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ABSTRACT

The work summarized in this report is the result of investigations of
phase equilibria in the binary systems, tantalum-carbon, hafnium-carbon,
and boron-carbon. A completed phase diagram which encompasses experi-
mental results and considerations heretofore unreported in the literature, is
presented for the hafnium-carbon system. A phase diagram for the tantalum-
carbon system is included, which, in general, resembles the version released
by Ellinger in 1943. Preliminary studies on the hafnium carbide-tantalum
carbide quasi-binary were limited to temperatures of 3700°C at which no
liquid formation was evident. Results for the boron-carbon system, depict-
ing maximum boron solubility in the graphite lattice at and near the eutectic
temperature of approximately 2390°C, are also included.

Determination of the hafnium-carbon phase diagram by metallographic
and X-ray diffraction studies on appropriate alloys constituted the bulk of
effort for this period. The only intermediate phase observed in this binary
system was HfC, This phase was found to be homogeneous between 34, 0 and
48.0 atomic per cent at 2200°C and between 36.0 and 49, 3 atomic per cent
carbon at 3150°C, The lattice parameter variation was also determined for
HfC,_x compositions prepared at 2200° and 3150°C. The most refractory
composition with a melting point of 3830°C, was established at 47. 5 atomic
per cent carbon from melting point data. Solidus temperatures of 2240° and
3150°C occur on the high hafnium and high carbon sides of the monocarbide,
respectively. The invariant point between HiC and C is located at 66.0
atomic per cent carbon; whereas, the 2240°C solidus corresponds to the
peritectic temperature at which p-Hf is formed from HfC and hafnium-rich
liquid. P-Hf has a melting temperature of 2208°C and is capable of taking
carbon into solution to the extent of 10.5 atomic per cent at this temperature.

The tantalum-carbon system is characterized by two high temperature
phases, TaC and Ta,C. A eutectic is observed at 2825°C and 12. 5 atomic
per cent carbon between TaC and Ta,C. Ta,C has low carbon limits of 26,5
and 29. 0 atomic per cent at 2850° and 3150°C, respectively. The Ta,C phase
field boundary apparently does not deviate from the stoichiometric composi-
tion on the high carbon side. A peritectic reaction at 3240°C leads to forma-
tion of Ta,C from tantalum-rich liquid and TaC. TaC is face-centered cubic
and has boundary limits of 41. 7 and 49. 5 atomic per cent carbon at 2250°C,
The phase field broadens at higher temperature as exemplified by limits of
39.5 and 49. 8 atomic per cent carbon at 3240° and 3375°C, respectively.

The eutectic formed between TaC and C corresponds to 3375°C and 61,2
atomic per cent carbon. TaC, containing 49. 8 atomic per cent carbon, melts
in the temperature region of 3600°-3700°C. The highest melting temperature
for TaC is above 3800°C when the carbon content is approximately 48. 5 per
cent. Preliminary studies on the HfC-TaC solidus were limited to four
specimens and temperatures below 3700°C. Experimental difficulties pre-
vented melting point measurements.

A solid solution of boron in graphite was found and the limits of solu-
bility as a function of temperature were determined. The solubility reached



a maximum of 2. 35 atomic per cent at 2350°C., The lattice constants varied
with boron content as follows:

2.46023 + 0. 00310 K_,
o B

6.71163 - 0.00594 K__,
o B

1l

a

H

C

where K_ is the atomic fraction of dissolved boron, ¢ and a being meas-
ured in angstroms. A comparison of measured and calculated densities of
the solutions indicated that they were substitutional,
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I. INTRODUCTION

A, Objective

Space-age requirements for high temperature materials have created
considerable interest in metal-carbon systems primarily because of their
high melting temperatures and hardnesses., To assess the utility of these
systems for these requirements, precise information relative to phase equili-
brium relations at high temperatures is necessary. In addition to informa-
tion on the melting temperatures of selected compositions, phase studies
provide the data necessary for the achievement of the compositions free of
subsolidus transformations, such as phase changes or precipitations, which
may have deleterious effects in high temperature structural elements,

The work reported here has, therefore, been directed to the determina-
tion of accurate phase equilibrium relations of selected metal-carbon systems
at high temperatures. Considerable effort has been applied to the extension
of reliable experimental techniques to the necessary high temperatures,

B. The Tantalum-Carbon System

This Summary Report represents an extension of effort on stability
studies in the tantalum-carbon system. Previous results and tentative con-
clusions were presented in WADD Technical Repqrt £0-143, Part IV. It was
noted in that report that this experimental study was undertaken to verify and
extend information on the binary system which contains TaC, the most refrac-
tory phase in existence. All aspects of the system received attention and
were found to be in fairly good agreement with Ellinger's ) earlier study.

C. The Hafnium-Carbon System

Studies of the stability relationships in the hafnium-carbon system con-
stituted the bulk of effort for this report period. Prior to the present study,
the hafnium-carbon system was presented in the general literature as a hypo-
thetical diagram with features modeled after the more extensively studied
binary, Ti-C. The monocarbide HfC currently has considerable appeal in

applications requiring the extreme in refractoriness because of a reported melt-

ing temperature of 3890°C, which was determined in 1930 and has remained
uncontested to the present day., This study was undertaken for the purpose of
delineating the major features of this binary system and obtaining information
concerning the stability of the monocarbide. This examination necessitated
the development of techniques and environments consistent with controlled
operating temperatures of 3800° to 3900°C.

D. The Hafnium Carbide-Tantalum Carbide Quasi-binary

The hafnium carbide-tantalum carbide binary is appealing from the
standpoint that a 4:1 molar ratio of TaC:HfC reportedly has the highest melt-
ing temperature of any known material. In addition to the practical signifi-
cance of this material in high temperature applications, the fact that a
maximum exists in this quasi-binary is of academic interest and pertinent to

Manuscript released by authors June 1964 for publication as a WADD
Technical Documentary Report,



understanding the bonding mechanism in these materials, This information
would obviously be useful for predicting other high melting compositions,
Studies were initiated on verifying the reported solidus features of this sys-
tem, but experimental difficulties such as carbon vapor formation and spec-
imen rupture limited explorations to 3700°C, or about 100°-200°C below
reported melting.

E. The Boron-Carbon System

The boron-carbon system has recently received extensive consideration
in two separate investigations, Details of this system, however, are still
unresolved at high and low boron contents. Specifically, in the high boron
region, the presence of a eutectic between B and B4C has not been clearly
demonstrated. In the low boron, or high carbonregion, the broad area of
solid solution of boron in graphite has been avoided by most investigators
because of complications associated with such determinations. The present
study constitutes an extension of effort into this latter problem.



H. THE TANTALUM-CARBON SYSTEM

A. Review of the Literature and Prior Studies

A review of the literature pertinent to phase relationships in the
tantalum-carbon system appeared in Technical Documentary Report No,
WADD TR 60-143, Part IV, In the interim, no additional data of significance
have been published.

Experimental results from this investigation which also appeared in the
Summary Report were summarized as follows:

1. The melting point of tantalum is igwered from 3000° to 2825°C by
additions of Ta,C. The eutectic formed by these materials is
characterized by a composition containing 12. 5 atomic per cent carbon.

Z. The Ta,C phase is apparently formed by a peritectic reaction at
3240°C from tantalum-rich liquid and TaC. No definite experi-
mental evidence could be found for a eutectic between Ta,C and TaC, but
microstructures of melted Ta,C specimens suggest congruent melting., The
homogeneity limits of Ta,C are approximately 29 and 33 atomic per cent
carbon in the temperature range 2850° to 3150°C.

3. Homogeneous TaC has the boundary limits of 41.7 and 49. 5 atomic
per cent carbon at 2250°C. Widmanstdtten structures, which are
difficult to suppress by very rapid quench procedures, prevail in the low
carbon compositions. Fusion experiments at 3300° to 3400°C suggest that
the low carbon boundary in this temperature region contains less than 39.5
atomic per cent carbon.

4. The existence of a eutectic between TaC and C has been verified,
but particulars on the temperature and composition are currently
lacking. The melting temperature of these high carbon alloys apPle)ars to be
substantially higher than 3300°C originally proposed by Ellinger.

A complete description of this system requires clarification of refine-
ments on the Ta,C phase field boundaries; further information on the TaC
terminal compositions at temperatures above 2250°C; definition of the
TaC-C eutectic; and, finally, knowledge of the melting temperatures of TaC
compositions,

Experimental studies, therefore, were conducted on the Ta-C system
with the intention of providing data relative to the existing ambiguities;
succeeding sections of this report provide descriptions of approaches and
results bearing on these matters.

B. Procedures and Equipment

1. Materials

For these studies of the solubility range of Ta,C, the Ta-C eutectic,
and melting point determinations of TaC, the starting materials were chosen

3



which would provide optimum specimens for metallographic analysis. A
second factor contributing to the starting material selection was the achieve-
ment of optimum electrical resistivity required for either efficient RF
coupling or heating by self-resistance. The elements Ta and C reacted in
situ, have usually provided a porous specimen. The exceptions to this gen-
eralization are alloys that contain free tantalum or specimens that were
heated near their melting temperatures. Extensive porosity in specimens

is generally difficult to cope with in the preparation of metallographic sam-
ples. On the other hand, the high porosity contributes to an optimum resist-
ivity for efficient coupling with the RF field. The use of prereacted fine-
grained TaC with or without tantalum results in dense samples that are ideal
for metallographic preparations but which are inefficient couplers in the

450 kilocycle frequencyrange. Thus pure prereacted Vascoloy Ramet TaC
individually or in combination with Fansteel tantalum or Union Carbide
Spectroscopic Graphite Grade SP-1 was used for all aspects of this study
except for melting point studies of TaC by RF when the elemental mixture
was utilized.

Analyeis of the Fansteel high purity tantalum powder and Union Carbide
Spectroscopic Grade Graphite, SP-1, appeared in the previous Summary
Report, WADD TR 60-143, Part [V. Vascoloy Ramet Corporation of
Waukegan, Illinois, supplied TaC with an average particle size of 1.1 micron
and analysis as follows: Ta, 93.79 per cent; C, 6.19 per cent; O, 0,15 per
cent; and Fe, 0.023 per cent. The lattice parameter for this material corre-
sponded to a carbon content of 49. 8 atomic per cent (see Figure 22 in WADD
Summary Report TR 60-143, Part IV), confirming this analysis,

2. Specimen Preparation

The materials were weighed in appropriate amounts to provide the
desired end composition. Blending was accomplished in approximately five
minutes with the aid of a "Spex Mixer Mill. " Small pellets, ranging in size
from 3/16- to 1/2-inch in diameter, were then prepared by cold-pressing
without binder. Appropriate blackbody holes were formed in the top of the
specimens except for those compositions used for determining the TaC-C
eutectic. The latter specimens were contained in relatively gas-tight TaC
'"bombs!' and the sight hole in this instance was formed in the }id of the bomb
but not through to the specimen.

Determination of the Ta,C phase field at 2850°C was made by placing
pressed pellets on a TaC disk in 2 TaC crucible equipped with a lid containing
a blackbody hole; heating was accomplished by induction.

Prior experiments to determine the TaC-C eutectic were handicapped
by rapid evaporation of free carbon from the specimens. The only success-
ful method employed for melting such a mixture was achieved by encapsulating
the specimens in graphite containers. However, since the high density of
carbon vapors under these conditions prohibited accurate temperature measg-
urements, specimens were encapsulated in dense, gas-tight, TaC "bornbs, "
An external view of this system is shown in Figure 1. Dimensionally, the
capsules measure approximately 5/16-inch in diameter and 1/2-inch in height.
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Figure 1. TaC Capsule —Exterior View

A cross-section depicting the specimen in position, and the blackbody hole for
temperature measurement is shown in Figure 2, Again, heating was by
induction,

High temperature studies on TaC were conducted on solid samples
self-heated in an RF field, These specimens measured up to 1/2~inch in
diameter and up to 3/4-inch in height.

A second method utilized for melting point studies of TaC is the classic
approach of passing electrical current directly through the sample. Two
series of cylindrical specimens were formed by slip casting for these studies,
The test rods measured approximately two inches long with diameters of
0. 150~ and 0. 195-inch after sintering at 3000°C, The smaller diameter rods
were considered initially for study. After slip casting, however, tedious
reshaping of the specimens to a uniform cross-section was required to eliminate
irregularities created by the mold release agent, Because of the small diam-
eter, the latter could not be applied with absolute uniformity to the mold wall,
The larger rods (0. 195 inch), on the other hand, were fabricated without



Figure 2. Cross-Section of TaC Capsule and Specimen

Figure 3.

TaC Specimens for Resistance Heating Experiments
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these complications andwere the basis for selecting this dimension, The pre-
liminary thermal treatment at 3000°C in a carbon tube furnace was sufficient
to attain the maximum density required for subsequent precision fitting into
graphite end-blocks as shown in Figure 3. Use of graphite in this manner
eliminated the need for solid TaC specimens machined or ground with con-
siderable expense and effort to the configuration shown in Figure 3. The test
specimens contained suitable blackbody holes for temperature measurement.
The sight hole in Figure 3 shows the presence of liquid formation after a test

run. Approximately one inch of the TaC test rod is free from contact with
the graphite,

3. Furnace Equipment

To attain the temperatures required for processing samples needed
for phase analysis, all heating was by induction and flux concentrator {des-
cribed in detail in Technical Documentary Report WADD TR 60-143, Part IV).
The specimen support and shielding schemes in the concentrator cavity were
the subject of considerable refinements. Shielding between the sample and
cavity wall, in particular, has been the object of numerous experiments {see
Figure 4). The shield in this area serves two purposes: first, and perhaps
most important, the shield prevents vapors from migrating to the slot from
the sample. Without this precaution, short-circuiting will take place from
one side of the slot via the vapors and sample to the opposite side of the
doughnut slot; and, second, the shield serves to increase the efficiency of the

00BO"DIA. Ta
: SPLIT RING
GRAPHITIZED i . __GRAPHITIZED
FELT RING ol 1+ FELT WASHER
- }
_7 N GRAPHITIZED
BIGHT HOLE "FELT WEDGE
— 1 _SLOTTED
CONCENTRATOR u Y PYROLYTIC TUBE
*DoNuT" ~—SAMPLE OR CRUCIBLE
TaC TUBE — 1~ TaC SETTER
r‘f |_—To TABS

GRAPHITE ROD

0.050" DIA. W ROD

Figure 4. Concentrator Cavity Arrangement



power -temperature relationship. Slotted pyrolytic graphite between the sam-
ple and water-cooled concentrator cavity has been found to withstand the
extreme temperatures and to eliminate virtually all arcing problems. In
time, however, distortions and delaminations take place in the pyrolytic and
these problems recur. For the hafnium-carbon studies, discussed in a
succeeding section of this report, GRAFOIL* was used with greater success.
Three layers of GRAFOIL, each measuring approximately 0.010-inch, were
introduced into the cavity in place of the pyrolytic tube for shielding purposes.

The power source used in conjunction with the concentrator consisted
of a General Electric RF generator rated at 15 kilowatts output and a fre-
quency of 460 kilocycles per second.

For resistively heating TaC, the samples shown in Figure 3 were

fastened directly to two water-cooled copper electrodes by means of tanta-
lum screws (i.e., see Figure 5), The long electrodes were capable of being

DOUBLE T,O/UGH PYREX

ey b

WATER COOLED Dot o0 O " WATER COOLED
COPPER ELECTRODES ™, /===y HEAT BAFFLE
/%
4 4 ™ GRAPHITE
7 v 6"
Z; 1 GRAPHITE FELT
1/
s U 1l _———GRAFOIL
CLEARANCE BETWEEN —— i |
ELECTRODE 8 GRAPHITE

Figure 5. Shielding and Electrode Arrangement
for Resistance Heating Studies

* Trademark of High Temperature Materials, Inc., an affiliate of Union
Carbide Corporation. Patents applied for,



displaced slightly toward each other in the vicinity of the sample which then
separated as the sample expanded in the heating cycle, thereby minimizing
excessive stresses on the test piece, Radiation shielding about the sample
consisted of a pyrolytic tube seated on a rim formed in the carbon block
(Figure 6); and at a great distance from the sample, a graphite cylinder
was lined with felt and GRAFOIL as shown in Figure 5, The cylinder was

Figure 6. TaC Specimen with Pyrolytic Graphite Shield in Position

supported in the position noted by means of a close fit between the top elec-
trode and relatively thick cylinder 1lid. Additional heat protection was
required for the glass wall in the form of close spaced copper tubing through
which cooling water was circulated, This assembly was contained within a
Corning "Double Tough' Pyrex T having an inside diameter of six inches,
The ends of the T were made vacuum tight with the aid of end plates and
Corning flanges, The power electrodes and water leads for the cooling baffle
were brought into the system through appropriate vacuum seals on one end
of the T; on the opposing end, the chamber was valved for evacuation by
vacuum pumps, and through the third T opening temperature readings were
made and specimen loading was accomplished. For ease in mounting sam-
ples, the copper baffle was retractable; and the graphite cylinder was easily
removed from the permanently mounted lid,

A 35 KVA, high current, low voltage power source equipped with power
driven, variable speed Variacs was used for heating the specimens,
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The optical pyrometer, Pyro Micro-Optical disappearing filament type,
was calibrated to 3500°C through the prism and window utilizing a calibrated
NBS tungsten ribbon lamp and a standard arc with sectored disks as radia-
tion sources. The correction factor used above 3500°C was derived by
extrapolation of the lower temperature calibration data. All temperature
measurements were made into blackbody holes where the diameter to length
was at least 1 to 5.

4. Thermal Treatment of Specimens

All high temperature runs were carried out under high vacuumn con-
ditions to approximately 2000°C., Above this temperature, a partial argon
atmosphere (approximately 3/4 of an atmosphere) was used for the duration
of the measurement to reduce losses caused by high sample vapor pressures.
The TaC melting experiments by resistance heating were conducted in an
environment comprising 5.6 volume per cent methane, 14. 2 per cent hydrogen,
and 80.2 per cent argon. The hold period at temperature varied from 25
minutes for the Ta,C specimen to two minutes for the TaC-C studies and,
finally, to less than a minute for the TaC melting point studies. Cooling in
all cases was accomplished by the simple expedient of quickly cutting the
power to the furnace,

C. Experimental Results

1. Ta,C Solubility Limits

Specimens nominally containing 28, 29, 30, 31, 33, 34, and 35
atomic per cent carbon were heated at 2850°C for the purpose of defining
both the high and low carbon boundaries of the Ta,C field, Very suitable
samples, in terms of density, resulted from the use of fine-grained TaC and
Ta as starting materials. The low carbon boundary at 2850°C was determin-
ed by metallographic methods to exist between 25.5 and 27. 6 atomic per cent
carbon, This fact is supported by the two photomicrographs of Figures 7 and
8. The sample containing 25.5 per cent carbon (Figure 7} shows appreciable
grain boundary tantalum, whereas the higher carbon containing specimen
does not. The striations are precipitated tantalum, indicating considerable
temperature dependence of the Ta,C/Ta + Ta,C boundary below 2850°C.

Samples prepared for defining the high carbon terminal member were
subjected to a variety of etching and electrolytic staining experiments with
the intent of positive discrimination between Ta,C and TaC in microstructures.
This operation was not accomplished with any degree of satisfaction. By
X-ray diffraction, however, TaC was very evident in the samples containing
33.5 atomic per cent carbon. This phase was not observed in the specimens
with 31,7 per cent carbon or in samples containing less than this quantity of
carbon. These results suggest that the high carbon boundary for the Ta,C
field probably corresponds to the stoichiometric value of 33. 3 atomic per
cent carbon. On the other hand, these results are not restrictive enough and
the terminal composition could pertain to a composition with less than 33,3
per cent carbon., Prior studies on the W,C field indicated the stoichiometric
value as the limiting composition, a behavior that is probably applicable to
Ta.zc.
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Figure 7. Microstructure of Samples Containing 25,5 Atomic
Per Cent Carbon at 2850°C, 150X Magnification,

Figure 8, Microstructure of Samples Containing 27.6 Atomic
Per Cent Carbon at 2850°C, 150X Magnification,
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2. TaC-C Eutectic

The TaC-C eutectic was evaluated with fifteen specimens encapsu-~
lated within dense TaC, Compositions considered for this problem initially
contained 55, 60, 65, and 70 atomic per cent carbon, The capsules for the
most part were of the type previously described, but several modifications
have also been considered. For instance, a container which did not provide
free space between sample and the capsule wall was also utilized. This
method was not entirely foolproof, however, because sintering shrinkage of
the capsule about the specimen could induce cracking.

Some of the sectioned samples resulting from this study are shown in
Figure 9. Melting was initiated at 3375°C for compositions containing 60 and
65 atomic per cent carbon, Melting is particularly evident in the 60 per cent
sample, which has a pitted appearance due to localized fusion. It can be seen

CARBON (NOMINA]
o

Figure 9, TaC-C Specimen Cross-Sections after Heating
Near the Solidus Temperature,
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that the extent of liquid formation is greater at the higher temperatures. An
interesting effect is evident in the 70 per cent sample heated at 3420°C, The
vapor pressure was so high within the capsule that the base deformed to the
rounded appearance and the liquid was forced out of the crucible through a
small hole.

With the encapsulation method, it has been possible to evaluate accu=
rately the TaC-~C eutectic temperature as 3375°C, Difficulties were encoun-
tered in attempts to locate the eutectic composition, however, because the
high carbon containing samples {nominally 65-70 atomic per cent carbon)
rapidly dissolve the walls of the capsule. Because of the dissolved carbide,
the microstructures were consistently hypoeutectic. It can be seen in
Figure 10 that the microstructure of the liquid forced out of the capsule (in
the 70 per cent sample described previously) contains a small quantity of

Figure 10, Microstructure of Samples Containing
70 Atomic Per Cent Carbon (Nominal) at 3420°C, 150X Magnification,

primary TaC, All other specimens revealed TaC coexisting with liquid; these
are, consequently, much further removed from the eutectic composition than
the sample depicted in Figure 10, The eutectic composition was defined by
analyzing specimens heated within graphite capsules; the resulting eutectic
structure is depicted in Figure 11, The analysis positioned this invariant
point at 61.2 atomic per cent carbon,
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Figure 11, Microstructure of TaC-C Eutectic for Samples
Containing 61,2 Atomic Per Cent Carbon, 500X Magnification,

3. Melting Point of TaC

Experiments aimed at determining the TaC melting temperature
were conducted by self-heating stoichiometric or carbon excess specimens
in an RF field with the cavity arranged as described previously in Figure 4,

This method was conducive to maintaining carbon levels in the samples at 47-1/2

to 48-1/27tcmric per cent after thermal treatments between 3600° and 3800°C,
The latter temperature, 3800°C, was the highest achieved without encountering
anomalous effects in low density TaC. At around 3825°C, the formation of
microcracks resulted in local hot spots and proved to be a limiting factor in
these studies, This behavior is believed to be a result of nonuniform densi-
fication which is promoted by slight off-centering of the specimen with re-
spectto the doughnuat cavity,

The analytical results of TaC specimens heated to various temperatures
by induction methods are listed in Table I, None of these specimens showed
the presence of a liquid which implies that below 3800°C the boundary, TaC/
TaC + liquid, is located at carbon levels between 48.5 and 49, 8 atomic per
cent carbon, The chemical analyses listed in Table I were determined on
material taken from the specimen core., Prior to chemical analysis, the
lattice parameter was determined as a secondary check of carbon content,

The sharp and symmetrical diffraction maxima signified absence of objection-
able compositional gradients, The carbon content determined by both methods
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agreed to within 0. 3 atomic per cent. The X-ray method generally provided
a higher carbon value,

TABLE 1
CARBON CONTENT IN TaC SPECIMENS AFTER ANNEALING STUDIES

vt

Temperature Final Carbon

°C Content {Chemical}
3325 49.6
3450 49.0
3470 49.3
3630 47.5
3640 48, 2
3670 48.0
3800 48,5

Attempts to circumvent the formation of microcracks encountered in
the nonuniform densification of porous TaC specimens in the RF field experi-
ments above 3800°C, led to the consideration of denser specimens and a
larger RF power supply. In these experiments the sample densities were
gradually increased by adding small quantities of prereacted fine-grained TaC
(supplied by Vascoloy - Ramet Corporation) to the elemental mixture. As
the sample densities increased, however, the coupling efficiency decreased.
Experiments with higher power RF units resulted in voltage breakdown be-
tween the coil and concentrator because of insufficient dielectric capacity.
This complication rendered the complete utilization of available RF power as
impractical with the present experimental arrangement. As a result of these
developments attention was turned from induction heating to a more promis-
ing technique for carrying out additional TaC melting experiments.

The alternative method for determining the melting temperature of TaC,
which entailed passing a high current through test specimens, was somewhat
more successful than by induction heating. Six TaC rods were heated to tem-
peratures at which liquid formed in the sight hole. The two types of test rods
fabricated for this evaluation had diameters of 0, 150 and 0, 195 inch, Speci-
mens with the larger diameter were never heated above 3600°C without for-
mation of objectionable carbon vapors which interfered with temperature
measurements., This difficulty was attributable to the higher power require-
ments which ultimately contributed to deterioration of mated graphite-carbide
interface. Apparently localized arcing in this region of the test sample would
occur after intimate contact was lost.

For the initial experiments, two 0. 150-inch diameter TaC rods were
heated to temperatures of liquid formation in an argon atmosphere, Liquid
filling the sight hole in each instance was gold colored, whereas the rod sur-
face had a silverish appearance., The silver coloration in TaC is commonly
associatfti with significant carbon deficiency in the lattice. According to
Bowman'?! the composition at which the transition from brown or gold to gray

15



occurs i8 approximately 46 atomic per cent carbon. To minimize surface
decarbonization in this manner, succeeding runs were conducted in an atmos-
phere of CH,, H;, and A, an environment which was effective in replenish-
ing the surface with carbon to a certain extent as evidenced by a uniform
cross-section of gold coloration.

Melting temperatures for six test specimens varied from 3610° to
3735°C. Metallographic studies of the melt and areas bordering the central
melt region revealed a small quantity of TaC-C eutectic in the grain bound-
aries (see Figure 12), However, no graphite could be found in regions be-
tween the liquid zone and specimen surface as evidenced by the photomicro-
graph in Figure 13, The specimen densities were very high over their cross-
sections suggesting the eutectic graphite present in the core was a consequence
of the TaC melting mechanism rather than having been present as a contami-
nating secondary phase. Experience has shown that vaporization of secondary
or free graphite from external areas of the test sample would have created a
network of intergranular voids. Contrary to this, the specimens were uni-
formly dense. Chemical analysis for the six specimens revealed that a
serious compositional gradient existed across the sample cross-section.
Carbon analysis for the six samples averaged 48.1 + 0, 5 atomic per cent. No
apparent trend existed with carbon content and melting temperature. The
specimen cores are believed to have a carbon content corresponding to the
starting analysis (49, 8 atomic per cent carbon) whereas the surfaces probably
contain no less than 46 atomic per cent carbon. This lower limit is mini-
mal according to Bowman's observations described previously and consid-
ering the fact thatthe specimens were gold colored throughout. These data
imply that the nearly stoichiometric TaC composition containing approximate-
ly 49. 8 atomic per cent carbon, melts at nominally 3600° to 3700°C. The
TaC/TaC + liquid boundary, therefore, must undergo a slight change in slope
in this temperature region but at 3800°C the boundary is still located at a
slightly higher carbon content than 48.5 atomic per cent carbon. The latter
restriction is in consideration of the data presented in Table 1.

D. Summary of Tantalum-Carbon Results

The data obtained from incipiently melted, fused, and solid state sam-
ples in the tantalum-carbon system can be surmmarized by the partial phase
diagram of Figure 14, Specific details derived from past experimental
studies were discussed previously in Section II, Part A, of the current report
and recent findings are summarized as follows:

1. At 2850°C, the Ta,C phase field is homogeneous between 26.5 and
approximately 33.3 atomic per cent carbon, The low carbon bound-
ary is variant above and below 2850°C; the high carbon boundary apparently
remains unchanged from the stoichiometric value, At 3150°C, the TaC/
Ta,C + liquid boundary corresponds to a carbon content of slightly greater
than 29 atomic per cent,

2., The TaC-C eutectic corresponds to a 3375°C and a composition con-

taining 61,2 atomic per cent carbon). These results agree favorably
with the original determination by Ellinger, (1} who reported 3300°C and fixed
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Figure 12,

Microstructure of Molten Area in TaC Rod
After 3675°C. 500X Magnification

Figure 13. Microstructure of Peripheral Area in
TaC Rod After 3675°C, 500X Magnification
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Figure 14. Tantalum-Carbon Phase Diagram

the eutectic composition at 62. 6 atomic per cent carbon. Eutectic t¢(= pera-
tures of 3310° and 371Q°C were observed by Portnoy and coworkers'* and by
Nadler and Kempter, (4 respectively.

3. The TaC melting point is above 3800°C when the carbon content is
approximately 48. 5 atomic per cent carbon. The formation of

microcracks in test specimens at this approximate temperature prevented an
accurate determination of this property by induction heating. The near stoi-
chiometric TaC composition (49. 8 atomic per cent carbon} formed liquid in
the temperature range ?f 3610° to 3735°C according to resistance heating
experiments. Zalabak ‘*) recently observed melting at 3700°C for composi-
tione containing 46.6 atomic per cent carbon, He also noted liquid formation
at temperatures below 3700°C for lower ca b?n containing samples, The
original measurements of 3800° to 3900°C !6)7) were, unfortunately,
unaccompanied by chemical analysis,
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III. THE HAFNIUM-CARBON SYSTEM

A. Review of the Literature

Although the Hf-C phase diagram had not been evaluated experimentally
in its entirety, the conaensus of authorities in phase relationships was that
the general configurations would resemble the chemically similar Group IV
carbide systems, Ti-C and Zr-C, These binaries are characterized by a
single carbide phase with a simple NaCl-type structure that is maintained
over wide compositional ranges. This family of carbides has high thermal
etability that increases substantially as the atomic number of the metal com-
ponent increases. This trend characterizes HfC as one of the highest melit-
ing materials,

Practical utilization of the outstanding thermal properties of HfC and
detailed exploration of the Hf-C system have been hampered by the limited
availability of high purity hafnium. Furthermore, an additional deterrent
has been the extremely high temperature involved in exploring this system
and the necessity for a rigorously controlled atmosphere., Consistent with
this situation, the most significant contribution to the phase diagram prior to
the last decade was the melting point determination for HfC by Agte and
Alterthum, (7) They reported 3890°C, a value that is quoted quite extensively
to this day and which, until very recently, had not been verified,

Benesovsky and Rudym recently published a tentative phase diagram
based on the simple configuration described above. Most of the details de-
picted in this configuration, except for the solubility ranges of HfC at 1550°C,
are estimates. Benesovsky and Rudy found the HfC field to be single phase
at 1550°C within the compositional limits 37 and 50 atomic per cent carbon,
Lattice parameters corresponding to these terminal members are 4. 6144
and 4. 6314, respectively.

Studies on the Hf-C system have been in progress for several years
at the U.S. Bureau of Mines, (%10,11,12,13,14,15,16} Tentative conclusions on the
phase relationships are depicted in Figure 15. Since this diagram was pub-
lished, however, these workers report that the solidus between Hf and HfC
is glightly below the melting temperature of pure Hf and, hence, is a eutec-
tic{1?) rather than a peritectic decomposition as shown in Figure 15. Further-
more, they indicate the euteictic between HfC and C as a 12. 8 weight per cent
carbon(13) and 3065 + 25°C. {14} Maximum melting f?r HfC was observed at
3830°C(12) from liquidus meas‘:rs:ments and 3895°C!18) according to
resistively heated specimens, 16

A rather unusual configuration of the Hf-C f¥stem wasg reported by
Avarbe and coworkers in the Russian literature. (1} A synopsis of their
findings is shown in Figure 16. The odd feature about this diagram is the
extreme stabilization of a-Hf in a narrow field to 2820°C, whereupon it
melts peritectically to form HfC and liquid, This study was also concerned
with the melting temperature of various HfC,.xcompositions, but tlte peak
melting point corresponds with the findings of Agte and Alterthum, \7)
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Avarbe and his associates did not concern themselves with the high
carbon region of the system. However, three widely varying temperatures
have peen reported for the HfC-C solidus by Othfﬁ investigators. Cotter and
Kohn(18) observed ahoyt 2800°C, Portnoi, et al, '3 reported 3260°C and, more
recently, Krikorian''¥indicated 2915°C. Krikorian also found melting of the
Hf-HfC eutectic at 2150°C.

Additional‘(?_ rveys of phafe)relationships in this system were recently
made by Storms'?’! and Schick. ¥°

B. Procedures and Equipment

1. Materials

The starting materials for this study consisted of Reactor Grade
hafnium hydride obtained from Fairmount Chemical Company, Newark, New
Jersey, hafnium carbide supplied by Wah Chang Corporation, Albany, Oregon,
and Union Carbide Spectroscopic Grade graphite, SP-1. The graphite analysis
indicated impurities at levels of only 0.5 ppm or less. According to the
suppliers, the hydride and carbide contained the typical impurities listed in
Table 2,

The analysis indicated above is typical of the quality also available
from other suppliers such as Metal Hydrides, Inc., Kern Chemical Corpora-
tion, etc. The most objectionable contaminants, Zr and O, should have a
slight effect on positioning of various boundaries and isotherms in the dia-
gram. Hafnium crystal bar and solid stock are available in higher purities,
but these forms are much more difficult to cope with than powders in the
preparation of homogeneous samples.

TABLE 2

ANALYSIS OF HAFNIUM HYDRIDE AND CARBIDE
ACCORDING TO THE SUPPLIERS

Halnium Carbide

Lot RD 36 12K

Hafnium Hydride Analysin in ppm
Fa L1000 ppm Al < 0

B < 0.2

c 300 ppm Cb 1000
Cd <« 1
© 2000 ppm Co <« 3
Cr < 10
H 0.9 par cent Cu < 40
Fa 380
Ir 2.8 per cent Mg < 10
' Mn < 10
Other less than 100 Mo 10
ppm sach N 540
M < 10
Q 550
Pb < 5
kL < 40
Sn < 10
Ta < 200
Tl T2
v < 5
w < %0

Zr 3.10

[+ 6,37
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2, Specimen Preparation

The samples required for these studies were prepared in the
standard manner by dry blending graphite and hafnium hydride, or hafnium
hydride and hafnium carbide powders for approximately five minutes in a
"Spex Mixer Mill." The latter combination was used only for preparing
several samples in the HfC,_.x melting point studies. Small pellets, varying
between 3/16-inch and 3/8-inch in diameter, were then formed by cold press-
ing without binder. Blackbody holes were generally shaped into all specimens
for temperature measurement purposes or for liquid formation experiments.

3. Furnace Facilities

Specimen heating was accomplished with both the induction facility
and tungsten resistance furnace described previously in Technical Documen-
tary Reports Nos. WADD TR 60-143, Parts IV and II, respectively, The
concentrator cavity arrangement designed for these studies was described
previously in Section II, Part B-2 of the current report and will not be
discussed further,

4. Thermal Treatment of Specimens

The diverse nature of the studies associated with defining the phase
relationships in this system required containment and heat treating proce-
dures that differed markedly in scope. A brief review of these studies follows.
The 3/8-inch diameter specimens, prepared for determining the lattice para-
meters of HfC,.,, were suspended in the tungsten heater tube within either a
TaC or graphite crucible. Samples with compositions on the carbon-rich side
of the HfC were held in the latter container. In all runs, vacuum heating to
1500°C preceded purging the system with argon. Hold times varied from
three to seven hours prior to cooling by the simple expedient of shutting off
the furnace power quickly, Approximately one atmosphere of argon was main-
tained at the final annealing temperature of 2200°C. A similar series of speci-
mens were prepared at 3150°C. Inductively heated TaC crucibles were used
exclusively for containing these preparations and the hold time at temperature
was five minutes. The adopted procedure for heating all samples by RF com-
prised maintaining a high vacuum to around 2200°C with the experiment con-
ducted to higher temperatures in approximately one atmosphere of argon,

The HfC-C eutectic was evaluated under slightly different conditions.
Samples were first placed in graphite capsules for purposes of maintaining
a carbonaceous environment, and this assembly was finally positioned in a
TaC crucible. Temperature readings were made through blackbody openings
in both TaC and graphite lids, The use of a TaC crucible minimized the
occurrence of localized hot spots which otherwise develop in graphite that is
self-heated by RF to those temperatures. H{C-C samples were heated in the
temperature range 3080°to 3265°C with hold times at temperature of three to
five minutes. All specimens were cooled by the expedient of quickly shutting
off the RF power,

Small specimens, 3/16-inch in diameter, prepared for studies of the
Hf -HfC solidus were suspended by graphite threads within the furnace or
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alternatively positioned in a block of graphite prior to suspension, In either
case, a blackbody hole was shaped in the sample and oriented properly for
temperature measurement purposes. Generally, the specimens were heated
slowly through the temperature region where incipient melting appears to
occur (around 2250°C} and then annealed at 2150°C for time periods varying
from three hours to overnight. Reheating through the apparent solidus re-
gion was performed with constant monitoring. Another approach undertaken
for evaluating the Hi-HfC solidus consisted of self-heatinga hafnium sample by
induction, Two adjacent and symmetrically positioned blackbody holes were
formed in the specimens. Hafnium hydride was placed in one of the sight
koles and hafnium hydride containing 5 atomic per cent carbon was placed in
tae other. The objective of this procedure was to ascertain the effect of
carbon on the melting temperature of hafnium. Finally, samples containing
20 atomic per cent carbon were heated to temperatures of 2235° to 2300°C
for two hours in a TaC crucible and then removed for analysis of liquid
formation,

The extent of carbon solubility in B-Hf was determined by annealing
appropriate compositions at 2200°C for two hours and subsequently cooling
by quickly reducing the furnace power.

Initial experiments concerned with the measurement of HfC melting
consisted of self-heating HfC samples in an RF field. With this procedure,
peripheral melting resulted that jeopardized coupling and consequently limit-
ed studies to peak operating temperatures of around 3700°C., Encapsulation
techniques were developed to circumvent this problem. The capsule material
logically consisted of a more refractory phase, initially TaC, but for the
majority of succeeding experiments the mixture comprised 75 weight per
cent HfC and 25 weight per cent TaC. This choice was made, firstly, to
provide less opportunity for the test specimen to pick up tantalum and,
secondly, to take advantage of the fact that the carbon vapor pressure for
this mixture is decidedly lower than for pure TaC, Of the two methods
developed for encapsulating, the first consisted of forming a continuous
shell about the test sample by a cold pressing operation; in the second tech-
nique, two identical half-shells containing specimen size cavities were fabri-
cated. The two half-shells were positioned about the specimen and heated in
this manner. A 3000°C presintering of the sample was required to withstand
the forming pressure in the first encapsulation method, The half-shell tech-
nique was decidedly more advantageous since presintering was not required
and sample retrieval after heating to 3800°C was much easier. The capsule
charge material, elements and hydride, eventually provided a relatively
porous shell when the reaction was completed. As noted in a previous section
of this report, the high porosity contributes to more efficient RF coupling.

Evidence for the decided superiority of these techniques over the self-
heated samples can be seen in Figure 17. The smaller of the two specimens is
stoichiometric HfC, previously heated to approximately 3700°C, Deformation
of this shape is a result of peripheral melting; but the encapsulated specimen,
although subjected to higher temperatures, resembles the original form.,
Figure 18 shows the alternative, and superior, half-shells with specimen
positioned in the cavity., The final packages in Figures 17 and 18 measured
1/2-inch high by 3/8-inch in diameter.
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Figure 17. Self-heated HfC Depicting Melting at Approximately
3700°C Contrasted with an Improved Encapsulation Method

Figure 18, Half Shells Fabricated from HfC-TaC Alloys for
Melting Point Determinations of Hf C
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Consistent with previous procedures, vacuum heating to 2200°C pre-
ceded all high temperature runs. When outgassing was completed, a mixtare
of hydrogen and argon was introduced and maintained until annealing or melt-
ing temperature was reached. Initial runs were conducted with a mixture
containing 15 volume per cent hydrogen; however, the volume of hydrogen
was gradually reduced by replacement with argon until, in the final experi-
ments, only a five volume per cent hydrogen mixture was employed. The
hydrogen proved to be very effective in damping arcing or, generally, elim-
inating all electrical instability. Under these conditions, virtually all runs
conducted to temperatures above 3700°C were completely free of arcing or
difficulties with the shielding. The single factor which jeopardized a number
of experiments in the 3750° to 3800°C range was cutting of the crucible by
the RF field. This behavior was subsequently related to off-centering of the
crucible with respecttothe doughnut cavity. Extreme care in alignment was
required to eliminate this difficulty. Heating to the final test temperature
was executed very slowly, particularly over the latter several hundred de-
grees. Hold-time was thirty seconds or less pI‘lOI’ to rapid reduction of the
furnace power.

All temperature measurements were performed with a Pyro-Micro-
Optical disappearing filament type optical pyrometer which had been previous-
ly calibrated to 3500°C through the prism and window utilizing a calibrated
NBS tungsten ribbon lamp and a standard carbon arc with sectioned disks as
radiation sources., The correction factor used above 3500°C was derived by
extrapolation of the lower temperature calibration data.

C. Experimental Results

1. Hafnium Melting Point and Carbon Solubility

Three separate determinations of the hafnium melting point re-
sulted in values of 2212°, 2212°, and 2202°C, These values are higher than
the 2150°C determined by the U.S5. Bureau ?f s\/hnes 1) and slightly lower than
2222°C cited in The Metallurgy of Hafnium. ¥} The solubility of carbon in
hafnium at f.ZSJO C was found to be rather substantial in comparison with
zirconium, ‘22 On the basis of metallographic studies, specimens containing
10, 7 atomic per cent carbon (see Figure 19) were found to contain free car-
bide; whereas 10,2 per cent samples were single phase. HIC precipitation
within the hafnium grains indicates a temperature dependence of carbon solu-
bility. Investigators at the US ]?ufeau of Mines also observed a rather large
solubility of carbon in hafnium, 12} but the quantities were analyzed in samples
heated below 2050°C.

2. The Hf-HfC Solidus

To ascertain the effect of carbon on the melting behavior of hafnium
two separate tests were carried out in which the melting temperatures of pure
hafnium and hafnium containing five atomic per cent carbon were monitored
simultaneously, In one instance, the pure hafnium melted before the carbon
containing sample; in the other instance, the reverse occurred. The differ-
ences in melting temperature, however, were of the order of a few degrees.
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Figure 19. Microstructure of Samples Containing 10,7 Atomic
Per Cent Carbon at 2200°C, 150X Magnification,

Additional studies directed toward determining the Hf-HfC solidus
consisted of directly observing specimens nominally containing 10, 20, and
30 atomic per cent carbon as they were slowly heated through the 2250°C
temperature region. Several samples were annealed below this temperature
overnight prior to the monitoring experiments, The 10 and 20 per cent com-
positions definitely displayed an obvious emissivity change around 2250°C in
association with surface fusion of the specimen. No pronounced sample de-
formation or filling of the sight hole with liquid took place. Specimens con-
taining 30 per cent carbon heated as high as 2500°C displayed only minor
deformation as a result of liquid formation,

A final experiment on determining the Hf-HfC solidus consisted of
heating specimens with 20 atomic per cent carbon to 2235°, 2245°, 2280°,
2350°, and 2500°C for one to two hours within TaC crucibles, Evidence of
liquid formation was very apparent after the 2245°C thermal treatment, with
the specimen deformation becoming more exaggerated as the annealing tem-
perature increased. At 2235°C, on the other hand, the liquid phase was
absent, These experiments indicated very conclusively that the solidus is
located at 2240°C, which is higher than the 2208°C melting temperature for
hafnium. These results are very different from the 2820°C peritectic tem-
perature reported recently by Avarbe, 17)  This peritectic isotherm according
to recent US Sureau of Mines studies is positioned at 2190°C,\12
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3. Lattice Parameter Variation and Solubility Range of HfC

A spectrum of compositions traversing the HfC field and extend-
ing into the two-phase fields on either side of HfC was reacted at 2200° to
2250°C and 3150°C for the purpose of ascertaining the lattice parameter
variation and terminal members. X-ray measurements for the lattice param-
eter calculations were conducted on a wide-angle North American Phillips
spectrometer. Five diffraction maxima — (331), (420}, (422), (511-333),
and (440) — which appear farthest in the back reflection region for CuKa
radiation and which provide the highest accuracy of measurement, were
considered for calculating the lattice parameter.

A summary of the cell constant data derived from specimens annealed
at 2200° to 2250°C and 3150°C is presented in Tables 3 and 4, respectively.
This information is also presented graphically in Figure 20. The scatter
encountered in the data for these specimens is substantially greater than for
the Ta-C or Zr-C series. A possible explanation for this fact may lie in the
slightly lower values of diffraction angle 8 for the five diffraction maxima
considered in the back reflection region. Generally, measurements are
subject to greater precision as the maxima positions approach 8§ values of 90°.

According to Figure 20 the carbide compositions compatible with car-
bon at 2200° and 3150°C have significantly different cell parameters. The
trend with temperature signifies that a more nearly stoichiometric carbide
phase exists with carbon at the higher temperature. Limiting cell constants
for these terminal compositions at the low and high temperatures’ correspond
to approximately 4. 6415 and 4. 64304, respectively. On the low carbon side
of the HfC field, lattice parameters of 4. 62254 and 4. 62404 were determined

TABLE 3

VARIATION OF HfC LATTICE PARAMETER WITH
COMPOSITION (2200°-2250°C SERIES)

Atomic Lattice Atomic Lattice
Per Cent Carbon Parameter, A Per Cent Carbon Parameter,
60.2 4,6419 44, 8 4, 6384
51.1 4.6418 44 .5 4,6405
50,7 4.6408 44 1 4. 6360
50.0 4.6418 44 .1 4,6351
49, 4 4,6410 39.7 4.6294
49,1 4,6418 38.6 4. 6268
48.9 4.6414 36.7 4, 6202
48. 8 4,6414 36.6 4.6205
48.3 4. 6416 36.2 4,6224
48,1 4, 6407 35.5 4,6224
47.4 4, 6401 35.2 4.6225
47.2 4,6414 34.9 4,6219
46. 8 4.6386 33.3 4 6228
46,3 4, 6386 31.6 4.6220 "
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TABLE 4

VARIATION OF HfC LATTICE PARAMETER WITH

COMPOSITION (3150°C SERIES)

Atomic Lattice Atomic Lattice
Per Cent Carbon Parameter, Per Cent Carbon Para.meter,A
68.5 4.6411 50.2 4, 6420
66.7 4.6397 49.6 4, 6442
64.7 4.6421 49 4 4, 6427
64.7 4.6415 49,2 4 6416
58.9 4, 6423 48. 0 4.6432
58.6 4.6433 46. 1 4,6418
58. 2 4.6433 45,1 4, 6393
5T7.2 4. 6415 41.7 4.6322
52.6 4.6410 39.9 4. 6283
51.3 4.6425 38.1 4.6278
50. 8 4. 6418 37.0 - ¥
50.5 4,6432 36.1 4. 6240 *
* Diffuse Patterns 35.7 b *
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for the carbide terminal members coexisting with hafnium-rich liguid at
2200° and 3150°C, respectively. The 4, 6225 value, however, is somewhat
misleading in view of the Widmanst#tten structure detected in these alloys.
Logically, the plot should be extrapolated to lower lattice parameters from
alloys free of Widmanstdtten structure to the composition containing inter-
granular hafnium in trace quantities, Metallographic studies revealed that
precipitation prevailed in alloys containing less than 36.2 atomic per cent
carbon, and free hafnium initially appeared in compositions containing 33, 3
atomic per cent carbon. Therefore, to compensate for the effect of precip-
itation on the low carbon terminal member at 2200°C, the lattice parameter
data in Figure 20 was extrapolated to 34 atomic per cent carbon, Evidence
for this boundary limit is discussed in a subsequent section of this report.
The cell constant corresponding to this composition is 4, 61904,

Other experimenters concerned with X-ray measurements of HfC have
obtained cell values which are in favorable agreement with the results pre-
sented above., Cotter and Kohn, (18 for instance, reported 4. 6414 for stoi-
chiomegtric HfC; the US (kareau of Mines'té/obtained a maximum value of
4.643A; and Benesovsky'® obtained 4.6314, No extensive study has been
conducted by other workers to establish a detailed correlation between com-
position and lattice parameter; in fact, only a few values have been reported
for low carbon compositions. Benesovsky and Rudy(s) reported 4.614A for a
composition containing 37 atomic per cent carbon. Avarbe, et al. (")nleajsw
ured 4, 624 for 42 atomic per cent carbon and the US Bureau of Mines (:°)
found that a compositjon containing 29. 3 atomic per cent carbon had a lattice
parameter of 4, 6285A,

Boundary limits for the HfC field were determined by metallographic
studies on fragments removed from the specimens prepared for X-ray studies.
At 2200°C, the low carbon boundary corresponds to approximately 34.0 atomic
per cent carbon. This terminal member is bracketed by compositions with
microstructures that reveal free hafnium (Figure 21) and complete absence
of intergranular hafnium (Figure 22). The prior existence of a hafnium-rich
liquid is evident in Figure 21 as the dark heavily stained regions. On the
other hand, Figure 22, which is representative of 35.5 atomic per cent car-
bon, is free of intergranular hafnium. The Widmansti'tten structure, dis-
cussed previously in conjunction with the X-ray measurements of these speci-
mens, is readily apparent in these photomicrographs. The HfC/HfC + liquid
boundary is slightly variant to 3150°C. At this temperature, the terminal
composition corresponds to approximately 36.0 atomic per cent carbon. The
initial traces of hafnium-rich liquid were observed in a sample containing
35.7 atomic per cent carbon {Figure 23). In higher carbon containing speci-
mens (for example 36.1 or 37.0 (Figure 24) atomic per cent carbon) only the
carbide phase was evident.

The high carbon boundary for the HfC at 3150°C was also determined by
metallographic analysis of appropriate specimens. Initial traces of the
graphite -HfC eutectic were observed in the grain boundaries of HfC for a com-
position containing 49. 4 atomic per cent carbon as shown in Figure 25. In
higher carbon containing samples, the quantity of eutectic increased; whereas,
in a sample containing 49.2 atomic per cent carbon (Figure 26) the grain
boundaries are void of this liquid, The microstructures in high carbon sam-
ples annealed at 2250°C were relatively porous and caused considerable
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Figure 21, Microstructure of Samples Containing 33,3

Atomic Per Cent Carbon at 2250°C.

1000X Magnification,

Figure 22, Microstructure of Samples Containing 35,5

Atomic Per Cent Carbon at 2200°C.
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Figure 23, Microstructure of Samples Containing 35.7
Atomic Per Cent Carbon at 3150°C, 1000X Magnification,

Figure 24, Microstructure of Samples Containing 37.0
Atomic Per Cent Carbon at 3175°C. 1000X Magnification,
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Figure 25, Microstructure of Samples Containing 49, 4
Atomic Per Cent Carbon at 3170°C, 500X Magnification,

Figure 26, Microstructure of Samples Containing 49,2
Atomic Per Cent Carbon at 3170°C, 500X Magnification,
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difficulty in differentiating between voids, pull-out, and free graphite. The
lattice parameter plot in Figure 20 suggests a variation of the HIC/HIC + C
boundary with temperature., These data infer a terminal composition of
approximately 48. 0 atomic per cent carbon at 2250°C.

The HIC field, according to the results described above, is homoge-
neous at 3150°C between 36.0 and 49. 3 atomic per cent carbon and between
34.5 and 48 0 atomic per cent carbon at 2250°C, According to Benesovsky
and Rudy,(“j HIC at 1550°C is single phase within the compositional limits
37 to 50 atomic per cent carbon. Avarbe's{) description of the high hafnium
boundary at 3150°C appears at a much higher carbon content than was deter-
mined in the present study. The US Bureau of Mines study on necls suggests
that combined carbon in this phase exceeds the stoichiometric limitation.

5. HfC Melting Point

The task of determining the melting temperature of HfC was under-
taken by induction heating and utilizing capsule materials fabricated from
pure TaC and also fabricated from a mixture comprised of 75 weight per cent
HIC + 25 weight per cent TaC. The ease of sample preparation and the short-
time associated with a given test run permitted the evaluation of approxi-
mately fifty specimens. The specimen compositions were varied between 40
and 50 atomic per cent carbon by increments of two per cent and each sample
was heated in the temperature interval from 3650° to 3825°C,

A summary of the starting compositions and annealing temperatures
considered with TaC as the encapsulating substance is shown in Figure 27,
Also depicted in this diagram is the final specimen composition according to
chemical analysis and an indication of liquid formation. Typical specimen
appearance with and without liquid formation is apparent in Figures 28 and 29,
respectively. The data in Figure 27 reveals very clearly the marked tendency
for carbon deficient alloys to absorb carbon. This behavior posed a limitation
on the usefulness of TaC as a capsule material since neither the highest melt-
ing compositions nor the low carbon alloys could be evaluated.

The use of a mixture consisting of 75 weight per cent HfC and 25 weight
per cent TaC was considered as an alternative capsule material because of
the likelihood of a lower carbon vapor pressure and, hence, less opportunity
for carbon absorption by the samples. This approach was also more appeal-
ing from the standpoint of less opportunity for Ta pickup by the specimen. A
correspondence between starting and final composition in specimens annealed
within an environment of the above mixture is shown in Figure 30. Control of
the carbon content was better under these conditions, since it was possible to
evaluate the most refractory compositions in the HfC field as well 28 low
carbon containing samples. Samples depicted in Figure 30 which do not have
a corresponding chemical analysis resulted from substantial melting which
prohibited satisfactory retrieval from the capsule,

A summary of melting point data obtained by the various experimental
methods is presented in Figure3l. The most refractory area of the HfC field
is narrow and is located around 47. 5 atomic per cent carbon. In the course
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_ Figure 29. Cross-~section of TaC Capsule and Specimen
Containing 47.5 Atomic Per Cent Carbon after 3730°C,
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Figure 31. Summary of HfC Melting Point Determinations

of heating a sample representative of this composition region to approximately
3820°C, the crucible, as well as the specimen, developed liquid. The photo-
graph of Figure 32 shows the result of this test. Since the sample had not
completely liguefied, there is a possibility the HfC field extends toapproxi tFly
3830°C. According to Agte and Alterthum(”} and the U, S. Bureau of Mines 16

a maximum melting point of 3890°C exists for HfC. The liquid formed in the
sample of Figure 32 is characteristic of the type encountered in most speci-
mens containing less than 47, 5 atomic per cent carbon. In these compositions,
the hafnium rich liquid has a tendency to seep through the carbide network
leaving a relatively porous structure. On the other hand, the high carbon
alloys ball up and densify to a large degree as shown in Figure 33.

The high carbon boundary is relatively invariant between 3150* and 3725°C.
At the latter temperature, however, the boundary moves rather sharply toward
lower carbon contents. In a number of experiments, samples containing 50
atomic per cent carbon or slightly less than this amount of carbon were ob-
served to undergo a definite emissivity change at 3725°C., On the high hafnium
side of the field, the boundary undergoes a more drastic change at approxi-
mately the same temperature. The determination of the precise configuration
in this area of the system was hampered by samples which could not be re-
trieved for chemical analysis. An additional factor contributing to this com-
plication is the rapidity with which these particular specimens react with
carbon., The datum point indicated at 3735°C and 46 atomic per cent carbon
pertaine to a sample which had melted, but this value appears erroneous in
terms of the overall configuration. Conceivably, melting had occurred but
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Figure 32, Cross-section of 75 Hf C/25 TaC Capsule and
Specimen Containing 46.8 Atomic Per Cent Carbon after 3820°C.

Figure 33. Cross-section of 75 HfC/25 TaC Capsule and
Specimen Containing 48,5 Atomic Per Cent Carbon after 3800°C,
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golidification took place at the final test temperatures as a result of carbon
absorption,

The specimens discussed above are identified in the melting point dia-
gram of Figure 31 by their respective figure numbers, Additional specimens
are shown in Figures 34 through 40 which are representative of the end pro-
duct of these experiments and which were utilized in bracketing the HfC field
in this temperature region. These samples are also identified by their figure
numbers in the summary melting point diagram,

Figure 34. Cross-section of 75 HfC/25 TaC Capsule and
Specimen Containing 41.5 Atomic Per Cent Carbon after 3690°C.
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Figure 35. Cross-section of 75 HfC/25 TaC Capsule and
Specimen Containing 45.2 Atomic Per Cent Carbon after 3755°C,

Figure 36. Cross-section of 75 HfC/25 TaC Capsule and
Specimen Containing 45,6 Atomic Per Cent Carbon after 3775°C,
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Figure 37, Cross-section of 75 HfC/25 TaC Capsule and
Specimen Containing 46,7 Atomic Per Cent Carbon after 3800°C,

Figure 38. Cross-~section of 75 HfC/25 TaC Capsule and
Specimen Containing 47.8 Atomic Per Cent Carbon after 3825°C,

40



Figure 39, Cross-section of 76 HfC/25 TaC Capsule and
Specimen Containing 48,7 Atomic Per Cent Carbon after 3735°C,

Figure 40, Cross-section of 75 HfC/25 TaC Capsule and
Specimen Containing 49.0 Atomic Per Cent Carbon after 3745°C,
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6. The HfC-C Solidus

The HEfC-C eutectic temperature was determined by visual inspec-~
tion of pellets after heating to temperatures ranging between 3080° and
3265°C. Melting was evident in all samples heated above 3150°C. In three
specimens heated separately at 3150°C, partial deformation, as well as the
extremes of complete fusion and no melting, was realized. The microstruc-
ture of a sample containing 64. 7 atomic per cent carbon heated above the
eutectic temperature iz shown in Figure 41, In this structure the HfC coex-
isting with liquid indicates that the eutectic point corresponds to a composi-
tion richer in carbon than 64.7 atomic per cent. The microstructure in
Figure 42, for a composition containing 66,7 atornic per cent carbon, on the
other hand, is hypereutectic. A eutectic composition of 66.0 atomic per
cent carbon is a reasonable approximation based on the above figures. The
invariant point should be closer to the hypereutectic composition of 66.7
atomic per cent carbon because of the relatively smaill quantity of primary
graphite in the microstructure of Figure 42.

D. Summary of Hafnium-Carbon Results

Experimental work on the hafnium-carbon phase diagram has been com-
pleted. The results discussed in previous sections are summarized by the
phase diagram in Figure 43. Additional studies, at this time, on the hafnium-
carbon binary system could contribute only minute refinements of boundaries
and isotherms. Pertinent aspects of the system which have been determined
from this study were as follows:

1. The solubility of carbon in hafnium metal raises its melting tem-
perature from 2208° to 2240°C. The hafnium lattice is capable of
taking carbon into solution to the extent of approximately 10.5 atomic per cent
at 2200°C. The Hf/Hf + HfC solvus is markedly temperature dependent, evi- .
denced by a pronounced Widmanstitten structure in the hafnium crystallites.
No attempt was made in this study to ascertain the a to f hafnium transition
temperature or the peritectic point.

2. Compositional limits and lattice parameter variation for HfC were
determined from alloys annealed at 2200° to 2250° and 3150°C. At
2200° to 2250°C, HIC is homogeneous between 34.0 and 48. 0 atomic per cent
carbon; whereas, terminal compositions of 36.0 and 49, 3 atomic per cent
carbon define the HfC field at 3150°C. Appreciable hafnium precipitation
below 2200°C in alloys containing less than 36.2 atomic per cent carbon
depicts a variation of the HfC/HfC + Hf boundary,

3. The lattice parameter variation for HfC is similar in specimens
prepared at 2200° to 2250°C and 3150°C. The parameter-
composition plot is slightly curvelinear. Limiting cell constants for the
terminal compositions at 2200° and 3150°C correspond to 4, 6190 and 4. 62404,
respectively, On the high carbon side, cell constants of 4. 6415 and 4, 64304
were obtained for the limiting compositions at the low and high temperatures,
respectively,
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Figure 41, Microstructure of Samples Containing 64,7 Atomic
Per Cent Carbon at 3190°C. 150X Magnification,

Figure 42. Microstructure of Samples Containing 66,7 Atomic
Per Cent Carbon at 3200°C, 150X Magnification.
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4, The melting temperature of HfC appears to be maximum at 3830°C
for a composition containing 47. 5 atomic per cent carbon. The
solidus on either side of this composition is quite temperature dependent.

5, The HfC-C eutectic corresponds to a temperature of 3150°C and a
carbon content of 66.0 atomic per cent.
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IV. THE HAFNIUM-CARBIDE-TANTALUM CARBIDE SYSTEM

A. Review of the Literature

Agte and Alterthum(n determined solidus curves for the mixed carbides
of Ta, W, Nb, Zr, and Hf, Perhaps the most interesting findings by these
investigators are that two quasi-binaries show melting points higher than pure
tantalum carbide., The TaC-~ZrC system has a melting point of 4205°K (60°
higher than TaC), ata TaC:ZrC ratio of 4:1, For a similar molar ratio, the
TaC-HfC systern shows a maximum melting point of 4215°K (see Figure 44),
However, the accuracy of melting points reported is rather poor, ca. + 150°
and no analytical data were presented.

J. L. Engelke, et al, (23) conducted a similar study of melting tempera-
tures in the binary carbide system HfC-TaC. Their method for determining
solidus temperatures entailed arc melting procedures whereas Agte and
Alterthum used resistance heating. The results of this study are shown in
Figure 45, The observed melting temperature for the 20 per cent HfC, 80
per cent TaC composition was 3800°C compared with the value of 3942°C
(4215°K) reported by Agte and Alterthum, Unfortunately, chemical analysis
was lacking in both investigations, but Engelke determined lattice parameters
and studied the microstructures of his preparations.
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Nowotony, Benesovsky, and Kieffer(“) determined the lattice parameter
variation for the HfC-TaC solid solution series, The specimena, prepared at
2000°C, had a linear variation of cell constant with composition. The end
members, TaC and HfC, had approximate cell edges of 4. 445 and 4. 6224,
respectively,

Although the Agte - Alterthum melting point curve for the quasi-binary
system hafnium carbide-tantalum carbide is not supported by analytical data
and the 4:1 TaC:HfC compositional melting maxima may not be significant due
to their reported error limits of + 150°, there is belief on the part of some
inveatigators that optimumn bonding could be achieved in a solid solution series
involving ms:ta.la with different electronic configurations. Theoriea have been
proposed (##) that the highest melting point in a double carbide system might,
in fact, be associated with such an intermediate composition. The reason
advanced for this possibility is that the optimum number of bonding electrons
formed by the metal element in relation to the coordination number should be
less than five. In the case of TaC with either HfC or ZrC, the highest melting
point is associated with a metal valency of 4, 8,
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B. Procedures and Equipment

1. Materials

The starting materials for this study consisted of hafnium carbide
powder supplied by Wah Change Corporation, Albany, Oregon, and tantalum
carbide powder obtained from Vascoloy Ramet Corporation of Waukegan,
Illinois. Analysis for these materials was presented previouslyinthis report
on pages 4 and 21.

2. Specimen Preparation

The specimen configuration utilized for this study is the type depicted
previously in Figures 3 and 6. Rods required for the resistance heating experi-
ments were also formed by slip casting. The materials, HfC and TaC, were
blended in weight ratios of 50/50 and 25/75, respectively; and then ball-
milled to the proper particle size for slip casting. The test rods were sin-
tered at 3000°C in an argon atmosphere to attain maximum shrinkage. As
noted in an earlier section of this report, this procedure was necessary for
maintaining good electrical contact between the specimen and carbon end
blocks. This thermal treatment resulted in rod diameters of 0. 200-inch,
which is slightly larger than those prepared for the TaC melting point
determination.

3. Furnace Equipment

The furnace facility described previously in Section C of the
tantalum-carbon system part of this report was used for heating the TaC-HfC
alloys and need not be discussed further at this time.

4, Thermal Treatment of Specimens

All high temperature runs were preceded by high vacuum conditions
to ~ 2000°C. A partial atmosphere {approximately three-fourths of an atmos-
phere), comprising 5.6 volume per cent methane, 14.2 per cent hydrogen,
and 80.2 per cent argon was then utilized above this temperature. With the
aid of power driven Variacs, a heating rate of about 100°C per minute was
used between 2000°C and the final test temperature.

C. Experimental Results

Three specimens of an alloy containing equal weight portions of hafnium
carbide and tantalum carbide and a single specimen containing 75 weight per
cent tantalum carbide and 25 weight per cent hafnium carbide were heated by
their own electrical resistance. The diameter of these samples, being some-
what larger than the pure TaC rods described in an earlier section of this
report, failed in test before melting occurred. The inability to reach the
melting temperature was due, in part, to deterioration of the mated graphite-
carbide interface by an excessive heat flux. The larger diameter used for
these HfC-TaC rods also involved a dengity that was somewhat lower than for
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the TaC specimens. Additional densification of the test rods above 3000°C
during the test runs partially contributed to failure of the mated surfaces,

In addition to this difficulty, three of the samples failed by fracturing while
being heated through the 3600°C region. For some peculiar reason one of the
electrodes appeared to have a torque applied to it as evidenced by a misalign-
ment of the broken specimen halves. The highest temperature attained in

these studies was 3700°C for a 50/50 HfC/TaC specimen and no liquid was
evident,

These experimental difficulties could be remedied through the use of
denser specimens and rod diameters approximating 0, 150 inch. A second
factor which might be considered is more effective cooling of the graphite-
carbide interface. The fact that little provision was provided for specimen
expansion did not seem to posea serious problem., The lengthy electrodes
apparently were able to absorb this dimensional change,

D. Summary of Hafnium Carbide-Tantalum Carbide Results

The melting point study of hafnium carbide-tantalum carbide alloys by
resistance heating was limited to consideration of four test specimens. A
peak temperature of 3700°C was attained with no evidence of liquid formation
in these studies. Theae preliminary investigations revealed the need for
specimens of higher strength and smaller cross-section (~ 0. 150-inch diam-
eter) in using resistance heating as a technique for acquiring melting point
data at very high temperatures. A further consideration is the suppression
of vapor formation by more effective cooling of the carbon end blocks which
couple with the sample. Severe cooling, however, would create an undesir-
able temperature gradient along the rod axis.
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V. THE BORON-CARBON SYSTEM
A. Abstract

A maximum solid solubility of boron in graphite was found to be 2. 35
atomic per cent at 2350°C. This solution was found to be substitutional.

B. Status Review

Although the corifiguration of the boron-carbon phase diagram has been
established by Dolloff 247 of these Laboratories and refined by Elliot 27) of the
Armour Research Foundation (see Figure 46), the details of the system at

low boron concentration were left undefined, The present work is an effort

to clarify the nature of this area. Specifically, this effort has been an
attempt to determine the nature and extent of possible solid solubility of boron
in graphite, since a solution of boron in graphite could have considerably more
influence on the properties of boronated graphite than a simple mechanical
mixture, :
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C. Materials and Preparation

The graphite used in this work was air-.ground Madagascar natural
graphite which had been purified before and after grinding. The B,C, pre-
pared at these Laboratories, contained only trace impurities as determined
by spectroscopic examination. All samples were weighed out, blended for
ten minutes in a ""Spex Mixer Mill, " and cold-pressed intc 1/2-inch disks
under pressure of approximately 10,000 pounds per square inch, Crucibles
were machined from fine-grained, molded graphite, and then purified,

D. Equipment and Procedures

Most heating was carried out in an induction heating facility similar to
the unit used for the zirconium-carbon and tantalum-carbon studies. There
are two important differences, however. First, the pumping system utilizes
a Vac Ion pump allowing operation at pressures less than 1.0 x 10°7 mm of
Hg. Second, facilities for drop-quenching the samples in a water-cooled,
copper pot were introduced. Power for heating the furnace was supplied by a
10. 5 kilowatt ""Thermionic'' generator.

The samples were weighed and loaded into the furnace. After the fur-
nace was evacuated with a roughing pump, the samples were heated to a tem-
perature of 2000°C as determined by sighting a calibrated Leeds & Northrup
disappearing filament pyrometer on a small blackbody in the lid of the cru-
cible. After a few minutes, the Vac Ion pump was started. When the
pressure in the system dropped to less than 1 x 10" mm Hg, the temperature
was raised to the final level and held for a four-hour period, At this poaint,
boron solution, as shown by Figure 47, was complete; the pressure had
reached 2 x 107" mm Hg. The samples were then quenched and removed
from the furnace. The helium density samples, which required larger
amounts of materials, were heated in a carbon tube furnace for six hours at
2350°C, Cq (A)
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6. 7020

02400°C
6, 7000

6 6980 ! ] 1 | t I 1 |
HOLD TIME (HQURS5)

Figure 47. Effect of Hold-time on Boron Solubility in Graphite
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E. Analysis and Evaluation

Two Debye patterns were run on each sample: one with CuKa radia-
tion, the second with NiKa radiation, The CuKa radiation placed the (120)
reflection of graphite at a Bragg angle of about 78°, whereas the NiKa
radiation places the {(008) reflection at angles near 82°. The use of the two
radiations allows independent, accurate determinations of ag and cy but does
not permit extrapolation procedures, which require that a large number of
observations be employed. The estimated precision of the present X-ray
measurements is + 0, 00024 in cyand 0, 00034 in ap.

After the lattice constant determination, each sample was analyzed for
boron content by volumetric titration. In order to determine the extent of
solubility at each temperature, the lattice constants were plotted as a func~
tion of composition. The unit cell dimensions of the graphite changes as long
as more boron is being put into solution; after maximum solubility has been
reached, however, no further changes take place and free boron carbide
lines begin to appear,

Helium densities were measured on samples treated in the carbon tube
furnace and compared with the X-ray densities calculated using both substi-
tutional and interstitial models. The surface areas of these samples were
measured before and after heat treatment to insure the absence of surface
area effects on the helium density measurements, a major potential source
of error.

F. Summary and Results

The effect on the lattice constants of boron dissolved in graphite is
shown in Figure 48 and may be summarized by the following equations:

ag = 2.46023 + 0,00310 KB
and

o= 6.71163 - 0.00594 Ky,

where Kp is the atomic fraction of dissolved boron, agand co being measured
in angstroms; v, was calculated from the above formulas.

From a comparison of Figure 48 with the lattice constants of materials
with excess B,C at various temperatures {except where noted), the maximum
solubility data as shown in Table 5 were obtained.

TABLE 5

SOLUBILITY LIMIT AS A FUNCTION OF TEMPERATURE

Temperature, Kg Maximum Temperature Kpg Maximum
°C (atomic per cent) °C {atomic per cent)
1800 1.00 2400 2,20
2000 1.50 2500 2,00
2200 2,05 1000 % 0.05
2350 2.35 1400 % 0,32

* Determined from extrapolation log Kg versus 1/7T.
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The effect of these data on the boron-carbon
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Since ¢, decreases and a, increases with the addition of boron to the
lattice, it was expected that the boron atoms were located in the graphite
layers rather than between them. One of two possible sites could be occu-
pied by the boron atoms: (1) an interstitial position in the center of the
hexagon formed by the carbon atoms, or (2} a substitutional position replac-
ing a carbon atom. The results of the helium density work are shown in
Figure 50. The measured helium density of pure graphite compared well
with the calculated density indicating that the results are reliable. There-
fore, since the helium densities of all the boronated graphite fell on the line
calculated for the substitutional model and in no case did it fall on the line
calculated for the interstitial model, the solution may be called substitutional
in nature,.

Conclusions

The solubility of boron in graphite was found to be substitutional in
nature and to reach a maximum of 2. 35 atomic per cent at 2350°C.
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Figure 50, Comparison of Measured and Calculated
Densities of Solid Solutions of Boron in Graphite
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