
JOURNAL OF MATERIALS SCIENCE 30 (1995) 248-252 

A high-resolution-electron-microscopy study of 
a y/y'-= directionally solidified eutectic alloy 
Part I The as-solidified state 
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The microstructure of a y / 7 ' - ~  directionally solidified (DS) eutectic alloy with a nominal 
composition of Ni-30.26Mo-6.08AI-1.43V (wt %) was investigated by means of high- 
resolution electron microscopy (HREM) and analytical electron microscopy. The C-fibres 
exhibited a typical morphology with a rectangular cross-section and they displayed the Bain 
orientation relationship (OR) with the Y'/7 matrix; that is, [0013=11[0 0 1]~, and 
(1 1 0)=jl (0 1 0)~,. Misfit dislocations and lattice strain fields existed at the ~/y' interface for 
different habit planes; that is, (1 1 0)=11(01 0)~, and (1 00)~11(11 0)~, were analysed. EDAX 
(Energy dispersive X-ray) analysis showed that the composition of the y-phase was 
approximately Ni4(Mo, AI, V); it contained 90~ rotational domains of Ni3(Mo, AI, V) with a 
DO22 structure and Ni2(Mo, AI, V) with a Pt2Mo structure. 

1. In troduct ion  
Nickel-rich directionally solidified (DS) alloys of 
y/7'-r have received a great deal of interest as candi- 
dates for potential high-temperature structural mater- 
ials. Alloys of this material with eutectic compositions 
consist of ductile a-Me fibres and a dual-phase matrix 
containing a Ni-rich face-centred cubic (f.c.c.) solid 
solution (7-phase) and a y'-Ni3A1 phase with a L12 
structure [1]. These materials have excellent mechan- 
ical properties at both high (900-1000 ~ and inter- 
mediate (600 850 ~ temperature [-2, 3]. 

The crystallographic orientation relationship and 
interface structure have been examined because the 
compatibility in plastic deformation and microstruc- 
ture thermal stability can be expected to depend on 
these parameters [-411 Variations in the fibre morpho- 
logy and in the crystallographic orientation relation- 
ships, which depend on the growth rate and on the 
cooling rate in DS alloys, have been studied sys- 
tematically [5]. In addition to the Bain orientation 
relationship, the so-called Pitsch and Nishiyama 
Wasserman (NW) orientation relationships between 
the fibres and the matrix have also been determined. 
However, a few papers have reported HREM studies 
of the microstructure in 7/7'-r systems. 

The purpose of the present work was character- 
ization by means of HREM, of the interface structure 
of the as-solidified eutectic phases of r and y', and of 
the 90 ~ rotational domain structure containing 
Ni3(Mo, A1, V) and Ni2(Mo, A1, V) in the 7-phase. 

2. Experimental  procedure 
The master alloy, with a nominal composition of 
Ni-30.26Mo-6.08Al-l.43V (wt %), was melted in a 
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vacuum induction furnace to produce 20 cm long rods 
with diameters of 1.2 cm. Mechanically polished cast 
bars were directionaUy solidified in a DS furnace with 
a growth rate of 1.5 cm h -  1. The HREM samples were 
prepared using a conventional procedure which in- 
volved cutting discs with a diameter of 3.0 mm, mech- 
anical polishing them to a thickness of 50 I~m, dimpling 
them to 20 gm and finally ion milling them. The 
HREM observations were performed in a JEM 
2000EX II high-resolution electron microscope with a 
point-to-point resolution of 0.21 nm. The EDAX ana- 
lysis was performed in a Phillips EM 420 analytical 
electron microscope with a probe size of 50 nm. 

3. Results and discussion 
3.1. The growth morphology and the 

orientation relationship 
Fig. 1 is a typical growth morphology of a DS 7/7' 
alloy. ~-Mo forms into faceted fibres with rectangular 
cross-sections which are about one gm in width. The 
outside regions of the ~-Mo, with the bright contrast, 
are the 7'-Ni3A1 phase; the remaining space is filled by 
the y-phase. The ~-Mo and the y'-Ni3A1 are denoted 
by ~ and y', respectively. 

Fig. 2 is a composite selected-area electron diffrac- 
tion (SAED) patterns of 7' and ~, in which the weak dots 
correspond to the superlattice diffraction of 7'-Ni3AI. 
It shows that the orientation relationship between 
the ~- and the y'-phase is [001]~[[[001]~, and 
(1 1 0)~[l(0 1 0)v.. This is a Bain orientation relationship, 
which is different from the well-known NW and 
Kurdjumov-Sachs (KS) orientation relationships be- 
tween the body-centred cubic (b.c.c.) and the f.c.c. 
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Figure 1 A bright-field electron micrograph along the growth direc- 
tion of 7/u DS alloy. 

Figure 3 (a) A HREM image of the (110)c~l[(010),f, interface viewed 
along [001]~ll[001],/, and (b) a HREM image of another region 
showing an array of extra atomic planes, which are indicated by the 
symbol -4,  at the interface. 

Figure 2 A composite SAED pattern of Y' and ct-Mo. 

structures. The orientation relationship between 7' 
and y is (110)v,l[(110)v and [001]y,I[[001]v. 

3.2. H REM images of the :z/y' interface viewed 
along [001]=H[001]~, 

Fig. 3a shows a HREM image of(110)~ll(010)~, inter- 
face along [001]~rj [001Iv,. The corresponding elec- 
tron diffraction pattern is shown in Fig. 2. The average 
spacing between two atomic positions in the y' phase, 
projected along the [001]~, direction, is 0.18nm. 
Therefore, imaging of the atomic positions in the y'- 
phase along [001] v, is not possible at the Scherzer 
focus value, because of the limitation of the point 
resolution of electron microscope. However, by a 
suitable selection of the defocus value, the atomic 
columns in both the ~- and the y'-phase regions are 
imagined as bright dots. 

The interface between the ~- and y'-phases, indi- 
cated by the double arrows, is atomically flat and 
without any interfacial phase, as shown in Fig. 3a. The 
lattice mismatch between (2 0 0)~, and (1 10)~ is about 8 
= 21%. The misfit dislocations, indicated by single 

arrows, are located at the interface. The Burgers vec- 
tor of these misfit dislocations is of the type b 
= (1/2)(100)v,, which is parallel to the interface 

plane. The mean spacing between the dislocations Sa, 
calculated by S d = I b f/8, is 0.9 nm (four atomic planes 
of (1 10)~), which is in good agreement with the value 
measured from Fig. 3a. Therefore, the lattice mismatch 
between the ~- and the 7'-phase at the interface 
appears to be accommodated by the formation of the 
misfit dislocations. 

Fig. 3b shows a HREM image of the ~/7' interface 
in the other region of the sample observed along the 
[001]~lt[001]~, direction. The (010)~, plane is tilted 
by about 3 ~ with respect to the (110)~ plane, which is 
accommodated by a periodic array of extra atomic 
planes near the interface indicated by the - -  symbol. 

3.3. HREM image of the c(/y' interface 
viewed along (1 00)=11(110)7, 

Fig. 4 is a HREM image of the (1 l 0)~rl(0 10)~, inter- 
face, viewed along [100]~ll[1 10]v,. The overlapped 
image of the ~- and the y'-phase at the 45 ~ inclined 
interface results in moire fringes, as shown in the inset 
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Figure 4. A HREM image of a 45 ~ inclined (110)all(010)7, interface 
viewed along [100]~ll[110]?,. The inset shows overlapped moir6 
fringes at the thicker region. At the thinner-edge region, the moir~ 
fringes form a saw tooth-like interface. 

of Fig. 4. Because the overlapped region becomes very 
thin at the edge of the specimen, the interface shows a 
saw tooth-like shape, as indicated b y  the arrows. 
Unfortunately, the study of dislocation structures at 
this interface becomes difficult using HREM tech- 
niques, because the interface dislocations are sheltered 
by the moir6 fringes. 

The habit planes of cz- fibres are { 1 10}a. In a few 
cases, however, second habit planes corresponding to 
{100}~ and {1 10}~, can also be seen for the same 
orientation relationship. Fig. 5 is a HREM image of 
the (100)~11(1 10)v, interface viewed along 
[0 10]~ II []- 10]~,. The lattice mismatch between d~0 o 1) 
and d[ool ) is 8 = 14%, and the calculated spacing 
between the misfit dislocations is 2.5 nm, which is 
similar to the measured mean distance between the 
regularly arranged lattice strain fields (as indicated by 
the arrows in Fig. 5). 

Figure 5 A HREM image of the (100)c~ll(100)m, interface, viewed 
along [010]~iq[i 10],/,, showing a regular array of the contrast of 
the lattice strain fields. 
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3.4. A geometrical description of 
the (110)=11 (010)~,, and 
(100)=11(110)7, interfaces 

In order to understand the interfacial structure of c~/7', 
the concept of the coincident site lattice (CSL) was 
employed [6, 73. Figs 6a and b show a CSL on the 
(110)~U(010)~, and (100)~11(110)~, atomic planes, re- 
spectively. It has been pointed out by Sriramamurty 
et al. [4] that these two low-energy habit planes 
should be expected to form in these systems because 
the similar percentages of coherent atom pairs 
are about 19% on (110)~H(010)v, and 17% on 
(100)~[1(110)~,, respectively. 

The spacing of dislocation lines, projected along 
[001)~111-001]~,, in Fig. 6a is four atomic planes of 
(110)~, which is in good agreement with the experi- 
mental observation shown in Fig. 3a. In Fig. 6b, the 
spacing of the dislocation lines projected along 
I-010]=ll l-i 10]v, would be about 2.5 nm (eight atomic 
planes of (001)~), which is reasonably close to the 
mean spacing observed between the lattice strain fields 
in Fig. 5. 
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Figure 6 (a) The CSL formed by coinciding planes of (110)~ and 
(010)-~, and (b) the CSL formed by the (100)all(110)7, habit planes. 
Only one layer of each lattice is included. 



3 5 .  T h e  d o m a i n  s t r u c t u r e  a n d  t h e  d o m a i n  

b o u n d a r y  in t h e  y - p h a s e  

The results of EDAX analysis in the y-phase showed 
that the y-phase contains about 81 at % Ni, 12at % 
Mo, 4at  % A1 and 3 at %V, which can be denoted 
approximately by Ni4(Mo, A1,V). Figs 7a and b are 
the SAED pattern and schematic diagram of the 
indexed pattern, showing the presence of 90 ~ rota- 
tional domains of Ni3(Mo, A1,V) and Ni2(Mo, A1,V ) 
with D O 2 2  and Pt2Mo type structures, respectively. 
Fig. 7c is a doubly exposed dark-field image using the 
diffraction spots marked as 1 and 2 in Fig. 7b, showing 
the lens-shaped Niz(Mo, A1,V) precipitates in the y- 
matrix. The domain size of the Niz(Mo, A1,V) phase 
ranges from tens of nanometres to one or two hun- 
dreds of nanometres. 

The crystal structure of the NixMo phases, where x 
= 2, 3 and 4, can be described as a regular arrange- 

ment of Ni or Mo atomic planes on the {4 2 0} planes 
of the f.c.c, parent [8]. The Ni2Mo, Ni3Mo and 
Ni4Mo have two, three and four layers of Ni planes 
between adjacent Mo planes, respectively. 

Fig. 8a is a HREM image of a triple interface 
between Ni2(Mo, A1,V) and the 90 ~ rotational do- 
mains of Ni3(Mo, A1, V) viewed along the ( 0 0  1) dir- 
ection of Nis(Mo, A1, V) and Ni2(Mo, A1,V). The in- 
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Figure 7 (a) The electron diffraction pattern for the y-phase along 
the (00 1) zone axis, (b) a schematic diagram of 90 ~ rotational 
domains of Niz(Mo, AI, V) with a Pt2Mo-type structure and DO22 
form Ni3(Mo, AI, V), and (c) a doubly exposed dark-field micro- 
graph of Ni2(Mo, AI, V) precipitates using the superlattice spots 
marked as 1 and 2 in (b). 
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Figure 8 (a) A HREM image of lens-shaped Ni2(Mo, AI, V) 
precipitated inside two 90 ~ rotational domains of Ni3(Mo, AI, V). 
The interfaces between Ni2(Mo, AI, V) and Ni3(Mo , A1, V) are 
parallel to the {110} planes. The 90 ~ rotational domain boundary is 
indicated by the arrows, (b) The structural model of the 
NizMo/Ni3Mo interface projected along the (001) directions. (O) 
Mo atoms and (o) Ni atoms. 

terfaces are parallel to the {1 10} planes of 
Ni 2 (Mo, A1, V) and Nia (Mo, A1, V). The 90 ~ rotational 
domain boundary in Nia(Mo, A1, V) is indicated by the 
arrows in Fig. 8a. The unit cells of Niz(Mo, Al, V) and 
Ni3(Mo, A1, V) are also outlined in the HREM image. 

In order to analyse the structural model of the 
interface, image simulations were performed for 
Ni2(Moo.6, Alo.2, Vo.2) and Ni3(Moo.6, Alo.2, V0.2) us- 
ing the operating parameters of JEM 2000EX II; that 
is, the coefficient of spherical aberration C+ = 0.7 ram, 
the semiangle of the beam divergence ~ = 0.75 mrad 
and the half width of the Gaussian defocus spread 
• = 8 nm. The insets in Fig. 8a are simulated images 
for a thickness of 12.5 nm and a defocus value of 
55nm. Each bright dot in the image of the 
Ni2(Moo.6, Alo.2, Vo.2) and the Ni3(Moo.6, Alo.2, V0.2) 
regions corresponds to the position of a 
(MOo.6, A10.2, Vo.2) atomic column. 

Fig. 8b is a projected structural model of the inter- 
face between Ni2Mo and Ni3Mo, which is shown in 
Fig. 8a. The interface is parallel to the { 1 1 0) planes of 
Ni3Mo and Ni2Mo, and the Mo atomic plane is the 
common plane at the interface. 

251 



3. Besides the misfit dislocations, lattice strain fields 
with a spacing of about 2.5 nm were observed near the 
(1 00)~ll(1 1 0)~, interface. 

4. EDAX analysis showed that the composition of 
the 7-phase is approximately Ni4(Mo, A1,V), which 
contained 90 ~ rotational domains of Ni3(Mo, AI, V) 
(with a D O 2 2  structure) and Ni2(Mo, A1,V ) (with a 
PtzMo structure). 

Figure 9 A HREM image of a Ni2(Mo, AI, V) plate which has 
precipitated in an Ni3(Mo, A1, V) matrix. 

Occasionally, a fine Ni2(Mo, A1,V) plate can also 
precipitate in the Ni3(Mo, A1,V ) matrix. Fig. 9 is a 
H R E M  image of a Ni 2 (Mo, A1, V) plate precipitated in 
a Ni3(Mo, A1, V) matrix. The interface is also parallel 
to {1 1 0} planes ofNi3(Mo, AI, V ) and Niz(Mo, A1,V ). 
Ledges with a height equal to one or two layers of the 
(Mo, A1, V) atomic planes can sometimes be found at 
the interface. 

4. Conclusions 
1. A majority of m-fibres exhibit a typical morpho- 

logy with rectangular cross-sections, and they display 
the Bain orientation relationship with the 7'/7 matrix; 
that is, 

[0 0 1]~1[ [0 0 1]~, to the growth direction 

(1 1 0)~11(0 1 0)v, to the habit plane 

The {1 1 0}~ facets are also observed in a few cases for 
the same orientation relationship. 

2. HREM images of the (1 1 0)~11(010)~, interface 
along the growth direction show an array of misfit 
dislocations at the interface, which accommodate the 
21% lattice mismatch between d~'l ~ o) and v' d(2oo). 
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