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Summary

To melt ceramic materials of very high purity an arc furnace
was developed in collaboration with the firm Leybold-Heraeus,
Hanau, in which it is possible to work under an overpressure
of up to 20 atme The installation is equipped with a mould
carrier for button specimens and interchangeable crucibles
for larger charges and can be used with apermanent elec
trode or a consumable electrode. The power supply includes
a rectifier which atno-load voltage of 75 V gives a maximum
melting current of 2250 A, and of 1120 A at 150 V.

The range of application of the over-pressure arc furnace
ranges from the preparation of particularly pure laboratory
specimens to the preparation of massive fllSed ceramic bodies.
By working under high pressure of inert gas, it i8 possible
to produce melts of mixtures of materials of different melt
ing points such as U02 and Cu. Under high nitrogen pressure
in particular it is possible to convert directly metals
withh:tgher- :mel"tfng pC:ß.Iftsin~o nitrides eventh6se with
high decomposition pressure such as UN. The coarse grained
fused bodies, produced by the consumable electrode technique,
are suitable for the production of powders for vibration
compacting of fuel rods.

Compounds such as UN, U(N,C) and U(O,C), which are of in
terest in the nuclear technology for future nuclear fuels,
have been successfully melted using this technique. If the
distance between the electrode and the melt is kept con
stant when melting uranium electrodes under an overpressure
of 15-20 atm of N~. the UN nroduced contains no free ura-

- ~' ~

nium;small concentrations of a higher uranium nitride can
be removed by additional annealing. Very pure U(N,C) was
obtained by melting together massive pieces of UN and of
UC with a permanent electrode under an overpressure of



3-5 atm of N2• Melting U02 together with UC with a earbon
eleetrode under an overpressure of 3-5 atm of argon, gave
massive U(O,C) with impurities of uranium metal at the
grain boundaries. By adding appropriate quantities of
earbon to the melt charge, the formation of uranium metal
was avoided.

X-ray and metallographie investigations of speeimens of
DyNi2, DyA12, HoFe2, and HoA12 melted under an overpress
ure of 5 atm of argon with a tungsten eleetrode, as weIl
as of buttons sampIes of RoN and DyN prepared from holmium
and dysprosium metals under an overpressure of 2-5 atm of
N2, showed no indieation of impurities. From titanium
sponge, i.e. titanium metal, TiN of high purity waspre
pared with permanent or eonsumable eleetrodes under over
pressures of 2 or 15 atm of N2 respeetively. ThN prepared
under the same eonditions eontained minor impurities of
higher nitride.

Preparing melts of hot pressed mixtures of RfC and TaC
the HfO-rich solid solution was single phased, whereas
the TaO-rich solid solution was multi-phased. At these
high melting points (>400000) the arc furnace ean only
be used to prepare small sampIes.



Zusammenfassung

Für das Schmelzen keramischer Materialien sehr hoher Rein
heit wurde in Zusammenarbeit mit der Fa.Leybold-Heraeus,
Hanau, ein Lichtbogenofen entwickelt, mit dem unter Über
druck bis zu 20 atü gearbeitet werden kann. Die Analge
ist mit einem Kokillenträger für Knopfproben und auswech
selbaren Schmelztiegeln für grössere Chargen ausgestattet
und kann mit Festelektrode oder abschmelzbarer Elektrode
betrieben werden. Die Stromzuführung erfolgt über einen
Gleichrichter, der bei einer Leerlaufspannung von 75 V
einen max. Schmelzstrom von 2250 A und bei 150 V von
1120 A ermöglicht.

Der Anwendungsbereich des Überdrück"';LichtbogeIlofens er
streckt sich von der Herstellung besonders reiner Labor
proben bis zur Herstellung massiver keramischer Schmelz
körper. Durch die Möglichkeit unter hohem Inertgasdruck
zu arbeiten, können Schmelzen aus Mischungen schwerschmelz-

-1>arer ü,iid-Ieicli'Gscnmelzoareri'1ate-rlaIlen, wle-UÖ2=Cu ; her
gestellt werden. Speziell unter hohem Stickstoffdruck
lassen sich hochschmelzende Metalle unmittelbar zu massi
ven Nitriden umwandeln, auch wenn diese einen hohen Zer
setzungsdruck aufweisen. Dies trifft z.B. für Uranmono
nitrid, UN, zu. Die durch die Abschmelzelektroden-Tech
nik hergestellten grobkörnigen Schmelzkörper sind zur
Herstellung von Pulvern für die Vibrationsverdichtung
von Brennelementen ~~t geeignet.

Die schmelztechnische Darstellung der für die Kerntech
nik als zukünftige Kernbre~~stoffe interessanten Ver=
bindungen, wie UN, U(N,C) und U(O,C), ist mit gutem Er
folg durchgeführt worden. Wird beim Abschmelzen von
Uranelektroden unter 15-20 atü N2 der Abstand zwischen
Elektrode und Schmelze konstant gehalten, dann enthält
das hergestellte UN kein freies Uran; geringfügige An-



teile höherer Urannitride lassen sich durch nachträgli
ches Glühen entfernen. Sehr reines U(N,C) wurde durch
direktes Zusammenschmelzen massiver UN- und UC-Stücke mit
Festelektrode unter 3-5 atü N2 erhalten. Schmelzen von
u02 mit UC mit einer Kohlenstoffelektrode unter 3-5 atü
Argon ergaben massives U(O,C) mit Verunreinigungen von
Uran-Metall an den Korngrenzen. Durch Zugabe geeigneter
Anteile von Kohlenstoff zum Schmelzgut, kann die Bildung
von Uran-Metall vermieden werden.

Die unter 5 atü Argon mit einer Wolfram-Festelektrode
erschmolzenen Proben von DyNi2 , DyA12 , HoFe2 und HOA12 ,

sowie die unter 2-5 atü N2 aus Holmium- und Dysprosium
Metall hergestellten Knopfproben von HoN und DyN ergaben
sowohl röntgenographisch wie meta110graphisch keine An
zeichen von Verunreinigungen. Ebenso wurde aus Titanschwamm
bzw. -Metall mit Festelektrode bzw. Abschmelzelektrode un
ter 2 bzw. 15 atü N2 TiN sehr hoher Reinheit erhalten. Un-

- ter -den gleichen Bedingungen hergestellte-sThN enthielt
geringfügige Verunreinigungen höherer Nitride.

Die Herstellung von Schmelzen aus heiss-gepressten HfC
TaC Mischungen ergab einphasige HfC-reiche Mischkristalle.
Bei diesen hohen Schmelzpunkten (>40000C) kann der Licht
bogenofen nur her Herstellung kleiner Proben verwendet
werden.



, ~

Resume

Dans le but de fuser des mat~riaux de haute puret~

nous avons mis au point en eooperation avee la Societe
LEYBOLD-HERAEUS, Ranau, un four a are ~leetrique

, I ~

permettant de travailler a une surpression jusqu a
20 kg/em2 eff. Cette eonstruetion est munie d'un chariot
transportant la eoquille utilise pour les eehantillons-,
bouton et en outre de naeelles eehangeables aeeeptant

. ~

de eharges de volume plus lmportant; elle peut etre
operee a l' aide d'une eleetrode fixe ou fusible.
L'alimentation en eourant se fait a travers un redresseur

qui permet d'atteindre un eourant de fusion de 2250 A
~ une tension a eireuit ouvert de 75 V de 1120 A a 150 v.

Le ehamp d'applieation de ce four aare eleetrique
fonetionnant a surpression s' etend de la pr~paration

d'eehantillons de laboratoire de tr~s haute puret~

jusqu·~. la fabrieation de produits de fusion e~ramiques.

- Etant -do~~~-la possibilit~ de travailler ~ une pression, , ,
elevee du gaz inerte, on peut preparer des masses fondues
a partir de melanges qui eonsistent en materiaux a grande

et apetite suseeptibilite de fusion, eomme p.ex U02- Cu .
En .partieulier ~ une tres haute pression de nitrogene

, , ,,~

des metaux de temperature de fusion elevee peuvent etre,.
eonvertis direetement en nitrures massives, meme si
eelles-ei sont earaeterisees d'une pression importante

, , '
de decomposition. Cela s applique p.ex. a la mononitrure

"d'uranium UN. Les produits de fusion a gros grains.. ,... "fabriques suivant la methode a 1 eleetrode fusible sont
J ... ,

appropries a la fabrieation de poudres utilisees pour
le serrage par vibration d'~l~ments de eombustible.



, ,
La preparation par fusion de composes, comme p.ex. UN,, , ~

U(N,C) et U(O,C), qui presentent un interet en technologie

nucleaire en tant que combustibles nucleaires de l'avenir,
" " , ,a ete couronnee de succes. Pour une distance constante

entre l' electrode et la masse fondue pendant la fusion

d' electrodes d'uranium ~ une surpression de 15 - 20 kg/cm2

eff. N2, l'UN obtenu ne contient pas d'uranium libre.

Des quantites mineures en nitrures d'uranium de valences

sup~rieures sont ~limin~es par un recuit post~rieur.
\ ,

U(N,C) de tres haute purete fut obtenu par une fusion

directe de morceaux massifs d'UN et d'UC en utilisant une

~lectrode fixe a une surpression de 3 - 5 kg/cm2 eff.

N2• Des fusions d'U02 et d'UC effectu~es a l' aide d'une

~lectrode de carbone a une surpression de 3 - 5 kg/cm2

eff. argon r~sultaient en U(O,C) aux impuret~s en,
uranium metallique sur les limites des granulation.

L'addition de quantit~s approperi~es en carbone au

materiel fondu permet d'~viter la formation d'uranium
-- I

metallique.

,
Les echantillons de DyNi 2 , DyA12, HoFe 2 et HoA12 obtenus

par la fusion ~ une surpression de 5 kg/cm2 eff. argon

a l' aide d'une ~lectrode fixe de tungstene aussi bien
, I ..

que les echantillons-bouton de HoN et de DyN gagnes a

partir de holmium et de dysprosium m~talliques ~ une
- 2" , I
surpression de 2 - 5 kg/cm eff. N2 n ont pas revele
~ t ; 7'n"l"\. •.,"'l""I.a+~ ~ "Y"\nY"l~ ~Y"\+ rl ~ ~ • h· +
u.. -L.LU.-t-'Uo...1.. V VV,;:) 'PVl..LU.(;Al..LV u..v S examens ~au..lograpJ.;.L.lque e v

, .'
metallographlque. En outre, on gagnait du TiN de haute

, , '1 '. . "purete a partir de 1 eponge ou du metal de tltanlum a
• • # ,

l-aideä une electrode fixe ou fusible a une surpression
2 ' ,de 2 et 15 kg/cm eff. N2 respectivement. Le ThN prepare,

dans des conditions pareilles contenait des impuretes,
minimales en nitrures de valences superieures.



~ ... . ,
La preparation de masses fondues a partlr de me1anges

~ "HfC-TaC presses a ehaud a fourni des Qristaux mixtes

monophas~s qui etaient riehes en HfC. Dans 1e eas des
~ / 0

points de fusion te11ement e1eves (> 4000 C) 1e four

~ are e1eetrique ne peut ~tre uti1is~ que pour 1a

pr~paration de petits ~chanti11ons.
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1. Introduction

The f~brication of specimens of very high purity can be
carried out in a particularly advantageous way by melting
in an electron beam furnace and, with certain reservations,
also in anelectric arc furnace. While operation in the
high vacuum is desirable for many materials, ·the melting
of other ceramic and metallic materials requires lIinert ll

gas pressures of several atmospheres because of the high
decomposition or vaporpressures involved. In such cases
the electric arc furnace has been widely used. An electric
arc furnace with a very flexible capability for melting
ceramicshas been developed in eooperation with Leybold
Heraeus, Hanau, the device ean be used with vaeuumas
weIl as with overpressures of up to 20 atm.

The idea to build an overpressure electrie arc furnace
was based on work of the BatteIle Institut, Columbus,
QhiQ, whereforthe first timeit wasshowntheuranium
mononitride could be prepared by the reaction of uranium
metal with nitrogen under 20 atm pressure of nitrogen [1,
2J. Although several overpressure electrie arc furnaees
are known to exist and some work with pressures up to
200 atm, we believe that very few furnaces have the
possibility of operating in vacuum as weIl as at high
pressures there are no reports of work carried out on
materials other than uranium nitride.

2. Range of Applieation of the Overpress~e Electric
Are Furnaee

The device (see Fig.l) is equipped with a mould carrier
for button sampIes which can be tilted by 900

, a melting
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Fig. 1: Overpressure e1ectric arc
furnace L 55 Ü

Fig. 2: Specimen me1ts of uranium mononitride
Consumab1e e1ectrode, 17 atm of N2
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groove, and with exchangeab1e me1ting curcib1es for 1arger
batches. It can be operated with a fixed e1ectrode or a
consumab1e electrode. Because of the high me1ting vo1tages
occurring in the workunder high gas pressures the current
is fed through two rectifier groups which permit a maximum
melting current of 2,250 A in a parallel circuit with an
open circuit vo1tage of 75 V and of 1,120 A in aseries
circuit at 150 v.

The applicability of the overpressure arc furnace ranges
from the fabricationof very high purity1aboratory speci
mens up to the fabrication of massive ceramic specimens.
Under high inert gas pressures the reproducib1e fabrica
tion of me1ts from mixtures of high and low me1ting point
materials is possib1e. Thus, for examp1e, mixtures of
urania and copper, or arsenic and copper can be me1ted
without significant evaporation losses. Of special in
terest i8 the direct production of the nitrides of re-

_____ ~~)~'c:l9_~Q~:Y_IJ1~_"t~s __~yan __w~en _thas_e_ -do-hav-e- -a- high-decompo- -
sition pressure. Thus, the mononitrides of titanium,
zirconium, and uranium have been produced in 1arge batches
using the consumab1e e1ectrode technique at apressure
of about 15 atm of nitrogen (see Fig. 2). It has also
been possib1e to obtain various intermetallic compounds
and nitrides of the rare earths.

3. Fabrication of Ceramic Materials for Nuc1ear
Technology

Several compounds which are of special interest to
nuclear techno10gy as future nuc1ear fuels, e.g. uranium
mononitride, uranium carbonitride, and uranium oxycar
bide, has been successfu11y me1ted. Uranium mononitride,
UN, was prepared by me1ting uranium e1ectrodes under
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15-20 atm of nitrogen. This high overpressure is neces
ary because uranium mononitride has a decomposition pres
sure of about 2.5 atm at the melting point [3J; melts
made under pressures of 5-10 atm of nitrogen generally
contained appreciable quantities of free uranium (see
Fig. 3 - 4).

A point of special significance is the necessity to keep
the distance between the electrode and the melt constant.
To extend the time required for the melting procedure
-melting time for a standard uranium electrode of about
600 g is some 3 minutes- and also to keep the border
zones of the melt free of uranium, it is helpful to use
pre-nitrided uranium electrodes. Such electrodes with
a surface layer of 300-500 ~ of uranium sesquinitride
can be made by keeping uranium electrodes, which are
short-circuited with the bottom of the crucible in the
electric arc furnace, at temperatures of 800 to 10000C
f l"\r a....ouf ::z.{) mf.nube a (see F";g c::.'1 M.;n".... amo~· ts of +hev lJ ...... v./v.......... ~ . ... .'/". .......... V.l. .., V ...

higher uranium nitrides which are produced by melting
such electrodes can be removed by a subsequent annealing
in vacuum.

Very pure uranium carbonitrides, U(N,C), were obtained
by direct melting of massive mononitride and mono
carbide pieces with a tungsten electrode at 3-5 atm of
nitrogen. Melting of mononitride and monocarbide is
possible in any quantitive relationships, because uranium
mononitride and uranium monocarbide form a complete se-
ries of mixed crystals. Other methods of producing carbo-
nitrides include the melting of mixtures of uranium metal
and graphite with a graphite electrode at 3-5 atm of
nitrogen or re-melting uranium monocarbide with a tung
sten electrode at various pressures of nitrogen. These
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Fig. 3: Uranium mononitride
Consumab1e e1ectrode, 5-10 atm of N2
unetched, 100x

Fig.4: Uranium mononitride
Consumab1e e1ectrode, 15-20 atm of N2
unetched, 100x
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Fig. 5: Pre-nitrided uranium electrode
unetched, 200x

Fig. 6: Uranium carbonitride by mel ting
of Da under 250 Torr of N2
etched, 800x
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Table 1

Analytical data of Uranium Carbonitrides

sampIe wt% U wt% C wt% N mol% UN mol% UC2
starting material

U(CN)-o 95.45 4.85 0.02 0.36 1.04

melting time : 120 sec ; 250 Torr N?

U(CN)-1 94.35 4.78 0·75 12.62 13.16
U(CN)-2 94.25 4.76 0.83 13.90 14.12
U(CN)-3 94.30 4.78 0.80 13.40 14.00 I

- --U-C-CN) -4---f--94--;2)- --~75----------9--- -- - 15.-16-- - - -15:-04- ----Io , 1

melting time : 120 sec , 3 atm N2
U(CN)-5 92.85 4.52 1.34 22.22 19.12
U(CN)-6 94.15 4.62 1.48 23.90 21.56
U(CN)-7 93.75 4.70 1.44 23.12 22.72
U(CN)-8 94.10 4.66 1.41 22.82 21.20
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methods can be used because the mononitride is more stable
than the monocarbide. However, at pressures of 250 Torr
and 5 atm and a melting time of 2 minutes, the latter
procedure results not only in the formation of uranium
carbonitride but increasingly also in the formation of
uranium dicarbide,UC2, (see Fig.6). By melting under
high nitrogen pressures the dicarbide fraction seems to
decrease because of a formation of cyanogen, as we believe.
If the me1ting conditions are kept constant, reproducible
quantities of nitrogen are taken up in the process (cor
responding to : 1% uranium mononitride) and used for the
formation of carbonitride (see table 1). Some work is
present1y in progress on the use of nitrogen pressures
in the r~e of 10 to 20 atme

The formation of uranium oxycarbides, U(O,C), is possible
up to an oxygen content of 35 at%, [4J. The melting of
suitab1e quantities of mixtures of urania and uranium
monocarbide with a carbon electrode under 3-5 atm of
argon resulted in uranium oxycarbide with traces of
uranium metal in the grain boundaries. An addition to
the melt of small amounts of carbon helped to avoid the
formation of uranium metal on re-melting.

4. Fabrication of Very Pure Ceramic and Metallic
Laboratory Specimens

For investigations of the Mössbauer effect a number of
intermetallic compounds of dysprosium and holmium and
their nitrides have been produced. Because of the high
sensitivity to oxidation of these specimens the produc
tion by melting in the electric arc furnace under a few
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Fig. 7: Titanium nitride
Tungsten electrode, 3 atm of N2
etched, 200x

Fig. 8: Zirconium nitride
Tungsten electrode, 3 atm of N2
etched, 200x
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atmospheres of inert gas pressure turned out to be a
particularly suitable technique. Neither the specimens
of DyNi2, DyA12, HoFe2, and HoA12 produced by melting
under 5 atm of argon with atungsten electrodenor the
buttons of holmium mononitride and dysprosium mononitride
fabricated under 2-5 atm of nitrogen from holmium and
dysprosium metal exhibited any indication of foreign
phases or impurities as judged by x-ray and metallo
graphie analysis.

Some large amounts of Cu
3As

were made for studies of
superconductivity. Although the evaporation point of
arsenic is particularly low (6200C), the loss of arsenic
could be kept far below 0.1% due to the possibility of
melting under 5 atm of argon.

Using the same procedure developed for melting uranium
mononitride, buttons of titanium and zirconium nitride,

-- - -- - TiN- and- ZrN-,--o[-veryhigh--purity -were-made- ..

7-8). The basic materials were titanium or zirconium
sponge, and these were directly converted into the
corresponding nitrides with afixed electrode under
3 atm of nitrogen. Round samples of these metals were
also used as consumab1e e1ectrodes under 15 atm of
nitrogen. Thorium nitride, ThN, manufactured under the
same conditions contained minor amounts of the higher
nitrides.

Further experimental work consisted of melting the

and in the particular caae of the tanta1um carbide
hafnium carbide system. In the case of the tantalum
carbide-hafnium carbide system·the work has been done
on materials having the highest me1ting point ever
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Fig. 9: 20 wt% TaO - 80 wt% RfO mixed crysta1
etched, 200x

Fig.10: 80 wt% TaO - 20 wt% RfO mixed crysta1
etched, 500x
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determined (>400000). Figures 9-10 show the metallo
graphie strueture of these solid solutions. In the
ease of the hafnium carbide rieh solid solutions the
strueture is single phased, whereas the tantalum
carbide rieh solid solutions are multiphased. These
samples were prepared by melting hot pressed materials
with tungsten eleetrodes in an argon athmosphere.

At these high melting points the apparatus ean only
be used to prepare small samples. Under the prevailing
eonditions equilibrium was not attained partieularly
at the surfaee of these samples. The prepared samples
were diffieult to homogenize partieularly when tan
talum carbide rieh but sinee they where of high den
sity they were suitable for a number of investigations.

5. Summary

The fabrieation of massive metal nitrides such as
uranium mononitride, titanium nitride, zirconium nitride,
nitrides of the rare earths,etc.of high purity is pos
sible in the overpressure electric arc furnace by the
non-consumable or consumable electrode technique by
direct reactionof the electrode material with the ni
trogen atmosphere. The use of high "inert I1 gas pres
sures allows the fabrication of homogeneous melts of
materials which have high vapor and/or deeomposition
pressures. Specifically, it is possible by these con
ditions to make melts of mixtures of high and low
melting point materials. Even those materials with
the highest melting points, tantalum carbide-hafnium
carbide mixed crystals, have been melted in this
apparatus.
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In our op~n~on the overpressure arc melting furnace
is suitable for the following purposes:

1. Preparation of very pure substances, particularly
ceramics or materials that are difficult to obtain
on a laboratory scale.

2. In the case of nuclear materials for the preparation
of nitrides and mixed nitrides, even on a larger
scale basis. Such materials can be used as a basic
for preparing samples by vibration compacting.
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