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Abstract

The aspect of the Al–Mn–Cr phase diagram related to liquid–solid equilibria in the subsection Al Cr–Al Mn–Al was investigated. It4 4

is shown that ternary Al Mn Cr compounds (0#x#1) whose structure correspond to that of the hexagonal mAl Mn phase, previously4 x 12x 4

identified as a periodic approximant of Al–Mn and Al–Cr quasicrystalline phases, are in equilibrium with a liquidus phase field extending
between both binary Al–Mn and Al–Cr limits. A new ternary Al–Mn–Cr phase, called C, is also found and characterised. Its structure is

˚ ˚ ˚monoclinic with cell parameters a 517.48 A, b 530.31 A, c 524.695 A, b51358 and a space group of either C2/c or Cc symmetry .C C C

But as peculiar structural faults are observed in this monoclinic C-phase, its formation is assumed to be the result of an allotropic
transformation of an orthorhombic structure which would first solidify. Besides, from structural relationships observed between the m and
C structures, it is suggested that the atomic structure of C could also be typical of an arrangement of icosahedral clusters as, for instance,
those defined in both the mAl Mn and lAl Mn structures.  1998 Elsevier Science S.A. All rights reserved.4 4.5
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1. Introduction not, has been interpreted as resulting from the strong
stability of the icosahedral units [9] where the calculated

Several crystallographers such as Samsom [1,2], Brink- relative stability of isolated Al TM clusters as a function12

Shoemaker and Shoemaker [3,4] have pointed out that a of the 3d series TM was found to be maximum for Mn and
common feature of several complex Al-transition metal Cr, i.e. precisely TM atoms for which binary Al–TM
structures is the occurrence of similar local icosahedral quasicrystals seem only to be obtained. Therefore, the role
units formed by one transition metal surrounded by 12 played by such a cluster in the physical properties of solid
atoms, mainly Al atoms situated at the vertices of slightly and liquid phases should be interesting to elucidate. For
distorted icosahedra. Transition metals (TM) are in that instance, a correlation effect between local icosahedral
case either Mn, Cr, Fe, Co, V, W, Re, Tc or Mo. Such a order and paramagnetic properties of liquid Al–Mn and
local order has also been proposed in related amorphous Al–Pd–Mn alloys has recently been suggested [10] for
and liquid phases and is presumed to be present in the which a few attempts of interpretation are proposed in
structure of Al–Mn and Al–Cr quasicrystalline phases theoretical works [11–14].
discovered by Shechtman, Blech, Gratias and Cahn [5]. In the present metallurgical study of the Al-rich corner
Recently, the general characteristic of this local icosahedr- of the Al–Mn–Cr system, we were interested to determine
al order was confirmed in different studies of the atomic whether liquid Al–Mn–Cr alloys could be used for further
structure of intermetallic compounds of very large cell investigations of the local icosahedral order in liquid
parameters: lAl Mn [6], kAlNiCr [7] and Al (Fe,Cr) phases. The first reason being that if an isomorphic4.5 5.1

[8]. substitution between Mn and Cr occurs in liquid Al–Mn–
The fact that icosahedral units seem to be particularly Cr alloys, then it should be possible to obtain from neutron

stable irrespective of whether there is a long range order or scattering experiments, the partial distribution functions
g (r), g (r) and g (r) for a complete descrip-Al–Al Al–TM TM–TM

tion of the liquid structure because the neutron scattering*Corresponding author.
1 lengths by Cr and Mn atoms are very different (i.e. 0.3635¨ ¨Present address: Institut fur Raumsimulation, DLR, D-51170 Koln,

¨Ruhr-Universitat Bochum, D-44780 Bochum, Germany. and 20.373 fm, respectively) and important contrast
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effects can be expected for an accurate determination of (i) The formation of the m-phase was verified from the
these functions. Although it can only be assumed, but not study of a first set of five alloys (Table 1a) from which the
proved, that an isomorphic substitution might occur in position of a peritectic line limiting the liquidus phase field
liquid phases (e.g. this has been assumed between Mn of this phase on the Mn and Cr-rich side was approximate-
atoms and a Fe–Cr atomic mixture in liquid Al–Pd–Mn– ly determined.
Fe–Cr and Al–Mn–Fe–Cr alloys [15–17]), there are (ii) Liquid–solid equilibria were then specified from the
particular cases where such a behaviour is very likely. study of a second set of seven alloys (Table 1b). These
When an isomorphic substitution occurs in solids, then it latter, whose compositions were chosen very close to the
provides a convincing argument for inferring that it occurs peritectic boundary determined in the first step, were then
as well in liquids in equilibrium with these solids. A priori, used for fabrications by Bridgman growth of different
such a property could be expected in Al–Mn–Cr alloys mAl Mn Cr phase compounds with 0#x#1.4 x 12x

because both binary Al–Mn [18,19] and Al–Cr [20,21] All these alloys were prepared by melting high purity
systems exhibit solidification reactions giving rise to the constituent elements (99.99%) in an inductive cold cru-
formation of isomorphic hexagonal structures mAl Mn cible under argon atmosphere. The seven alloys indicated4

[22,23] and mAl Cr [21,24,25]. Moreover, the possibility in Table 1b were re-melted in alumina crucibles and under4

of a liquid-mAl Cr Mn phase equilibrium with a Mn/ argon atmosphere for Bridgman growths.4 x 12x

Cr isomorphic substitution in the m-structure can also be The crystallisation sequences were deduced from SEM
considered as ideal for further neutron scattering studies of and TEM observations and liquidus temperatures of six
the equilibrium liquid Al–Mn–Cr alloys because the m- alloys were measured by differential thermal analysis
structure exhibits a local icosahedral order [21,23] and the (DTA) of samples of about 1 g. The cooling and heating

21chemical composition of both mAl Mn and mAl Cr com- rates were 58C min or less. A few experiments were4 4

pounds correspond to those of icosahedral phases but are stopped by quenching at the appearance of the first solid
only obtained by rapid quenching. phase in order to determine the first compound to be

The results reported in this article deal with the de- formed. Isothermal sections of the phase diagram were
termination of Al–Cr–Mn liquidus–solidus equilibria, in determined from analyses of samples annealed at various
particular, that of a liquid-m phase equilibrium with a temperatures for 40 min and rapidly quenched in water.
continuous variation of the Mn/Cr ratio. A brief recall is The composition of the phases were first determined
made about previous reported results on neutron powder approximately by X-ray energy dispersive spectroscopy in
diffraction and magnetisation studies [26] indicating that a scanning electron microscope (SEM) and then accurately
the Mn/Cr substitution in mAl Cr Mn compounds (0# by X-ray wavelength spectroscopy on a Cameca SX504 x 12x

x#1) is isomorphic. The structural characterisation of a microprobe (EPMA). The atomic compositions were estab-
new ternary Al–Cr–Mn phase is presented and of its lished using the ZAF modified PAP correction program
relations with binary Al–Mn and Al–Cr intermetallic [27]. Different phase structures were identified by electron
structures are discussed. diffraction and high resolution imaging using a transmis-

sion electron microscope (TEM). Specimens were pre-
1.1. Experimental procedure pared as thinned foils by ion milling or as fine powders by

crushing small pieces of alloy ingots, which were de-
The study of the phase diagram related to liquid–solid posited onto copper grids coated with a carbon film. The

equilibria in the subsection Al Cr–Al Mn–Al was carried m-phase structure of compounds containing different Mn/4 4

out in two steps: Cr ratios was also verified by X-ray powder diffraction. All

Table 1
(a) and (b): Sets of initial compositions of the alloys with crystallisation sequences as deduced from SEM and TEM observations and temperatures of
liquidus (T ) observed by DTAL

Alloy Phases in the order of appearance T (8C) Ref.L

(a) Al Cr Mn Al Mn , m, Al Mn, Al Mn/(Al) –81 0.76 18.2 11 4 6 6

Al Cr Mn type Al Mn , m, Al Mn, Al Mn/(Al) –85 3.75 11.25 11 4 6 6

Al Cr Mn type Al Mn , m, h, C, C(Al), Al Mn/(Al) –85 7.5 7.5 11 4 6

Al Cr Mn type Al Cr , m, h, u, (Al) –85 11.25 3.75 9 4

Al Cr Mn Al Cr , m, h, u, (Al) –83.8 15.41 0.78 9 4

(b) Al Mn m, Al Mn, Al Mn/(Al) 896 [9]88 12 6 6

Al Cr Mn Al Mn , mAl Mn/(Al) 910 [7]88.65 1.75 9.6 11 4 6

Al Cr Mn m, C, C(Al), Al Mn/(Al) 980 [6]88.2 3.8 8 6

Al Cr Mn m, h, C, C(Al), Al Mn/(Al) 1005 [1,2]88 6 6 6

Al Cr Mn type Al Cr , m, h, h /(Al), C(Al), Al Mn/(Al) 1015 [5]87.25 9.75 3 9 4 6

Al Cr Mn m, h, u, (Al) – [8]87.1 10.7 2.2

Al Cr Al Cr , m, h, u, (Al) 1022 [3,4]87.5 12.5 9 4

The reference numbers indicated in the last column are related to those indicated in Fig. 1 (d). The notation for the eutectic phase is given as Al Mn/(Al).6
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these m-phase Bridgman samples have also been used for a were observed as preceding the formation of m-compounds
study on the nature of the Mn/Cr substitution by neutron (Table 1a). Then, the position of a peritectic line limiting
powder diffraction and magnetic susceptibility measure- the liquidus phase field of this phase on the Mn and
ments using a SQUID (Superconducting Quantum Interfer- Cr-rich side was roughly estimated from this first study.
ence Device) [26]. Note that with respect to previous observations [21] on

Al–Cr alloys having 17, 20 and 25 at.% Cr, the nucleation
behaviours of both the h and m phases appear to be

2. Phase equilibria different because the formation of hAl Cr phase has not5

been detected in as-cast Al–Cr samples but only through
21Several intermetallic phases mainly formed by peritectic slow cooling (38C min ). For these as-cast Al–Cr alloys,

reactions were considered from the data on both binary the crystallisation sequences were always Al Cr , mAl Cr9 4 4

phase diagrams Al–Mn [18,19] and Al–Cr [20,21]. Their followed by uAl Cr, while for the as-cast Al–Cr–Mn7

structures are recalled in Table 2 containing also a ternary alloys presently studied, h-compounds nucleate much more
C-phase presently identified. As preliminary investigations easily as metastable phase than stable Al Cr or Al Mn9 4 11 4

from a first set of five alloys (Table 1a), SEM observations phases and the m-phase is only formed in large proportion
of the as-cast microstructure of the alloys through further annealing treatments.
Al Cr Mn Al Cr Mn and Al Cr Mn , Since the existence of a continuous m-phase region85 11.25 3.75 85 7.5 7.5 85 3.75 11.25

revealed a primary crystallisation of large faceted grains of bounded by mAl Mn and mAl Cr could be expected from4 4

Widmanstatten-like precipitates embedded in an Al matrix. these first results, we have prepared a second set of alloys
The structure of these precipitates were found by TEM to (Table 1b) in order to fabricate by Bridgman growth
correspond to this of the orthorhombic hAl Cr phase several pure m-phase compounds containing different Mn/5

within each alloy. Their compositions as measured by Cr ratios. In their as cast state, a metastable crystallisation
XEDS were found to be related to a Mn/Cr substitution in of the h-phase was again found in all ternary alloys but not
the hAl Cr phase and in which the Mn/Cr ratios were in both binary Al Mn and Al Cr alloys. On5 88 12 87.5 12.5

quite close to those of the initial alloys. Other phases account of the microstructure observed by SEM on sam-
(Al Mn , Al Cr , m, C, u) were also observed in these ples either analysed by DTA or annealed at temperatures11 4 9 4

as-cast microstructures but in small proportions. Formation of 700, 750 or 8008C for 40 min and rapidly quenched in
of m-compounds containing different Mn/Cr ratios were water, the crystallisation paths were determined (Table 1b).
only obtained as majority phase after annealing treatments, For three alloys (Al Cr , Al Cr Mn and87.5 12.5 87.25 9.75 3

at 10008C for the Al Cr Mn and Al Cr Mn Al Cr Mn ) the proportion of transition metal was81 0.76 18.2 85 11.25 3.75 88.65 1.75 9.6

alloys and at 9008C for the Al Cr Mn , slightly too important for yielding a primary crystallisation85 7.5 7.5

Al Cr Mn and Al Cr Mn alloys. From of m-phase; its formation was preceded by this of Al Cr85 3.75 11.25 83.8 15.41 0.78 9 4

DTA analyses and TEM observations, primary crystallisa- or Al Mn . The crystallisation of a ternary C-phase from11 4

tions of compounds of either Al Mn structure in the the liquid was observed in three alloys (Al Cr Mn ,11 4 87.25 9.75 3

Mn-rich alloys or Al Cr structure in the Cr-rich alloys Al Cr Mn and Al Cr Mn ) and also through9 4 88.65 6 6 88.2 3.8 8

Table 2
Crystallographic data on the phases considered in the present study

˚Phase Bravais lattice Space group Cell parameters (A) Ref.

¯Al Cubic Fm3m a54.049
¯Al Mn Cubic Im3 a57.47 [28]12

Al Mn Orthorhombic Cmcm a57.5518, b56.4978, c58.8703 [29]6

lAl Mn Hexagonal P6 /m a528.382, c512.389 [6]4.5 3

mAl Mn Hexagonal P6 /mmc a519.98, c524.673 [22]4 3
˚pAl Mn (metastable) Orthorhombic Bbmm a523.6, b512.4, c57.7 A [30]4

(type Al Mn Ni )60 11 4
˚fAl Mn Hexagonal P6 /mmc a57.54, c57.90 A [31]10 3 3

Al Mn (or Al Mn) Orthorhombic Pnma a514.8, b512.42, c512.59 [32]11 4 3
¯Al Mn4 (high T form) Triclinic P1 a55.095, b58.879, c55.0511

a 589.358, b 5100.478, g 5105.088 [33]
uAl Cr Monoclinic C2/m a525.256, b57.582, c510.955 [34]45 7

(type Al V ) b 5128.68845 7

hAl Cr or Al Cr Orthorhombic Cmcm or a512.35, b534.6, c520 [21]5 11 2

Cmc2 or Ama21

mAl Cr Hexagonal P6 /mmc a520.076, c524.80 [26]4 3

(type mAl Mn)4

Al Cr Cubic a59.123 [35]9 4

CAl Cr Mn Monoclinic C2/c or Cc a517.48, b524.72, c530.31 p.w.82 2.3 15.7

b 51358
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annealing treatments, at 7008C for the Al Cr Mn 700, 750 and 8008C were plotted (Fig. 1a,b,c and Table 3).88.65 1.75 9.6

alloy and at 7508C for the Al Cr Mn and As shown in these sections there are different ternary88.2 3.8 8

Al Cr Mn alloys. From the results on chemical equilibria occurring between a liquid phase and two88.65 1.75 9.6

composition and structure analyses isothermal sections at intermetallic compounds, namely liquid C1Al Mn, liquid6

Fig. 1. Isothermal sections of the Al–Cr–Mn system at 7008C (a), 7508C (b) and 8008C (c) where different ternary equilibria occur between a liquid phase
and two intermetallic compounds: liquid ⇔C1Al Mn, liquid ⇔C1h and liquid ⇔h1u at 7008C; liquid ⇔C1h and liquid ⇔h1u at 7508C; liquid6

⇔m1h at 8008C; (d) projection of liquidus phase fields where the m-phase compositions and initial alloy compositions (open circles with reference
numbers corresponding to those indicated in Table 1) are reported.
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Table 3 sponding to a primary crystallization of the u, h, C and
Average chemical composition of phases corresponding to different Al Mn phases respectively are indicated in an enlarged6equilibria occurring at 700, 750 and 8008C. The composition of liquids

part of this diagram where it can be noticed that thehave been estimated from SEM analyses, by measuring the proportions of
solidification ends at the binary eutectic Al Mn/Al. Notethe equilibrium solid phases 6

that the line separating the liquidus phase field of Al from
Al at.% Mn at.% Cr at.%

the liquidus phase fields of the u, h, C and Al Mn phases6
Isothermal section at 7008C is peritectic on the Al–Cr side and becomes an eutectic
C-Al Mn – Liquid equilibrium6 valley towards the Al–Mn side. Intermediate transforma-Al Mn 84.6 15.4 06

tions of pseudo-peritectic nature occur along this line:C 82 15.7 2.3
liquid 98 1.95 0.05 Al1liquid1u→Al1liquid1h; Al1liquid1h→Al1
C–h – Liquid equilibrium liquid1C and Al1liquid1C→Al1liquid1Al Mn.6
C 82.4 14.2 3.4 All the alloys indicated in Table 1b were successively
h 82.3 11.5 6.2

re-melted in alumina crucibles in a Bridgman furnace. Forliquid 97.9 1.7 0.4
each sample (of about 60 g), a formation of m-phase wash–u – Liquid equilibrium

h 83 9.9 7.1 obtained on 50 to 60% of the length of the Bridgman ingot.
u 85.7 3.6 10.7 Very small quantities of other compounds were however
liquid 97.8 1 1.2 observed at the grain boundaries of the m-phase (grain
u – Liquid equilibrium

sizes of several millimetres). Due to an evolution of
u 85 0 15

composition of non-congruent liquid–solid equilibria as a
Isothermal section at 7508C function of temperature, each ternary m-sample exhibited a
C – Liquid equilibria

variation in their Mn and Cr concentrations along theC 82.1 15.8 2.1
Bridgman ingot length. The range of variation of the ratioC 82 13.6 4.4

C–h – Liquid equilibrium x5C /(C 1C ) and for each sample are reported inMn Mn Cr
C 82.3 11.3 6.4 Table 4. Note that in accordance with the results of the
h 82.7 9.8 7.5 analyses of DTA samples, primary crystallisations of either
Liquid 96.5 2.1 1.4

Al Mn from the liquid Al Cr Mn alloy or11 4 88.65 1.75 9.6h–u – Liquid equilibrium
Al Cr from the liquid Al Cr Mn and Al Crh 82.5 7.9 9.6 9 4 87.25 9.75 3 87.5 12.5

u 86.1 2.8 11.1 alloys were first formed as a very thin layer (30 to 50 mm)
Liquid 96.5 1.3 2.2 in the corresponding Bridgman ingots. Thus, such results
u – Liquid equilibrium confirmed that the position of a upper peritectic limit for
u 85.8 0 14.2

the m-phase formation was quite correctly determined in
Isothermal section at 8008C the first step of our study.
m – Liquid equilibria
m 80.7 19.3 0
m 80.5 15.5 4
m–h – Liquid equilibrium 3. Structures
m 80.5 12 7.5
h 82 9.5 8.5 3.1. m-Compounds
Liquid 95 3.6 1.4
h – Liquid equilibria

The different m-phase compounds obtained by Bridgmanh 82 8.5 9.5
h 82.4 3.7 13.9 growth were reduced into powders for X-ray and neutron
h 82.8 0 17.2 diffraction experiments. From X-ray powder diffraction,

performed using the Cu Ka radiation, we have found that
each sample spectrum exhibited the reflection positions

⇔C1h and liquid ⇔h1u at 7008C; liquid ⇔C1h and corresponding to those of the hexagonal mAl Mn structure.4

liquid ⇔h1u at 7508C; liquid ⇔m1h at 8008C. For Slight variations in the reflection intensities and in the
instance, the SEM micrograph of Fig. 2 is related to the hexagonal cell parameters have also been observed as a
coexistence of both the C- and h-phases which were in function of the different Mn/Cr ratios of samples. How-
equilibrium with a liquid phase at 7008C in the ever, as atomic scattering factors of Cr and Mn are very
Al Cr Mn alloy sample. Therefore, taking account close (for instance, f /f varies only from 1.0416 to88.7 1.8 9.6 Mn Cr

21˚of all these crystallisation paths and isothermal equilibria, 1.0646 between 0 and 1.5 A ), the relative reflection
determined from the solidification of different alloys and intensity variations observed as a function of the different
the measured liquidus temperatures, we propose in Fig. 1d, Mn/Cr ratios in m-phase samples were too small for
a scheme for the projection of liquidus phase fields limited carrying out an accurate study on the nature of the Mn/Cr
to the subsection Al Mn–Al Cr–Al. The compositions of substitution, i.e. whether isomorphic or not.4 4

the initial alloys and those of the m-compounds are given This has been studied by neutron powder diffraction
in this diagram; the small liquidus phase fields corre- [26] because there is an important contrast between Mn
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Fig. 2. SEM micrograph of a polished section of the Al Cr Mn alloy sample annealed at 7008C and quenched. Both the C and h-phases are observed88.7 1.8 9.6

to be embedded in an Al-rich matrix; the grain sizes and their arrangement is typical of a ternary equilibrium between both these phases and a liquid phase
occurring at 7008C.

and Cr in that case; the neutron scattering lengths by Cr instance, part of spectra obtained on both mAl Mn and4

and Mn are respectively equal to 0.3635 and 20.373 fm, mAl Cr compounds (i.e. for 208#2u #1208 corresponding4

as previously mentioned. Let us recall that neutron diffrac- to a total number of 590 reflections) are shown in Fig. 3
tion spectra on all the m-phase samples obtained by where for each sample the measured intensities, corrected

´Bridgman growth have been measured at Laboratoire Leon of the background, are superimposed to calculated inten-
Brillouin on the spectrometer G4.2 with a wavelength sities from the structural model of Brink-Shoemaker et al.

˚l52.597 A selected with a graphite monochromator. [22] which yields a good fit of the experimental data.
About 750 reflections have been measured in a 2u range of Between both these spectra, many reflection intensities
5.5228#2u #151.8378 (i.e. corresponding to a momentum appear to be very different.

21 21˚ ˚ However, if the structural model of Brink-Shoemaker ettransfer range 0.3606 A #Q#4.7075 A ). The obtained
al. [22] (i.e. the atomic coordinates, Debye-Waller andspectra have been analysed using the FULLPROF program
occupancy factors) has directly been applied in order to[36] which is based on the Rietveld method [37,38]. For

Table 4
Range of variation of the ratio x5C /(C 1C ) determined for each m-phase sample obtained by Bridgman growthMn Mn Cr

Alloy Al at.% x ratio variation through the m-phase Bridgman ingot length xa

0% 20% 40% 60% 80% 100%

Al Mn 80.5 1 1 1 1 1 1 188 12

Al Cr Mn 81.0 0.93 0.88 0.84 0.81 0.78 0.76 0.8388.65 1.75 9.6

Al Cr Mn 80.7 0.52 0.56 0.61 0.67 0.71 0.73 0.6388.2 3.8 8

Al Cr Mn 80.9 0.32 0.38 0.43 0.48 0.53 0.58 0.4588 6 6

Al Cr Mn 81.3 0.14 0.18 0.20 0.22 0.25 0.27 0.2187.25 9.75 3

Al Cr Mn 81.2 0.11 0.14 0.15 0.16 0.17 0.18 0.1687.1 10.7 2.2

Al Cr 80.8 0 0 0 0 0 0 087.5 12.5

Different per cent values of the Bridgman ingot lengths, where m-phase compounds were observed, are given from the beginning to the end of
crystallisation of this phase. As indicated in column 2, the Al concentration in each sample correspond to an average value of measured concentrations
varying at about 60.5 at.%. Average x values given in the last column are not exact but just indicative for a comparison with x ratios obtained from aa

refinement of neutron powder diffraction data (see Table 4).
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Fig. 3. Part of the neutron powder spectra observed (1) and calculated from the model of Brink-Shoemaker et al. [21] (———) for the Al Cr (a) and4

Al Mn (b) phases.4

obtain such an agreement for the binary mAl Mn and an isomorphic substitution behaviour between Mn and Cr4

mAl Cr compounds, the same procedure could not success- has also been deduced to be in agreement with a linear4

fully be applied to the spectra of ternary compounds. A variation of the magnetic susceptibility as a function of
direct refinement of the Mn and Cr occupancy factors on C /(C 1C ) measured on a SQUID [26]. Therefore,Mn Cr Mn

all TM Wyckoff sites in the m structure for identifying the from neutron powder diffraction and magnetisation mea-
nature of the Mn/Cr substitution, did not converge. The surements it could well be concluded that an isomorphic
convergence to a solution was too sensitive to very small Mn/Cr substitution is realised in this hexagonal
variations of these factors. Besides, there was an additional Al Mn Cr phase in the range 0#x#1.4 x 12x

difficulty resulting from the Cr and Mn concentration
variations in each sample (cf. Table 4). A good agreement

Table 5between the measured and calculated intensities, has only
Neutron powder diffraction data on the crystallographic parameters as a

been obtained by varying the relative proportions of Cr and function of the C /(C 1C ) ratios in m-phase samples (from Ref.Mn Mn Cr

Mn atoms within each m compound but with the assump- [20])
tion that the Mn/Cr substitution ratios for all TM Wyckoff ˚ ˚Alloy C /(C 1C ) a (A) c (A)Mn Mn Cr
sites were identical (i.e. that the substitution is isomor-

Al Mn 1 19.980 24.6788 12phic). Through such a procedure, the refinement of the cell
Al Cr Mn 0.823 20.000 24.6988.65 1.75 9.6parameters showed a variation about linear as a function of Al Cr Mn 0.612 20.020 24.7288.2 3.8 8

the refined average ratios x5C /(C 1C ) in the m Al Cr Mn 0.407 20.035 24.74Mn Cr Mn 88 6 6

Al Cr Mn 0.177 20.060 24.77phase samples (Table 5); a variation which is also in 87.25 9.75 3

Al Cr Mn 0.164 20.060 24.7887.1 10.7 2.2agreement with the condition that Cr atoms randomly
Al Cr 0 20.076 24.8087.5 12.5replace Mn atoms slightly smaller than Cr atoms. Note that
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3.2. Structure of the C phase and relationships with axis. From such an observation, it can be assumed that the
binary phases monoclinic structure of the C-phase probably results from

a phase transition of a C orthorhombic structure of which
The structure of the C-phase was found to be mono- the space group could be either Cmcm, Cmc2 or C2cm if1

clinic (Table 2). Its Bravais lattice as deduced from the reflection intensities are only changed in order to
electron diffraction patterns (Fig. 4a) is quite particular respect a Laue class of symmetry mmm. From such an
because it can be confused with a C orthorhombic lattice assumption of the orthorhombic structure, which would
from the observed geometry of the diffraction patterns. The only be stable at high temperature, both the observed
symmetries observed between intense reflections have to orientations of the monoclinic structure have an equal
be considered in order to distinguish between the Laue probability to be formed on cooling.
class of an orthorhombic system (mmm) and that of a The cell parameters of the monoclinic C-structure were
monoclinic system (1 2 /m 1 ). For instance, considering quite accurately determined because of an orientation

¯ ¯ ¯the patterns of [010], [110] and [100] zone axes related relationship observed between both the m and C phases
between them through a rotation about the 001 row (Fig. and from which the cell parameters of the m-structure can
4a), intense reflections are related by an horizontal mirror be used as a reference scale. Fig. 6 shows a high resolution

¯ ¯line on the pattern [100] but not on the patterns [010] and image of an interface observed between the m and C
¯ ¯[110]. Along the pattern of the [110] zone axis, the intense phases formed in the Al Cr Mn alloy annealed at88.65 1.75 9.6

reflections are only related by a centre of symmetry and 7008C. The corresponding electron diffraction patterns are
¯along the [010] zone axis, they seem to be related by successively related, from the left to the right, to the

mirror planes s1 and s2 situated at 458 from the horizon- m-phase oriented along its [0001] zone axis, to the m–C

tal. Therefore, as the symmetries of the Laue class mmm interface and to the C-phase oriented along its [201] or
are not respected, the case of an orthorhombic Bravais [001] zone axis (i.e. zone axes of orientation which cannot
lattice must be excluded. A monoclinic Bravais lattice was be distinguished neither by electron diffraction nor by high
then determined from the indexing of the diffraction resolution imaging). The orientation relationship is:
patterns shown in Fig. 4a in a manner that the reflection

[0001] / / [001] or [201]conditions are in agreement with those of the space groups m C C

Cc (non-centrosymmetric) and C2/c (centrosymmetric), i.e.
¯ ¯h1k52n for hkl and l52n for 001. Note that 001 a or [2111] / / [201] or [001]m m C C

reflections with l±2n are observed in the diffraction
¯pattern of the [110] zone axis but they result from double ¯[0110] / / [010]m C

diffraction effects as it can easily be verified from other
diffraction patterns related by a rotation around this 001

From direct comparisons between distances measured on
row. The geometrical identity between the diffraction

high resolution images related to this interface, we have¯ ¯patterns of [001] and [201] zone axes results from a
deduced the following relations between the cell parame-

particular value of 1358 for the b angle. Looking at a high
ters of both structures:

resolution image of the C-structure oriented along its [010]
zone axis (i.e. parallel to the electron beam), the fringe (1.618)a 5 a /œ2C m

pattern observed appears to be in agreement with the
projection of the symmetry element of the C2/c space b 5 (7a œ3) /8C mgroup (Fig. 4b). Nevertheless, although it confirms the
possibility for such a centrosymmetric space group, the

c 5 cC mother possibility of a non-centrosymmetric space group Cc
cannot be excluded.

The last relation was verified on an image where the C and
Note that the symmetries related to mirror planes s1 and

m phases from both sides of the interface exhibited a [201]¯s2 between the diffraction patterns of [010], [001] and ¯ ¯and a [2110] zone axis, respectively.¯ ¯[201] zone axes are obviously not imposed by the symme-
Knowing the cell parameters of the m-phase compound

try elements of both these space groups. Meanwhile such ˚obtained from the Al Cr Mn alloy (a 519.998 A,88.65 1.75 9.6 madditional symmetry elements means that a pseudo- ˚c 524.695 A), the cell parameters of this C-phasemmerohedral twinning related to a mirror operation s1, or
compound, whose average composition is Al Cr Mn82 2.3 15.7equivalently s2, might be envisaged. Twinned crystals
from XWDS analyses on bulk samples of this alloy, were

were effectively observed (Fig. 5). In the top part of Fig. 5,
then deduced to be:

the twinning occurs between two crystals belonging to a
same sandwich layer perpendicular to the b axis while in ˚ ˚ ˚C a 5 17.48 A, b 5 30.31 A, c 5 4.695 A, b 5 1358C C C
the bottom part, crystals belonging to different layers are
related, not by twinning but by an equivalent operation for As the Mn/Cr ratio is variable in the C-phase, its cell
the resulting orientations, either the [100] or [101] zone parameters are probably depending on this ratio.
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¯ ¯ ¯Fig. 4. C-Structure: (a) Main electron diffraction patterns of the monoclinic C-structure, the [101], [001], [100] and [201] are successively related between
¯ ¯them by 458 rotations about the b axis and related to the [010] pattern by 908 rotations about h01, h00, 001 and h021 rows, respectively. A schema of the

corresponding orientations of the monoclinic cell in the direct space is indicated in the right bottom part of this figure. As explained in Section 3.2, the
¯Laue class of symmetry of such patterns is typical of a monoclinic system but not of an orthorhombic one. For instance, the [110] pattern situated in

¯ ¯between those of [010] and [100] zone axes is shown in order to point out that intense reflections are only related by a centre of symmetry; (b) lattice fringe
image corresponding to the diffraction pattern of [010] zone axis from which it can be verified that its symmetry elements in agreement with those of the
C2/c space group.
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Fig. 4. (continued)

Fig. 5. Sandwich structure of the C-phase corresponding to both orientations of observation [100] and [101]: A twinning occurs between two crystals
belonging to a same sandwich layer perpendicular to the b axis on the top part of the image while in the bottom part, crystals belonging to different layersC

are related, not by twinning but by an equivalent operation for the resulting orientations. The diffraction pattern corresponding to both orientations [100]
and [101] shows that the distances between the reflection rows are exactly the same.
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Fig. 6. m–C interface and corresponding electron diffraction patterns from which the cell parameters of the C-phase were accurately determined (see
Section 3.2).

4. Discussion pattern. As we have found that the composition of this
phase exhibited about the same Mn/Cr substitution ratio as

The close relationship observed between both the C and the one measured for the m-phase compound present in the
m phases could probably be related to a few common same sample, it suggests that the behaviour of the Mn/Cr
features between their atomic structures. Therefore, further substitution in the l-phase would be similar to that of the
crystallographic studies on the C-phase would be interest- m-phase. Such an assumption seems to be reasonable when
ing in order to determine whether icosahedral clusters one compares the atomic structures of both m and l phases
centred on TM atoms also exist in this ternary phase whose crystallographic data have been obtained by Brink-
structure or not (cf. Section 1). Shoemaker et al. [22] and by Kreiner et al. [6], respective-

Only intermetallic phases formed from liquid states have ly.
been reported so far. Meanwhile, in the case of the Al–Mn According to the crystallographic data of these authors,
system, it is known that lAl Mn and Al Mn phases can the hexagonal cell of mAl Mn contains 574 atomic sites4.5 12 4

be obtained from solid state reactions between mAl Mn distributed on 10 and 31 Wyckoff sites for Mn and Al4

and Al Mn for T56908C and between Al Mn and (Al) for atoms respectively while the hexagonal cell of lAl Mn6 6 4.5

T56908C, respectively [10–14]. Actually small propor- contains 586 atomic sites distributed over 15 and 51
tions of l-phase were observed in DTA Mn-rich alloy Wyckoff sites for Mn and Al atoms respectively. There are
samples. For instance, a high resolution image of a l-phase nine of the ten Mn Wyckoff sites coordinated by
compound obtained in the Al Cr Mn alloy is shown icosahedra in mAl Mn and 14 of the 15 Mn Wyckoff sites88.2 3.8 8 4

in Fig. 7 with the corresponding electron diffraction in lAl Mn. This means that within each of these4.5
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Fig. 7. High resolution image and corresponding electron diffraction pattern of [0001] zone axis of a l-phase compound obtained in the Al Cr Mn88.2 3.8 8

alloy.

structures, each Mn is surrounded by either 11Al11Mn or triangular faces or through an overlap along a five-fold
10Al12Mn, and there is only one Mn Wyckoff site where axis such that the Mn atom in the centre of an icosahedron
the average coordination is of about 7Al. These last atomic stands as a vertex for a neighbouring icosahedron and vice
sites are the Mn(1) surrounded by Al(11) with an oc- versa. In that case, the Mn atoms represented as large
cupancy factor of 0.424 and Al(17) with an occupancy white disks at the vertices of icosahedral clusters in each
factor of 0.672 in the report of Brink-Shoemaker et al. layer also correspond to cluster centres of the adjacent
(1989) and the Mn(1) surrounded by Al(21), Al(22) and layers.
Al(63) with occupancy factors of 0.53, 0.4 and 0.78 It can be pointed out in Fig. 8 that both the Mn(1) sites
respectively, in the report of Kreiner et al. [6]. related to each structure have exactly the same local

˚Using software for drawing crystal structures, these environment extending on a radius of about 16 A within
icosahedral clusters centred on Mn atoms can be repre- the layer of icosahedra at z 51/4 and z 51/4 but also,m l

sented in order to simplify the description of these on account of the different space groups, on a radius equal
˚structures. Thus on account of their space groups (P6 / to about 6.2 A (5c /45c /2) along the c axes. In other3 m l

mmc for m and P6 /m for l) both these structures appear words, both these structures are related to the same3

to be constituted of a stacking of icosahedral cluster layers arrangement of icosahedral clusters around their Mn(1)
perpendicular to the c axis (Fig. 8a and b). For the sites. Therefore, it would not be so surprising that a Mn/Cr
m-structure, there are two flat layers centred at z51/4 and substitution in the l-structure could be isomorphic like in
z51/2 (the mirror and a pseudo-mirror planes respective- the m-structure.
ly) and a third corrugated layer centred at z53/8. For the
l-structure, there is one flat layer centred at z51/4 and a
second corrugated layer is centred at z51/2. The 5. Concluding remarks
icosahedral clusters, more or less distorted with respect to
the regular icosahedron, all have a twofold axis parallel to The occurrence of a liquid–mAl Mn Cr phase4 x 12x

the c axis in the flat layers z 51/4, z 51/2, z 51/4 and equilibrium for 0#x#1 in the Al–Cr–Mn system andm m l

a threefold axis parallel to the c axis in the intermediate with the property that the nature of the Mn/Cr substitution
corrugated layer z 53/8 and z 51/2. Each icosahedron is isomorphic in the m-phase can be considered as ideal form l

is linked with first neighbours either by vertices, edges, further studies on the local order of liquid alloys in
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Fig. 8. Comparison of the m (a) and l (b) phase structures from an interpretation in terms of icosahedral clusters centred on the Mn transition metal (and
according to the crystallographic data of Brink-Shoemaker et al. [21] for the m phase and of Kreiner et al. [6], for l phase). Al and Mn atoms at the vertices
of icosahedral clusters are represented as small and large balls respectively (see Section 4). The icosahedral clusters are more or less deformed with respect
to the regular icosahedron and exhibit a pseudo two-fold axis parallel to the c axes in the flat layers at z 51/4, z 51/2, z 51/4 where they are eitherm m l

linked by vertices, triangular faces or overlap with neighbouring clusters along a pseudo five-fold axis. Al sites pointed out by arrows are too close to be
simultaneously occupied. Only one Mn site in each structure (noted Mn(1)) has a coordination shell of about 7 Al instead of 12 atoms. The Mn atoms
represented as large balls correspond to cluster centres situated in the adjacent layers. In the corrugated layers z 53/8 and z 51/2, the clusters exhibit them l

same orientation with a three-fold axis parallel to the c axes. Some clusters are linked by edges.
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Fig. 8. (continued)

equilibrium with the mAl Mn Cr phase. In fact, these because the m-phase structure exhibits such a type of local4 x 12x

results constitute convincing arguments for inferring that order.
an isomorphic substitution also occurs in these liquids. A Finally, note that the Al–Mn–Cr system could also be
local icosahedral order might be expected in these liquids very promising for fundamental research works on various
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