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Isothermal sections of the ternary Cr-Al-Nb phase diagram were experimentally investigated for tem-
peratures of 1150, 1300, and 1450°C by electron-probe microanalysis (EPMA), X-ray diffraction (XRD),
differential thermal analysis (DTA) and light-optical (LOM) as well as scanning electron microscopy (SEM).
Cr-Al-Nb alloys were prepared by levitation melting and annealed at temperatures between 1150 and
1450 °C for up to 1500 h. The most striking feature of the ternary Cr-Al-Nb phase diagram is the extended
phase field of the cubic C15 and the hexagonal C14 Laves phase Nb(Cr,Al),. With increasing Al content, the
Laves phase polytype changes from C15 to C14. Both phase fields are separated by a small two-phase field,
which shifts to lower Al contents with increasing temperature. The lattice parameters of both Laves phase
polytypes and of all other phases occurring in this system were studied in dependence on composition
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and the solubilities of ternary elements in the binary phases were established.
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1. Introduction

Transition-metal Laves phases are frequently discussed as
attractive candidates for structural materials at very high tem-
peratures, see e.g. [1-4]. Especially two-phase alloys on the basis
of the Laves phase NbCr; have been studied because of the high
melting point, relative low density, good high-temperature oxi-
dation behaviour and very good high-temperature strength and
creep resistance of NbCr, [5-10]. In order to improve the insuf-
ficient low-temperature deformability, the effect of the addition of
ternary alloying elements has been investigated [11,12]. A candi-
date worth to be studied as alloying element is Al, because both
the metal Cr as well as the Laves phase NbCr, can dissolve large
amounts of Al [13,14]. As the knowledge of the phase equilibria in
respective systems is an essential prerequisite for the development
of materials on the basis of such alloys, the aim of the present work
is an investigation of the high-temperature phase equilibria in the
ternary Cr-Al-Nb system.

The phase diagrams of the three binary subsystems of the
Cr-Al-Nb system are well described in the literature. The Cr-Nb
binary system [15-20] consists of the two solid solutions (Cr) and
(Nb) both forming a eutectic with the Laves phase NbCr;, which is
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the only intermetallic phase of this system. Whereas the older lit-
erature reports on a phase transformation of the C15 Laves phase
to the hexagonal C14 Laves phase polytype at about 1600 °C, the
most recent investigations of the system indicate that the cubic
C15 structure is stable up to the congruent melting point and
the frequently observed hexagonal C14 polytype is a metastable
phase [21]. The AI-Nb system [22-26] contains the congruently
melting phase AlsNb and the two peritectically melting, Nb-rich
phases AINb, and AINbs. In the AI-Cr system [27-32], the (Cr)
solid solution extends far into the binary system up to about
45 at.% Al at 1320°C. Below 910°C, the phase AlCr;, which is the
only Cr-rich intermetallic phase of the system, precipitates from
the (Cr) solid solution. Above 50at.% Al, a series of Al-rich inter-
metallic phases AlgCrs, AlgCry, Al{1Cry, Al4Cr, Al;1Cry, and Al;Cr
forms peritectically from the melt (Al;;Cr4 forms peritectoidally).
In this Al-rich part of the Al-Cr phase diagram, which is still not
completely solved [30,31], all phases besides AlgCrs melt below
1100°C. Therefore, they are not relevant for the present investi-
gations, which focus on high-temperature phase equilibria above
1100°C.

There are only few investigations on the ternary Cr-Al-Nb phase
diagram available, which are summarized in [13,14]. Svechnikov
et al. [33] studied the Nb-rich part of the ternary system in the
composition triangle Nb-NbCr,-NbAl3 at 1200 and 1500°C by
metallography and X-ray diffraction (XRD) analysis of 46 ternary
alloys. Analyses of the compositions of the observed phases were
not performed. Besides this work of Svechnikov et al., there are
only three more publications on experimental work, all of them
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Table 1

Nominal compositions of the investigated ternary Cr-Al-Nb alloys and phases identified by XRD in the as-cast condition and after heat treatments.

Alloy no. Nominal composition Phases identified by XRD
Cr (at.%) Al (at.%) Nb (at.%) As-cast 1150°C 1300°C 1450°C

1 70 5 25 C14+(Cr) C15+(Cr) C15+(Cr) C15+(Cr)

2 60 9 31 C14+(Cr) C15+(Cr)? C15+(Cr)? C14+(Cr)

3 56 24 20 C14+(Cr) C14+(Cr) C14+(Cr) C14+(Cr)

4 31 48 21 C14+Al3Nb + AICr C14+Al3Nb +(Cr) C14+Al3Nb+(Cr) -b

5 52 3 45 C14+(Nb) C15+(Nb) - -

6 40 5 55 C14+(Nb) C15+(Nb)? C15+(Nb)? C15+(Nb)?

7 50 9 41 C14+(Nb) C15+AINDb; @ C15+AINDb; @ C14+(Nb)

8 32 19 49 C14+AINDb, C14+AINDb, - -

9 20 20 60 C14+AINDb, C14+AIND; + AINbs C14+AIND; + AINbs C14+AINb; +Nb
10 20 32 48 C14+AINDb, C14+AIND, C14 +AINDb, C14 +AINDb,
11 10 50 40 C14 +AINDb; + Al3Nb C14 +AINb; + Al3Nb C14 +AINb; + Al3Nb C14+AINb, + Al3Nb
12 56.7 10 333 C14 - - -
13 46.7 20 333 C14 - - -
14 36.7 30 333 C14 - - -

2 Sample contains small amounts of metastable C14 phase; see text.
b Sample was partially molten.

dealing with the isothermal section at 1000°C [34-36]. Hunt and
Raman [34] only provided a rough overview of the system and
the exact positions of the phase boundaries and the tie-triangles
remained undefined as they only used XRD analysis. Mahdouk and
Gachon [35] employed direct reaction calorimetry to prepare seven
ternary samples from fine powders of the pure metals, which were
annealed at 1000 °C for 168 h and then examined by XRD and elec-
tron probe microanalysis (EPMA). As the authors state themselves,
the main drawback of their preparation method is the compar-
atively high level of impurities due to the use of fine powders.
The third publication showing an isothermal section at 1000 °C is
from Zhao et al. [36], who deduced their partial isothermal section
from EPMA and electron backscatter diffraction (EBSD) results on
a diffusion quadruple comprised of Cr, Nb, NbAlsz, and NbSi, which
was heat treated at 1000 °C for 2000 h. The basic phase relation-
ships in the three versions of the 1000°C isothermal section are
the same and consistent with the two isothermal sections at 1200
and 1500 °Creported by Svechnikov et al.[33]. The main discrepan-
cies of the three isothermal sections at 1000 °C are the extensions
of the various phase fields, especially the solubilities of Al in the
C15 Laves phase, Nb in the ternary Laves phase, Cr and Al in the
(Nb) solid solution, and Cr in Nb3Al, Nb,Al and NbAl;.

The present investigation focuses on phase equilibria in the
ternary Cr-Al-Nb system at 1150, 1300, and 1450°C. Partial
isothermal sections were already shown in a previous publication
[37], where site occupations in the hexagonal C14 Nb(Cr,Al), Laves
phase were discussed. In parallel to the present experimental inves-
tigations, thermodynamic modelling applying the Calphad method
has been performed on the basis of the available experimental data
[38].

2. Experimental

Cr-Al-Nb alloys were prepared from high-purity metals (Nb 99.9 wt.%, Cr
99.99 wt.%, Al 99.999 wt.%) by crucible-free levitation melting in an argon atmo-
sphere and drop-casting into cold copper moulds of 10 mm in diameter. The nominal
compositions of the alloys are listed in Table 1. For heat treatments, cylindrical pieces
of 10 mm in length were cut by electrical discharge machining (EDM), polished and
cleaned in ethanol. For heat treatments at 1150°C, samples were encapsulated in
quartz ampoules, which were evacuated and back-filled with argon several times
before sealing them. After the heat treatment at 1150 °C for 100 h (or, in some cases,
1500 h), the samples were quenched by breaking the ampoules in 10% NaCl brine.
For heat treatments at 1300°C (100 h) and 1450°C (50 h), quartz ampoules cannot
be used as they are no longer gas-tight. Instead, the samples were wrapped in Nb foil
and placed into an alumina crucible with Ti filings as oxygen getter. The heat treat-
ments were performed in an Ar atmosphere and finally the samples were rapidly
cooled in a jet of Ar gas.

Chemical analysis of two selected samples (alloy 2, as-cast and after heat treat-
ment at 1450°C) gave carbon contents of 12 and 17 wt.ppm, oxygen contents of 22
and 150 wt.ppm, nitrogen contents of 8 and 38 wt.ppm, and silicon contents of 14
and 8 wt.ppm, respectively, showing that the impurity content of the as-cast alloys
is low and does not change much during the heat treatments.

EPMA measurements were carried out with a Cameca SX 50 and a Jeol JXA-
8100 instrument using pure Cr, Al, and Nb as standards. Phase compositions were
analysed with a beam probing sample volumes of about 1 wm?. The relative error
of the resulting compositions is 1%. For each phase, 11-15 measurements were
performed. The composition values and errors given in the tables throughout this
paper are the average values and standard deviations. The actual bulk composition of
the heat-treated alloys was determined by averaging the EPMA results of 900-1000
spot analyses per sample with spacings of 5 or 10 wm in three to four rectangular
fields.

XRD investigations of crushed and powdered samples with particle sizes <90 pm
were performed in Bragg-Brentano geometry using an “X'Pert” Philips PW-1827
diffractometer with CuK, radiation (A=0.154184nm) in a 26 range from 10° to
110° with a step size of 0.02°. The lattice parameters were determined using the
Rietveld refinement program package FullProf [39]. For the final accuracy of the
lattice parameters, an error of +£0.0002 nm was estimated.

Differential thermal analysis (DTA) was carried out with a Setaram SETSYS-18
DTA (SETARAM, Caluire, France) allowing measurements up to 1750 °C. Cylindrical
samples of 3 mm in diameter and height were placed in alumina crucibles and heated
and cooled with rates of 5 and 10 K/min in an Ar atmosphere.

For metallographic observation of the microstructures, light-optical (LOM) and
scanning electron microscopy (SEM) were used. For LOM investigations, the samples
were etched with “Ti2”, an etchant consisting of glycerine (68 vol.%), 70%-HNO3
(16 vol.%), and 40%-HF (16 vol.%). SEM was performed using a Hitachi S-530 and a
JEOL JSM 6500F electron microscope.

3. Results and discussion

The nominal compositions of the investigated alloys are listed
in Table 1 together with all phases identified by XRD in the as-
cast state and after heat treatments at 1150, 1300, and 1450°C.
Tables 2-4 give information about the analysed alloy compositions
and the compositions and lattice parameters of each phase as deter-
mined by EPMA and XRD, respectively. The basic crystallographic
information about the occurring phases as reported in [40] is sum-
marized in Table 5. The resulting isothermal sections of the ternary
Cr-Al-Nb phase diagram as established from the present experi-
mental data for temperatures of 1150, 1300 and 1450 °C are shown
in Figs. 1-3. The most striking feature of the phase diagram is the
extended phase field of the Laves phase Nb(Cr,Al),, which cuts the
isothermal sections more or less into two parts. Therefore, the fol-
lowing discussion is divided into three parts where the first one
deals with the Nb-lean area covering the region between the Cr-Al
boundary and the Laves phase, the second one focuses on the Laves
phase, and the third part contains a discussion about the Nb-rich
area of the phase diagram.
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Alloy and phase compositions as analysed by EPMA and lattice parameters determined by XRD after heat treatments at 1150°C.

Alloy no. Analysed alloy composition Heat treatment Phases Phase composition Lattice parameters
time (h)
Cr (at.%) Al (at.%) Nb (at.%) Cr (at.%) Al (at.%) Nb (at.%) a(nm) ¢ (nm)
1 70.1 55 244 100 C15 61.7 £ 09 63 +0.8 320+04 0.6992
(Cr) 93.1 +£ 0.6 43 +£04 26+04 0.2892
2 60.6 9.7 29.7 100 C15 56.1 £ 0.4 11.0 £ 0.6 329 £ 06 0.7016
(Cr) 2 a a 0.2900
C14" 0.4959 0.8123
2 60.6 9.7 29.7 1500 C15 58.1 £0.3 9.0 +0.2 329+0.2 0.7013
(Cr) 92 +1 6.2 +0.2 2+1 0.2898
Ci4° 0.4963 0.8090
3 54.3¢ 23.6° 22.1¢ 100 C14 42.2 + 0.9 25.8 + 0.6 320+08 0.5010 0.8211
(Cr) 80.2 +£ 09 182 + 04 1.6 £ 0.6 0.2938
4 30.0 46.5 235 100 C14 263 +0.2 40.8 +£ 0.2 329+03 0.5055 0.8267
AlzNb 1.6 £ 0.8 72.7 £ 0.6 25.7 £ 04 0.3838 0.8612
(Cr) 65.5+ 0.9 328+ 05 1.7 £ 05 0.2973
5 52d 3d 454 1500 C15 614 +03 32+0.1 354+03 0.7011
(Nb) 11+3 2.6 +0.1 87+3 0.3273
6 40.8 5.0 54.2 1500 C15 59.0 £+ 0.4 55+ 0.1 355+ 04 0.7017
(Nb) 7.8 £ 0.5 4.1+0.1 88.1 £ 05 0.3274
Ci4° 0.4961 0.8115
7 50.2 8.6 41.2 100 C15 57.0 £ 0.8 7.1+0.2 358 £ 0.7 0.7028
AINbs a a a 0.5178
Ci4® 0.4966 0.8132
7 50.2 8.6 41.2 1500 C15 58.0 +£ 0.6 6.8 +0.2 352 +05 0.7024
AINbs a a a 0.5176
Ci4® 0.4966 0.8120
8 313 21.1 47.5 1500 C14 50.2 £ 0.9 158 + 0.6 34.0 £ 0.6 0.4978 0.8185
AINb, 83 +£0.7 284+ 0.7 63.3 £ 0.6 0.9923 0.5138
9 22.0 203 57.7 1500 C14 53.7 £ 0.6 10.8 £ 0.5 355+03 0.4978 0.8171
AINb, 10.5 + 0.8 236 £ 0.5 65.9 + 0.8 0.9924 0.5138
AINb3 2 a a 0.5174
10 19.7 31.0 493 100 C14 335+ 06 31.3+0.2 352+ 0.7 0.5035 0.8245
AINb, 54+ 0.9 31.2+0.1 63.4+09 0.9925 0.5149
10 19.7 31.0 49.3 1500 C14 341+ 05 309 + 0.1 350+ 05 0.5031 0.8245
AINb, 7.9 +£ 0.8 31.2 £ 0.1 60.9 £ 0.8 0.9921 0.5147
11 9.2 49.5 413 100 C14 203 £ 0.1 449 + 0.2 348 £03 0.5076 0.8298
AINb, 1.9+03 35.8+0.2 62.3 £ 09 0.9919 0.5164
AlzNb 04 +0.1 733 £0.2 263 £0.2 0.3841 0.8614
2 Particles too small for EPMA analyses.
b Sample contains small amounts of metastable C14 phase; see text.
¢ As analysed after 1300°C heat treatment.
d

Nominal composition.
3.1. The Nb-lean part of the ternary system

The solubility of Al in the (Cr) solid solution reaches very high
values in the binary Cr-Al system and is above 40 at.% in the investi-
gated temperature range (see, e.g. [31]). The ternary solubility of Nb
in this solid solution remains small for all temperatures and Al con-
tents. The maximum observed Nb contentis 3.6 at.% at 1450 °Cin an
alloy with 22 at.% Al. The experimental data indicate a decrease of
the Nb solubility both with decreasing temperature and Al content.

Between the (Cr) solid solution and the Laves phase Nb(Cr,Al),
there is an extended two-phase field characterizing the Cr-rich
corner of the ternary phase diagram. The microstructure of heat-
treated alloys in this composition range consists of a coarsened
eutectic mixture of the two phases and a certain, composition-
dependent amount of primary phase, which in case of the two
representative examples shown in Fig. 4 is the Laves phase. DTA
measurements and examinations of the as-cast microstructures
indicate that there is a eutectic valley between the Laves phase
and the (Cr) solid solution. Starting from the binary (Cr)+NbCr;
eutectic at 18 at.% Nb and 1668 °C [16], the eutectic temperatures
measured for the present alloys in this composition range contin-
uously decrease with increasing Al content (alloy 1: 1633 °C, alloy
2: 1605°C, alloy 3: 1534°C).

At higher Al contents (Cr) solid solution and Laves phase form
a three-phase field with the Al-Nb intermetallic phase AlsNb at
1150 and 1300°C. The body-centred tetragonal D0,,-type Al3Nb

dissolves only small amounts of Cr (1150°C: 1.6at.%, 1300°C:
1.3 at.%).

The Al corner of the ternary system was not investigated in detail
as the liquid phase coming from the low-melting (Al) solid solution
extends far into the ternary system at high temperatures. Alloy 4
(Cr-48 at.% Al-21at.% Nb) is molten for the most part at 1450°C.
The boundaries of the liquid phase field in Figs. 1-3 are given as
dotted lines as they are only tentative. The positions of the corners
of the liquid phase field were estimated from the results of ongoing
investigations of the liquidus surface of the system, which will be
published elsewhere [41].

3.2. The ternary C15 and C14 Laves phase Nb(Cr,Al),

The solubility of Al in the cubic C15 Laves phase NbCr, amounts
to about 11at.% Al at 1150°C and decreases with increasing tem-
perature. At higher Al contents, the hexagonal C14 Laves phase
polytype occurs and forms a phase field which extends far into the
ternary system parallel to the Cr-Al axis (Figs. 1-3), i.e., Al preferen-
tially replaces Cr. Such a change of the stable Laves phase polytype
from C15 to C14 in case of a partial substitution of the B atoms of a
Laves phase AB, by a ternary element Cis a frequently observed fea-
ture of ternary Laves phase-containing phase diagrams (see [42])
and is related to the higher flexibility of the C14 crystal structure to
accommodate ternary elements as has been discussed in Ref. [43].



0. Prymak, F. Stein / Journal of Alloys and Compounds 513 (2012) 378-386 381
Table 3
Alloy and phase compositions as analysed by EPMA and lattice parameters determined by XRD after heat treatments at 1300°C.
Alloy no. Analysed alloy composition Heat treatment Phases Phase composition Lattice parameters
time (h)
Cr (at.%) Al (at.%) Nb (at.%) Cr (at.%) Al (at.%) Nb (at.%) a(nm) ¢ (nm)
1 70.12 5.5° 2442 100 C15 62.5+0.3 53 +0.1 3224+ 04 0.6995
(Cr) 94.6 + 0.2 4.0+ 0.1 14 +0.2 0.2897
2 60.4 9.7 29.9 100 C15 58.3 £ 0.5 9.1 £0.5 32.6 £ 0.2 0.7012
(Cr) 913+ 03 7.1 +£0.2 1.6 £0.2 0.2903
C14¢ 0.4952 0.8139
3 54.3 23.6 221 100 C14 43.0 + 0.6 24.7 £ 0.6 323 +0.2 0.5000 0.8211
(Cr) 78.1 £ 0.6 199 + 0.6 20+0.2 0.2944
4 30.0° 46.52 23.52 100 C14 26.6 £ 0.2 40.9 + 0.1 325+02 0.5050 0.8273
Al3Nb 1.3 +£0.1 72.7 £ 0.2 26.0 + 0.2 0.3836 0.8621
(Cr) 65.6 £ 0.5 328+ 04 1.6 £0.2 0.2974
6 40.8° 5.0° 54.22 100 C15 58.6 + 0.4 54+ 0.1 36.0 +£ 0.4 0.7023
(Nb) 11+1 44 + 0.1 85+ 1 0.3268
C14¢ 0.4966 0.8124
7 50.22 8.6% 41.22 100 C15 56.9 £ 0.2 7.8 £0.1 353 +0.1 0.7035
AINDb3 b b b 0.5170
C14¢ 0.4971 0.8150
9 26.9 18.6 54.5 100 C14 50 +1 13.8 £ 0.9 359+ 05 0.4976 0.8196
AINb, 11+1 23.0+ 09 66 + 1 0.9910 0.5135
AIND; b b b 0.5168
10 19.72 31.0° 49.32 100 C14 33.7+0.2 313+ 0.1 350+ 02 0.5030 0.8263
AINb, 53+03 309 + 0.1 63.8 £ 0.3 0.9913 0.5138
11 9.22 49.53 41.32 100 C14 19.8 £ 0.3 454 + 04 348 + 04 0.5071 0.8317
AINb, 24 +£03 37102 60.5 + 04 0.9904 0.5166
Al3Nb 0.5+ 0.1 732 +£0.2 263 +£03 0.3841 0.8617
2 As analysed after 1150°C heat treatment.
b Particles too small for EPMA analyses.
¢ Sample contains small amounts of metastable C14 phase; see text.
Table 4
Alloy and phase compositions as analysed by EPMA and lattice parameters determined by XRD after heat treatments at 1450°C.
Alloy no. Analysed alloy composition Heat treatment Phases Phase composition Lattice parameters
time (h)
Cr (at.%) Al (at.%) Nb (at.%) Cr (at.%) Al (at.%) Nb (at.%) a(nm) c(nm)
1 70.12 5.52 24.42 50 C15 63.2 +£0.2 49 +03 31.9+0.2 0.6993
(Cr) 934 + 04 43 +03 23402 0.2902
2 60.62 9.72 29.72 50 C14 59.6 + 0.3 8.6 + 0.1 31.8+03 0.4942 0.8136
(Cr) 89.9 £ 0.7 72 +£0.1 29+ 0.8 0.2907
3 54.32 23.62 22.1° 50 C14 44.6 + 0.1 241+02 313+ 0.2 0.4991 0.8197
(Cr) 744 + 0.5 22.0 +£ 0.2 36+ 04 0.2953
4 30.0? 46.5° 23.5° 50 b
6 40.8? 5.0% 54.22 50 C15 58.6 +£ 0.1 52+0.1 36.2 + 0.1 0.7033
(Nb) 14 +£1 4.8 +0.1 80.8 + 0.4 0.3253
C14¢ 0.4971 0.8140
7 50.22 8.6% 41.22 50 C14 54.6 £ 0.2 89+0.1 36.5+0.2 0.4968 0.8200
(Nb) 13.8+£03 7.5+ 0.1 78.7 £ 0.3 0.3252
9 18.9 19.6 61.5 50 C14 50.8 + 0.7 128 £ 0.8 364 + 0.2 0.4978 0.8207
AINb, 13.9 £ 0.7 204 £+ 0.7 65.7 £ 0.7 0.9885 0.5124
(Nb) 13.5+£0.1 10.0 £ 0.5 76.5 + 0.4 0.3265
10 19.73 31.0° 49.32 50 C14 335+ 0.3 314 + 0.2 35.1 +03 0.5031 0.8267
AINb, 7.6 £0.1 30.5+0.1 619 £ 0.2 0.9892 0.5122
11 9.22 49.52 41.32 50 C14 19.6 £ 0.3 456 +£ 0.3 348 +£ 0.4 0.5072 0.8324
AIND, 3.7 +0.1 40.5 £ 0.2 55.8 + 0.4 0.9868 0.5165
Alz;Nb 0.6 + 0.1 729 + 0.2 26.4 + 0.1 0.3841 0.8615

2 As analysed after 1150 °C heat treatment.

b Sample was partially molten.
¢ Sample contains small amounts of metastable C14 phase; see text.

Table 5

Crystallographic data of all phases occurring in the investigated temperature range [40]. The composition dependence of the lattice parameters of the ternary C14 Laves
phase is discussed in Section 3.2.

Phase Structure type Pearson symbol Space group Strukturbericht designation Lattice parameters [nm]
(Cr) W c2 Im3m A2 a=0.2884

(Nb) w cl2 Im3m A2 a=0.3300

B-AlgCrs CusZng cl52 143m D8, a=0.9065

AlsNb AlsTi tI8 14/mmm D0y, a=0.3844 c=0.8605
AINb, oCrFe tP30 P4, /mnm D8, a=0.9943 c=0.5186
AINbs Cr3Si cP8 Pm3n A15 a=0.5186

NbCr, (C15) MgCu, cF24 Fd3m C15 a=0.6991

Nb(Cr,Al), (C14) MgZn, hP12 P65 /mmc C14
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Nb

1150 °C

i 5
20 " 40

60 al,cr,
at.% Al——

Fig. 1. Isothermal section of the Cr-Al-Nb system at 1150 °C. The black circles mark the compositions of the investigated alloys.

The solubility of Alin the C14 Laves phase is at about 45 at.% Al for
all investigated temperatures. The same value was also reported by
Zhao et al. [36] for a temperature of 1000 °C. A similar temperature-
independence of the Al solubility was also found in the ternary
Laves phases Nb(Co,Al), [44] and Nb(Fe,Al), [45].

According to Thoma and Perepezko [16], the width of the homo-
geneity range of the binary C15 Laves phase is 1.8 at.% at 1100°C
(32.5-34.3at.% Nb) and 4.4 at.% at 1400 °C (32.0-36.4 at.% Nb). The

present results show that this width remains nearly unchanged on
alloying with Al. For both the C15 and the C14 phase, the average
width of the homogeneity range is about 2 at.% Nb at 1150°C and
4.5 at.% Nb at 1450°C.

The extension of the small two-phase region between the C15
and C14 Laves phase is difficult to determine experimentally. From
the present results, we can suppose the width of the two-phase
region to be below 2 at.%. Due to the shift of the two-phase field

1300 °C

y = = =
Cr 20 €N 40

at.% Al

L4 / .l /

N
60 I-iIBCr5

Fig. 2. Isothermal section of the Cr-Al-Nb system at 1300 °C. The black circles mark the compositions of the investigated alloys.
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Cr 20 €0 40

Nb
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1450 °C

60 80 Al

at.% Al——

Fig. 3. Isothermal section of the Cr-Al-Nb system at 1450 °C. The black circles mark the compositions of the investigated alloys.

Cr-5.5at.%Al-24.4at. %Nb
(1150°C / 100 h)

Cr-23.6at.%A-21.1at.%Nb |
(1150°C / 100 h)

Fig. 4. SEM back-scattered electron micrographs of the microstructures of (a) alloy
1(Cr-5.5at.% Al-24.4 at.% Nb) and (b) alloy 3 (Cr-23.6 at.% Al-21.1 at.% Nb) after heat
treatment at 1150 °C for 100 h and water quenching showing primary C15 (alloy 1)
or C14 (alloy 3) Laves phase surrounded by coarsened (Cr) + Laves phase eutectic.

to lower Al contents with increasing temperatures, alloys in this
composition range show a transformation of the stable Laves phase
polytype from C15 to C14 on heating. Fig. 5 shows XRD patterns of
alloy 2 clearly revealing that the stable Laves phase polytype is C15
at 1150 and 1300°C (with some remnants of metastable C14, see
last two paragraphs of this section) and completely transforms to
C14 at 1450°C.

On replacing Cr atoms by the larger Al atoms, the lattice param-
eters a and c of the stable C14 Laves phase increase nearly linearly
as a function of the Al content (Fig. 6a). Rietveld refinements have
shown that this replacement of Cr atoms by Al atoms happens pref-
erentially on the 2a sites of the C14 lattice, which are completely
occupied by Cr atoms in the binary case [37]. From crystallographic
considerations it has been concluded in [43] that in case of such
a 2a site preference of the larger Al atoms, the c/a ratio should
decrease with increasing Al content as is confirmed in Fig. 6b. In
order to compare the crystallographic parameters of the cubic C15
and hexagonal C14 Laves phases, the volumes per atom were plot-
ted in Fig. 6¢ as a function of the Al content. For the C15 binary Laves
phase, a lattice parameter of a=0.6991 nm was taken from the lit-
erature [46]. The data indicate that the volumes per atom increase
approximately linearly and independently of the structure type, i.e.,
the change of the stable structure type from cubic C15 to hexagonal
C14 has no effect on the continuous increase. This behaviour can be
explained by the strong similarity of the C14 and C15 crystal lattices
and was also observed in other Laves phase systems as Co-Al-Nb
[44] or Fe-Al-Zr [47].

In all as-cast alloys the C14 Laves phase polytype is present. In
case of the Al-poor alloys with less than about 10at.% Al, the C14
phase is only metastable and probably is a result of the casting
process. As described above, the amount of Al needed to stabi-
lize the C14 Laves phase decreases with increasing temperature,
i.e., the C14 phase field grows more and more in the direction of
the binary Cr-Nb boundary on raising the temperature. Therefore,
during casting of Al-poor alloys at first C14 Laves phase precip-
itates from the melt and then transforms to C15 Laves phase at
lower temperature in the equilibrium case. Fig. 7 shows some large,
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Fig.5. X-ray analysis of alloy 2 (nominal composition Cr-9 at.% Al-31 at.% Nb) showing the transition from the C15 to the C14 Laves phase polytype with increasing temperature
of the heat treatment (upper three plots) as well as the disappearance of the metastable C14 phase at 1150 °C after long-term heat treatment (lower two plots).

heavily twinned C15 grains in the nearly single-phase Laves phase
alloy 2 after 100 h heat treatment at 1150 °C. According to [48,49],
this twinning is a consequence and clear indication of the C14-to-
C15 transformation. Due to the fact that the diffusion-controlled,
solid-state C14 — C15 transformation is very slow, C14 is retained
at room temperature and dissolves only slowly during the heat
treatments. Fig. 5 shows a comparison of XRD patterns obtained
from alloy 2 after heat treatments at 1150°C for 100 and 1500 h.
Whereas after 100 h the additional lines of the hexagonal C14 phase
are still clearly visible besides the strong C15 peaks, no or only very
weak characteristic lines of the C14 phase can be detected after
1500 h.

As was already mentioned in [37], another clear indication of
the metastability of the Al-poor C14 phase is the fact that the c/a
ratios strongly deviate from the continuous behaviour of the equi-
librium C14 phase shown in Fig. 6b. For example, the c/a ratio of the
metastable C14 phase in alloy 7 (approximately 7 at.% Al) is 1.638
after 100 h, which is significantly below the value that could be
expected from Fig. 6b, and reduces further to 1.635 after 1000 h heat
treatment. Simple geometrical considerations on the packing of
hard spheres show that the ideal c/a ratio which is needed for a close
packing of hard spheres in a C14 structure is 1.633 (=/(8/3)) which
corresponds to the theoretical value of a C15 structure in hexagonal
setting (see, e.g. [50]). Therefore, the observed decrease of the c/a
ratio can be understood as an indication that the metastable C14
Laves phase is on the way to transform to the C15 equilibrium state.

3.3. The Nb-rich part of the ternary system

At 1450°C, the (Nb) solid solution and AINb; form a two-phase
field. Therefore, the Nb-rich phase AINb; can only co-exist with
(Nb) and/or AINb, but cannot be in equilibrium with the Laves
phase. However, at 1150 and 1300°C the cubic A15-type phase
AlINb3 was clearly identified by XRD in several heat-treated alloys
forming a two-phase field with the C15 Laves phase, see Figs. 1-3.
This finding of equilibria between AINb3 and the Laves phase at the
lower heat treatment temperatures is different from the results
reported in [33] for 1200°C and in [35,36] for 1000 °C, where the
Laves phase is found to be only in equilibrium with (Nb) and AINb,
but not with AINbs. If the present results are correct, a reaction

of the type C15+AINbs <> C14+(Nb) must take place at a certain
temperature between 1300 and 1450°C. Indeed, DTA measure-
ments of alloy 7, which had been heat-treated at 1150°C prior to
the experiment in order to obtain a two-phase C15 + AlNbs start-
ing microstructure, show a clearly visible peak with an onset at
1389 °C, which can be attributed to the transformation to C14 +(Nb)
(Fig. 8). A DTA experiment with the same alloy in the as-cast state,
which neither contains C15 Laves phase nor AINbs but is C14 + (Nb)
(Table 1), shows no such effect. This is another hint indicating that
the DTA effect at 1389 °C is related to the above reaction. In addi-
tion, Fig. 8 shows the measured tie lines of the heat-treated alloy,
which are more or less parallel at 1150 and 1300°C, whereas the
tie line at 1450°C clearly shows a different orientation connecting
the C14 Laves phase with the (Nb) solid solution.

Obviously AINbs is a very slowly forming phase, it never occurs
in the as-cast state and even after the longest heat treatment times
forms only small grains (<1 wm), which are too fine to be analysed
by EPMA. For that reason, an exact value for the solubility of Cr in
this phase cannot be given. The atomic radius of Cr is smaller than
those of Al and Nb. Therefore, it can be expected that the addi-
tion of Cr to AINbs and AIND, results in a decrease of the lattice
parameters what is confirmed by comparing the present results for
the ternary alloys (Tables 2-4) with literature data for the binary
phases (Table 5). Assuming that the effect of Cr on the shrinkage
of the lattice is similar for AINbs and AINb,, the measured lattice
parameters indicate that the Cr solubility in AINb; must be lower
than in AINb,.

In case of the AINb; phase, the solubility for Cr amounts to about
8at.%at 1150°C and increases with temperature to about 14 at.% at
1450°C.

4. Summary

Isothermal sections of the ternary Cr-Al-Nb phase diagram
were established for temperatures of 1150, 1300 and 1450°C and
the lattice parameters of all phases have been determined in depen-
dence on composition.

The main characteristic of the ternary phase diagram is the
extended phase field of the Nb(Cr,Al), Laves phase. The hexago-
nal C14 Laves phase is the only ternary intermetallic phase of the
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Fig. 6. Room-temperature lattice parameters a and ¢, volume per atom, and c/a ratio
of as-cast, stoichiometric Nb(Cr,Al), Laves phase as a function of the Al content. The
volume per atom of C15 NbCr, was calculated from the literature value a= 0.6991 nm
[46].

system and can dissolve up to 45 at.% Al at all investigated temper-
atures. The solubility of Al in the C15 Laves phase only amounts
to about 11 at.% at 1150 °C and decreases to about 7 at.% at 1450°C.
With respect to the Nb content, the homogeneity range of the Laves
phases broadens with increasing temperature but is nearly inde-
pendent of the Al content. The volumes per atom of the C15 and
C14 Laves phase increase nearly linearly with increasing Al con-
tent, and this increase is not affected by the change of the stable
structure type from C15 to C14. The c/a ratio of the C14 Laves phase
is larger than the ideal value of 1.633 and decreases with increasing
Al content.

Whereas earlier versions of the Nb-rich part of the phase dia-
gram show a three phase region AINb,-AINb3-Nb at 1200°C [33]

Fig. 7. SEM back-scattered electron micrograph of C15 Laves phase grains in alloy
2 (Cr-9.7 at.% Al-29.7 at.% NDb) after heat treatment at 1150°C. The heavily twinned
microstructure is a result of the metastable-C14 to stable-C15 transformation.

Nb

Alloy 7
(Cr—8.6at. %Al—41.2at.%Nb)

DTA (after heat treatment 1150°C / 100 h)

T _=1389°C

Heat flow (arb. units) . _

1000 1100 1200 1300 1400 1500

Cr 20 7 Temperature (°C)

Fig. 8. Detail of the DTA heating curve of alloy 7 (Cr-8.6 at.% Al-41.2 at.% Nb) heat-
treated at 1150°C and tie lines of this alloy at 1150, 1300 and 1450 °C as measured
by EPMA.

and 1000°C[35,36], the present results reveal that this three-phase
field only exists at the highest investigated temperature of 1450°C
and the solid state reaction C15+AINbs <> C14+(Nb) leads to the
occurrence of the two-phase equilibrium C15+AINbs at 1300 and
1150 °C making the co-existence of (Nb) and AlINb; impossible.
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