
1100 °C aged B None y' None «a-Cr needles
As-cast Martensitic a-Cr spheres Mostly’ None a-Cr needles
Ni-27 Al-8 Cr 850°C aged B y' lamellae a-Cr None None
1100 °C aged B y' lamellae Mostlyy’ a-Cr needles None
Ni-20 Al-13 Co-9 As-cast Martensitic Negligible Mostly Negligible None
Cr-4 Ti-1 Mo-1V 850°C aged B y’ ando y/y' o None
1100 °C aged B y' ando y/y' None None

TABLE Il 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 AlI-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 850C 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-1V 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 exeh@eneedles that cross dendrite boundaries.
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(b) (b)

Figure 1 Intradendritic L} martensite present in the as-cast condition: Figure 2 SEls showing the microstructure of the Ni-20 at % Al-13 at %
(a) BF micrograph (Ni-29 at % Al-22 at % Cr alloy); (b) NBD pattern Co-9 at% Cr—4 at% Ti-1 at% Mo-1 at% V alloy aged for 140 h at
with B = [10 1.1, (Ni—25 at% Al-14 at % Cr alloy). 1100°C (B-phase dendrites are labeled as “d” and the interdendritic
y/y’ region is denoted by “i"): (a) overall microstructure; (b) detailed
microstructure.
3.1. Overview of microstructural and
compositional features

All of the materials examined were found to solid- and chromium contents from 8 to 22 at %). Variations
ify dendritically, with the dendrite matrices undergo- in the volume fraction occupied by the interdendritic
ing complete martensitic transformation during cool-regions accommodated the different overall composi-
ing. In the as-cast condition, nickel-rich dendrites withtions.
a twinned L3-type matrix were observed (Fig. 1) in  Chromium is ay stabilizer, at the expense of both
all cases. No evidence was found of the formation ofg and y’ [9]. However, with the exception of the
the 7R transitional phase [e.g., 13] or otlfephase de- 22 at% Cr alloy, the matrices of the interdendritic re-
composition products. Aging at both 850 and 12@0 gions in the as-cast Ni—Al-Cr materials were found
in general had the effect of transforming the dendriteto consist largely of single-phasé. In the Ni—AI-Cr
interiors from L} martensite to a range @y’ two-  alloys, the failure to observe significant interdendritic
phase microstructures (an example gfdendritic mi-  y-phase precipitation appeared to result from the exten-
crostructure is shown in Fig. 2). The character of theseive precipitation ofx-Cr (A2-type chromium-based
B-y’ microstructures varied significantly between thedisordered solid solution). Precipitation @fCr that
different materials examined, and this is discussed ininfluenced the composition of the interdendritic ma-
detail in section 3.2. trix occurred both interdendritically and across den-

Chromium was found to have segregated to the indrite boundaries. The formation af-Cr removed
terdendritic regions of the as-cast samples. Conversely;-stabilizing chromium from solution in the interden-
the dendrites of the three Ni—Al-Cr ternary alloys weredritic matrix. Precipitation o&-Cr is discussed in fur-
found to be rich in aluminum when compared to thether detail in section 3.3.
interdendritic regions. In the as-cast Ni-Al-Cr alloys, In the case of the Ni—20 at % Al-13 at % Co-9 at%
the compositions (Table Il) of both the dendritic and Cr—4 at% Ti—1 at% Mo-1 at% V alloy in the as-cast
interdendritic regions varied only slightly from alloy to condition, segregation of cobalt, chromium, titanium,
alloy. This contrasts strongly with the significant dif- and molybdenum to the interdendritic regions was ob-
ference in overall composition between the three alloyserved. Although the formation of-Cr did not take
(overall aluminum contents range from 25 to 29 at%place in the as-cast material, the interdendritic regions
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were single-phasg’. Jiaet al.[9] give the following  Al-8 at% Cr alloy) was roughly similar and hence, at
partition coefficientsy’ and y(k”/?) for a tempera- firstsight, distinct designations of “matrix” and “second
ture of 1100°C: chromium 0.79, cobalt 0.58, molyb- phase” might appear misleading. However, on further
denum 1.60, and titanium 1.82 (all data are for diluteinvestigation, it was noted that thephase (Fig. 3c)
alloys). Thus, although the interdendritic regions con-formed a continuum within a given dendrite, which was
tained 16 at% of cobalt and 14 at% of chromium, notthe case for thg’, which was composed of discrete,
y-stabilization by these elements was presumably (aglightly mutually misoriented lamellae. Hence, the in-
least in part) counteracted by the presence interdendritradendritic microstructure of the 850 and 12@0aged
ically of y’-stabilizing titanium and molybdenum. Ni—27 at% Al-8 at % Cr alloy is best described gs'a
In some cases, aging at both 850 and 110thad second phase in A-phase matrix. This is consistent
the effect of (at least partially) re-solutioniagCr and  with the precipitation of/” from nickel-richp (present
hence releasing-stabilizing chromium into the inter- after reversion of the Ll martensite to its8 parent
dendritic matrix. This correlated to the formation of phase).
y /y’ interdendritic microstructures in the as-aged con- A noticeable feature of thg’ lamellae in the Ni—27
dition. In the case, however, of the Ni-27 at% Al-8 at % Al-8 at% Cr alloy was the absence of twinning.
at% Cr alloy aged at 85@C, the interdendritic regions Given that the L3 martensite plates in the as-cast ma-
were largely consumed by growth of the dendrites anderial were extensively twinned, this provides a further
the residual interdendritic regions were composed enargument against inheritance of the morphology of the
tirely of «-Cr. Changes in the distribution afCr pre- L1 martensite by the’ lamellae.
cipitates, in particular, complicated the trend in over- In contrast to the lamellar mode ¢f precipitation
all dendritic and interdendritic composition with aging, found in the Ni-27 at% Al-8 at% Cr alloy, forma-
and no single simple correlation between aging treattion of roughly ellipsoidaly’ precipitates in g-phase
ment and these compositions was apparent. matrix was observed after 850 and/or 110D aging
Based upon overall compositional and microstruc-of the other three materials investigated. Trepre-
tural features discussed above, the development of spe#pitates varied somewhat in size from material to ma-
cific phases will now be discussed in detail. terial. Precipitate dimensions also depended upon the
heat-treatment temperature employed and the position
of the host dendrite in the arc-melted buttons. However,
. L a precipitate length of around 500 nmgfin and width
3.2. Intradendritic precipitation of y’ of around 200-600 nm was “typical’. In general, the

As was noted above, aging of the as-cast materials &jipsoidal precipitates were twinned (Fig. 4). Often,
both 850 and 110€C resulted in transformation of the pyt not invariably, a single midrib twin boundary was

L1, martensite to thg-phase. After furnace coolingto gpserved.

room-temperatured pI_USy’two—phase microstructures  The precipitation ofy and/or)y’ from nickel-richg
were often observed in aged samples. Themarten-  can occur [15] with both Nishiyama—Wassermann and

site phase is fully reversible on re-heating (and thiscyrdjumov—Sachs-type orientation relationships, such
can be directly observed using hot-stage TEM [11]).that:

Indeed, the existence of a fully reversible martensitic

transformation forms the basis of the shape-memory [001]s //[110],
effect observed in (nickel-rich) NiAl [8]. Thus, the b1 =
martensite must have first transformed back to the B2 (110) // (111),

type B-phase and only subsequently precipitajéd I . . —
In these circumstances, the morphology of the L1 L(E]riI;r;em;\llshlyama—Wassermann orientation relation

martensite could have no influence on the morphol-
ogy of they’ precipitates. Thus, “inheritance” of the
morphology of the L§ martensite plates by lamellgf [l_l s // 10 EE]V’
precipitates, as was proposed by Kainuetal. [14] (110 // (111),
for y’ lamellae formed in an Ni—25 at % Al-15 at % Fe
alloy, does not seem plausible [15]. This conclusion isfor the Kurdjumov—Sachs orientation relationship. In
of some importance in the present work as the matrixthe present investigation, both of these orientation re-
of the Ni—27 at % Al-8 at % Cr alloy was found (Fig. 3) lationships were observed (some examples are shown
to consist of a lamellar two-phase mixture®andy’  in Figs 4c and 5) within any given sample. How-
(such that the/’ lamellae typically possessed a width ever, within a particular dendrite, only one of the two
of around 400-600 nm and were separate@iphase orientation relationships was usually encountered (al-
regions possessing a width of around 200—400 nm). though this was not always the case). Given that the
The y’ lamellae were observed to form low-angle misorientation between the Nishiyama—Wassermann
boundaries where adjacept lamellae met (typically and Kurdjumov—Sachs-type orientation relationships
these were misoriented by around 1 t§.However, involves only a small rotation, the co-existence of these
most interfaces were of thg-y’ type, rather than two orientation relationships is not unreasonable.
y’-y’. Furthermore,8-8 interfaces were not gener-  Yangetal.[16] have proposed a model for the precip-
ally observed within the lamellg#-y’ microstructure. itation of midrib twinned,’ from nickel-richg. In Yang
The extent of intradendritic precipitation of tkand  etal’s model,y’ nucleates on the domain boundaries of
B-phases (in the 850 and 110C aged Ni—27 at% ordered domains of antisite defects. The twin boundary
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Figure 3 Formation of intradendriti¢”’ lamellae in the Ni—27 at% Al-8 at % Cr alloy aged for 140 h at 880m = g-phase matrix angh = y’
precipitates): (a—c) BF micrographs; (d—e) DF images with (200),.

then corresponds to the plane of the antisite domaiwiously formed)y’ precipitates. In such a case, unless
boundary and the twinning results from the growtlyof  uncleation occurred op’ precipitate—antisite domain
with different variants of the Nishiyama—Wassermannboundary junctions (which would presumably be rela-
orientation relationship (in Yangt al's case) into the tively infrequent unless the antisite domain size were
B-phase. small) an alternative mechanism would be required.
While the formation of antisite defects is well doc- One conceivable possibility is that the twinning results
umented in nickel-rich B2 NiAl (for which the anti- from an attempt to accommodate this misfit between
site defects consist of nickel atoms on aluminum siteghe 8 andy’ phases. However, further investigation of
[17]), no evidence has been found in the literature forthis suggestion is required.
the ordering of these defects into distinct domains. Fur- In (qualitative) TEM—-EDS investigations the in-
thermore, in the present case, twinning was observettadendriticy’-phase was found, as would be expected,
even when the/’ precipitates nucleated on other (pre- to be lower in aluminum than the adjac@phase. The
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Figure 4 Twinnedy’ precipitated within the8-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 850C (m = B-phase,p = y’ precipitatesd = B-phase dendrites with intradendriti¢ precipitatesj = interdendritic

y/y’ andn = o-phase interdendritic needles): (a) BF micrograph; (b) SAD Bita: [110],/; (c) SAD withB = [110],/ / [111]g showing a
Kurdjumov—Sachs-type orientation relationship; and (d) SEI showing the extensive intradendritic precipitatioNate also the existence of an
interdendriticy /y’ matrix with o -phase needles.

chromium content of the intradendrificandy’ phases tradendriticy’, y’-free dendrites were observed for the
in the three Ni—Al-Cr alloys was (in general) roughly Ni—25 at% Al-14 at% Cr alloy aged at 85C. A
similar, which is to be expected, given that the partitionfurther anomaly was also observed in the Ni—29 at %
co-efficient between’ andg (k?"/#) is approximately Al-22 at% Cr alloy aged at 850 and 1100. In this
unity for chromium [9]. However, an anomaly was ob- sample, some regions of the dendrites retained some
served in the Ni—20 at% Al-13 at% Co-9 at% Cr-4L1y martensite (Fig. 6), whereas adjacent regions of
at% Ti—1 at% Mo-1 at% V alloy aged at 88Q, for  the same dendrites were transformed foraatrix with
which chromium generally partitioned to tisephase. ellipsoidal twinnedy’ precipitates.
The origin of this anomalous behaviour is not known at
this time. The value d&”'/# for cobalt is similar to that
for chromium and, in the Ni—20 at % Al-13 at % Co-9 3.3. Formation of «-Cr
at% Cr—4 at % Ti—1 at % Mo—1 at % V alloy, these two The precipitation of both intradendritic and interden-
elements behaved similarly, showing no marked preferdritic «-Cr was observed in many of the materials
ence for either thg or they’ phaseinthe 1100C aged examined. In addition, large-Cr needles were often
condition. In contrast, titanium was found to segregateobserved to cross over dendrite boundaries, and hence
to they’ phase and this correlates wittk’a’# value of ~ these needles could not be described uniquely as either
4.06 [9]. The average intradendritic molybdenum andntradendritic or interdendritic precipitates. In all cases,
vanadium contents of the Ni—20 at % Al-13 at % Co—9the «-Cr precipitates were aluminum-free (within the
at% Cr—4 at% Ti-1 at% Mo-1 at% V alloy were at, detection capability of EDS). However, some of the
or below, 1 at% and thus were close to the detectiorv-Cr contained up to 5 at % Ni.
limit for EDS. Hence, it was not possible to make a In the as-cast condition, intradendritieCr formed
convincing determination of the segregation behavioas spheroidal precipitates (Fig. 7). Fieldal.[18] ob-
of these two elements. served thai-Cr precipitated in the3-phase is only

In Table I, it is noted that, although aging at 850 semi-coherent and forms distinctive interfacial dislo-
and 1100°C usually resulted in the formation of in- cation networks. In the present investigation, in cases
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(b) (b)

Figure 6 L1 martensite observed intradendritically in the Ni—29 at %
Al-22 at% Cr alloy aged for 140 h at 110C: (a) BF micrograph.
Note the presence of-Cr second-phase precipitates (labeled as “s”)—
these precipitates were not present in the non-martensitic regions of the

dendrites; (b) DF image with = (111).1,.

following orientation relationship to the surrounding
L1y martensite (Fig. 7b):

[101)1, // [111)4-cr
(1111, // (11 0)-cr

The morphology of the-Cr precipitates appeared com-
pletely independent of that of the . inartensite. Thus,
© it might be the case that the-Cr nucleated from the
B-phase and that the latter only subsequently underwent
Figure 5 SAD patterns showing’ precipitated within thg8-phase den-  martensitic transformation. In such a case, the observed
drite matrix of Ni-Al-Cr samples aged for 140 h at 118D (@)B = qrjentation relationship between the martensite and the
[1101y, (Ni—29 _at°_/o Al-22 at% Cr alloy); (bB = _[110]_V’ 1 [0011ﬂ a-C Id be that between t h rentand b1
showing a Nishiyama—Wassermann-type orientation relationshig™ rwou € elwee . !ﬁbp asepa e, and b
(Ni-27 at% Al-8 at% Cr alloy); (B = [110], / [111]s show-  tyPe product of the martensitic transformation. The ob-
ing a Kurdjumov—Sachs-type orientation relationship (Ni-27 at% Al-8 served (Kurdjumov—Sachs type) orientation relation-
at% Cr alloy). 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 intradendritieCr.
where thex-Cr precipitates were relatively small (e.g., This was unexpected as, once formedr is generally
less than about 50 nm in diameter), coherent (elasticallgtable in similar systems [19].
strained) interfaces were formed with the surrounding The formation ofx-Cr precipitates residing entirely
matrix. In contrast, larger (e.g., 100 nm diameter orin the interdendritic region took on two forms. The first
larger precipitates) were semicoherent. of these, as observed in the Ni-27 at% Al-8 at% Cr
In the case of intradendritie-Cr found in the as-cast  alloy arose when significant growth of tisephase oc-
materials (i.e., for the case of all three Ni—Al-Cr ternarycurred during 850C aging, to the point where only
alloys), thea-Cr precipitates were found to adopt the occasional isolated interdendritic regions remained.
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Figure 8 SEI illustrating the overall microstructure of the Ni—25 at%
Al-14 at% Cr alloy aged for 140 h at 85@. Note the presence of
large o-Cr needles (labeled as “n”) crossing dendrite boundaies (
phase dendrites with intradendritieCr precipitates are labeled as “d,”
while the interdendritic regions consisting ofydy’ matrix anda-Cr
precipitates are denoted by “i").

long and around 5 to 10m wide) were observed. These
coarsex-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 theCr nee-
dles and other phases present in the samples. However,
given the large size of the coargeCr needles, prob-
(b) lems with differential thinning were experienced during

) —_— ) _ _ ion milling. Differential thinning impeded the identifi-
Figure 7 Precipitation of spheroidal-Cr in as-cast Ni-Al-Cr samples: . . . - -
(a) BF micrograph showing the kImartensite dendrite matrix of the cation of any O”entatlon relatlonShlpS that m_ay have
Ni—29 at% Al-22 at% Cr alloy and-Cr second-phase precipitates PEEN present. The detailed mechanisms leading to the

(labeled as “s”); (b) NBD pattern wit8 = [101]1, // [L111l,-c  formation of both the fine and coargeCr needles re-
showing a Kurdjumov—Sachs-type orientation relationship betweenmain unclear.

a-Cr precipitates and the gImartensite in the Ni-25 at% Al-14 at %

Cr material.

3.4. The generation of interdendritic ' and

Given the low solubility of chromium in th@-phase y/y’ microstructures
(around 4 at % for stoichiometric NiAl at 85 [20]), As was noted in section 3.1 above, the interdendritic
the growingg-phase rejected chromium back into the matrix of all but one of the materials examined in the
remaining interdendritic regions during aging (thuspresent work consisted, in the as-cast condition, of al-
continuing in the solid-state the chromium redistribu-most single-phase’ (only occasional regions of
tion observed after solidification). This chromium re- were observed). The sole exception to this trend was
jection correlated, in the Ni—27 at % Al-8 at % Cr alloy, the Ni—29 at% Al-22 at% Cr alloy. In this material,
with the transformation of the residual interdendritic dendrite boundaries were coated with a layer of single-
regions to single-phase-Cr. Within any given region phasey’ with a thickness typically in the range of
of a sample, the single-phaseCr was of a constant 200-500 nm. This layer of single-phasg which con-
crystallographic orientation. However, no orientationtained numerous antiphase boundaries, was cube-cube
relationship was noted with the adjacent dendrites.  orientation-related to the interdendritic matrix. How-

The second type of interdendriticCr precipitates ever, they’ layer was not orientation-related to the
observed in the present work were needles, typicallydendrites (an orientation relationship was not observed
with a length of around %wm and a width of about between the dendritic and interdendritic matrices). The
2 um. These needles were formed either in the as-casemainder of the interdendritic region was composed
condition (Ni-25 at% Al-14 at% Cr alloy) or after of y’ cuboids whose edges possessed lengths of around
aging (Ni—29 at% Al-22 at% Cr aged at 85C or 100-200 nm. Thesg’ precipitates were cube-cube
Ni—27 at% Al-8 at% Cr aged at 110C). These fine orientation-related to the-phase interdendritic matrix.
needles possessed a Nishiyama—Wassermann-type ori-The formation ofy /3’ microstructures (an example
entation relationship to the surrounding{phase) in-  of which is given in Fig. 2b) during aging at either
terdendritic matrix. 850 or 1100°C was found to require complete dis-

In addition to the relatively fine-Cr needles, coarse solution of thea-Cr precipitates contained within, or
a-Cr needles (typically in the range of 50 to 2Q@n  intersecting, the interdendritic regions. In contrast, in
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cases where existing-Cr remained present, or where tion. Wheny /y’ microstructures did form during ag-
newa-Cr formed during aging, insufficient chromium ing, the interdendritic regions closely resembled those
remained in solution in the interdendritic matrix to sta-found in the as-cast Ni—29 at % Al-22 at % Cr material.
bilize the y-phase. In these circumstances, a single-

phasey’ matrix resulted, even when (in the case of the

Ni-29 at % Al-22 at % Cr alloy) the interdendritic ma- 3.5 QOther phases

trix consisted of two-phasg/y " in the as-cast condi- Al of the materials investigated in the present work
were arc-melted. When a graphitic electrode was em-
ployed, occasiond¥l,3Xg (for which M was chromium
andX carbon) carbides were observed (Fig. 9) interden-
dritically with a cube-cube orientation relationship to
the interdendritic¢ /¥’ or y’) matrix. These carbides
presumably formed as a result of carbon incorporation
into the meltfrom 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 theM,3Xg precipitates and tungsten
particles resulting from the arc-melting process, the
precipitation (Fig. 10) ob-phase (rich in chromium,
100 A r_nolybdenu_m, 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 interdendritie: was observed in this material after
aging at 850C, whereas aging at 110C led only to

(b)

Figure 9 Precipitation oM23Xg in Ni-Al-Cr materials arc-melted with
agraphitic electrode: (a) DF image employing- (2 2 2)u,,x Showing (b)

an M3 Xe precipitate in the Ni-25 at% Al-14 at% Cr alloy aged for

140 h at 1100°C; (b) SAD pattern produced witB = [1 1 0]v,xg Figure 10 Intradendritic precipitation of’ (labeled as “p”) and-phase
(Ni—27 at% AIl-8 at% Cr alloy aged for 140 h at 85Q); (c) SAD (labeled as “n”) in the Ni—20 at % Al-13 at % Co-9 at % Cr—4 at % Ti-1
pattern corresponding 8 = [110]u,;x,/,” Showing the cube-cube at% Mo-1 at% V alloy aged for 140 h at 85C: (a) BF micrograph
orientation relationship of aM»3Xg carbide and the/’ interdendritic (note the change of orientation of this figure with respect to Fig. 4a). (b)
matrix of the Ni—27 at % Al-8 at % Cr alloy aged for 140 h at 880 SAD pattern B = [110],).
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the formation of occasional intradendriticphase 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 interdendriticM»3Xg 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 ef was formed.

¢ Inthe as-cast condition, the extensive precipitation
of a-Cr removedy-stabilizing chromium from so-
lution in the interdendritic matrix, resulting in the
formation of single-phase interdendritic in the
three Ni—AI-Cr alloys examined. Re-solutioning
of «-Cr impinging upon and/or contained within
the interdendritic regions was necessary to allow
the formation of interdendriti¢z /3" during aging
at 850 or 1100C.
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