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The formation of a Ni3Al(γ ′)+Ni7Hf2 unidirectionally solidified lamellar eutectic composite
has been investigated in this paper. The results show that Ni-5.8Al-32Hf alloy, which has the
Ni3Al+Ni7Hf2 eutectic structure, is a suitable composition of D.S eutectic material. The
melting range of this composition is 41 ◦C as determined by DTA. The critical ratio of G/R
for Ni3Al+Ni7Hf2 eutectic is found to be 5× 105 ◦C · s · cm−2, and the lamellar Ni3Al+Ni7Hf2

eutectic aligned parallel to the direction of solidification was made with R= 5 µm/s and
G= 250 ◦C/cm. The investigation shows that the lamellar eutectic has a preferred
crystallographic orientation between the Ni3Al and Ni7Hf2 lamellae, i.e., (111)Ni3Al//(100)Ni7Hf2
and [110]Ni3Al//[010]Ni7Hf2 . The lamellar Ni7Hf2 did not degrade or coarsen obviously, and no
harmful phase formed in the interface of Ni3Al/Ni7Hf2 after long time soaking of
1100 ◦C/110 h. This demonstrates that the Ni3Al+Ni7Hf2 lamellar eutectic has high interface
thermal stability. C© 1999 Kluwer Academic Publishers

1. Introduction
In recent years, it is paid attention to the direction-
ally solidified (D.S) eutectic superalloys (in situ-
composition materials), which have higher strength
than D.S nickel base superalloys at high tempera-
ture [1]. In order to develop this kind of material further,
many eutectic systems have been studied [2, 3].

As a matrix for a structural composite formed by eu-
tectic solidification, the intermetallic compound Ni3Al
is the most interesting. The importance of Ni3Al is well
recognized in nickel-base superalloys [4, 5] which are
strengthened by precipitates ofγ ′. It may be strength-
ened by other elements in solid solution [6]. As a single
crystal, Ni3Al exhibits extensive ductility at room tem-
perature [7].

Since Ni3Al was recognized as an ideal matrix for
high melting eutectics, systems between Ni3Al and
a second intermetallic were sought to develop a D.S
eutectic material with higher thermal stability and better
transverse-plasticity. The preliminary results showed
that microhardness of Ni7Hf2 phase was equivalent to
that of Ni3Al and a eutectic ofγ ′+Ni7Hf2 did not crack
by cold rolling. Besides, the diffusion ability of Hf in
Ni3Al phase was very low even at high temperature [8].
Therefore, directionally solidified Ni3Al-Ni 7Hf2 eutec-
tic composite was investigated in detail in this paper,
including the microstructure, solidification behavior,
crystallography relationship and thermal stability of the
eutectic composite material.

2. Experimental
The composition of the alloy was determined to be
Ni-5.8Al-32Hf (wt %) based on the isothermal-section
of Ni-Al-Hf system at 1200◦C [9].

The alloy was prepared as a 150 g ingot by noncon-
sumable electrode arc melting in 3× 104 Pa pressure
argon. The ingot was remelted three times to improve
the compositional homogeneity. The weight variation
of the ingot during melting was small and the nomi-
nal composition of the alloy was taken as the actual
composition.

The metallographic specimens were etched in a mix-
ing solution of 10% hydrogen fluoride, 20% nitric and
70% water. Thin foil for TEM was prepared by twin-jet
thinning in a solution of 59% methanol+35% butanol
+6% perchloric acid at−25◦C, and examined by H800
electron microscope operating at 200 KV.

The phase transition temperature and the melting
range were determined by DTA at a cooling rate of
10◦C/min under the protection of argon. The unidirec-
tional solidification was carried out in a high tempera-
ture gradient D.S furnace using Ga-In-Sn liquid metal
cooling.

3. Results and discussion
3.1. Microstructure of as cast alloy
Fig. 1 shows the typical microstructure of the as cast
alloy. Two types of eutectic zones (A and B) and minor
primary phase Ni7Hf2 exist in the alloy. Further analysis
reveals that region A is Ni3Al+Ni7Hf2 eutectic, and the
white region B is fine eutectic structure consisting of
NiAl and Ni7Hf2 phases.

Fig. 2 is the quenched microstructure of alloy near
the solid-liquid zone during the unidirectional solid-
ification. It shows that NiAl+Ni7Hf2 eutectic forms
in the intereutectic of Ni3Al+Ni7Hf2 during the later
solidification due to non-equilibrium solidification. The
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Figure 1 The microstructure of Ni-5.8Al-32Hf (wt %) alloy as cast . (a) The typical morphology; (b) NiAl+Ni7Hf2 eutectic existed in region B shown
in Fig. 1a.

Figure 2 The solidification interface of lower melting region existed in
the interdendrite.

formation of NiAl+Ni7Hf2 at high solidification rate
implies the existence of a ternary invariant reaction:
L+Ni3Al---->NiAl+Ni7Hf2. It also indicates a saddle
point on the L---->Ni3Al+Ni7Hf2 liquidus valley. On
the basis of these analyses, a schemetic liquidus pro-
jection in this region is shown in Fig. 3.

Three peaks in the DTA curve of the alloy (Fig. 4)
represent different phase transformations during the so-
lidification process, i.e., the precipitation of primary
phase Ni7Hf2 in 1225–1232◦C, reaction of L---->
Ni3Al+Ni7Hf2 in 1210–1212◦C, and L+Ni3Al---->
NiAl+Ni7Hf2 in the 1191–1210◦C. The alloy melting
range1T = 41◦C was also obtained from the DTA
curve.

3.2. Unidirectional solidification of the alloy
Fig. 5 shows the microstructures of unidirectionally so-
lidified alloys with different solidification rate (R) un-

Figure 3 Liquidus projection for the region of interest in the Ni-Al-Hf
system.

der the same temperature gradient (G). Region A and
B still exist in unidirectionally solidified alloys. Region
A is the eutectic of Ni3Al+Ni7Hf2 and region B is the
NiAl+Ni7Hf2 eutectic. Electron probe analysis shows
that the composition of region B is about Ni-7.5Al-
32.5Hf (wt %). The existance of NiAl impairs the high
temperature strength of alloys. Therefore NiAl should
be avoided. Fortunately, this phase can be eliminated
by control of the D.S solidification conditions.

Two obvious changes have taken place with the de-
crease of solidification rate (R) from 20 to 5µm/s. One
is the decrease of segregation degree, indicated by the
volume fraction of NiAl+Ni7Hf2 eutectic. The other
is the morphology of Ni3Al+Ni7Hf2 eutectic. As the
rate of growth decreases, the ratio ofG/R becomes
greater and the solidification process tends to be steady
plane-front growth, the morphology of Ni3Al+Ni7Hf2
eutectic changes from flower form to discontinuous
lamellae, and then to a continuous lamellar structure
(as shown in Fig. 5a to d). D.S tests reveal that solid-
ification rateR= 5 µm/s is a critical value with the
temperature gradientG= 250◦C/cm. (i.e. critical ratio

5352



P1: FDB/FIX P2: FDB/FGD P3: FDB [RD1: JMS] KL942-1196-97 August 10, 1999 9:47

Figure 4 DTA curve of Ni-5.8Al-32Hf (wt %) alloy at a cooling rate of 10◦C/min.

Figure 5 Longitudinal microstructures of Ni-5.8Al-32Hf (wt %) alloy with different solidification rate (R) under Gradient (G) 250◦C/cm. (a)R= 5
µm/s; (b)R= 6µm/s; (c)R= 10µm/s; (d)R= 20µm/s. (Continued)

of G/R= 5×105 ◦C · s· cm−2) . Under the criticalG/R,
the Ni3Al+Ni7Hf2 lamellar aligned parallel to the di-
rection of solidification, and the NiAl+Ni7Hf2 eutectic
was suppressed completely.

3.3. Crystallography relationship
Ni7Hf2 has the monoclinic structure witha= 1.2102
nm, b= 0.8191 nm,c= 0.4657 nm andβ = 95.50◦.
The (100) plane is close packed [9]. Fine internal stri-
ations parallel to the growth direction within Ni7Hf2
were observed (Fig. 6a), which corresponded to twin-
ning on the (100) basal plane.

A preferred crystallography relationship was found
between the Ni3Al and Ni7Hf2 lamellar, i.e., (111)Ni3Al //
(100)Ni7Hf2 and [110]Ni3Al //[010]Ni7Hf2. The interfacial
plane was composed of two densely packed planes of

phases (Ni7Hf2, Ni3Al), which mean the interface is in
low energy state. An electron micrograph and corre-
sponding electron diffraction pattern which exhibit this
relationship are shown in Fig. 7.

3.4. Interface thermal stability of
Ni3Al+Ni7Hf2 eutectic

Fig. 8 shows the transverse microstructure of D.S.
Ni3Al+Ni7Hf2 eutectic materials after long time soak-
ing of 1100◦C/110 h (93% melting point) compared
with unheated microstructure. The lamellar Ni7Hf2 did
not degrade or coarsen obviously, and no harmful phase
formed in the interface of Ni3Al/Ni 7Hf2. The inves-
tigation shows the Ni3Al+Ni7Hf2 lamellar eutectic
has high interface thermal stability, which is mainly
due to the low diffusion ability of Hf inγ ′ at high

5353



P1: FDB/FIX P2: FDB/FGD P3: FDB [RD1: JMS] KL942-1196-97 August 10, 1999 9:47

Figure 5 (Continued).

Figure 6 The Ni7Hf2 phase in D.S Ni3Al+Ni7Hf2 eutectic atG= 250◦C, R= 5 µm/s. (a) twinning within the Ni7Hf2 phase; (b) Selected area
diffraction pattern; (c) Indexing of diffraction pattern.
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Figure 7 Transmission Electron Micrograph and Diffraction Pattern of D.S Ni3Al−Ni7Hf2 lamellar eutectic. (a) Bright field of Ni3Al−Ni7Hf2

lamellar eutectic; (b) selected area diffraction, zone Axis of Ni3Al, [110]. Zone Axis of Ni7Hf2, [010]; (c) Indexing of diffraction pattern.

Figure 8 Comparison of microstructure of D.S Ni3Al+Ni7Hf2 eutectic (a) unheated alloy; (b) heated by 1100◦C/110 h.
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temperature [8] and low energy of the interface due
to the preferred crystallography relationship of the two
phases.

4. Conclusions
1. Ni-5.8Al-32Hf is a proper composition for D.S eu-
tectic, and consist of eutectic Ni3Al+Ni7Hf2 mainly.
Some NiAl exists in as-cast alloys, but can be elimi-
nated by control of DS processing.
2. Ni-5.8Al-32Hf alloy has a melting range
41◦C(1191–1232◦C) and the critical G/R ratio
of 5 × 105 ◦C ·S· cm−2. Under the criticalG/R, the
lamellar Ni3Al+Ni7Hf2 is aligned parallel to the
direction of solidification.
3. The lamellar Ni3Al+Ni7Hf2 eutectic has the fol-
lowing orientation relationships: (111)Ni3Al //(100)Ni7Hf2

and [110]Ni3Al //[010]Ni7Hf2, and high interface thermal
stability was found.
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