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High-melting Nb-based alloys hold significant promise for the development of novel
high-temperature materials for structural applications. In order to understand the effect of
alloying elements Al and Fe, the Nb-rich part of the ternary Nb-Al-Fe system was investigated.
A series of Nb-rich ternary alloys were synthesized from high-purity Nb, Al, and Fe metals by
arc melting. Solidification paths were identified and the liquidus surface of the Nb corner of the
ternary system was established by analysis of the as-melted microstructures and thermal
analysis. Complementary analysis of heat-treated samples yielded isothermal sections at 1723 K

and 1873 K (1450 °C and 1600 °C).
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I. INTRODUCTION

NB-BASED intermetallic alloys have been of con-
siderable interest for structural applications at very high
temperatures.!' ¥ The basic concept relies on obtaining
a multiphase microstructure consisting of the Nb solid
solution and a high-melting, strengthening intermetallic
phase (or phases). The aluminides Nb;Al and Nb,Al
have been reported as interesting candidates due to both
high-temperature strength and the potential to form a
protective alumina scale, but respective alloys with
further additions of Ti, V, Cr, or Hf were found to suffer
from microstructural instability or internal oxidation
with precipitation of alumina.’>’ The present work
focuses on an investigation of the combined alloying
effect of Al and Fe. It appears that the simultancous
addition of Fe and Al increases the solubility limit in the
NbD solid solution as well as expands the Nb,Al phase
field."" To support the development of Nb-based
intermetallics, the Nb-rich corner of the ternary
Nb-Al-Fe system was investigated with a focus on
solidification paths, high-temperature phase equilibria,
and expanded ternary solubilities.

In a preceding study, the Nb-lean part of the
Nb-Al-Fe system (less than 60 at. pct Nb) was investi-
gated in detail including isothermal sections at 1273 K,
1423 K, and 1573 K (1000 °C, 1150 °C, and 1300 °C) as
well as a liquidus surface projection.!"* The portion of
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the ternary with Nb greater than 60 at. pct is hypoth-
esized as no experimental data were available and other
information from the literature about phase relations in
the Nb corner of the system is very scarce (as was
reviewed in the previous work). Isothermal sections of
the ternary system were provided by Burnashova
et al™ for 1073 K (800 °C) and by Raman!® and
Zelaya Bejarano!'”'® for 1273 K (1000 °C). In case of
the binary phase Nb,Al, there is some contradiction in
the literature. According to Raman’s isothermal section,
the solubility for Fe is at least 10 at. pct,!'” whereas the
diagram of Burnashova et al. indicates a much lower
solubility of about 1 to 2 at. pct.l'™ Moreover, both
groups report the existence of a Nb-rich ternary phase
termed p’. This phase should exist in an ill-defined
composition range near that of the y phase Nbg(Fe,Al);.
In both studies, no composition analyses were per-
formed. More than 20 years later, Zelaya Bejaranol'"-'®)
provided a revised 1273 K (1000 °C) isothermal section
this time also including composition analyses by elec-
tron probe microanalysis (EPMA). The existence of the
W phase was not confirmed and it was excluded from the
isothermal section. Instead, Zelaya Bejarano reported
about another new, Nb-rich ternary phase, denoted as f§
phase, with an approximate composition Nb;,AlyoFeg.
The crystal structure of this phase was not analyzed. It is
striking that the composition falls into the extended
homogeneity range of the Nb,Al phase in Raman’s
isothermal section. The existence of both the y” and the
f phase was excluded in the most recent experimental
study of the system!" and the high solubility for Fe in
Nb,Al was confirmed up to 1573 K (1300 °C). Recently,
two independent thermodynamic assessments were pub-
lished by He er al"! and Guo er al.,”® both modeling
the complete ternary system on the basis of the
experimental results of Stein er al'¥ However, the
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Nb-rich parts of the respective diagrams are provisional
due to the lack of experimental data.

The goal of the present study was a systematic,
experimental investigation of the Nb corner of the
Nb-Al-Fe system. To this end, a series of Nb-rich
ternary alloys were synthesized from high-purity Nb, Al,
and Fe metals by arc melting and analyzed both in the
as-melted state and after high-temperature equilibration
to establish a liquidus surface and isothermal sections at
1723 K and 1873 K (1450 °C and 1600 °C).

II. EXPERIMENTAL

Eleven ternary alloys with Nb contents above 60 at.
pct were synthesized by arc melting from the pure metals
(NDb: 99.99 wt pct*, Al: 99.999 wt pct, Fe: 99.95 wt pct).

*high-purity, very low interstitial Nb was supplied by ATI of
Albany, OR

The arc-melted buttons were flipped, crushed with a
hammer, and re-melted up to ten times in an effort to
obtain fully homogeneous samples. The actual alloy
compositions are given in Table I. Chemical analysis of
selected samples yielded impurity contents of less than
100 ppm C, N, and O. Some of the alloys (Nos. 1, 3,4, 9,
and 11) contained inclusions of pure Nb that failed to
completely dissolve during arc melting. Nevertheless, the
remainder of such samples was found to be macroscop-
ically homogeneous and all alloys were suitable for
further study of the phase diagram.

The as-melted buttons were cut by EDM (electro-dis-
charge machining) into several pieces for heat treat-
ments, for preparation of metallographic sections of the
as-melted material, and for the DTA experiments.
Surface layers affected by the EDM cutting were
removed by grinding.

Table 1.

Heat treatments were performed at 1723 K and
1873 K (1450 °C and 1600 °C) under Ar atmosphere
after triple evacuation and Ar backfilling of the furnace.
The samples were suspended with a 0.25-mm-thick Nb
wire. Depending on the estimated melting temperatures,
the duration of the heat treatment was varied from 1 day
(alloys 1 to 3) to 2 days (alloys 4 to 5), 3 days (alloys 10
to 11), and 7 days (alloys 6 to 9) at 1723 K (1450 °C).
Heat treatments at 1873 K (1600 °C) were only per-
formed for the five Nb-rich alloys 5 to 9, because the
alloys with the lower Nb contents (alloys 1 to 4) have
solidus temperatures below 1873 K (1600 °C) as deter-
mined by DTA, and the alloys 10 and 11 have
compositions that are expected to end in the NbyAl
single-phase field giving no additional information
about phase equilibria. The heat treatment times varied
between 6 h and 4 days, and all samples were then
rapidly cooled inside the furnace [cooling rates >100 K/
min to below 1273 K (1000 °C)].

Metallographic sections of all the as-melted and
heat-treated alloys were prepared and microstructures
were inspected by LOM (light optical microscopy) and
SEM (scanning electron microscopy) in all cases. All
alloy and phase compositions were analyzed by EPMA
using a JEOL JXA-8100 instrument and applying pure
Nb, Al and Fe as standards. Phase compositions were
analyzed with a beam size that probes volumes of about
1 um?. 10 to 15 measurements were performed per phase
in each sample. The relative error of the resulting
compositions is 1 pct. The actual bulk compositions of
the alloys were determined by averaging the EPMA
results of 750 to 1000 spot analyses per sample measured
in 3 to 4 rectangular grids with step sizes of 10 to 40 um.
The grids (usually 16 x 16 analysis points) were mea-
sured in representative parts of the samples.

For phase identification and to study the effect of
ternary solid solubility on lattice parameters, XRD
(X-ray diffraction) measurements were performed on all
the as-melted alloys. The measurements were conducted
in Bragg—Brentano geometry in a 26 range from 10 to

Arc-Melted Nb-Al-Fe Alloys: Alloy Compositions Determined by EPMA, and Primary and Subsequently Solidifying

Phases Identified by Microstructure Inspection of the As-Melted Samples and XRD

Alloy Composition

Alloy No. At. Pct Nb At. Pct Al At. Pct Fe Primary Phase Further Solidifying Phases

Phases by XRD

1 61.7 8.6 29.7 Nb

2 64.0 15.5 20.5 Nb

3 61.0 21.9 17.1 Nb/Nb,Al
4 62.8 22.1 15.1 Nb/Nb,Al
5 75.4 15.3 9.3 Nb

6 79.3 15.9 4.8 Nb

7 83.7 11.1 5.2 Nb

8 86.8 8.8 44 Nb

9 78.8 18.2 3.0 Nb

10 67.5 29.5 3.0 Nb;Al

11 67.3 26.3 6.4 Nb;Al

T A AT

eut. Nb+pu Nb + u

perit. Nb,Al + (Nb+ p) Nb + Nb,Al + p
perit. Nb,Al + u Nb + NbyAl + u
perit. NbLAl + u Nb + NbyAl + u
perit. Nb,Al + u Nb + NbyAl + u
perit. Nb,Al + very little p Nb + Nb,Al
perit. Nb,Al + little u Nb + NbyAl + 1
very little Nb,Al + very little u Nb + NbyAl + u
perit. Nb3;Al + perit. NbyAl + little 4 Nb + NbzAl + Nb,Al
perit. Nb,Al + little eut. Nb,Al+ C14 Nb3;Al + Nb,Al
perit. Nb,Al + little eut. Nb,Al+ C14 Nbz;Al + NbyAl

Eut.: Eutectic, perit.: peritectically formed, p denotes the phase Nbg(Fe,Al);, and C14 is the Laves phase Nb(Fe,Al),.
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120 deg using an “X’Pert” Philips PW-1827 diffrac-
tometer with Co K,; radiation (4 = 0.17890 nm, step
size 0.02 deg). Lattice parameters were calculated and
refined using the programs MAUDP! and LCLSQ,**
and theoretical patterns of the phases were calculated
with the CaRlIne Crystallography software.!*”

Differential thermal analysis (DTA) was carried out
up to 1993 K (1720 °C) with all alloys using a Setaram
SETSYS-18 DTA instrument with a platinum/rhodium
type-B thermocouple (Pt/Rh 70 pct/30 pct — Pt/Rh 94
pct/6 pct, by weight). Cylindrical samples of 3 mm
diameter and height were placed in alumina crucibles
and measured under an Ar atmosphere with a heating
and a cooling rate of 10 K/min. Calibration measure-
ments were performed using certified standards of pure
Au, Ni, and Pd resulting in an accuracy of &1 K for the
measured temperatures. All samples (except 1, 10, 11)
were heated and cooled twice. The accuracy of the
evaluated values for the liquidus temperatures is £5 K,
and for all other reaction temperatures it is +2 K.

III. RESULTS AND DISCUSSION
A. The As-Melted Material

1. Microstructures and solidification sequence
of phases

The primary crystallizing phases and solidification
sequences were determined by inspection of the
as-melted microstructures. A summary of all the as-so-
lidified phases is given in Table I, some representative
micrographs of the as-melted material are shown in
Figures 1 and 2, and the revised liquidus surface
projection is presented in Figure 3. As expected due to
the high melting temperature of Nb, the primary phase
in all but alloys 10 and 11 is the Nb solid solution
(written as (Nb) in the following). In case of alloys 3 and
4, the alloy composition is very near to the monovariant
boundary line of the (Nb) primary crystallization field
and the samples also contain some areas where Nb,Al is
the primary crystallizing phase (as is described in more
detail below).

Alloys 1 to 4 show a continuous change in solidifi-
cation behavior with increasing Al content (i.e., moving
from left to right at a constant Nb content of approx-
imately 60 at. pct). Alloy 1 has a two-phase microstruc-
ture consisting of primary crystallized (Nb) dendrites
surrounded by a eutectic matrix composed of (Nb) + u
phase Nbg(Fe,Al); (Figure 1(a)). This eutectic belongs
to the monovariant line between e, and U, in Figure 3.
In contrast to alloy 1, the primary (Nb) crystallites in
alloy 2 are surrounded by peritectically formed Nb,Al
(Figure 1(c)). The terminal solidifying matrix again
consists of (Nb) + u phase. The peritectic formation of
Nb>Al is described by the monovariant line between U,
and U, in Figure 3 and the final solidification of
(Nb) + u results from the invariant reaction U,.

Alloys 3 and 4 are especially valuable as their
compositions are very near to the boundary between
the primary crystallization fields of (Nb) and Nb,AL
The microstructure of one region in alloy 4 (Figure 1(¢))
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is similar to that of alloy 2 containing small amounts of
primary (Nb) crystallites surrounded by peritectic
Nb,Al phase, while u phase again forms in the last step
of solidification. The Nb,Al zones are thicker due to the
higher Al content compared to alloy 2. Interestingly, the
same as-melted alloy contains other areas with slightly
lower Nb content, where primary (Nb) is no longer
observed and instead Nb,Al is the primary phase; see
Figure 1(g). It follows that the monovariant line U, to
U, must be located between these two compositions
within alloy 4.

The phases and solidification steps also become
evident in plots of the complete sets of measured EPMA
data points. These large data sets of 750 points, used to
establish the overall composition, are shown in
Figure 1(b, d, f, h). In the first and last examples
(Figures 1(b) and (h)), all data points fall nearly on
straight lines indicating two-phase microstructures:
(Nb) + u for alloy 1, and Nb,Al + p for area 2 of alloy
4. The other two diagrams (Figures 1(d) and (f))
delineate the three-phase field (Nb) + Nb,Al + u
observed in the respective micrographs in Figure 1. In
case of area 1 in alloy 4, from Figure I(f) it can be
observed that there are no points along the connection
between (Nb) and . In this case, there is no contact
between the (Nb) and u phases due to the thick,
peritectically formed Nb,Al layer surrounding the
primary (Nb) phase (Figure 1(e)).

The microstructures of alloys 5 to 8 all are composed
of primary (Nb) surrounded by peritectically formed
Nb>Al and finally solidifying p phase. Due to the
increasing Nb content from alloy 5 to 8, the fractions of
Nb,Al and u phase decrease in this series of alloys as can
be seen in the XRD patterns; see the next section. In
alloy 9, again (Nb) is the primary crystallizing phase,
but this time—due to its composition near the binary
Nb-Al boundary—NDb3Al instead of Nb,Al has formed
as the peritectic phase surrounding (Nb) followed then
by solidification of Nb,Al and a very small amount of u
phase.

Alloys 10 and 11 both show primary crystallization of
NbsAl (inner, white phase in the micrograph shown in
Figure 2). This phase is surrounded by large amounts of
peritectic Nb,Al. In the final solidification step, a
eutectic mixture of Nb,Al and the C14 Laves phase
Nb(Fe,Al), has formed.

Due to the non-equilibrium state of the as-melted
material, the phases partially possess significant varia-
tions in concentration. Therefore, in some cases the type
of the phases constituting the as-melted microstructures
was difficult to identify solely on the basis of the
composition values obtained from EPMA analysis.
Unambiguous phase identification, however, was possi-
ble with the help of XRD as is described in the following
section.

2. Crystal structures and phase identification by XRD
Nb is a bce metal (Strukturbericht designation A2,
Pearson symbol ¢/I2) with a lattice parameter of
a = 0.330 nm, NbsAl has a simple cubic crystal
structure (A15, ¢P8) with a = 0.5187 nm, Nb,Al is
tetragonal (D8, tP30) with a = 09943 nm and

METALLURGICAL AND MATERIALS TRANSACTIONS A



(b) lzlbmo alloy 1
10 90| (Nb-8.6Al-29.7Fe)
20 ;‘? o
0/ § 70
2 f .
50 s
by 4
70 5
80 o
%0 ”
100 5
FeO 10 20 30 40 5 6 70 8 3 10 A]
Nb
(d) %100 [ alloy2

(Nb-15.5Al-20.5Fe)

10
100 a
Fe© 10 20 30 40 5 60 70 8 S 100 AJ
Nb
0
(f) 100 1| alloy 4 (area 1)

(Nb-21.7Al-14.8Fe)

90
e . . 10
S ..‘.ns““-_ 100 0
MPI COMP 15.8kWY 18um Fe© 10 20 30 40 5 60 70 8 9 100 A
Nb
(h) %5 100 alloy 4 (area 2)
10 9 | (Nb-22.7Al-15.8Fe)
20 &
30 -
w0 N
A%
50 Y .
60 i
70 -
80 3%
90 -

100 0
Fe 0 10 20 30 40 50 60 70 80 90 100 Al

Fig. 1—(a, ¢, e, g) Microstructures (backscattered electron SEM micrographs) of the as-melted alloys 1, 2, and 4. (b, d, f, h) Respective composi-
tion triangles showing complete EPMA sets of measured points that were originally used for analysis of the alloy compositions (approx. 750
points per sample; the last plot showing analysis of area 2 in alloy 4 consists of 250 points). The overall sample compositions are marked by red
stars (Color figure online).
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Fig. 2—Backscattered electron SEM micrograph of the as-melted
alloy 11 [C14 is the Nb(Fe,Al), Laves phase].
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Fig. 3—Projection of the Nb corner of the liquidus surface of the
Nb-Al-Fe system from this work (black circles indicate the composi-
tions of the investigated as-melted alloys).

¢ = 0.5186 nm, and the u phase NbgFe; can be
described with a hexagonal lattice (D85, AR39) with
a = 0.4926 nm and ¢ = 2.680 nm. This results in very
different XRD patterns making an unambiguous dis-
tinction between these phases by XRD very easy.

XRD patterns were recorded from all the as-melted
samples employing the same metallographic sections
that had been used for the EPMA measurements.
Figure 4 shows an overview of the measured XRD
patterns of the alloys 1 to 9. In all cases, all peaks could
be indexed as (Nb), NbsAl, Nb,Al, or u phase. The
resulting phases are consistent with those found from
the microstructure observations; see also Table I.

Due to the as-melted state of the samples, there is
some texture in the XRD patterns though this does not
pose a problem for phase identification and lattice
parameter determination. The resulting lattice parame-
ters clearly show the effect of the ternary additions. In
order to allow for a comparison of this effect in the three
phases (Nb), NbsAl, and Nb,Al, the volumes per atom
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Fig. 4—XRD patterns of the as-cast alloys 1 to 9. All peaks were
indexed by either (Nb), Nb3;Al, Nb,Al, or NbgFe; (1 phase).

were calculated from the lattice parameters and the
abovementioned information about the crystal struc-
tures. The resulting data are shown in Figure 5. The
scatter of the data points results from the simultancous
variation of the Al content. In addition, the non-equi-
librium state of the as-melted samples might contribute
to the scatter of the values. As Nb is the largest and Fe
the smallest atom, the addition of Fe (and Al) leads to a
decrease of the lattice parameters in all phases.

3. Reaction temperatures and liquidus surface

Table I shows the reaction temperatures obtained by
DTA up to 1993 K (1720 °C). Several reactions related
to the multistage solidification process could be mea-
sured while there were no reactions in the solid state.
The liquidus temperature of alloy 1 was measured as
1973 K (1700 °C), while the solidus temperature of
1812 K (1539 °C) corresponds to the eutectic Nb + u
line between e, and U,; see Figure 3. The liquidus
temperature of alloy 2 is apparently above 1993 K
(1720 °C). For alloys 3 and 4, the first events on cooling,
the liquidus reaction forming primary (Nb), were
observed at 1947 K and 1965 K (1674 °C and
1692 °C), respectively. As the compositions of alloys 3
and 4 are very near to the monovariant line U; to U,
only a small amount of (Nb) is formed during primary
crystallization prior to the immediately following peri-
tectic formation of Nb,Al. Therefore, it was not possible
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to resolve the two reactions. The intermediate reactions
near 1843 K (1570 °C) observed in alloys 2 to 4
correspond to the formation of the p phase, and the
solidus temperatures near 1823 K (1550 °C) are related
to the invariant reaction U,, the temperature of which
was reported as 1822 K (1549 °C).'¥

Alloys 5 to 11 have higher Nb contents and no
melting events were observed in these alloys up to
1993 K (1720 °C). The origin of the two weak DTA
effects observed in alloys 5 and 6 may belong to the
peritectic formation of Nb,Al, but due to uncertainty
these data were excluded from the construction of the
liquidus surface. The reaction at 1883 K (1610 °C)
observed in alloy 10 corresponds to the eutectic forma-
tion of Nb,Al + C14 and fits well to the monovariant,
eutectic line in Figure 3 connecting P; and E; (the latter
is not visible in the figure) via the maximum e;,x.

Although the liquidus temperatures of the
very-high-melting alloys could not be determined from
the DTA experiments, the combination of all available
relevant information allows prediction of the liquidus

18,0
(Nb)
~ (]
T 1751 a, e ., 8
c Nb,Al °®
@ [
o
~ 17,0 1
£ .
2 5o
[e] (m}
> 165 N Nb,Al
(m}
16,0 T T T -
0 5 10 15 20 25

at.% Fe(+Al)

Fig. 5—Effect of dissolved Fe [or Fe+ Al in case of (Nb)] on the
volume per atom of the phases (Nb), NbsAl, and Nb,Al.

surface. There is complete information about the pri-
mary phases and subsequent steps of solidification,
which allow derivation of the position as well as type of
the monovariant lines separating the primary phase
fields. Moreover, the data provide information about
the position and temperature of the two ternary invari-
ant reactions U; and U, in the Nb corner. With respect
to the preceding study,'” position and temperature of
the invariant reaction U, are confirmed, while the
position of the reaction U; was amended and its
temperature tentatively estimated as 1750 (£50) °C. As
the liquidus temperatures of the binary boundary
systems AI-Nb and Fe-Nb are well known from the
literature gthe data from the most recent assessments of
He et al"”** were used), the improved liquidus surface
shown in Figure 3 was obtained from a combination of
all data. The calculated liquidus surfaces reported in the
recent assessments of He er all"! and Guo er alP”
qualitatively agree well with the present results with the
only exception of the position and temperature of the
reaction U,. In He et al.!'”! the point is slightly shifted
to the left, i.e., to lower Al contents, and a reaction
temperature of 1979 K (1706 °C) is given. A strongly
different result is reported in Guo et al.,** who shift the
reaction point in the direction of the Al-Nb boundary
and give a very high reaction temperature of 2184 K
(1911 °C). For a final, precise determination of position
and temperature of the reaction U, obviously more
experimental work is still needed.

B. Heat-Treated Material: Isothermal Sections
at 1723 K and 1873 K (1450 °C and 1600 °C)

1. Impurities and inhomogeneities in the heat-treated
microstructures

Despite the controlled atmosphere, all heat-treated
samples show some degree of oxygen contamination.
The depth of the affected zone varies between samples,
but in all cases the transition from the outer, oxidized to
the inner, uncontaminated areas occurs at a clearly
visible boundary. In the interior of some samples,
isolated Al,O; particles were found but sufficiently large

Table II. Reaction Temperatures Below 1993 K (1720 °C) from DTA Measurements

Alloy Composition

Critical Temperatures from DTA

Alloy No. At. Pct Nb At. Pct Al At. Pct Fe Eut./Perit. Temp. [K (°C)] Liquidus Temperature [K (°C)]
1 61.7 8.6 29.7 1812 (1539) 1973 (1700)
2 64.0 15.5 20.5 1826, 1838, 1868 (1553, 1565, 1595) —

3 61.0 21.9 17.1 1822, 1843 (1549, 1570) 1947 (1674)
4 62.8 22.1 15.1 1820, 1845 (1547, 1572) 1965 (1692)
5 75.4 15.3 9.3 [1910 (1637)] —

6 79.3 159 4.8 [1904 (1631)] —

7 83.7 11.1 5.2 — —

8 86.8 8.8 44 — —

9 78.8 18.2 3.0 — —

10 67.5 29.5 3.0 1883 (1610) —

11 67.3 26.3 6.4 — —

The two values given in parenthesis (belonging to very weak DTA effects) were not used for the construction of the liquidus surface (see text).
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Table III.

Overall and Individual Phase Compositions of Equilibrated Samples Heat-Treated at 1723 K (1450 °C), Both

Determined by EPMA

Analyzed Overall Composition

Analyzed Phase Compositions

Heat Treatment Time

Alloy No. [Days] At. Pct Nb  At. Pct Al  At. Pct Fe  Phases At. Pct Nb  At. Pct Al At. Pct Fe
1 1 62.3 8.6 29.1 (Nb) 88.9 4.3 6.8
1 phase 50.1 10.5 394
2 1 63.6 15.5 20.9 (Nb) 86.3 7.6 6.1
Nb,Al 63.1 17.4 14.5
1 phase 49.4 16.1 34.5
3 1 61.7 21.2 17.1 Nb,Al 67.2 21.6 11.2
1 phase 48.4 21.2 30.4
6 7 79.1 15.6 5.3 (NDb) 86.8 9.9 3.3
Nb;zAl 78.6 19.3 2.1
Nb,Al 69.4 22.7 7.9
7 7 84.2 10.4 5.4 (Nb) 86.7 8.8 4.5
Nb,Al 69.2 20.1 10.7
8 7 86.2 8.0 5.8 (Nb) 86.7 7.7 5.6
NbyAl 68.8 18.1 13.1
9 7 78.6 18.2 3.2 (Nb) 87.0 9.7 33
Nb;Al 78.7 19.2 2.1
Nb,Al 69.5 22.4 8.1
9A 7 86.3 12.3 1.4 (NDb) 88.5 10.0 1.5
NbsAl 79.8 19.2 1.0
10 3 67.8 29.1 3.1 NbyAl 67.8 29.1 3.1
10A 3 68.5 28.6 2.9 Nb;Al 77.5 21.8 0.7
Nb,Al 68.7 28.3 3.0
11 3 67.8 257 6.5 Nb,Al 67.8 25.7 6.5
11A 3 72.1 23.2 4.7 Nb;Al 78.2 20.2 1.6
Nb,Al 69.1 24.7 4.2
12%* 2,1 37.1 53.4 9.5 NbyAl 56.8 422 1.0
Cl4 32.9 54.0 13.1
NbAl; 24.8 74.7 0.5

Samples denoted “A” are equilibrated areas with compositions different from the main body of the alloy.

* Taken from Stein et al.l'Y

areas unaffected by impurities (as confirmed by EPMA)
exist in all cases.

In addition to surface oxidation, some samples still
contained undissolved Nb pieces from the arc melting
process. In such cases, phase equilibria measurements
were taken far away (e.g., 1 mm) from the undissolved
particles. The diffusion zone surrounding the remnant
Nb particles was exploited for analysis analogous to a
diffusion couple, and an example is described in the
following section.

2. Microstructures and phase equilibria at 1723 K
(1450 °C)

Despite surface oxidation, all but two samples (alloys
4 and 5 were contaminated with O and C throughout
and excluded from analysis) contained sufficiently large,
clean, homogeneous, and well-equilibrated areas after
the heat treatments at 1723 K (1450 °C) to allow for the
measurement of the equilibrium phase compositions.
Table III lists the heat treatment times, the observed
phases, and their compositions as well as the sample
overall compositions as obtained from EPMA. Note
that the overall compositions were always determined in
the same area of the samples where the individual phase
compositions were analyzed.
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Examples for the different types of observed equilib-
rium microstructures after the 1723 K (1450 °C) heat
treatments are presented in Figure 6. Due to their
comparably low melting temperatures, the heat treat-
ment time for the Fe-rich alloys 1 to 3 was restricted to 1
day. Figure 6(a) shows a representative micrograph of
alloy 1 revealing the two-phase equilibrium between u
phase and (ND) solid solution. The three-phase equilib-
rium (Nb) + Nb3Al + Nb,Al was found in alloys 6 and
9, with a representative microstructure shown in
Figure 6(b). Within the sample of alloy 9, an extended
area with an increased Nb content was found, likely a
remnant piece of Nb in the as-melted alloy. As the
composition is homogeneous within this area, it could
be evaluated as an independent equilibrated sample
(denoted as 9A in Table I1I) representing the two-phase
field (Nb) + NbsAl. Figure 6(c) shows the three-phase
equilibrium Nb,Al + NbAl; + C14 Laves phase of a
sample taken from the preceding study,!'* where it had
been heat-treated for 50 h at 1723 K (1450 °C) (denoted
as alloy 12 in Table III). Alloys 10 and 11 have
compositions lying in the Nb,Al single-phase field
though in some areas with increased Nb content
equilibria between Nb;Al and Nb»Al could be identified
(denoted as areas 10A and 11A in Table III).
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Fig. 6—Alloys 1 (@), 9 (b), and 12 (c) after heat treatment at 1723 K
(1450 °C).

An example of an internal diffusion couple created by
a remnant Nb piece during heat treatment is shown in
Figure 7. The pure Nb piece is surrounded by an
80-um-thick zone of the (Nb) solid solution with
continuously increasing Al + Fe content. At the point
of maximum solute content, there is a discontinuous

METALLURGICAL AND MATERIALS TRANSACTIONS A

step in the concentration profile entering the NbsAl zone
and again at the Nb3Al/Nb,Al interface. Such steps
represent points of local equilibrium (whereas of course
within the diffusion zones the material is in a non-equi-
librium state) and the respective compositions can be
used like classical equilibria for drawing the phase
diagram (see, e.g., Reference 25 for an introduction to
the application of diffusion couples).

The ternary concentration triangle in Figure 8(a)
shows all measured phase compositions including the
data obtained from the internal diffusion couple
described above. In addition, literature data for the
binary boundary systems Al-Nb?# and Fe-Nb!'?! as well
as for the ternary three-phase alloy Nb,Al + NbAl; +
C14 Laves phase (alloy 12) from Reference 14 are
considered. ~ The  resulting isothermal  section
(Figure 8(b)) covers all relevant two- and three-phase
fields (with the exception of the Nb-poor three-phase
equilibrium Nb,Al + u + C14 Laves phase, dotted lines
in Figure 8(b)). Note that all phase compositions can be
fitted by smooth lines for the phase field boundaries
supporting the assumption of the existence of equilib-
rium in the samples.

The data well describe the extension of the Nbs;Al and
Nb>Al phase fields into the ternary system and the
combined solubility of Al + Fe in the Nb solid solution.
The maximum combined solubility in (Nb) reaches a
value of 13.7 at. pct at this temperature, comprising 7.6
at. pct Al and 6.1 at. pct Fe. The solubility of Fe in the
Nb-rich intermetallic phases is significantly higher in
Nb>Al (14.5 at. pct Fe) compared to that in NbsAl (2.1
at. pct Fe).

3. Microstructures and phase equilibria at 1873 K
(1600 °C)

The overall and individual phase compositions after
heat treatments at 1873 K (1600 °C) are listed in
Table IV. Alloys 1 to 4 were excluded from the heat
treatments as their solidus temperatures are lower than
1873 K (1600 °C), and alloys 10 and 11 were not
heat-treated as they were expected to stay in the
single-phase Nb,Al composition range. Due to oxida-
tion, some samples showed extended rim zones with
oxides after the four-day heat treatments. Even though
sufficiently large, clean areas remained in the center of
the samples, some shifts in the chemical composition
compared to the as-melted material were observed.
Therefore, short-time heat treatments for 6 h at 1873 K
(1600 °C) were performed with the additional samples
of alloys 6 to 9 (denoted as 6" to 9').

The heat-treated sample of alloy 5 is in the two-phase
equilibrium state (Nb) + Nb,Al though this sample also
contains some areas with microstructures as shown in
Figure 9(a) revealing that this region was already in a
partially liquid state at 1873 K (1600 °C). This is
concluded from the morphology of the Nb particles
and the occurrence of a large number of liquid-like
droplets with fine eutectic (Nb) + p microstructure. This
effect results from a reduction in the overall Al content
(presumably due formation of Al,O3 near the surface)
shifting the composition from the (Nb) + Nb,Al to the
(Nb) + liquid two-phase field; see the isothermal section
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Table IV. Overall and Individual Phase Compositions of Equilibrated Samples Heat-Treated at 1873 K (1600 °C) as Determined

by EPMA
Analyzed Overall Composition Analyzed Phase Compositions
Heat treatment Time
Alloy No. [Days] At. Pct Nb  At. Pct Al At. Pct Fe  Phases At. Pct Nb  At. Pct Al At. Pct Fe
5 1 80.1 12.6 7.3 (Nb) 87.3 8.5 4.2
Nb,Al 69.5 18.5 12.0
5A 1 77.4 10.4 12.2 (Nb) 85.7 8.0 6.3
u phase 49.7 14.9 354
6 4 82.1 12.4 5.5 (Nb) 82.1 12.4 5.5
6A 4 78.5 15.3 6.2 (Nb) 81.5 13.2 5.3
Nb,Al 68.9 22.1 9.0
6 YVa 81.4 14.9 3.7 (Nb) 86.0 10.3 3.7
Nb;Al 77.8 19.9 2.3
NbyAl 69.0 23.7 7.3
7 4 90.2 6.0 3.8 (Nb) 90.2 6.0 3.8
7 Ya 84.5 10.7 4.8 (Nb) 84.5 10.7 4.8
8 4 86.3 8.7 5.0 (Nb) 86.3 8.7 5.0
8 Ya 85.5 8.9 5.6 (Nb) 85.5 8.9 5.6
9 4 83.8 154 0.8 (Nb) 86.5 12.5 1.0
Nb;Al 79.3 20.1 0.6
9A 4 79.9 17.1 3.0 (Nb) 81.7 14.5 3.8
Nb;Al 77.8 20.3 1.9
Nb,Al 69.6 24.0 6.4
9 YVa 86.5 12.5 1.0 (Nb) 86.9 12.0 1.1
Nb;Al 79.5 19.9 0.6
9A YVa 82.1 14.5 34 (Nb) 83.6 12.3 4.1
Nb;Al 78.2 19.8 2.0
NbyAl 69.8 23.5 6.7

Samples heat-treated for only 6 h are marked with a prime and “A” indicates areas with compositions different from the main body of the alloy.
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Fig. 7—(a) Concentration profile along an EPMA line scan through the diffusion zone surrounding an undissolved Nb particle in alloy 11 heat-
treated at 1723 K (1450 °C) for 3 days (step size of the point analyses was 2 um). (b) Composition data shown in (a) plotted on the Nb-Al-Fe
ternary composition triangle.

in Figure 10. The three-phase equilibrium (Nb) + Figure 9(b). The compositions obtained from the long-
Nbs;Al + Nb,Al was found in samples of alloys 6 and term annealings were used for construction of the
9, and a representative microstructure is shown in three-phase triangle in the isothermal section.
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Fig. 8—(a) Experimentally determined phase equilibria at 1723 K (1450 °C) including data for the binary boundary systems taken from

Refs. [19] and [24] and (b) isothermal section at 1723 K (1450 °C).
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Fig. 9—Miicrostructures after 1873 K (1600 °C) heat treatment: (a¢) two-phase area (Nb) + u phase in alloy 5 after heat treatment for 1 day at
1873 K (1600 °C) in the partially liquid state (then consisting of (Nb) + liquid phase); (b) alloy 6" after heat treatment for 6 h at 1873 K

(1600 °C) showing a (Nb) + NbsAl + Nb,Al microstructure.

The 1873 K (1600 °C) isothermal section in Figure 10
was constructed using the experimental equilibrium
data, the liquidus surface projection (Figure 3), and
literature data for the binary boundary systems.!'"”*% At
this very high temperature, the liquid phase fields extend
far into the ternary system and the phase boundaries of
the liquid phase fields at 1873 K (1600 °C) can be
directly read from the liquidus surface.

The maximum solubility of Al + Fe in the Nb solid
solution is 18.3 at. pct (14.5 at. pct Al + 3.8 at. pct Fe).
As at 1723 K (1450 °C), the solubility of Fe in the
Nb-rich phase Nb;Al at 1873 K (1600 °C) is low and
reaches a value of 1.9 at. pct Fe. In case of the Nb,Al
phase, the Fe solubility at 1873 K (1600 °C) could not
be  measured as the three-phase triangle
(Nb) + Nb,Al + liquid is needed. Nevertheless, from
the two-phase (Nb) + Nb,Al alloy 3, it is clear that Fe
solubility must be >12 at. pct. An upper limit for the
solubility can be estimated from the observation that
sample SA did not contain Nb,Al. In addition, the liquid

METALLURGICAL AND MATERIALS TRANSACTIONS A

corner of the triangle (Nb) + Nb,Al + liquid is known
from the liquidus surface [composition where the 1873 K
(1600 °C) isotherm cuts the monovariant line between the
primary crystallization fields of (Nb) + Nb,Al i.e., the
line between U; and U,| and provides an upper limit for
the solubility of 16 at. pct. The solubility of Fe in Nb,Al
is therefore estimated as 14 £ 2 at. pct, which is very
similar to that at 1723 K (1450 °C) (14.5 at. pct Fe).

IV. SUMMARY

A detailed investigation of the Nb corner of the
ternary Nb-Al-Fe phase diagram was performed. For
this purpose, eleven Nb-rich ternary alloys were pro-
duced from the pure metals by arc melting. The primary
crystallizing phases and solidification paths were deter-
mined from analysis of the as-melted microstructures.
All phases were identified by EPMA and XRD. In
addition, DTA was employed up to 1993 K (1720 °C) in
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Fig. 10—Isothermal section at 1873 K (1600 °C).

order to study the liquidus temperatures and establish
phase transformations below the liquidus. Combining
all information, the liquidus surface of the ternary
system was determined.

Heat treatments were performed at 1723 K (1450 °C) for
up to 7 days and at 1873 K (1600 °C) for up to 4 days in
order to obtain well-equilibrated material. Even though the
heat treatments were carried out in pure Ar atmospheres,
most of the samples exhibited an oxidized rim zone, but in
all cases sufficiently large, clean, and homogeneous areas
remained in the inner part of the samples allowing the
analysis of phase equilibria. In addition, undissolved Nb
particles served as internal diffusion couple providing
supplemental phase equilibrium data. These results
together with some information from literature were used
for the construction of isothermal sections at 1723 K and
1873 K (1450 °C and 1600 °C).
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