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Precipitation in an A1-1.78 wt  % Hf alloy 
after rapid solidification 
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Institutt for Fysikalsk Metallurgi, IV. T.H., Trondheim, Norway 

A metallographic study has been made of an AI-1.78 wt % Hf alloy after rapid solidifi- 
cation, and after high temperature annealing of the as-cast alloy. After solidification, Hf 
stays in supersaturated solid solution with a rather inhomogeneous distribution. On 
annealing, spheres and dendrites of an intermediate AI3Hf phase with Lla structure, and 
perfectly coherent with the matrix, are formed. The spheres form by a continuous, the 
dendrite by a discontinuous precipitation reaction. After continued annealing the Lla 
structure is replaced by a laminated structure of Lla and D0az, where D0az is the 
equilibrium structure of AI3Hf. The precipitation reactions in the systems AI-Hf and 
AI-Zr are compared. 

1. Introduction 
Metastable alloys may be obtained by rapid solidi- 
fication [1]. The characterization of these types 
of alloys has recently received much attention. An 
extensive reference list is given by Giessen in his 
survey [1]. The most interesting features of these 
alloys are the extension of the range of solid 
solubility, appearance of metastable phases as well 
as of amorphous-like structures. 

On subsequent annealing after solidifaction, the 
supersaturated alloy is likely to decompose by 
reactions similar to those taking place during 
ageing of precipitation-hardening alloys. These de- 
composition reactions have been less extensively 
studied. Results obtained by X-ray techniques and 
microhardness indicate that the supersaturated 
solid solution may be quite stable [1-3]. The de- 
composition reactions in A1-Mn and A1-Zr have 
been studied in detail by electron microscopy 
[4-71. 

In A1-Mn alloys, the properties of technological 
importance are probably connected with super- 
saturation of Mn after solidification and subsequent 
"heterogenization" during subsequent annealing 
[8]. The interest in the AI-Zr alloy is due to the 
pronounced affect of small amounts of Zr (~ 1.0 
to 1.5 wt %) on the recrystallization properties and 
subgrain structure in A1 alloys [9]. This effect is 
due to the easy nucleation in the A1 matrix of an 
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intermediate cubic phase, A13Zr, which is coherent, 
finely dispersed, and has a high thermal stability. 
The discrepancies between the results obtained by 
Izumi and Oelschl~igel [6] and Ryum [5] are dis- 
cussed below. 

The present investigation is part of a study of 
the structures and properties in aluminium tran- 
sition-metal alloys after rapid solidification and 
annealing. The comparison between AI-Hf and 
AI-Zr is particularly interesting, because of the 
similarity between these two alloying elements. 

The N-rich part of the AI-Hf system has been 
studied by Rath et  al. [10]. Their equilibrium 
diagram is shown in Fig. 1. The diagram is similar 
to that for A1-Zr as given by Fink and Willey [11]. 
The maximum solubility of Hf in A1 (0.182 at. %) 
is, however substantially higher than the solubility 
of Zr in A1, which is only 0.085 at. %. A13Hf exists 
in two different crystallographic forms [ 12] : D023, 
which is believed to be a high-temperature form, 
isomorphous with the A13Ti, is tetragonal with 
a = 3.899 A, c = 17.155 A; and D022, believed to 
be a low temperature form, isomorphous with 
AlaZr, is also tetragonal with a = 3.893 A, c = 
8.925 A. 

2. Experimental 
The alloy was prepared from 99.995% A1 and an 
AI-IO wt % Hfmaster alloy obtained from Kawecki 
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Figure I Aluminium end of the aluminium-hafnium equi- 
librium diagram. After Rath et al. [10]. 

Ltd. The melting and casting technique was the 
same as that used earlier for the Al-Zr alloy [5]. 
The Hf + Zr content, determined gravimetrically 
by cupferron, was 1.83 wt %. The impurities, de- 
termined by the mass absorption technique were 
Fe 0.03%, Si 0.01%, Mn 0.001%, Ti 0.007%, Cr 
0.002%, Zn0.001% and Zr0.05%. Specimens, 
about 0.1 mm thick, were sliced from the cyl- 
indrical 12 mm diameter casting by means of spark- 
cutting. They were annealed in a salt bath furnace 
at temperatures ranging from 200 to 550~ for 
times ranging from few minutes to about 100 days. 
After annealing, the specimens were polished in a 
CHsOH-HC104 electrolyte and inspected in the 
light microscope using Nomarksi phase contrast 
equipment. Thin foils were prepared by the window 
method using the same electrolyte, and inspected 
in a JEM 7 microscope. 

3. Results 
The as-cast structure as revealed in the light micro- 
scope is shown in Fig. 2. It is very similar to the 
one found in A1-Zr [5]. Particles formed during 
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solidification were found throughout the matrix 
and on grain boundaries. X-ray microanalysis 
showed them to be rich in Fe and poor in Hf, but 
they were too small for a detailed quantitative 
analysis. Only after the longest annealing times at 
temperatures above 400~ could very small and 
heterogeneously distributed precipitates be ob- 
served in the light microscope. 

The precipitation process was consequently 
followed in greater detail in the electron micro- 

Figure 2 The as-cast structure, Nomarksi-phase contrast 
• 165. 

Figure 3 The as-cast structure, at low magnification in the 
electron microscope, • 

Figure 4 Discontinuously formed precipitates after 20 h at 
200 ~ C, X 13 000. 



scope. The as-cast structure as revealed in the 
electron microscope at low magnification is shown 
in Fig. 3. The Hf-rich regions are visible as darker 
regions. The contrast is probably due to differences 
in thickness of the foil, caused by different 
polishing rates in Hf-rich and Hf-poor regions. In 
the Hf-poor regions nearly spherical particles, 

1-2 ~m in diameter, were often seen. Elongated 
particles were also found on the grainboundaries. 
Electron diffraction analysis of the particles indi- 
cated them to be FeA13. On annealing at 2000C 
precipitates were found only in connection with 
grain boundaries. These were obviously formed by 
discontinuous precipitation (Fig. 4).  Precipitates 

were not found in the matrix after the longest 
annealing times used at this temperature, 29 h. At 
450 ~ C, precipitates appeared rapidly in the matrix: 
these were usually gathered in clusters. After a 
relatively short annealing time, about 50h, the 
precipitates were either spherical or they showed a 
dendritic appearance. The latter type was invariably 
found adjacent to grain boundaries; Fig. 5 shows 
the two types. The grain boundary, which is in 
poor contrast in this case, is indicated by an arrow. 
Occasionally, the spherical and dendritic precipi- 
tates were present in the same cluster (Fig. 6). 
Diffraction experiments showed both types of pre- 
cipitate to have the same structure (Fig, 7a). 

The pattern can be indexed according to the 
ordered cubic AuCu3 structure (L12), with aAI3H f 
= aaz (Fig. 7b). The precipitates are thus very 
similar to those found in the AI-Zr alloy. In the 
A1-Zr system, rod-shaped precipitates were present 
instead of the dendritic type. Both the spheres and 
the rods were found to be surrounded by a strain 

Figure5 Spherical and dendritic type precipitates after 
annealing at 450 ~ C for 100 h. Arrow indicates high-angle 
grain boundary, X 6000. 
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l~gure 6 Spherical and dendritic type precipitates in the 
same cluster, • 13 000. 
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Figure 7 (a) Electron diffraction pattern from precipitates, 
(b) The pattern indexed according to the cubic (L12) 
A13Hf structure. 
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Figure 8 Micrograph showing no strain field present around 
the precipitates. (1 0 0) zone, X 13 000. 

also very stable over long annealing times. Spheres 
and dendritic precipitates present after 70 days are 
shown in Fig. 9a and b. These are dark-field micro- 
graphs taken with a superlattice (1 0 O)m#i~ dif- 
fraction spot. 

Iia some regions rod- and plate-shaped pre- 
cipitates appeared after about 50h with their long 
dimension in the (1 0 0) directions. Fig. 10a and b 
shows these types of precipitate, together with 
spheres which have become irregular in shape. The' 
surface of the rod-shaped precipitates is also very 
irregular. In some of the precipitates a laminated 
structure developed with markings in the (1 0 0) 
direction as indicated by the arrow in Fig. 10b. 

The diffraction pattern from this type of pre- 
cipitate after relatively short and longer annealing 
times is shown in Fig. 1 l a and b. After a short 
annealing time, very long streaks with indistinct 
maxima pass through the A13Hf reflections in the 
(1 0 0) direction perpendicular to the long dimen- 
sion of the precipitate. The indistinct maxima 
sharpen to diffraction spots and the intensity of 
the streaks decreases with increasing annealing 
time. The diffraction pattern obtained after the 
longest annealing time may be indexed according 
to a superposition of the equilibrium tetragonal, 

Figure 9 Annealed at 430 ~ C for 70 days. The precipitates 
have changed only slightly. Dark-field with (1 0 0) A13Hf 
reflection. (a) X5800, (b) X 10 000. 

field [5]. In the present alloy, no strain field 
existed, as shown in Fig. 8. This state of pre- 
cipitation changed only very slowly on prolonged 
annealing. The spheres in the periphery of the 
clusters appeared to coarsen more rapidly than 
those in the central area. An increasing departure 
from the spherical shape with increasing size was 
observed. Even after 70 days at 450~ many 
clusters contained a large number of spheres 100 to 
300 A in diameter. The dendritic precipitates were 
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Figure 10 Plates and distorted spheres. (1 00) zone. (a) 
x 10 000, (b) x60 000. 
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Figure l I  Diffraction pattern from plate-shaped precipi- 
tates: (a) 450 ~ C for 50 days, (b) 450 ~ C for 100 days, 
(c) indexing of (b) according to a mixture of cubic (Ll2) 
and tetragonal (D022) A13Hf. X: reflections from the cubic 
A13Hf , o: reflections from the tetragonal A13Hf. 

(D023) and the intermediate cubic (L/:)A13Hf 
structures, as shown in Fig. 1 lc. The lattic e para- 
meters of the tetragonal structure were determined 
to be: a = 4.05 A, c = 16.9 A with am = 4.05 A 
as standard. When annealing at 550 ~ C, the pre- 
cipitates were nearly all of the dendritic type. 
The precipitates arranged in the <1 0 0) directions 
were present after ~ 5 h, but the equilibrium phase 
did not form even after 24 h at this temperature. 

4 .  Discussion and  conc lus ion  

No Hf-rich precipitates were found in the as-cast 
condition in this alloy. This demonstrates the great 
tendency for Hf to remain in supersaturated solid 
solution after rapid solidification. The cellular as- 
cast structure (Fig. 2) indicates an inhomogeneous 
distribution of Hr. This was verified both in the 
X-ray micro-analyser and also by electron micro- 
scopic observations of an inhomogeneous distri- 
bution of precipitates after annealing. The cellular 
as-cast structure is common for many aluminium 
transition metal alloys [8] : 

Decomposition of the supersaturated solid sol- 
ution on annealing occurs by the formation of an 
intermediate cubic A13Hf phase. This is completely 
coherent with the aluminium lattice, and no co- 
herency strains could be observed in the electron 
microscope. 

The different shapes of this intermediate phase, 
i.e. spherical and dendritic, deafly reflect the way 
in which they are formed. Spherical precipitates, 
which always occur in large clusters within the 
grains, are clearly formed by a continuous pre- 
cipitation reaction taking place in regions with 
high Hf content. Dendritic precipitates are always 
associated with a grain boundary and are formed 
by a discontinuous precipitation reaction. At 
200~ only the discontinuous reaction was ob- 
served. This probably indicates that the diffusion 
of Hf in A1 is very slow, so that the precipitation 
takes place at a measurable rate only in a discon- 
tinuous manner in which the Hf atoms diffuse in a 
grain boundary region. The coarsening of the 
spherical and dendritic precipitates occurs very 
slowly. This also supports a low interfacial energy 
between the precipitates and the matrix and a low 
rate of  diffusion of Hf in A1. 

The reason why the spherical particles change 
shape when growing is not clear. A similar effect is 
observed in the Ni-A1 alloys [13, 14]. When they 
are small (~300A) ,  the coherent Ni3A1 pre- 
cipitates are spherical, but they become cubic as 
they grow. In this case the change in shape is 
attributed to the presence of coherency strain 
around the precipitates [13]. This explanation is 
not valid for AI-Hf, since no coherency strain is 
present. In fact, Ni3A1 precipitates in Ni-Cr-A1 
alloys which have no coherency strain, remain 
spherical at all sizes [13]. 

The observations made on the A1-Hf alloy show 
great similarity with those made earlier on an 
AI-Zr alloy [5-7]. The spherical and rod-shaped 
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precipitates found in that system are most likely 
formed by the same reactions as the spheres and 
dendrites in the present alloy, i.e. by continuous 
and discontinuous precipitation respectively. In 
A1-Zr, the misfit between the intermediate cubic 
A13Zr phase and the matrix induced coherency 
strains around precipitates of both shapes, and 
also restricted the branching of the precipitates 
formed by discontinuous precipitation. Rod- 
shaped, and not dendritic, precipitates are thus 
found in that system. The suggestion made by 
Izumi and Oelschlfigel [6, 7] that the rod-shaped 
precipitates form by strain-affected coarsening of 
spherical particles appears not to be probable. 

The D022 structure may be formed by a shear 
movement b=�89 10), on every other (100) 
plane in the Ll2 structure (Fig. 12). (To obtain 
the correct D0:z-A13Hf structure, slight movements 
of the Hf and A1 atoms out of the (1 0 0) planes 
are also necessary, see Imuzi and Oelschlagel [6] ). 
This amounts to the introduction of antiphase 
boundaries in a regular manner in the L12 structure. 
By the faults in the stacking of the antiphase 
boundaries, thin slabs of imperfect D022-A13Hf 
structures are obtained inserted in the LlrAl3Hf 
structure. This transformation is apparently re- 
sponsible for the formation of the rod- and plate- 

I-12 
/ - - - - -  

Imperfect D0'22 

c 

LI 2 

�9 :Hf 

o :A t  
Figure 12 The relation between the LI 2 and D022 struc- 
tures. By a shear movement on every other (0 0 1) plane 
a distance �89 1 0> the L t  2 is transformed to the D0~2 
structure. By a shear movement on only one (00 1) 
plane produces an imperfect unit cell of the D0:2 
structure. 
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shaped precipitates formed after long annealing 
times, and explains the long streaks, and the 
appearance of reflections from both these struc- 
tures from the same precipitate (Fig. l la'andb) 
and also the laminated appearance (Fig. 10). 

The decomposition of the supersaturated solid 
solution may thus be represented schematically in 
the following way: 

[spheres ] [andplates, } 
... [ (cont.precip.) | [rods, 

SO~lCt. ~dendrites ~ ~ ~ laminated 
SOlUtion [ (discont.precip.)[ [ structures of 

~L12 structure ) I L l 2  and D022 

D0z2 

.The transition Ll2 + D022 (imperfect) -~ D022 (per- 
fect) which involves the stacking of the antiphase 
boundaries in the right sequence, is a very sluggish 
reaction and the pure equilibrium phase D022- 
A13Hf was not observed. 
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