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solutions.  The  Al9Rh2 and  C-Al5Rh2 dissolve  up to  4.5 and  13  at.%  Ru,  while  Al13Ru4 and  Al2Ru  dissolve
up  to  14.5  and  8  at.%  Rh,  respectively.  A  ternary  orthorhombic  structure  (Pbma,  a  =  2.34,  b  = 1.62  and
c  =  2.00  nm)  related  to  the  Al–Rh  �-phases  was  revealed  at the  extension  of  the  Al–Rh  �-phase  area  at
compositions  up to  Al77Rh15Ru8.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

The present work continues the long-term study of the alloy
hase diagrams of aluminum with platinum metals (see Ref. [1]
nd references therein). The interest in this group of alloy sys-
ems is due to the formation of complex periodic and quasiperiodic
ntermetallics attractive for both basic and applied research. These
inary and ternary phases are usually formed in compositional
anges between 60 and 85 at.% Al, which is also observed in binary
l–Rh [2,3] and Al–Ru [4].

The Al–Rh–Ru phase diagram has not been previously investi-
ated. In the framework of the current study, a new orthorhombic
tructure (designated E) was revealed in this alloy system around
he Al77Rh15Ru8 composition. This E-phase (see Table 1 and Ref.
5] for details) was found to be structurally related to the known
-phases in Al–Rh, Al–Pd and their ternary extensions [2,6–9].

In this contribution the phase equilibria in the Al-rich region
f Al–Rh–Ru are described between 700 and 1100 ◦C. The phase
iagrams of the binary Al–Rh and Al–Ru alloy systems are accepted
ccording to Refs. [2,3] and Ref. [4],  respectively. The data for the
elevant phases from Refs. [2,4,9–17] are compiled in Table 1.

. Experimental
Samples were prepared by mixing Al–Rh and Al–Ru alloys used for the deter-
ination of the corresponding binary phase diagrams published in Refs. [2,4]. The

lloys were prepared by inductive melting in a water-cooled copper crucible under
n  Ar atmosphere, thermally annealed at 1100–700 ◦C for 44–352 h and subse-
uently water quenched.

∗ Corresponding author. Tel.: +49 2461 612399; fax: +49 2461 616444.
E-mail address: b.grushko@fz-juelich.de (B. Grushko).
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The alloys were studied by powder X-ray diffraction (XRD, Cu K�1 radiation was
used), scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). The local phase compositions were determined in SEM by energy-dispersive
X-ray analysis (EDX) on polished unetched cross sections. Transmission electron
microscopy was carried out on a 200 kV JEOL FasTEM-2010 electron microscope
equipped with an energy-dispersive X-ray spectrometer (NORAN) and Gatan slow-
scan  digital camera. The TEM study was preformed on powdered materials dispersed
on Cu grids with amorphous carbon film. Differential thermal analysis (DTA) was
carried out for selected samples at rates of 20 K/min.

3. Results and discussion

The binary Al–Rh and Al–Ru alloy systems contain isostructural
AlRh and AlRu phases (see Table 1) which probably form a continu-
ous �-range of the CsCl-type solid solutions. Both binary phases
are congruent; therefore the Al-rich part is naturally separated
from the rest of the phase diagram. At higher Al concentrations,
both Al–Ru and Al–Rh exhibit cascades of peritectics from these
�-phases towards (Al). The temperatures decrease sharply from
2060 ◦C (congruent melting of AlRh) to 655 ◦C (Al–Ru eutectic). The
liquidus temperatures are higher at the Al–Ru than at the Al–Rh
terminal.

Metallographic examinations pointed to the formation of phases
along the whole 75–77 at.% Al “stripe” of the ternary phase diagram.
In Al–Ru, a monoclinic M-Al13Ru4 phase (see Table 1) is formed
inside these limits. Powder XRD and electron diffraction examina-
tions also revealed this structure in ternary alloys containing up to
at least 14.5 at.% Rh. On the other hand, in Al–Rh this Al concentra-
tion region corresponds to the �-phases exhibiting orthorhombic
symmetry. This implies a compositional discontinuity between the

phase regions extending from the Al–Ru and Al–Rh terminals. The
new orthorhombic structure (E-phase) mentioned in Section 1 was
revealed coexisting with the ternary extension of the M-Al13Ru4
phase (see below). The powder diffraction patterns of both these
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Table  1
Crystallographic data of the phases mentioned in the text and isothermal sections.

Phase S.G. or symmetry Lattice parameters Composition, at.% Ref.

a (nm) b (nm) c (nm)  ̌ (◦) Al Ru Rh

Al9Rh2 P21/a 0.63501 0.64266 0.87181 94.809 81.8 – 18.2 [10]
�6

a Pnma 2.34 1.65 1.24 – 75.0 – 25.0 [2]
�16

a B2mm 2.38 1.64 3.28 – 76.0 – 24.0 [2,9]

C-Al5Rh2 Pm3̄
0.7680 – – – 72.0 – 28.0 [11,12]
0.77163(3) – – – 74.2 12.5 13.3 This work

H-Al5Rh2 P63/mmc 0.7905 – 0.7861 – 71.0 – 29.0 [12,13]
V-Al7Rh3 Monocl. 1.0309 0.3808 0.6595 102.42 70.0 – 30.0 [12]

AlRh  AlRu (�) Pm3̄m

0.280 – – – ∼50.0 – ∼50.0 [14]
0.295 – – – ∼50.0 ∼50.0 – [15]
0.29717(19) – – – 54.5 13.5 32.0 This work

Al3Ru2 I4/mmm 0.3079 – 1.433 – 60.0 40.0 – [15]
Al2Ru Fddd 0.8012 0.4717 0.8785 – 66.7 33.3 – [15]
Al5Ru2 Cmcm 0.78a 0.66a 0.42a – 71.4 28.6 – [4]

Al13Ru4 C2/m
1.5862 0.8188 1.2736 107.778 76.5 23.5 14.0 [16]
1.5647(5) 0.8274(3) 1.2651(4) 107.82(3) 76.0 10.0 This work

0.89605 – 85.7 14.3 – [17]
2.00 – 77.0 8.0 15.0 [5]
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Al6Ru Cmcm 0.74882 0.65559 

Ea Pbma 2.34 1.62 

a Electron diffraction data.

hases are shown in Fig. 1. The E-phase is formed at the extension of
he �-region. No reliable compositional discontinuity was  observed
etween the E phase and the binary �-phase region by either of the
pplied methods.

Extensive TEM examinations of the samples with 4 or 5 at.%
u (i.e. somewhat lower Ru concentration than of the above-
entioned E-phase) usually revealed decagonal-like patterns, i.e.

n overall tenfold symmetry (see Fig. 2) and only definite period-
city of ∼1.62 nm in a perpendicular direction. In spite of some
imilarity to a decagonal D4-phase, they probably belong to the
ame E-phase, whose small domains are only oriented along the
-axis. Indeed, several reflections are definitely split or exhibit a tri-
ngle spot shape (shown by arrows in Fig. 2). This can be illustrated
y the similarity of the powder XRD patterns taken from the sam-

les whose TEM examinations revealed either the E-phase or the
ecagonal-like patterns. A typical region of such a pattern is shown

n Fig. 3a in comparison with that of the stable D4-phase in the
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ig. 1. Powder XRD patterns (Cu K�1 rad.) of the (a) E-phase, (b) M-Al13Ru4 phase
ontaining 14 at.% Rh and (c) C-phase containing 13 at.% Ru.
Fig. 2. Electron diffraction pattern exhibiting pseudo-decagonal symmetry. The “tri-
angle” spots and splitting of reflections are marked.

Al–Ni–Ru alloy system (Fig. 3b, from Ref. [18]). The pattern in Fig. 3a
contains split reflections around the positions of the reflections of
the true decagonal phase.

It is plausible to suggest that the overall decagonal-like sym-
metry observed in the electron diffraction patterns follows from
the symmetry of the solidified material which could contain a
metastable decagonal phase. Small domains of the E-phase formed
by annealing could inherit the overall symmetry. Such a transition
was  studied in more detail in the Al–Pd–Fe alloy system in Ref.
[19]. In the latter case, the resulting structure belonged to the �-
family. A close structural relation of the E-phase to the �-family is
demonstrated in Ref. [5].  Therefore, we  cannot exclude that some
decagonal-like patterns observed in the present work could also
belong to the �-phases. This is an additional obstacle in the exper-
imental specification of the compositional regions belonging to E

and �-s.

In the Al–Rh phase diagrams presented in Refs. [2,3] the �16 and
�6 structures1 correspond to two phases separated by a two-phase

1 In Refs. [2,3] they are designated O1 and O2, respectively.
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Fig. 3. Powder XRD pattern (Cu K�1 rad.) of the sample where the pseudo-decagonal
electron diffraction patterns in Fig. 1 was taken from (a) in comparison with that of
the  Al–Pd–Ru D4 decagonal phase (b).
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region and melting at different temperatures. However, this two-
phase region was  not observed experimentally and the published
phase diagrams were estimated considering the very weak thermal
effects associated in Refs. [2,3] with reactions involving two  neigh-
boring �-phases. This is a similar situation in Al–Pd exhibiting the
formation of �6 and �28 [6].  More extensive investigation of a num-
ber of ternary systems based on Al–Pd and Al–Rh (see Ref. [1] and
references therein) revealed continuous �-regions extending far
into ternary compositions and exhibiting different structural vari-
ants of �, both regular and aperiodic in the c-direction. Moreover,
the geometric description of the “higher-order” �-phases shows
their formation from the “basic” �6 structure via ordering of spe-
cific defects (see in Ref. [8] and references therein). This is in favor of
the compositional continuity of the �-regions, which is most prob-
ably also typical of the binary Al–Rh and Al–Pd systems, where the
experimental clarification of the continuity is difficult due to very
narrow compositional regions.

On the other hand, the E-phase is built from �-times larger “clus-
ters” and its tiling elements cannot be obtained from those of the
�-family by the introduction of similar defects [5].  Therefore, this
is not in favor of the continuity of the E and � regions. However, the
implied E–� two-phase region could be very narrow. In the isother-
mal  sections in Fig. 4 these regions are conditionally combined (also
see below for a comparison with Al–Pd–Ru).

The high-temperature Al–Rh C-phase (see powder XRD in
Fig. 1c) forming at slightly lower Al concentrations also extends
far into ternary compositions at practically constant Al.

Due to the much higher melting temperatures of the lower-Al

phases the region between the �-phase and the M–� compositional
line was only studied at 1000 and 1100 ◦C.

The results concerning the equilibria at 1100 ◦C (Fig. 4a) and
1000 ◦C (Fig. 4b) are quite similar. The maximal solubility of Al
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ines, filled) and Al–Pd–Ru (red) determined in Ref. [20]. (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web  version of
his article.)

n the �-phase reaches 55 at.%. Of the Al–Ru phases, Al2Ru was
ound to dissolve up to 8 at.% Rh and M-Al13Ru4 up to 14.5 at.% Rh
xtending at almost constant Al concentrations. The Al5Ru2 phase,
xisting at temperatures much higher than the annealing temper-
tures, was only observed in solidified material. It contained up to

 at.% Rh. The solubility of Rh in Al3Ru2 was not studied. Of the
l–Rh phases, high-temperature cubic C-Al5Rh2 phase was found

o extend up to 13 at.% Ru. The total region of the E and �-phases
xtends up to ∼8 at.% Ru. The Ru solubility in the low-temperature
exagonal H-Al5Rh2 phase and the monoclinic V-phase is below the
alues limited by the C–� tie-line in Fig. 4b. The region between
his tie-line and the Al–Rh terminal was not studied in more
etail.

At 900 ◦C (Fig. 4c) the binary monoclinic Al9Rh2 is already solid
ut its propagation to the ternary space up to 4.5 at.% Ru was only
xperimentally observed at 700 ◦C (Fig. 4d). At the latter temper-
ture only the three-phase equilibrium M-Al9Rh2–L was achieved
or reasonable times. The solubility of Rh in Al6Ru is less than 2 at.%
limited by the M–L  tie-line in Fig. 4d).

. Comparison with Al–Pd–Ru

Apart from Al–Rh the �-phases are also formed in Al–Pd [6].
herefore it is interesting to compare the present results with those
btained in Ref. [20] for the Al–Pd–Ru alloy system. The composi-
ional regions of the relevant Al–Rh–Ru and Al–Pd–Ru phases are
verlapped in Fig. 5. The overall compositional region of the Al–Pd
-phase(s) is completed in accordance with the binary phase dia-
ram up to ∼75 at.% Al. It is somewhat shifted towards lower Al
oncentrations with respect to that in Al–Rh, but the compositions
f �6 are in agreement in both binary systems. In contrast to Al–Rh,
he �16 structure was not observed in Al–Pd but together with �6,
ypical of both the binary systems, �28 was found to form in Al–Pd
t lower Al concentrations [6].2

The ternary extension of the �-phases in Al–Pd–Ru is signifi-
antly wider than in Al–Rh–Ru. Increasing Ru concentration results
n an increase of the Al limit of the �-phase(s) achieving those in
l–Rh, thus at the high-Ru limit of the �-region the �16-structure,

ypical of Al–Rh, is formed. In both ternary alloy systems compared
ere the orthorhombic E-phases related to �–s were revealed close
o the high-Ru end of the �-regions. Although in Al–Pd–Ru no single

rientation of the E-phase was found, the lattice images observed
n both systems were locally identical [5].  On the other hand, a
eparation of the E and � regions only suggested in Al–Rh–Ru was
bserved in Al–Pd–Ru [20].

2 More recent investigations (unpublished) indicated the formation of �6 at lower
emperatures also at the low-Al limit of the binary �-region, while �28 was  observed
n  samples annealed at higher temperatures.

[

[
[
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In contrast, the solubility of Pd in the M-Al13Ru4 phase is signif-
icantly lower than that of Rh. It is worth noting that a monoclinic
phase isostructural to M-Al13Ru4 is formed in Al–Co (see Ref. [21]
and references therein, Co and Rh belong to the same column of
the periodic table). Therefore it might also be possible to form such
a structure as a metastable phase in Al–Rh, but less plausibly in
Al–Pd. Wider extension of the M-region in Al–Rh–Ru is in favor of
such a suggestion.

No phase isostructural to C-Al5Rh2 is stable in Al–Pd but such a
structure was revealed in Al–Pd–Ru. This ternary C-phase is formed
at Al concentrations similar to those for C-Al5Rh2 (see Fig. 5). Two
related structures C1 and C2 are formed in Al–Pd–Ru at lower Al
concentrations [20]. They were not observed in binary Al–Pd, Al–Ru
and ternary Al–Rh–Ru systems. Similarly, neither the icosahedral
phase nor the three related cubic structures forming in Al–Pd–Ru
in the region designated “I” [20] was observed in the Al–Rh–Ru
system.

5. Conclusions

In conclusion, partial isothermal sections of Al–Rh–Ru were
determined at 1100, 1000, 900 and 700 ◦C. The Al9Rh2 and C-Al5Rh2
dissolve up to 4.5 and 13 at.% Ru, while Al13Ru4 and Al2Ru dissolve
up to 14.5 and 8 at.% Rh, respectively. A new ternary intermetallic
E-phase (Pbma, a = 2.34, b = 1.62 and c = 2.00 nm)  was  revealed at
the extension of the Al–Rh �-phase area at compositions of up to
Al77Rh15Ru8.
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