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An A I - 2  wt% Rh alloy was subjected to rapid quenching from the molten state and 
transmission electron microscopy and diffraction techniques were extensively used to 
characterize the phases present. Melt quenching led to the formation of a homogeneous 
solid solution, indicating a substantial increase in solid solubil i ty l imit over the equili- 
brium value. Although stable up to about 640 K, the supersaturated solid solution 
decomposed at elevated temperatures to a mixture of aluminium solid solution and 
an intermediate phase, which has been identified to have a monoclinic structure wi th 
a -- 1.636 nm, b = 0.805nm, c = 1.279nm and/3 = 107.77 ~ with a stoichiometry corre- 
sponding to AI13 Rh4. Although heterogeneous nucleation at grain boundaries was the 
predominant feature, the precipitate also formed as Widmanst~itten platelets inside the 
grains. This phase has been shown to be an equil ibrium phase. Very long annealing 
treatments at temperatures of 773 K resulted in the formation of an ordered phase. The 
long-range order was destroyed on heating to still higher temperatures. The equil ibrium 
constitut ion of the alloy has been shown to be a mixture of AI13Rh4 and aluminium 
solid solution. 

1. Introduction 
Many novel metastable phases have been produced 
in alloy systems by employing ultrafast quenching 
rates to solidify the corresponding melts. These 
techniques, commonly referred to as splat cooling, 
melt quenching or liquisol quenching, owe their 
origin to Duwez [ 1 ] and involve cooling rates often 
exceeding about l0 s K sec-~. The associated high 
rate of solidification has been found to result in 
(a) refinement of grain size, (b) extension of solid 
solubility limits, (c) production of metastabte 
crystalline intermediate phases, (d) formation of 
metallic glasses and (e) modification of segregation 
patterns [2-6]. 

As part of a continuing programme on the 
formation and decomposition of metastable phases 
in alumimium-base alloys, we had undertaken 
detailed investigations on A1-Pd [7, 8], A1-Ru 
[9, 10], A1-Zr [11] and AI-Rh [12, 13] systems. 
These systems helped in delineating some interest- 
ing features of decomposition behaviour in the 
N-transit ion metal systems. The present paper 
reports on a detailed transmission electron 
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microscopic investigation on the morphology, 
formation and decomposition behaviour of meta- 
stable phases produced in an A1-Rh alloy rapidly 
quenched from the melt. 

The room temperature solid solubility of 
rhodium in aluminium under equilibrium con- 
ditions is negligible (< 0.1 at %). A series of inter- 
mediate phases with the stoichiometry AI9Rh2, 
A15Rh2, A14RN , A13+xRh, and A1Rh have been 
reported to form in N-rich A1 Rh alloys [14-16]. 
A new equilibrium intermediate phase with the 
chemical formula All3eh 4 has been recently 
reported by us [13]. 

The metastable behaviour of A1-Rh alloys 
subjected to rapid quenching from the liquid state 
has not been studied so far by others. However, 
we have recently studied vapour-deposited A1-Rh 
alloys and reported the microstructures and crystal 
structures of the as-deposited and annealed thin 
films [12]. 

2. Experimental procedure 
An A1-2 wt % Rh alloy was prepared as described 
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Figure 1 Micrograph showing the formation of elongated 
grains of aluminium supersaturated solid solution devoid 
of any precipitation. The diffraction pattern is shown as 
an inset. 

in our earlier paper [12]. Small quantities (about 
100rag) of the alloy were induction melted and 
rapidly quenched from the liquid state using the 
conventional "gun" technique [17]. The cooling 
rate was estimated to be in the range of l0 s to 
10SKsec -1 depending on the thickness of the 
sample and thus it was possible to achieve a variety 
of microstructures. The resultant foils were thin 
enough in many areas to be examined directly in 
a Philips EM 300 transmission electron microscope 
fitted with a goniometer stage and operating at 
100kV. 

In situ hot-stage electron microscopy was 
carried out on many foils to follow the transfor- 
mation to the equilibrium phases. In some cases, 
long annealing treatments were given at high tem- 
peratures to samples enclosed in evacuated silica 
tubes. The as-quenched as well as annealed foils 
were fully characterized under diffraction and 
imaging conditions. The crystal structure data o f  
the phases obtained by electron diffraction tech- 
niques were also corroborated by X-ray diffraction 
methods. 

3. Results 
3.1. As-quenched microstructure 
Extended solid solubility of rhodium in aluminium 
was observed in the as-quenched condition in 
many electron-transparent areas of the foils. A 
typical electron micrograph is shown in Fig. 1 
featuring elongated grains and devoid of any pre- 
cipitation. The corresponding diffraction pattern, 
shown as an inset, clearly reveals that this alloy 
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Figure 2 Microstructure showing bimodal distribution of 
the precipitates. Very fine precipitate in good contrast 
inside some of the grains and coarse precipitates along the 
grain boundaries can be seen. 

in the as-quenched condition is a homogeneous 
solid solution. 

In relatively thicker foils, where the cooling 
rate is decidedly lower than in thinner areas, 
precipitation seems to have taken place (Fig. 2). 
This micrograph shows a bimodal distribution of 
the precipitates - a very fine precipitate in good 
contrast inside some of the grains and relatively 
coarse precipitates along the grain boundaries. 
The shape of the grains, however, indicates that 
perhaps this area also would have originally 
solidified as a solid solution containing 2 wt % Rh 
and subsequently precipitation would have taken 
place first heterogeneously (along grain boundaries) 
and subsequently homogeneously (inside the 
grains). These observations clearly indicate that 
the solid solubility of rhodium in aluminium in 
the melt-quenched condition can be increased at 
least up to 2wt%. As mentioned in Section 1, 
the equilibrium solid solubility of rhodium in 
aluminium is practically negligible and thus the 
present result shows a notable increase in the solid 
solubility limit. 

3. 1.1. Collulor structures 
Cellular structures are generally observed in several 
melt-quenched aluminium alloys [7, 18]. These 
structures are commonly characterized by the 
presence of dark parallel bands in an otherwise 
featureless area as shown in Figs. 3a and b. In the 
absence of diffraction evidence for the presence 
of a second phase, the dark features cannot be 
considered as a second phase. A high magnification 



Figure 3 (a) A typical cellular structure showing the presence of dark and almost parallel bands. (b) A high magnifi- 
cation photograph showing that the dark areas comprise perhaps dislocation structures. 

photograph (Fig. 3b) shows that the dark areas 
probably comprise dislocation structures. Thus, 
it may be very reasonable to consider that these 
dark bands are due to the bulk slip process as 
suggested by Williams and Edington [ 18 ]. 

3. 1.2. D e f e c t  s t ruc tures  
Several types of defect structures were occasionally 
observed in rapidly quenched alloys, a succinct 
summary of which was prepared by Jones [19]. 
Several isolated dislocations (Fig. 4a), sometimes 
well arranged (Fig. 4b), helical dislocations 
(Fig. 4c) and some vacancy loop-like structures 
along with dark bands (Fig. 4d) are some of the 
features observed in the present investigation. 
Although, all these defect structures are normally 
observed in many solid-state quenched materials, 
observations of these in melt-quenched alloys 
have been few and far between [7, 20-22].  It is 
expected that the release of strain energy intro- 
duced during solidification is responsible for the 
defects introduced into rapidly solidified foils. 
Some of the dislocations could also have formed 
due to the aggregation of vacancies. 

3.2. Decomposition behaviour 
With a view to evaluate the stability of the super- 
saturated solid solution and also to characterize 
the decomposition products, hot-stage electron 
microscopy has been performed on these alloys. 
Fig. 5 shows the sequence of micrographs recorded 
during continuous heating of a foil from room 
temperature to about 828 K. (This represents the 
same area as shown in Fig. 1). Fig. 5a shows the 

microstructure when the foil was heated up to 
about 548 K. No clearly visible precipitate is seen 
in the micrograph, indicating that the super- 
saturated solid solution is quite stable. Fig. 5b 
shows the nucleation of the precipitate along the 
grain boundaries when the foil was heated up to 
643 K. On continued heating (Figs. 5c to f), the 
grain boundary precipitates started growing in size. 
It is also worth noticing that at a temperature of 
about 697 K (Fig. 5c) thin platelet-like precipitate 
started appearing inside the grains, which also 
continued to grow in length in addition to thicken- 
ing with temperature. In Figs. 5d to f, precipi- 
tation along several grain boundaries can also be 
noticed. Figs. 6a and b very clearly reveal that 
these platelets are arranged in a Widmanst~itten 
pattern following specific crystallographic direc- 
tions. These have been worked out to be (2 1 0)A1. 
Fig. 7 shows the microstructure of a foil annealed 
at 623 K for about 30 ksec indicating a high density 
of Widmanstfitten type of precipitates. Another 
feature worth noticing here is that some platelets 
are thick and very long, whereas most of the 
others are thin and short. A reason for such a 
difference could be that nucleation took place at 
different times resulting in size differences of the 
platelets. From diffraction evidence, it has been 
confirmed that both types of precipitates have 
the same crystal structure. 

Further heating, almost up to the melting point 
of the alloy, results in the slow growth and re- 
dissolution of the precipitate (Fig. 8a) and melting 
of the alloy. However, on cooling from this tem- 
perature, a microstructure as shown in Fig. 8b is 
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Figure 4 Several types of defect structures observed in the melt-quenched A1-2 % Rh alloy. (a) Isolated dislocations, 
(b) well-arranged dislocations, (c) helical dislocations and (d) vacancy loop-like structures and bands. 

obtained. On cooling this alloy to room tempera- 
ture, a microstructure containing two phases is 
obtained. Most of  the areas show a lamellar struc- 
ture (Fig. 9). It is worth mentioning here that 
several steps seem to have formed during the 
formation of  the lamellar structure, which offset 
the lamellae when they cross the steps. This is 
more evident in a high magnification photograph 
(Fig. 10). In some areas one observed a f i n e  
striated structure (Fig. 11) which can be either 
fine scale twinning (as observed in A l -Pd  [23] 
alloys) or stacking faults (as in Ag-Ce  [24] alloys). 
The diffraction pattern clearly shows streaking 
of the diffraction spots in a direction perpen- 
dicular to the long axis of  the striations. 

Typical diffraction patterns from these two- 
phase structures are shown in Fig. 12. From these 
diffraction patterns and several others, it has 
been possible to show that the precipitate phase 

has a monoclinic structure with a = 1.636nm, 
b = 0 . 8 0 5 n m ,  c = 1 . 2 7 9 n m  and /3= 107.77 ~ , 
in conformity with our earlier observation [13]. 
Single crystal diffraction patterns from the precipi- 
tates are shown in Fig. 13. These also confirm the 
crystal structure and lattice parameters mentioned 
above. 

3.2. 1. Ex terna l  hea t  t r ea tmen t s  
In addition to the in situ heating sequences 
described above, some foils have been treated 
externally for very long times at different tem- 
peratures. Although most of  the results are similar 
to those described in the above Section, some 
subtle differences are noticed (essentially because 
of  long durations of  annealing at any temperature) 
and these are described below: 

Precipitation started when the foils were given 
annealing treatments for 3.6ksec at 623K 
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Figure 5 Transformation sequence of the supersaturated solid solution obtained by melt quenching. (a) Micrograph 
showing absence of precipitation even when heated to a temperature of about 548 K, (b) nucleation of the precipitate 
along the grain boundaries when heated to 643 K, (c) to (f) show micrographs featuring the growth of grain boundary 
precipitates on continuous heating. Platelet-like precipitates appear at 697 K (c) and precipitation along several grain 
boundaries can also be noticed (d and e). 
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Figure 6 Platelets arranged in a Widmanst~tten pattern in (2 1 0)A1 crystallographic directions. 

(Fig. 14a). Within the grains these seem to be 
needle-shaped, although bulk-like precipitates are 
observed along the grain boundaries. Annealing for 
11 ksec results in coarsening of  the precipitates 
both along the grain boundaries and within the 
grains (Fig. 14b). Continued annealing at 773 K 
for 3.6 ksec results in coarsening of  the precipitates 
further (Figs. 15a and b) and gives rise to diffrac- 
tion patterns characteristic of  the monoclinic 
structure referred to above. 

In addition to the coarsening phenomenon 
mentioned above, one can also notice, in some 
areas of the foils, a fine and uniform distribution 
of precipitates throughout the area (Fig. 16a) 
when the foils are heat treated at 773 K for about 
30 ksec. The diffraction patterns corresponding to 
this condition are shown in Figs. 16b to d, which 

Figure 7 Micrograph showing a high density of 
Widmanst~itten type of precipitates when the foil is 
annealed at 623 K for 30 ksec. 

clearly indicate the ordered nature of  the precipi- 
tate. Further, it is interesting to note that the 
precipitate seems to have a close crystallographic 
relationship with the aluminium matrix. A strong 
pointer to indicate that this is an ordered phase is 
derived from the fact that annealing at higher tem- 
peratures (for 30ksec at 853K)leads  to destruc- 
tion of long-range order as revealed by streaking 
observed in the diffraction patterns (Figs. 17a 
to c). 

4. Discussion 
4.1. Supersaturated solid solution 
As mentioned above, it has been possible to 
obtain a completely supersaturated solid solution 
in the A1-Rh alloy containing 2wt% Rh. This 
indicates that melt quenching can increase the 
solid solubility limit of  rhodium in aluminium up 
to at least 2wt% Rh. Work with more concen- 
trated alloys can establish the actual metastable 
solid solubility limit in this system. 

Solid solubility extensions by rapid quenching 
techniques are very common - in fact, this was 
the first observation made on rapidly quenched 
foils [25]. Since then, this technique has been 
routinely employed to achieve supersaturated solid 
solutions [4], especially in cases where it is imposs- 
ible to obtain homogeneous solid solutions by 
solid-state quenching [26]. Solid solubilities of  
transition metals in aluminium are woefully low 
under equilibrium conditions, while by rapid 
quenching from the melt they have been increased 
by one-to-two orders of  magnitude in most of  the 
cases. Thus, rhodium follows the trend of other 
metals. A detailed discussion in terms of  thermo- 
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Figure 8 (a) Micrograph showing the redissolution of the precipitates when the foils are heated almost up to the melting 
point of the alloy. (b) Micrograph showing the features on fast cooling from the temperature obtained in (a). 

dynamic parameters on solid solubility extensions 
is presented in [4] and [27] and will not be 
repeated here. 

4.2. Decomposition behaviour 
The as-quenched supersaturated solid solution was 
quite stable up to 643 K on continued heating, while 
longer annealing treatments at 573 K also resulted 
in nucleation of  precipitates along the grain 
boundaries. As was mentioned earlier, there is con- 
siderable grain refinement in rapidly quenched 
alloys and thus heterogeneous nucleation is very 
easy. This is amply borne out by several exper- 
iments in many alloy systems. The same pheno- 
menon is observed in the A l - R h  system as well. 
Although, the growth and coarsening of  the 
precipitates is of  common observation in several 

alloy systems, a point of interest is that the 
precipitate seems to take up three different 
morphologies - fine particles, Widmanst/itten 
platelets and grain boundary idiomorphs. This 
could be a result of the strong crystallographic 
orientation relationship between the matrix and 
the precipitate. 

Another point worth noticing in the decompo- 
sition process is the formation of  a precipitate 
which has a monoclinic crystal structure and a 
probable composition of  Al13Rh4. More discussion 
about this will be taken up in the next Section. 

When the thin foils have been taken up to 
almost the melting point of  the alloy and suddenly 
cooled, a lamellar structure is observed indicating 
that the alloy might have got locally melted and 
resolidified through a eutectic reaction. The 

Figure9 Micrograph showing the two-phase lamellar 
structure after cooling to room temperature. 

Figure 10 A high magnification micrograph of the lamellar 
structure showing the offset of lamellae at the steps. 
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Figure 11 Micrographs showing fine striations indicating 
the presence of either fine twins or stacking faults: 
(a) bright-field micrograph, (b) dark-field micrograph, 
(c) diffraction pattern. 

crystal structure of the intermediate phase co- 
existing with the M-supersaturated solid solution 
in the lamellar structure has been found to be 
monoclinic M13Rh4. The lamellar structure also 
shows several steps at which the lamellae are 

offset.  These steps and the striated structure 
(Fig. 10) could easily result from the strains 
associated with the rapid cooling of the foil from 
this high temperature. 

Yet another point of interest is the formation 
of an ordered phase on long annealing (e.g. for 
30ksec at 773K). The crystal structure of the 
ordered phase appears to be very complicated. 
The long-range order was destroyed on heating to 
a still higher temperature. The streaking associ- 
ated with the diffraction patterns in Fig. 17 could 
be due to the transitional short-range order present 
in the alloy. Further work is required to solve the 
crystal structure of the ordered phase and the 
mechanism of disordering. 

Figure 12 Typical diffraction patterns from the two-phase structures. 
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Figure 13 Diffraction patterns from the AtI3Rh 4 phase. The orientations are (a) [1 1-3 16], (b) [1 2 1 ], (c) [F~ 5 2] and 

(d) [5 3 4]. 

Figure 14 Micrographs showing precipitat ion when foils are heat  treated externally, (a) needle-like precipitates on 
annealing for 3.6 ksec at 623 K, (b) coarsening of the needles and grain boundary precipitates on annealing for 11 ksec 

at 623 K. 
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Figure 15 Coarsening of the precipitates on annealing for 3.6 ksec at 773 K, (a) platelets and (b) bulk particles. 

Figure 16 Long annealing for about 30ksec at 773 K resulted in the precipitation of fine and uniformly distributed 
precipitates, (a) bright-field micrograph, (b) to (d) typical diffraction patterns indicating that this is an ordered phase. 
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Figure 17 Diffraction patterns showing the destruction 
of long-range order (as revealed by streaking) when the 
foils are heat treated at 853 K for 30 ksec. 

4.3. The AIt3Rh 4 intermediate phase 
The intermediate phase formed after decompo- 
sition of  the supersaturated solid solution has been 
found to have a monoclinic structure, whose lattice 
parameters are quite different from those of  the 
A19Rh 2 phase. Since metastable crystalline phases 
form during decomposition of  supersaturated solid 
solutions (both in solid-state quenched and melt- 
quenched eases), it is possible that this is a meta- 
stable phase. Continued annealing at higher tem- 
peratures and for long times has not changed the 
crystal structure of  this phase, although the size 

and shape of  the precipitates have changed. Even 
on heating the alloy to almost the melting point, 
the constitution does not change and thus, we 
can consider this an equilibrium phase. Reasons 
for assigning this particular chemical formula for 
this phase have been elaborated in an earlier 
paper [13]. 

A question - whether A19Rh 2 also is an equili- 
brium phase - was posed and left unanswered 
in our earlier paper [13]. Since the alloy under 

investigation contains only 2 wt % Rh, the equili- 
brium constitution should be the aluminium solid 
solution and the most aluminium-rich M - R h  
intermediate phase. If  A19Rh 2 also is an equilibrium 
phase, one should have obtained a mixture of  
aluminium solid solution and M9Rh2 at least on 
heating the alloy almost up to the melting point 
and cooling it down to room temperature. Our 
results, on the other hand, indicate that we obtain 
only Al13Rh4 and not A19Rh 2 which clinches the 
issue and suggests that perhaps the composition 
and/or lattice parameters assigned to A19Rh z [28] 
are wrong. 

5. Conclusions 
The present investigation brings out the following 
interesting conclusions: 

1. The solid solubility of  rhodium in aluminium 
can be increased by melt quenching at least up to 
2 wt%. 

2. The metastable supersaturated solid solution 
is quite stable up to 643 K on continuous heating 
and on further heating precipitates an intermediate 
phase. 

3. The precipitate phase was found to have a 
needle or bulk shape. When present as needles, 
this phase forms the classical Widmanst~itten 
pattern. 

4. The intermediate phase has been found to 
have a monoclinic structure with a = 1.636 nm, 
b = 0 . 8 0 5 n m ,  c - - 1 . 2 7 9 n m  and /3= 107.77 ~ . 
This is an equilibrium phase. 

5. Very long anne_aling treatments at relatively 
higher temperatures of  773K resulted in the 
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formation of an ordered phase. The long-range 
order was destroyed on heating the alloys further. 

6. Rapid cooling from near the melting point 
resulted in the formation of a lamellar structure. 
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