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FOREWORD

The experimental research described in this technical report was
carried out at the Materials Research Laboratcry, Aercjet-General Corpora-
tion, Sacramento, California, undexr USAF Contract F33615-67-C-1513,
Project 7350, Task 735001. The contract was administered under the direc-
tion of the Air Force Materials Laboratory (MAMC), with Cap’. P. J. Marchiando,
as Project Engineer, and Dr. E, Rudy, Aerojet-General Corporation (now at the
Oregon Graduate Center, Portland, Oregon) serving as Principal Investigator.

The authors wish to acknowledge the help of Mesars J. Pomodoro
(fabrication of samples), and of R. Cristoni, who prepared the drawings.

The manuscript of this report was released by the authors Marckh 1970
for publicatiun.

Other reports issued, or in preparation, under USAF Contract
F33615-67-C-1513, include:

Part 1. The Phase Diagrams of the Systemns Ti-Nb-C, Ti-Ta-C,
and Ti-Mo-C

Part 11, Effect of Re and Al Additions on the Metal-Rich Phasge
Equilibria in the Ti-Mo-C and Ti-Nb-C Systems.

This technical report has been reviewed and is ap;:roved.

L] - e

Chief, Ceramics and Graphite Branch
Metals and Ceramics Division

Air Force Materials Laborate.y
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ABSTRACT

The solid state and solid-liquid equilibria of the Nb-Ta-C system
bave peen detzrmiuved by melting point determinations, X-ray and chemical

analysis, metallography, and differential thermal analysis for temperatures
above 1500°C.

The ternary system has a complete solid sclution of monocarbides
and aleo of subcarbides if the difference in carbon atom ordering is dis-
regarded. Eutectic troughs in beth the metal-rich ard carbon-rich regions

of the ternary are present. Calculated tie-line dietributions agree wel® with
experimental resuits.
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I. INTRODUCTION AND SUMMARY

A. INTRODUCTION

The continuing work on the delinearization of the high-
temperature phase equilibria of binary, terrary, and higher order refractory
metal-carbide, boride, nitride, and silicide systems is directed in this re-
port to the study of the Nb-Ta-C system with the expressed purpose of using
the data generated for possible applications in the field of new cutting tools
containing refractory metal alloys as a binder phase.

=

B. SUMMARY

Figure 1 shows resuits of the new investigations in Nb-Ta

binary system; the narrow two-phase region of liquid and melt has been
confirmed.

Y T Y T M 1 M ! -
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Figure 1. Nb-Ta: Phase Diagram




The phase equilibria in the niohivm-tantalumi-carbon sysiem

are summarized as foilows:

The monorarbides, TaC and NhC form a continuous series of
golid solutions from 1500°C to melting. With disregard of the fact that the
low temperature forms of Ta,C(a) and szC( 8) have different ordering of
carbon atoms, lattice parameter variations that are based on the L.'3 lattice
(random orientation assumed), show that the subcarbides szc and Ta,C
form a complete series of solid solutions.

The peritectic decomposition temperatures of the binary sub-
carbide solid solution varies smoothly across the ternary region, while the
maximum melting temperature of the :antalum monocarbide solid solution
drops rather quickly with small niobium additions.

Buth the metal-rich and carbon-rich regions of this ternary
are further characterized by the presence of eutectic troughs running across
the ternary region and join the respective binary metal-subcarbide and
monocarbide-graphite eutectics.

Thermodynamic calculations yielding the tie iine positioning
in the two-phased regions metal + subcarbide and subcarbide + monocarbide
show that thes. values compare quite well with the experimentally deter-
mined tie lines.

The isometric view of the ternary phase diagram, shown for
temperatures above 1500°C {(Figure 2) is supplemented by the flow diagram
of binary and ternary reactions {Figure 3) as well as the liquidus projections
(Figure 4). An isopleth at 32, 5% carbon is shovn in Figure 5.
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Figure 2. Nb-Ta-C: Constitution Diagram
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II. LITERATURE REVIEW

A. THE TANTALUM-NIOBIUM SYSTEM

These two metais form a continuous series of solid sclutions
in the body centered cubic structure“); the phase diagram was determined
by Williams and Pechin(z); the constitution diagram, showing the s:ncoth

variation in solidus temperatures, is giver in Figure 6.
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Tigure 6. Nb-Ta: Phase Diagram(z)
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B. THE NIOBIUM-CAKBON SYSTEM

The investigations of the niobium-carbon system by
E. K. Storms and N. H. Krikorian(” and H. Kimura and Y. SasakiH) were
recently supplemented by E. Rudy, et al. (5 6). The system, Figure 7, con-
tains a very refractory monocarbide with the B-1 structure {Table 1) and a
subcarbide, which exists in at least two different states of sublattice order at
(5-1) .nd in a disordered state above approximately 2500°c(®),
The melting point measurements by E. Rudy, et al.(s) are in close confirmation
of the data by H. Kimura and Y. Sasaki“’.

low tempersatures

o T 36132260 N
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i ,l L+C
3400 - -~
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& .l S
W 2600 S ~
- 2
2400 Ql o :\-.—-..2440- -
£] 2
4 J
2200 10.5£0.5 = .
Nb+Nb,C(8) £ -—49.6 -
2000 L L 2 'y Y .L‘ 'Y r N 3 N 3
i0 20 30 40 50 60 70
Nb ——— ATOMIC % CARBON —+
(5,6}

Figure 7. Nb-C: Phase Diagram
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C. THE TANTALUM-CARECK SYSTEM

The inost recent phase diagram (12) of the tantalum-czrbon
system iz shown in Yigure 8. The system contains an extremely reiractory,
cubic monocarbide and a peritectically decomposing, hexagonal subcarinde.
The ordered, low-tu:mperature modification of Ta,C(ls) transforms at tem-
peratures between Zi00 and 2200 "C“z) into anothe_r modification, which is
characterized by the absence of Jong-range orde. in the carbon sublattice.
With the exception cf the displacive transformation, which is absent in TaZC,
the transformation chara-teristics are similar to that of MOZC. Another
phase, { , reported to occur in the vicinity of 40 At. % carbon “4), wasg indi-
cated to be culy metastable (12, 15); the latter viewpoint, however, was dis-
puted in more recent worku&). A compilation of structural data as well as
of lattice parameters for the tantalum carbides is also contained in Table 1.
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Table 1. Structure and Lattice Parameters of
Niob.um and Tantalum Carbides
Phase Structere Lattice Parameters, .:mgatrom
1. T< 1200°C a=12.36, b=10.85, c=4.968(%:1(*
Orthorh. a=10.92, b=4.974, c=3.9010)**}
Nb,C | 2. 1200 to 2500°C a=5.40,, c=4.960(7H*%)
Probably hex.
€ -Fe,N-type
3. T>2500°C a=3.125 . (3)
Hex. approach c=4,972 at 33.3 At.%C
1,'3-type
a=4.431 at 41.5 At. %C
NbC Fecec., Bl-type az4.470 at~ 50 At. %G (1)
1. T<2000-2150°C a=3.103; c=4.938 at 33 At.%c' 3)
Hex., Cé6-type a=3.100; c=4.931 at 31.5 At.%C
a=3.102; c=4.940 at 33 At.%C {12)
TaZC
2. T>> 2150°C: Hex., | L'3-type cannot be retained by
L'3-type quenching; parameters comparable
(no long-range order | to those of the ordered modification.
in carbon sublattice)
TaC Fcc., Bl-type a=4.411 at 42.5 At.%C (14)
a=4. 4545 at~ 50 At. %C
* The orthorhombic axes are related to the {distorted)
hexagonal subcell by:
.. 4ahex 0.T. zahex V3 ; €0 = “hex"
e %%.1r.% zahex V3 bo.r. “hex’ €o.r. ™~ 3hex’
A& a= ahex. subceil V3 5¢= €gubcell
+ ao. r. = chex; bo.r.z 2a'hezx; co.r. %hex y 3
D. THE NIOBIUM-TANTALUM-CARBON SYSTEM

by Nowotny and }"reifer

The continuous solid solution of NbC and TaC was e tablished

(17)

and confirmed by Norton and Mowry‘ .

18) The

melting points of the NbC-TaC solid solution, showing a smooth variation,

were determined by Agte and Alterthum!! 9,

8
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A, STARTING MATERIALS

Th: elemental powders, as well as alloys consisting of Nb,C,
NbC, Ta,C, and TaC, served as the starting materials for the preparation
of the experimental alloys.

Niobium metal powder was purchased from the Wah Chang
Corporation, Albany, Oregon. The powder had the following main impurities
(in ppm): O-=730, N-45, H-80, C-30, Ta-=500, Zr-200, ard the sum of
other metallic impurities-=500,

Tantalum metal powder, also purchased from the Wah Chang
Corporation, Albany, Oregon, had the following main impurities {in ppm):
Al-22, C-170, Cr-=20, Cu-«40, Fe-210, H-40, W-64, 0-590, Si-=40,
Ti-=20, W-27, Nb-=«100. The lattice parameter of this starting material
was a = 3.303 A,

The Wah Chang Corporation, Albany, Oregon, supplied the
tantalum monocarbide. The main impurities were (in ppm): Al-«20,
Nb-420, Cr-300, Cu-20, Si-10, Ti-14, Zn-«10, (0-280).* The monocarbide
had a carbon content of ,.11% (49.5 At.%).* The particle size was less than
15/4; the lattice parameter of this starting material was a = 4.455 A.

The spectrographic-grade graphite powder was purchased
from the Union Carbide Corporation, Carbon Products Division, and had the
following main impurities (i ppm): S$-110, Si-46, Cu-44, Fe-40, Al-8,
Ti-4, Mg-2, V~trace, and ash-800 maximum. The particle size was 99%
smaller than 74[{. No second phase imrurities were detected in highiy
overexposed X-ray films.

*The chemicai analysis o. the starting materials was performed at the
Quality Control Division, Aercjet-General Corporation.

Loy Ak ¢ 44 g

et B A 1 ot AV L



The carbide master alloys of NbZC. NbC, and TazC were pre-~
pared by reacting the carefully blended and cold-pressed mixtures of the
metal powders and carbon in a graphite-eleme:t furnace. The niobium car-
bides were made under vacuum (4 hr at 1900°C, <5 ~ 10'5 Torr) while the
tantalum subcarbide was reacted for 4 hours at 2000°C under a vacuum of
better than & x 10-5 Torr. The reacted powders were crushed and comminuted
to a smaller grain size than 60[{. The powdere were leached ia a hot 2N mix-
ture of hydrochloric and sulfuric acid, the slurry centrifuged, washed with
ether, and then dried in vacuum. The carbon and X-ray analyses of the car-
bide powders are listed in Table 2.

Table 2. Carbon Analyses and Lattice Parameter of
Carbide Starting Materials

1 Carbon Content, Lattice
Carbide ’ At. % Phares Present Parameters, A
Nb,C 33.2 0.2 Nb,C + trace NbC 2 = 3.124; ¢ = 4.963
NbC 49.2 +6.2 NbC a = 4.470
Ta,C 33.0+0.2 Ta,C + slight trace | a = 3.102; c = 4.940

2 - 2" Tac

B. ALLOY PREPARATION AND HEAT TREATMENTS

Separate series of alloys were prepared for melting point,
DTA, as well as for studies of the solid state section of the system.

The majority of the alloy samples were pr2pared by short-
duration hot-pressing(zo) of the well-mixed powder mixtures in graphite
dics. After hot-pressing, the specimens were surface-ground to remove
the reaction zone and traces of adhering graphite.

To eliminate the possibility for carbon contamination, melting
point alloys from the binary system Nb-Ta were cold-pressed and high
vacuum-sintered (1 hr at 1550°C)prior to the melting point runs. The DTA -
specimens were used in the as-hot-pressed state, but received a homogeni-

zation treatment in the DTA furnace prior to making the runs.

10
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For metallographic investigation, selected melting point speci-
mens from the concentration ~reas around the eutectic troughs were examined.

My,

Wherever the melting point camples were too porous for metallographic
examination, they were arc-melted in a noncoensumable tungsten electrode
: melting furnace under a high-purity helium atmosphere.

gyt e p

Nine melting point alloys were prepared to determine the max-
imum eolidus temperatures of the Nb-Ta binary, a.d the melting teraperatures

: of the ternary alloys were determined using 45 different alloy compesitions
' * (Figure 9).
E c

: / \
3 o 2 o ® 2%
3 o 76C
3 9 %9 o e o \'
° o ° o ° JoC
A e o )
:’ o] [ fo}
3 o [0} ,
A
/ Q@ (o)
Nb O ——a8uic % YanTALUN — © -8 Ta

Figure 9. Nb-Ta-C: Compositions of Melting Point Samples

For the DTA studies, a total of 12 alloys were prepzred and
E- machined to the required size(zo). The DTA specimens were located between

the subcarbides of nicbium and tantalum (Figure 10).

11
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Figure 10. Nb-Ta-C: Compositions of Alloys Investigated

by Differential Thermal Analysis

A total of 39 alloys were prepared for the solid state investi-
gation of the system. The alloys having carbon compositions greater than .
34 At.% C were heat trzated at 1800°C for 64 hr, and selected alloys were
also heat treated at 1500°C for 64 hr as sn wn in Figure 11. Both heat
treatments were carried out in a tungsten mesh element furnace (R. Brew
Company) under a high-purity helium atmosphere.

C. DETERMINATION OF MELTING POINTS

The melting points of the ternary alloys were determined by
the previously deecribed Pira.ni-te\:hnique(zo' 21). To minimize the carbon
losses zt the high melting temperatures in the monocarbide region, the
melting point furnace wan pressurized with high purity helium to 2-1/4
atmospheres after a short degassing of the sample under a 30-in. Hg vacuum

at about 2000°C.

The temperature measurements were carried out with a dis-

appearing filament micropyrometer, which was calibrated against a certified

12
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Figure 11.

Nb-Ta-C: Compositions of Solid State Samples
Heat-Treated at 1500°C and 1800°C

lamp from the National Bureau of Standards. The temperature was corrected

for absorption losses in the quartz window of the raelting point furnace and
deviations due to non-black-hody conditions of the observation hole. The

detailed treatment with regard to the temperature corrections has been
. . . (20,21)
described in previous reports .

D. DIFFERENTIAL THERMAL ANALYSIS (DTA)

The DTA specimens were run under a protective, high-purity
3 helium atmosphere at 2 atmospheres pressure. The details of the DTA
3 apparatus have been presented in earlier gublicationa‘zo' 22)

The effect of tantalum upon the o -,G szc transformation was
investigated 3y this technique. The DTA measurements also yielded informa-
tion on the order-disorder transformation in the sulcarbide phase. Finally,

et Cru i

13

AT

LT




the DTA runs gave the incipient melting temperztures closs tu the bormw-
geneous range of the subcarbide phase; these temperatures are usually diffi-
cult to observe using the Pirani-method because relatively little liquid ie

formed at the incipient melting temperature.
E. METALLOGRAPHY

For the metallographic studies, the specimens were mounted
in a mixture of diallylphthalate-lucite-copper base mounting material. After
coarse grinding on silicon carbide paper with grit stzes varying from i20 to
600, the samples were polished on a nyion cloth using a slurry of Linde-B
alumina (0. 3l) in a 5% chromic acid solution.

To obtain the desired phase contrasts, alloys with carbon
concentrations from 0 tc 25 At. % were differentiated by anodizing the speci-
men in a 10% oxalic acid solution. This treatment produced a brownish-red
tarrish on the metal graing, while the subcarbide grains remained essentially
unaffected. Samples with carbon tcntents between 28 and 43 At. % were first
anodized in a 10% oxzlic acid solution, followed by dip-etchiag in an aqueous
agqua regia-hydrofluoric acid sclution {9 parts H,0-1 part (60% HC1-20%
HN03-20','9 HF)] and then further dip-etching in 20% Murakami's solution.

Alloys from the concentration range of 43 to 48 At. % carbon
were either dip-etched in a 20% M--ikami’s solution or a concentrated acid
solution of the above described mixture of HCI, HNOs. and HF. For excess
graphite containing ailoys, no etching was required; i.e., the samples wvere
examined in the as-polished state.

The photomicrographs were made on a Zeiss Ultraphot II
metallograph.

F. X-RAY ANALYSIS

Debye-Scherrer powder diffraction patterns, using Cu-K «
radiation, were made of all samples after melting point, DTA, and solid
state investigations as well as of arc-melted sampies.

14
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The exposures were taken in a 57.4 mm camera on a Siemens-
Crystalloflex il unit; the Bragg-angles of the diffraction lines were measured
on a2 Siemens-Kirem coincidence acale with micrometer dial (2 mm indicator
travel per 0.0} mm translational motion of the measuring slide.)

G. CHEMICAL ANALYSIS

Carbon analyses were performed on the carbide starting mate-
rials as well as approximately one-quarter of selectzd experimental alloy
samples. They were analyzed for carbon concentration using the direct
ccmbustion method, i.e., the carbon content was determined by measuring

the thermal conductivity of the rombusted COZ'OZ gas mixture in a Leco
carbon analyzer.

The results of the carbon analysis on selected experimental
alloy samples showed that the carbon loss was never greater than 2 At. %,
and in most cases was less than 1 At. %.

15
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THE TANTALUM-NIOBIUM BINARY SYSTEM

Melting point measurements on nine binary alloys showed a

continuous decrease of the solidus temperatures with increasing niobium con-

centration (Figure 12).

The melting in each alloy occurred nearly izothermally,

indicating a very narrow liquidus plus solidus two-phase field over the entire

concentration range.

In the metal binary system, tantalum and niobium are

known to form an isomorphous alloy system with the solidus temperatures in-

creasing smoothly with the tantalum concentration; earlier works concerning

this system have been summarized by R. P. Elliott

(23)

and W.B. Pearson

(24)

310C}

2500}

TEMPERATURE,°C

2300}

-1 ¥y T \ 11 M L

A [ncipient melting

3014° © Specimen collapsed

@ Melted isothermally
(Tine = Teon.)

A 1 A 1 4 1

Ta

20 40 60 80
—— ATOMIC % NIOBIUM —

Figure 12, Nb-Ta: Melting Temperatures
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B. SOLID STATE PHASE EQUILIBRIA IN THE TERNARY
Nb-Ta-C SYSTEM

The phasae equilibria of the ternary system niobium-tantalum-
carbon, as determined primarily from an X -ray analysis of heat-treated
samples at 1800 and 1500°C, are shown in i‘igures 13 and 14.

T L A e em— — S o A S w— -ty st

-;["‘,/—'}9"//—",0"‘/— P y—O0— —Q —

/ / !

@ /l o v / Q[ ‘ : “O \ \
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o Single phase

@ Two phases

A Twe phases, non- equilibrium
@ Three phases,non-equilibrium

v} X 3¢ X N \

Ta
Figure 13. Nb-Ta-C: Qualitative X- ray Evaluation of Alloys

Ecquilibrated at 1806°C
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Figure 14. Nb-Ta-C: Qualitative X- ray Evaluation of Alloys
Equilibrated at 1500°C

At 1800°*C, NbC and TaC form a continuous series of solid

solutions as shown by the lattice parameter variationrs of the cubic mono-

carbide phase (Figure 15). The lattice parameters of quenched alloys at 38

At.% carbon correspond to compcsitions in the two-phase field of monocar-
bide plus subcarbide, while those alloys at 43 At.% carbon are essentially on
the lower phase boundary of the monccarbide solid solution.

The variation of the lattice parameters of the hexagonal sub-
carbide alloys quenched from 1500°C are shown in Figure 16. The lattice
parameters of the alloy series at 28 At. % carbon correspoad to compositions
in the two-phase field of metal plus subcarbide, while the alloy series at

33 At.% carbon varies from~ 1 to 2 At.% carbon above the carbon-rich
boundary cf the subcarbide phase.

18
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Figure 15. Nb-Ta-C: Lattice Pararnaatzrs of the Ternary
Monocarbide Solid SoluiiJn.

The continuous variation of the lattice parameters of the
hexagonal subcarbide pnase equilibrated at 1500°C would indicate that the
low-temperature -ordered modifications of 1oTazC and ﬂbeZC form a com-
plete s=ries of solid solutions. Bvut since a-TazC and ﬂ ‘NbZC have different
ordered structure forms, i.e., the anti -CdlZ and €-FeZN structure types,
respectively, there must exist a two-phase field between these two compounds.
Therefore, from the X -ray evaluation of alloys eguilibrated at both 1500
and 180C°C, the maximum sciubilities of Nb,C in Ta,C and T 3,C in N5,C
could not be determined.
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Figure 16. Nb-Ta-C: Lattice Parumeters of the Ternary
Subcarbide Solid Solutions.

Because the only difference betweer the two ordered structures
of th2 subcarbide phase lies in the arrangement of the carbon atoms in the
metal host lattice, an extensive study by means of neutron and electron
diffrartion would be required to determine the distribution of the carbon
.toms among the interstitial lattice sites; this investigation would reveal the

maximum metal exchanges of niobium and tantalum in the two different

20
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(a and/} ) forms of tantalum and niobium subcarbide, respectively. There-
fore, in the present study cf this system, the two ordered forms of the sub-
carbide phase are shown to form a complete series of solid solutions.

As shown in Figures 13 and 14, the tie-line distributions within
the metal ~subcarbide two phase field at 1500°C and the subcarbide-monocarbide
two-phase field at 1800°C were determined by comparing the lattice parameters

of the phases present in the two-ph:.sed alloys with the lattice parameter varia-

tions of the solid solution series. As a result of the lowzr equilibration tem-

perature of 1500°C, the homogeneity limits of the solid solutions and the com-

positions of the coexisting phases in the two-phase fields assume slightly
different values.

The continuatior of the order-disorder phase transformation
of szC and Ta.ZC into the ternary is not specifically shown in the section

drawings, as was previously mentioned. DTA studies carried out on two alloy

series at 28 and 33 At. % carbon revealed the presence of the order-disorder

transformation in the subcarbide phase in both hyper-

and hypostoichiometric
alloys.

As shown in the DTA thermograms (cooling) of Figure 17, the order-
disorder phase reaction appears quite prominent, but for alJoys located
farther away from the binary boundary phases the reaction became extremely
sluggish both in the metal-rich and carbon-rich subcarbicde alloys; and hence
the temperature variation of the ordering reaction could not be determined.

Alloyz located close to the metal-rich boundary of the sub-
carbide phase showed a slight decrease in the transition temperatures from

~2480°C for the Nb,C binary phase and~2050°C for the Ta,C binary phase.

For the alloys located at approximately the stoichiometric composition of the

subcarbide phase, there was alsc . slight decrease of the transition tempera-

ture from~2500°C for the szC binary phase and~2130°*C for the Ta,C

2
binary phase. If this trend in the transformation termperatures continues into

the ternary system, the high-temperature-disordered form of 7—(Nb, Ta)ZC-ss
at hyperstoichiometric composition probably participates in either a

21
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Figure 17. Nb-Ta-C: Order-Disorder Phase Reaction of Nb,C and Ta,C
in Ternary Alloys: DTA Thermograms (Cooling) of Ternary
Alloys Containing 28 and 33 At.% Carbon.

four-phase reaction of the type: T -(Nb, Ta)ZC-ss = /G-(Nb, Ta)ZC-ss
(Nb-rich) +(3 -(Nb, Ta),C-ss(Ta, rich) +0 -(Nb,Ta)C,__-ss, or a limiting tie-
line reaction of the type T-(Nb, Ta)Csz/G-(Nb, Ta),C + 6 ~-(Nb. Ta)C, __.
The variation of the order-disorder phase reactions as determined from the

DTA study is presented in the isopleth at 32.5 At.% C (Figure 5).

22




The metallographic examinztion of alloys which participated
in the ordering reaction revealed the presence of a substructure in the sub-
carbide phase (Figures 18 and 19). These mottled areas of the micro-
structures are associated with the ordering reaction. The proposed reaction

sc:quence which takes place in the subcarbide phase will *: discussed in a
later section.

Figure 18. Nb-Ta-C: Photomicrograph of a DTA Sample (47-20-33 At. %),
Cooled ate~4°C /sec from 2840°C. Monocarbide with Multi-
directional Subcarbide Precipitates. Mottled Areas of Micro-
structure-Transformed Subcarbide (Pores Black). x 425
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Figure 19. Nb-Ta-C: Photomicrograph of a DTA Sample (55-12-33 At. %),
Cooled at~ 4°C /sec from 2740°C. Monocarbide with Multi-
directional Subcarbide Precipitates. Mottled Areas of Micro-
structure-Transformed Subcarbide (Pores Black). x 1000

Because there is no corresponding low-teinperature orthor-
hombic medification of a-Nb,C (~§ -Fe,N structure typc) in the Ta. C phase,
the effect of tantalum additions on the a-ﬂ-NbZC phase transformation was
studied by DTA technique. DTA thermograms of four ternary alloys are
presented in Figure 20. The thermal arrests observed on cooling are caused
by the stabilization of the crthorhombic modification of u-NbZC into the
ternary cystem. The temperature of the aﬂ-NbZC phase transformation ts
raized from 1230°C in the Nb-C binary system with the a-phase ultimately
beiny terminated at a maximum temperature of ~1430°C at a tantalum
exchange of approximately 34 At.% {Figur 2z 5).

The displi.cive transformation of the szC-ss appears to be

sluggish at the carbon-rich bourdary of the phase as was previously reported
by E. Rudy, S . Windisch, and C. E. Brukl(s), while alloys near the
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Figure 20. Nb>-Ta-C: c-ﬂ-Nb C Phase Reaction in Ternary Alloys:
DTA Thermograms {Cooling) of Alloys Located in the
Vicinity of Nb,C.
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wdergo the transformation more rapidiy.
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This is evidenced by comparing the size of the enthalpy changes shown by the

two alloy series at 28 and 33 At.% carbon in Figure 20, and also by comparing

T Y

the microstructures of the heat-treated alloys which were furnaced quenched
from 1500°C (Figure 14).

AT

The low-temperature a modification is formed by a distortion
of the hexagonal ﬂ -NbZC as reported by E. Rudy and C. E. Brukl(b). The
displacive transformation is recognized by the appearance of slip lines in

the subcarbide grains (Figures 21 and 22).

Figure 21. Nb-Ta-C: Photomicrograph of a DTA Sample (55-12-33 X680
At. %), Cooled at~ 4°C/sec from 2740°C and Heat-Treated
at 1500°C for 64 hr. Slip Lines in (Nb, Ta),C-ss Resulting
from the Displacive Transformation /{—+ a. “Trace of Mono-
carbide Precipitates within Subcarbide Grains {Pores Black).

3
E
3
3
-

ot

From the X-ray analysis of the DTA alloys at 28 and 33 At. %

carbon, those alloys which participated in the displacive transformation

(023 il ot

exhibited only two phases in equilibrium. That is, in alloys cooled from
~270C*C at 4°C/sec and, for example, at a composition of 47Nb-25Ta~28¢,
3 At.%. two phases exist in equilibrium -~ (Nb, Ta)-ss + (Nb, Ta)zc-ss

26
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Figure 22. Nb-Ta-C: Photomicrogrzph of a DTA Sample (62-5-33 At. %), X1000

Cooled at~4°C/sec from 2730°C and Heat-Treated at 1500°C
for 64 hr. Slip Lines in (Nb, Tz) C-s8s Resultirg from the
Displacive Transformation oi/§ * a. Trace of Mcnocarbide
Precipitates within Subcarbide Grains.

fa = 12.32,A, b = 10.86,A, ¢ = 4.34,4); ata composition of 55Nb-12Ta-33C
At.% -- (Nb, Ta)C, __-ss + (Nb, Ta),C-s5 (a = 12.36,A, b = 10,883,

c = 4.96,A). Therefore, the displacive transformation in both the hypo- and
hyperstoichiometric phase, when cooling conditions are sufficiently slow, is
prolsably single phased and not of the first order.

C. PHASE EQUILIBRIA AT HIGH TEMPERATURES

The location of the maximum solubility curve of carbon in
niobium-tantalum alloys, of the metal-rich eutectic trough, and of the metal-
rich phase boundary of the subcarbide phate, was established by the metallo-

graphic examination of alloys having carboun concentrations between 2 and 28
At.%.

The solid solubility of carbon in beth niobium and tantalum is
strongly temperature-dependent as shown by Figures 7 and 8. The maximum

27 -




iy ¥ s

T W TR

A b )

il

g iy

solubility of carbon in both these metais is 7.5 At. % at temperatures of
2353°C (Nb + Nb,C eutectic) and 2843°C {Ta + Ta,C eutectic). In this

=solaaly. Al wiiEe

ternary alloy series with carbon concentration:s of 2.5, and 8 At. %,
arc

which were
-meited, the metallographic examination showed the same type of pre-

cipitation structures which were found in the metal s, 12).

-carbon binary systems
The microstructures of rapidly quenched arc-melted alloys exhibited an
essentially random distribution of the {(Nb, Ta)zc pPrecipitates in the (NV, Ta)
matrix, and also a tendency for the subcarbide piase to segregate to the grain
boundaries of the metal phase (Figures 23, 24, and 25). The ternary alloy

at 5 At.% C (Figure 24) shows a slight trace of tke {Nb, Ta) + (Nb, Ta)ZC eutectic
in the metal grain boundaries. ’

Figure 23. Nb-Ta-C: Photomicrograph of an Arc-Meited Sample X220
(49-49-2 At. %). Primary (Nb, Ta) Grains with Intra-
granular (Nb. Ta),,C Precipitations. Note Segregation
of Precipitate Phise to the Grain Boundaries.
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Figure 24. Nb-Ta-C: Photomicrograph of an Arc-Melted Sample
(48-47-5 At.%). Primary (Nb, Ta) Grains with Intra-
granular {Nb, Ta),C Precipitations. Trace of {Nb, Ta) +
{Nb, Ta),C Entec&c Plus Segregated (Nb, Ta),C
Precipitates in the Grain Boundaries.

Figure £5. Nb-Ta-C: Photomicrograph of an Arc-Melted Sample
{46-46-8 At.%). Primary (Nb, Ta) Grains with Intragranular
{Nb, Ta)ZC Precipitations. (Nb, Ta) + (Nb, Ta)zC Eutectiz
Plus Segregated (Nb, Ta)ZC Precipitates in the Grain
Boundaries.
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The eutectic trough, extending from the Nb + szC eutectic
isotherm at 2353°C and 10.5 At.% C to the Ta + Ta,C eutectic isotherm at
2843°C and 12 At.%C, is shown in Figure 26. The location of this curve was
determined from the metallographic examination of both arc-melted and
melting point alloys at 11 and 12 At.% C in conjunction with the tie-line dis-
tribution in this region. All alloys located at or close to the eutectic trough
melted fairly isothermally; this indicated that the three-phase boundaries
must be extremely narrow, i.e., only a small gap exists beiween the solidus
and liquidus temperatures. This behavior is also refiected in the micro-
structures, which closely resemble the metal-matrix type eutectic structures
found in the two metal-carbon binary systems of niobium anad tautalum(s’ 12)‘
The microstructures of these ternary alloys which underwent bivariant
eutectic solidification are shown in Figures 27, 28, and 29.
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Figure 26. Nb-Ta-C: Meiting Temperatures (Bottom) and Location {Top)
3 of the Metal-Rich Eutectic Trough Between {Nb, Ta) and
3 ‘Nbr Ta)zc‘
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¥igure 27. Nb-Ta-C: Photomicrograph of an Arc-Melted Sample

X520
(75-14-11 At.%). Traces of Primary (Nb, Ta),C ina
(Nb, Ta) + (Nb, Ta),C Eutectic Matrix.
Figure 28, Nb-Ta-C: Phlotomicrograph of an Arc-Melted Sample X400
(30-59-11 At.%). (Nb, Ta) + (Nb, Ta),C Eutectic.
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Figure 29. Nb-Ta-C: Photomicrograph of an Arc-Melted Sample X200
(15-73-12 At.%). Slight Trace of Primary (Nb, Ta),C
ia (Nb, Ta) + (Nb, Ta),C Eutectic Matrix.

Typical microstructures of alloys located in the vicinity of the
metal-rich homogeneity limits of the (Nb, Ta)zc phase at the {Nb, Ta}-
{Nb, Ta)zC eutectic temperatures are shown in Figures 30 and 31. These
photomicrographs show the primary (Nb, 'I'a.)ZC grains with intragranular
metal precipitations and varying amounts of {Nb, Ta) at the grain boundaries
(subcarbide depleted eutectic).

The ternary subcarbide solid solution (Nb, Ta)zC melts peri-
tectically in a manne? simiiar to the binary phases, Nb,C and Ta,C. The
variation of the peritectic temperatures wae determined by measuring the
incipient melting points of 14 alioys having carbon concentrations between 25
and 35 At. %.

Figure 32 shows the meilting bchavior of alloys which partici-

pated in the peritectic melting of the subcarbide phase. Fhe majority of the
alioys melted very heterogeneously, especially thoge at 30 and 35 At.%C.
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. Figure 30. Nb-Ta-C: Photomicrograph of a DTA Sample (52-10-28 X475
E At. %), Cooled at~3°C/sec from 2770°C. Primary Nb-
’ Rich (Nb, Ta),C with Intragranular Metal Precipitations.
Small Amoun%s of Metal Phasge at the Grain Boundaries.

R

Figure 31. Nb-Ta-C: Photomicrograph of a DTA Sample (32-40-28 X1000
At.%), Quenched trom 2750°C. Primary (Nb, Ta),C with

; Intragranular Metal Precipitations in a Suocarbide

. Depleted-Metal Eutectic Matrix (Pores Black).
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Figure 32. Nb-Ta-C: Peritectic Melting Temperatures of the Solid
Solution - (Nb, Ta)ZC.

This extreme twc -phase melting results from the steep solidus surfaces of
the subcarbide and monocarbide phases; therefore, the collapsing tempesra-
tures of these alloys along with their metallographic examination were used
to determine the maximum melting and location of the (Nb, ‘I'a)zc-ss boundary.

A photomicrograph showing the peritectic-type reaction is
presented in Figure 33. This structure shows the peritectic-like non-
equilibrium mixture of metal, subcarbide, and monocarbide. The nicro-
structurer. of teraary alloys located closer to the Ta-C binary system did not
yield nonequilibrium structures like that shown in Figure 33. For example,
in alloys whicn were equilibrated above the solidus temperatures, the peri-
tectic reaction did not proceed to completion during rapid cooling. A typical
microstructure is presented in Figure 34, which shows the nonequilibrium
structure consisting of metal, subcarbide, and monocarbide. Also, the uni-
directional monocarbide precipitations in the (Nb, Ta)ZC grains give evidence
for the extension of the carbon-rich phase boundary to hyperstoichiometric

composition in ternary subcarhide alloys.
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Figure 33. Nb-Ta-C: Photomicrograph of a Melting Point Sample X680
{60-5-35 At.%), Quenched frome~ 3200°C.

Non-equilibrium Mixture Resulting irom the Peritectic-Tvpe
Four-Phase Reaction: L + {Nb, Taz)Cl . ;—h(Nb, Ta)ZC + {Nb, Ta).
Center of Grains: (Nb, ']?'a)Cl_x with {Nb, Ta}zc Precipitations.
Light Region: (Nb, Ta),C
Matrix: Eutectic {Nb, Ta) + {Nb, Ta)zc

Lrhe maximum solidus temperatures of the monocarhide solid
solution decrease rapidly from the congruent melting point of tantalum mono-
carbide at 3985 to~ 3750°C; then the melting temperatures decrease gradually
to 3613°CZ, the congruent meltir.g point of niobium monocarbide (Figure 35).
Both the melting point variation and l~cation of the maximum solidus temper-
ature between the two binary phases {(TaC and NbC) were determined from
over 20 melting point measurements covering the solidus envelope of the
ternary monocarbide solid sclution.
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Figure 34. Nb-Ta-C: Photomicrograph of a Meltirg Point Sample X625
{47-18-35 At. %), Quenched irom 3200°C and Equilibrated
at 2760°C.

Unidirectional {Nt Ta)Cl_x Precipitations in (Nb, Ta)ZC Grains
Plus Trace of Metal. "

With the exception of alloys located close to the maximum
olidus temperature of the monocarbide sclid solution Letween ~20 At.% Nb
exchange and the binary phase NbC, the melting of the ternary monocarbide
solid solution was extremely heterogineous.

The melting tempciatures of alloys located on either side of
the maximun: solidus drop rapidly to lower values. Because of the rapid
decrease of the maximum solidus temperatures of the monocarbide solid
sclution into the ternary from the congruent melting ta.atalum monocarbide,
the 2if{erences between the liquidus and solidus temperatures become large;
but as the slope of the solidus becomes less, th~ liquidus begins to converge
on the solidus until they meect at the congruent melting niobium monocarbide.
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Figure 35. Nb-Ta-C: Maximum Solidus Temperatures of the Ternary

Monocarbide Phase.

Top: Concentration Line of the Maximum Solidus.

As a result of this, alloys quenched from liquidus temperatures : "sove the
maximum solidus exhibited various degrees of coring as a function of the

niobium exchange (Figures 36, 37, and 38).
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Figure 36. Nb-Ta-C: Photomicrograph of a Melting Point Sample X300
(10-43-47 At. %), Quenched from 3700°C. Cored
Monocarbide Solid Solutiun,
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Figure 37. Nb-Ta-C: Photomicrograph of a Melting Point Sample X320
(25-30-45 At. %), Quenched from 3700°C. Cored
Monocarbide Solid Solution.
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Figure 38. Nb-Ta-C: Photomicrograph of a Melting Point Sample X800
(40-15-45 At. %), Quenched from 3550°C. Single~Phase
Monocarbide Solid Solution.

The temperczture varistion and location of the carbon-rich

eutectic cough between the monocarbide solid solution and graphite are

5 presented in Figure 39, Alloys in the compositior area of monocarbide +

graphite exhibited slightly heterogeneous melting, and this indicated that
only a small gap axisted between the solidus and liquidus temperatures.

(LY

. As a result, cven though these ternary alloys underwent bivariant eutectic
solidification, eutectic-like structures similar to those found in the respec-

tive binaries were also present in the ternary alloys (Figures 40 and 41).
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Figure 29. Nb-Ta-C: Experimental Solidus Temperatures and Location
of the Eutectic Trough Between the Monocarbide Solid
Solution and Graphite.
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Figure 40. Nb-Ta-C: Photomicrograph of a Melting Point Sample
(11-28-61 At.%), Quenched from 3430°C. Primary
Monocarbide Plus (Nb, Ta)C + C Eutectic.

Figure 41. Nb-Ta-C: Photomicrograph of a Melting Point Sample
{(33-6-61 At.%), Quenched from 3350°C. (Nb,Ta)C +C
Eutectic. Very Slight Trace of Primary Graphite.
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All meliing point data for the two binary systems of Nb-C and
E Ta-C shown in the preceding tizures were obtained from previous works(s' 12)
published at this laboratory.

TR ORY K F TS

D. ASSEMBLY OF THE PHASE DIAGRAM

The experimental investigation of the solid state sections in
conjunction with the results obtained from melting point, DTA, and metallo-
graphic studies were used to construct the isotherrnal sections covering the
range from 1500 to 3806°C (Figures 42 through 53). Finally, the melting
point data obtained on ternary alloys were used to construct ..e liquidus pro-

jections shown in Figure 54. These projections are consistent with both the
binary systems and the isothermal sections.
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Figure 42. Nb-Ta-C: Isothermai Section at 1500°C
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Figure 43. Nb-Ta-C: Isothermal Section at 1800°C
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Figure 44. Nb-Ta-C: Isothermazl Section at 2200°C
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Figure 45. Nb-Ta-(: Isothermal Section at 2400°C

Figure 46. Nb-Ta-C: Isothermal Section at 2600°C
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Figure 47. Nb-Ta-C: Isothermal Section at 2900*C
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Figure 48. Nb-Ta-C: Isothermal Section at 3200°C
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Figure 49. Nb-Ta-T: Isothermal Section at 3320°C
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Figure 50. Nb-Ta-C: Isothermal Section at 3440°C
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Figure 52.

Nb-Ta~C: Isothermal Section at 3950°C
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Figure 53. Nb-Ta~C: Isothermal Section at 3800°C
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Projections were estimated from the meltingléﬂ‘aracteristics
of the alloys) " 48




Y a3 1

Qi bis i i iy

SRR AT

-
AL FA

e i) PE BTl N MR, e g g Mg

V. CONCLUSIONS AND DISCUSSION

As mentioned nreviously, the order-disorder phase reactiorn which
occurs in the subcarbide solid solution ig not shown in either the section
drawings or the isometric view of the entire phase diagram. The DTA study
showed the ordering reaction to decrease in temperature into the ternary
i{roin the respective binary phases, but the reaction became extremely
sluggish in the ternary system, and its temperature variation as a function of
metal exchange could not be established. The metallographic examination of
alloys located close to the binary phases and also thcse in 1he ternary showed
identical structures which are asscciated with the ordering reactic: in the
gubcarbide solid solution.

Therefore, since the order-disorder transition temperatures in
szc and 'razc are lowered by the mutual metal exchanges, and assuming
that a miscibility gap does not exist between the two ordered iforms of the
MezC-ss; the disordered subcarbide phase will first 2ppear in the ternary
system at a limiting tie-line type reaction of the form disordered-(Nb, '1';1)2(3I +§§2
ordered-{Nb, Ta)ZC + (Nb, Ta)Cl_x. The propoged zeaction segquence for the
initiation of the disordered subcarbide phase is presented in Figare 55. This
reaction seguence ie also consisotent with the two-phased process which occurs
in the respective binary systems at hyperstoichiometric compogitions. There-
fore, as shown in the proposed reaction sequence, the two, three-phased fields
will run out to the respective binary systems with increasing temperature leaving
behind a complete series of solid solutions of the disordered-(Nb, Ta)ZC.

Because the transition in Nb,C and Ta,C at hypostoichiometric compo-
gitions does not involve a first-nrder phase change, no three-phase equiiibria
are expected to result in the order-disorder transformation at the metal-rich
boundary of the subcartide phase. The same is probably true for the displacive
transformation which occurs in the szc binary phase at~1230°C. From the
experimental results, the orthorhombic to hexagonal transition seems to be of a

higher order type at both hypo- and hyperstoichiomeiric compositions.
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Figure 55. Nb-Ta-C: Schematic Illustration for the Formation of the
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Ordered-{} -(Nb, Ta),C + () -(Nb, TalC, __.
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To compare the experimental tie <line distributions in the \wo-phase
ficlds of (Nb, Ta)~(Nb, T"zca-x and (Nb, ’I‘a)z(zl = {NDb, “I"a)(:!_)t with the
thermodynamically calculated vaiues, one has to ‘tnow the free enthalpies of
formation of the binary phases at the respective carbon concentrations.

Tables 3 and 4 list the enthelpy differances which were us=4 for the
calculation of the tie-line distribup »ns in the correspounding tvvo-phase fields.

Using the 2ssumptions of conrtant carbon concentrations and ideal
solution behavior in the three series of sclid solutions, the conditional equa-
tions governing the two-phase equilibria in the ternary system are:

IAG 3AG
f(Nb, Ta)Cv - f{Nb, T a)fo Eq (1)
8 *ra T.p 4 *Ta T,p
and
358G 348G
#(Nb, Ta_)Cv - f{Nb, Ta}Cw Eq (2)
1] [1]
e *Ta T.p ? *Ta T,.p
Table 3. Free Enthalpy Data of Niobium Carbides
Free Energy of Formation
Phase (cal/gr-At. Nb}
NbCo’48 AGf = -21,160 {constant)
NbC0. 5 AGf = -22,990 {constant)

Table 4. Free Enthalpy Data of Tantalum Carbides

Free Encrgy of Formaticn
Thase (cal/gr-i:. Ta)
TaCa..‘,S AG, = -26,943 - 0.88 T
‘I'a:uCo"s8 AG, = -23,000 (ccastant)

TaCO. 5 AGf = -24,300 {(constant) |
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(Figures 56 and 57) was derived from the following free energy-concentration
gradient curves.

Metal Solid Solution, Calculated for u ~ 0.

UGenn, Talc,

X

= RT1e{ *Ta Eq (3)
Ta T.p = Xpa

frubcarbide Solid Soiution, Calculated for u ™ 6,48 and 0. 5.

3G '
f(Nbﬁ Ta)Cv = AC‘fTaC - AGvaﬂ +RT In x’ra Eq (4)
T < I =
d Xy T,p v M *Ta

Monocarbide Solid SGolution, Calcula‘ed for w™ 0.75.

3
Gy iNb, Ta)C
= 8Gpro o -
Pl Aw
Ta J T,p

AG{M:C + RT ln " ") Eq (5)

where the Xgat xT'a' and x.l.; values in the preceding equations represent the
relative mole fractions of tantalum in the :vuetal, subcarkide, sad monocarbide
solid solutions, respectively.

We may now compare the partition equilibr:unu; constants (k) derived
from the experimental sections at 1500 and 1800°C vsith the calculated values
obtained from Equations 1 and 2.

Two-Phase Equilibrium (Nb, Ta)-(Nb, Ta)C

0.48
(u~0, v0.4¢) where K = Xra . V%14
- 1
! *Ta *Ta
1500°C K, = !-71
Kypp = 1:7920. 11
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: (u=0.5, w=0.75) where K__ = o L T
& pranr T e T
. Ixgfa  *ra

= o B}
1800°C Kcal 1.22

L exp ~ 1.27 £ 0.04
E The uncertainties i1n the experimentally determined (K} values are a result of

the scatter of values obtained from: the individual tie lines.
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Figure 56. Nb-Ta-C: Calculated Section at 1800°C
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