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Abstract

The thermodynamic cdculation of phase diagrams for binary, ternary and quaternary niobium
dloys based on the Nb-AI-Cr-Ti system is illudtrated over a wide range of temperatures and
compostions. In addition Schell Smulaion of the freezing of quaternary aloys is used to show
how the method can be applied in practice to anticipate segregation during casting of Nb dloys.
Cdculation of the Nb-Cr-Mo isotherm a 1200C shows how an “unexpected” miscibility gap,
noted in the 1981 symposum could have been predicted. Findly, the current capability of using
the CALPHAD mehod and the Themo-Calc databases and software to extend such
caculations to awider range of multicomponent Nb aloysis considered.



Introduction

At the 1981 Internationd Symposum on Niobium'™ an extensive survey of the properties of
commercid Nb dloys was presented and related to the products and practice of tha time.
Argent! presented a wide ranging review of the exising information concerning binary and
ternary phase diagram data derived from experimenta studies of phase equilibria

In the lagt 20 years many experimentd dudies of phase equilibria in multicomponent dloys
have been done. Scientific papers covering such studies appear in the literature and handbooks
and periodic reviews>’ of binary and ternary niobium aloy systems have been published. These
can be located by consulting the references noted above and other scientific sources.
Notwithganding the avallability of such information the trandation of such daa for the
commercid world of aloy synthesis and manufacture requires consderable art.

Mog dloys contain more than three components and the data available does not dways cover
the manufacturing or use temperatures. To address such problems the CALPHAD Group was
formed in the 1970's to ded with the task of cdculating phase diagrams from thermochemica
data®®. The avalability of poweful PC's and the world-wide growth of “Computationd
Thermodynamics’ for coupling thermochemical  properties and phase  diagrams  of
multicomponent aloys has yielded many examples of practicd gpplications in recent years'®4.
The Nb-AI-Cr-Ti system has been chosen beow as an example for illugtration by adapting the
semina work of Ansara®!® to construct the database and derive Figures 1-5 for Nb-Ti-Cr and
Ti-Al-Cr.

Calculation of the Binary and Ternary Phase Diagrams in the Nb-AI-Cr-Ti System

Figure 1 shows the cdculated binary phase diagrams for the Nb-Ti, Ti-Cr and Cr-Nb systems as
a function of temperature between 500C and 2500C and mole fraction between 0 and 1 for each
of the components .The C15 and C14 phases are Laves phases. Figure 2 shows caculated
isothermal sections in the Nb-Ti-Cr system at 1300C, 1500C, 1600C and 1800C.

Next the cadculated binary phase diagrams for Ti-Al and Al-Cr are combined with the Ti-Cr
binary to form the Ti-Al-Cr sysem shown in Figures 3 and 4. This system is more complex
than that of the Nb-Ti-Cr system because additiona binary and ternary phases are present. This
complexity is evident in Figures 59 which illusirate other aspects of the Nb-Al-Cr-Ti database.
For example Figures 3 and 6 show the Ti-Al apha (Ti3Al) and gamma(TiAl) phases as well as
the TNAI3 phase which contans NbAI,Cr and Ti. Findly the Al2Ti and Al17Ti8 phases are
included. The thermochemica properties of dl of these phases are included in the database
over temperature and compositions where they are stable, metastable and unstable. Figures 4
and 5 show that a Al15CraTi7 phase, called the tau phase'’ is induded in the database. This
phase which is reported to exit over a range of compogtion is defined as in Fgure 5 for
amplicity. The extenson of the C14 and C15 Laves phases into the Ti-Cr-Al ternary in Figure
5 has been derived from the abovementioned results of Ansara, Servant, Saunders, Shao,
Tsakiropoulos, Jewett and Dahms™® 8. In this way the quaternary database is built up from the
unary, binary and ternary thermochemicd and phase diagram information and verified by
experimenta  results drawn from various studies which were conducted over a wide range of
conditions.
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Figure 1. Cdculated binary phase diagram components of the Nb-Ti-Cr system.
The liquid phase is designated by L.
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Figure 2: Caculated isotherma sections in Nb-Ti-Cr at 1800, 1600, 1500 and
1300°C. Two-phase regions are identified by tie-lines, three-phase regions by
triangles and single phase regions are label ed.



fce
i gamma e
alpha’
hep C15
Ti Cr

Figure 3. Caculated binary phase diagram components of the Ti-Al-Cr system.
The liquid phase is designated by L.
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Figure 4: Cdculated isotherma sections in Ti-Al-Cr at 1500, 1300, 1200 and
1000°C. Two-phase regions are identified by tie-lines, three-phase regions are
identified by triangles and single-phase regions are labeled.
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Figure 5: Caculated phase fraction vs. temperature curve for an dloy containing
27atomic%Ti and 15atomic%Cr (bal. Al).

Figures 6 and 7 display the combination of the Al-Nb binary with Ti-Al and Nb-Ti in Nb-Ti-Al
adapted from the work of Servant and Ansara(15) showing the Nb2AI(Sigma), NbsAI(A15) and
AI3NDTi4 phases. The Nb-AI-Cr-Ti database describes the thermochemica properties of dl of
these phases.

Findly Figures 8 and 9 combine the Al-Nb and Al-Cr descriptions provided by Ansara™® with
the Nb-Cr binary to generate the Nb-Al-Cr in keeping with the limited experimental results ©1°.
The Al-Cr binary contains no less than eight compound phases as shown in Fig.8 incuding
high and low temperature forms, AlsCrs(H) and AlsCrs(L), of the same compound phase.

Most of the phase diagrams shown in Figures 19 are of the dassc type illugtrating sngle phase
fidds and two and three phase eguilibria in different regions of the compostion versus
temperature space. All of these diagrams are caculated assuming that equilibrium is attained.
This may not be the case as the temperature is lowered. The methods used to @culate phase
equilibrium from thermodynamic data can be readily gpplied in such cases by examining
metagtable equilibria where one or more phases, which would tend to form by diffuson
controlled reections, can easly be suspended and the resultant equilibrium can be recaculated
for comparison with the “full equilibrium case’.

Findly, it is possble to consder cases where diffuson is rgpid in one phase (i.e. a liquid) but
dow in a s0lid phase that coexigs with the liquid leading to “Scheil Sdlidification” which can
be used to smulate the levels of solute segregation encountered in the casting of aloys. Such
cdculations will be illusrated below for quaternary Nb-AI-Cr-Ti dloys. The exception to
classic phase diagrams amongst the examples referred to above is Figure 5 which displays a
cdculated Phase Fraction versus temperature curve for an Al-Ti-Cr dloy containing 27 atomic
percent Ti and 15 atomic percent Cr. This corresponds dmost exactly to the ternary



compostion of the Al15Cr4Ti7 compound phase. Figure 5 shows that, above 1284C an aloy of
such a compodtion is dl liquid. As the temperature fdls below 1284C the fraction of liquid
fdls rgpidly from 1 as the fraction of the ternary compound rises from zero a 1284C to a vaue
near unity. During the cooling a compound Al11Tis forms from the mdt a 1275C, the liquid
freezes and a third compound phase, Al3Ti, forms at about 1263C. At 1040C the Al11Tis phase
transforms into Al2Ti and AI3Ti. Thus this cadculation can be used to trace the changes that
occur when an dloy is cooled (or hegted).
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Figure 6: Cdculated binary phase diagram components of the Nb-Ti-Al system.
The liquid phase is designated by L.

The Phase Fraction versus temperature curve does not show the compostion of the phases at
equilibrium. However since this data is caculaed a each temperature it can be readily
displayed as illustrated below. Moreover, it should be evident that this representation can be
readily applied to multicom dloy with four or more components to describe materials
used in commercia practice® . Thisisillustrated below for a quaternary Nb-Ti-Cr-Al dloy.

However, before turning to this dloy it is indructive to condder the case of ternary isopleths
which are useful in congdering dloys for goplications in coding, joining and manufecture of
composite structures. FigureslO and 11 are isopleths in ternary subsytems of Nb-Ti-Cr-Al. The
firg is dong the join from Cr to 66.7atom%Ti -33.3atom%Nb, a composition that corresponds
to an dloy used for superconducting wire?. The isopleth can be sketched by connecting the Cr
goex of the triangles in Figure 3 with a point on the Ti-Nb base that is 1/3 the way from Ti to
Nb a each temperature. Figure 10 shows the computer-generated results, which are quite
smple because the ternary issmple.



Figure 7: Cdculated isotherma sections in Nb-Ti-Al a 1600, 1300, 1000 and
700°C. Two-phase regions are identified by tie-lines, three-phase regions by
triangles and single-phase regions are labeled.

Figure 8 Cdculated phase diagram components of the Nb-AI-Cr sysem. The
liquid phaseis designated L.
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Figure 9: Cdculated isothermd sections in Nb-Al-Cr at 1700, 1600, 1500 and
1000°C. Two-phase regions ae identified by tie-lines, three-phase regions by
triangles and single-phase regions are labeled.
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Figure 10: Cdculated isopleth dong the join from Cr to Ti-33atomic%NDb (see
figures 1 and 2). Note that the tie-lines need not lie in plane of the isopleth.



As the caption indicates the Tie-Lines need not lie in the plane so that compositions cannot be
read from this figure except in the dngle phase fidds Figurell shows a much more complex
isopleth in the Al-Ti-Cr sysem dong the join from Al to Ti-50atom%Cr. The complexity can
be readily anticipated by the smple construction previousy described.

Figure 12 is the phase fraction versus temperature curve caculated for a Nb-21.2wt%Ti- 7wt%-
1.8Wt%Al dloy. Equilibrium solidification begins at about 1975C and ends a about 1750C. On
further cooling a bcc phase that forms from the mdt is the only sable phase until the C15
Laves phase begins to form beow 1100C. Subsequently the TizAl(apha) and hcp phases
precipitate from the bcc phase as the temperature is decreased. In the temperature range
between 1100C and 1750C the dloy is single phase bcc with the same compostion as the
liquid however the subsequent precipitates contain Nb and Cr(C15), Ti and Al(dpha) and
Ti(hcp). This description provides a concise and complete picture of the phase gability of this
dloy asafunction of temperature.

In order to obtain a broader view, the isopleth in Figure 13 can be generated fixing the ratio of
Al to Cr and Cr to Ti and varying the Ti and Nb over the entire range. The isopleth locates the
70wt%Nb dloy, which corresponds to that in Fgure 12. Comparison of the trangtion
temperatures for this dloy with those in Figure 12 shows that they are in good accord. Figure
14.displays the composition of the bcc as a function of temperature & it experiences the phase
changes on cooling (or heeting) in Figure 12 or 13. Between 1100 and 1750 the single phase
bcc exhibits the gdating compodtion of the dloy. Bdow this temperaure the sequentid
precipitation of the C15, dpha and hcp phases results in the dteration of the compostion of
the bcc phase. Also it is possble to display smilar temperature dependent curves for the
composition of each of the abovementioned phases.

Finaly phase fraction versus temperature curves can be run for any niobium concentration
adong the abscissa in Figure 13 from near zero to nearly pure Nb. The corresponding
composition versus temperature curves can dso be generated. As indicated above, the
concentration can be read or inferred only for the single phase bec and liquid phase regions.
However the compositons of the coexisting phases in the multi-phase regions can be retrieved
and displayed as in Figure 14. Figures 15 and 16 show a Schell amulation of the freezing of the
Nb dloy as compared with equilibrium cooling.This smulation conssts of meking 1C deps
below the 1975C temperature where the bcc sarts to form, separating the bcc phase and
repeating the 1C cooling step. Figure 16 follows the composgtion of the bcc phase. Two
fegiures are immediatey evident. Fire, the liquid phase is present in the Schell smulation
process to a much lower temperature that under equilibrium cooling conditions. Second,
substantial segregation of Nb, Ti and Cr is predicted by the Scheil freezing mode!.

A more detailled modd caculaion of this process can be employed which congders diffuson
in the liquid and solid phases. This cdculation generdly leads to results midway between the
two curvesin Figure 15.
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Figure 11: Cdculated isopleth dong the join from Al to Ti-50atomic%Cr (see
figures 3 and 4). Note that the tie-lines need not lie in plane of the isopleth.
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Figue 120 Cdculated phase fraction vs. temperature curve for a Nb-
21.2weight%Ti- 7weight%Cr- 1.8weight%eAl dloy.
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Figure 13: Cdculated isopleth congtrained by the conditions that weight%Cr =
Aweight%Al and weight%Ti = 3weight%cCr.
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Figure 14: Cdculated compostion of bcc phase of the niobium dloy displayed
infigures 12 and 13 as a function of temperature.
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Figure 15: Comparison of equilibium freezing and Schell smulaion results
caculated for a Nb-21.2weight%Ti- 7we ght%Cr- 1.2weight%Al dloy.
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Figure 17: Cdculated isothermal section in the Nb-Cr-Mo system at 1200°C.

SUmmary

The cdculations of the Nb-Al-Cr-Ti system presented above illustrate the advantages afforded
by a coupled thermochemicd/phase diagram description (CALPHAD) of Nb dloys In the
earlier1981 Nb Symposum’™ reference is made to 23 eements that are aloying additions or
ggnificant impurities in Nb dloys used in a vaiety of gpplications. In addition to Ti and Cr
there are 11 addditiond trandtion metds, five other metals, Cu, Al, Cd, Sh and Pb and five
interditia elements(H, B, C, N, O). Contemplaing creation of a 24 (include Nb) eement
database seems like an awesome task. However the database could be split up into various
segments by application or categories (i.e. hardmetas, steds, superalloys, superconductors,
etc) and it would be apparent that existent databases would cover a good pat of the
requirements or need only minima improvement to be sufficient. At the 1981 Symposium there
was no mention of caculated phase diagrams as CALPHAD was a new journd (volume
1,1977). However it should be noted that Argent!, p326, makes mention of the fact tha
“occasondly a miscibility gap develops in an unexpected way” in the bcc Nb-Cr-Mo phase at
1200C. In fact Argent was not aware of the cdculated bcc miscibility gap in Cr-Mo with a
maximum a 941C, which would lead one to expect that a bcc miscibility gap would appear in
Nb-Cr-Mo a 1200C. Indeed Figure 17 provides a current caculation of the 1200C isotherm
that shows such a miscibility gap. It is quite likey that a the next niobium symposum there
will be many examples of useful gpplications of CALPHAD anayses of Nb dloy sysems.
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