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I. ABSTRACT

The effect of mischmetal and rare earth oxides on
the hot workability of ingot iron in the hot-short region
was studied. Thirteen heats were melted in air in a basic-
lined induction furnacea‘All heats were thoroughly deoxi-
dized ‘with aluminum prior to the rare earth additions.
Mischmetal was added in amounts of 0.1, 0.3 and 0.5 per
cent. Rare earth oxidés were added in amounts of 0.1 and
0.2 per cent, Temperatures were maintaiﬁéd at approximately
2900°F and holding intervals between mischmetal additions
and pouring at two minutes. Bars were hot rolled and swaged
for hot twiéting in the hot-short region. Sulfur distribu-
tion was studied by sulfur printing and inclusions were

studied by metallographic methods.
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IIT. INTRODUCTION

The improvement of the physical and mechanical pro-
pérties of metals and alloys has always been of prime impor-
tance to the metallurgist. These desgired broperties have
often been instilled in metals by relatively small quanti-
ties of alloying elements. The rarevearth elements have in
recenf yvears come to the forefront as such ailoying ele-
ments in steelmaking. - .

The true significance of the rare earths as alloying
elements in steelmaking has been realized.only since 1950,
Among the benefits reported derived from their use in sfeels
are improved hot workability and in a number of instances
significant desulfurization, A literature survey revealed no
report of the rare earths having been investigated as alloy-
ing additions.to ingot iron. _ |

Ingot ifon is produced in.the open hearth much the
same as steel. Due to the greater purity reguiremenﬁs of
the iron, however, the temperature must be appreciably
higher toward the end of the refiﬁing process. The extént
of oxidation is therefore mﬁch gfeater than in steel_prb~
duction and the resulting iron is quite high in iron oxide.
The oiygen content may run as high as 0.10 per cent. Armco
Steel Corporatibn lists a typical analysis of their ingot

iron as: .
0.015 per cent

0.028

Hwngg o
©
o' OO0

)

o0

(@ F)V]

(VSAN) |
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The maximum values of the impﬁrity contents in per cehtiarei
0.010 P; 0.030 S; 0.15 Cuj and 0.10 total of C, Mn, P, S
and Si. |

| ingot iron is inherently hot short in the temperature
range from 1600 to 1950°F (870-1065°C). Hot shortness is -
most frequently attributed to impurities of sulfur, oxygen
and cobper. Aluminum has been reported to contribute to hot
shortness. In the absence of sufficient manganese, sulfur
contents in excess of 0.01C per cent cause hot shortness.
Due to corrosion, electrical and magnetic specifications,
ingot iron does not contain sufficient manganese to effec-
tively tie up the sulfur in a harmless form. Susceptibility
to-corrosion, electrical resistivity, and hysteresis loss
ali increase with increasing manganese content. High oxygeh
contents are always present in ingot iron as a result of the
method of manufacture. Copper contents in excess of approxi-
mately 0.10 per cenﬁ_lead to a hot-short condition in low
carbon steel. Copper contents of iron and steel have been
increasing annually due to copper in recycled scfap metal.
Copper is not removed in iron and steel refining. Aluminum
is used to deoxidize ingot iron innthe ladle aﬁd smail per-
centéges>of aluminum are always present in the finished
iron. |

Under favorable conditions, the rare earth elements

are both strong‘deoxidizers and desulfuiizérs in steel.
Their effect‘on copper in steel has hot been investigated.

Rare earth oxides have been reported to oxidize aluminum
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in~a1uminum-killéd steels.

| . This invéstigation was undertaken to study the
effects of the rare earths as additives to ingot iron. The
rare earths>in metallic form and aé~ox1de-mixtures were
used in the investigation--both separafely and in combina-
tion. Lhe primary objective of the research has been to
study the effects of the rare earths on the hot workability
of ingot iron in the hot-short region.
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_ u_i; REVIEW OF LITERATURE
| Considerable research has been performed, particular-
ly‘during the last ten years, concerning the use of the rare
earth elements as additives in steel with the aim of
instilling more desirable prOperties, The results reported
have -often been contradictory and inconclusive. In the lit—
erature review which follows, quantitative data have been
included only when a Specificlinvestigation hes been con-
cerned with desulfurization‘and hotfworkaoility; The sum-
maries arelof necessity brief, and eome investiéations have
been omitted to avoid unnecessary.repetition of‘similar
results. |
1. Early Research
The early research goes'back to the post World War I
period. Althonghrthe true significance of the}rare earths as
alloying elements in steel was not realized nntilleSO, this
early work was, nonetheless, of importance in_layingAthe
foundation for the later work, 'i |
In 1917 Vogel<;)determined'the cerium_andbiron@phase,
diagram, Cerium was reported to be soluble in alphe-iron to
a maximum of approximately 12 weight per cent, and in gamma-
iron to approx1mately 15 weight per cent, An eutectic was-
’found to occur at about 4.5 weight per cent iron. The system
was studied by metallograghic methods., | |
. Allison and Rock -in 1920 added “cela" (cerium-
lanthanum alloy) in amounts of 0,10 and.0?15 per cent to

four heats of a carbon steel. They found no significant
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chaﬁge in_yield’point, tensile strength, elongation and
reduction in area. They concluded that the "cela" conferred
no evident benefit. | |

In 1922 Burgess and Woodward(3)atAthe Bureau of Stén-
dards reported the results of an extensive study of ten
carbon steel heats to which various amounts of cerium “had
been added. They found that with about 0.25 per cent ceriunm,
the tensile properties were increased with an accompanying
loss in ductility. With cerium contents of more than 0.30
per cent, a heavy segregation occurred. They mentioned that
cerium was thought to be a desulfurizef but presented no
data on sulfur contents.

Spring(4)in 1922 reported the results of adding a
mixed metal containing'50 per cent cerium, 25 per cent
lanthanum, and the balance other rare earths to four heats
of converter cast steel. The sulfur contents before and

after the cérium»alioy additions are tabulated beiew:

Sulfur -+ Sulfur
) before after
- . Cerium Alloy Cerium Alloy Cerium Alloy
Converter Added Additions =  Additions
Blow No. (Per Cent) (Per Cent) (Per Cent)
1565 0.5 0,086 - 0,043
1598 1.0 0.088 0,036
1643 1.0 0.081 . 0,027
1823 . 1.0 - 0,084 0,041

In contrast to the findings of Burgess and- Woodward, ibid.,
Spring found that the steel was much cleaner, displayed no

ingotism, and was more ductile as a.result of the rare earth

Mischmetal was often referred to as simply cerium during
this period.
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aaditions.
S ' (5) L
of the United States

In 1922 Gillett and Mack
Bureau of Mines published the results of an extensive study
of the effects of iarious alloying elements in steel. The"
in&estigation was initiated during World War I. Mischmetai*
additions of é compound containing 10 per cent iron and.90
per cént rare earth elements were made to 12 heats. No

deoxidizers were used for these heats., The data for these

heats are tabulated below:

Sulfur Sulfur
: before after
Cerium Cerium Cerium - Cerium
Heat Added Recovered Additions Additions
Number (Per Cent) (Per Cent) (Per Cent) (Fer Cent)
1252 1.50 0e45 = emcme case-
125 1.02 0.15 ————— | ee————
125 "1.00 0.06 0.155 0.067
1257 0.52 0.09 0.08% 0.045
1258 1.54 1.00 ————— —————
1259 0,72 0625 = mmmee | amee-
1266 0.02 0.0l = mmeee cecw-
1268 0.70 0.20 0.035 0,020
1272 1.01 0.35 ————- —————
1281 0.04 m——— mmmmm e
1332 0,91 0.38 0.030 0,025
1333 1.05 0.45 0.029 0.015

Considerable segregation occurred in these heats._ThegSegre—
gation was attributed to the rare earth additions.

Due to the somewhat inconsistent sulfur dropé, two
heats wére made with long intervals between the mischmetal

additions and ﬁouring. The data .for these heats were:

Time from sulfur Sulfur
Addition Cerium before “after
Heat to Pouring Added Addition Addition
Number (Minutes)  (Per Cent) (Per Cent) (Per Cent)
1287 27 1.08 0.135. 0,105
1288 26 0.57 0.144 0,129
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The rare earth yields for these heats was nil. From tﬁese
data it was concluded that insufficient reaction time was
not the cause of the inconsistent results. .

Another group of heats made with ﬁischmetal contain-
ing 30 per cent iron and. 70 per cent rare eartﬁs also
produced rather inconsistent results. It was concluded from
these’data that rare earth additions of less than 0.5 per
cent did not result in desulfurization. Reduging conditions
were found to aid in desulfurization when other conditions
were favorable.:

This was the most extensive study made during this
period concerning the desulfurization aspects of the rare
earth elements in steel. In general, desulfurization was
found to take place, but the results were inconsistent,

In 1925 Gillett and Mack(6)published in book form a
monograph of molybdenum and cerium steels. As a result of
their own investigation and those of others, they concluded
that...'cerium appears to have no true alloying effect in
steel and to do no good. Since it gives rise to inclusions,
it probably does harm. There ié é possibility that it might
be used as = scavengef to eliminate or control sulfﬁr if
meané céuld be found to eliminate the accompanying
inclusions".

2. Laté; Work

During the period from 1925 to 1950 there appears to
have been little interest in the use of the rare earths as

alloying elements in steel. This was, at least in paft, due
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to the unfavoraﬁle report‘of Gillett and iMack, ibid., page
226. | ‘

It was not until 1950 that widespread interest in
the rare earths as additives to steel waé again revived,
Fost, Schoffstall, and Beaver(7)in 1951 reported on an ex-
tensive study of the effect on hot workability of cerium and
lanthanum additions to stainless steel. They found that the
rare earth additions improved the hot workability of
austenitic stainless steels with nickel contents ranging
from four to 70 per cent and 10 to 60 per cent of elements
from the group of chromium, molybdenum and tungsten. It was
found that the amount of any one element in the latter
group must not exceéd 30 per cent. The amount of rare earths.
requiréd to obtain improved hot workability was determined
by the nickel content. Cerium and lanthanum additions from
0.02 to 0.04 per cent were effective in promoting better hot
workability in high frequency and basic electric afc'melted
alloys such as types 308, 310, 316 and others. Additions of
cerium and lanthanum in the rangé of 0.08 to 0.18. per cent
improved hot workability 1ﬂ nickél-chromium-molybdenum#
copper and other high-alloy stainless stéels-developed for
highitemperature strength and corrosion resistance.

In 1951.Berry and Dorvell( )studied the effeét of
using mischmetal (50-~55 pervcent Ce, 22-25 per cent La) as
a supplementary.addition to steel. They reported that the
additions eliminated the low ductility and low impact

strength of dead-killed steel when only aluminum was used
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as the deoxidizef. They attributed the improved propefties
to‘random distribution of the globular, higher—melting, rare.
earth sulfide inclusions 1in contrast to the lower-melting
eutectlc sulfide inclusions which form infergranular films .>
when sluminum alone is used as the deoxidizer. The misch-.
metal additions were in the amounts of one to six pounds
per toh with aluminum additions up to two and one-half
pounds per ton. In one low-alloy steel heat deoxidized with
two and one-half pounds of aluminum per ton, sulfur was
reduced from 0.031 to 0.018 per cent with a mischmetsl
addition of four pounds per ton. The miéchmetal was found to
both desulfurize and randomly distribute the remaining
sulfides due to precipitation early in solidification. Com-
ment was made that hot shortness found in some stéels may be
reduced and in some cases eliminated by rare earth additions.
Knapp and Bolckom(g’lo)in 1952 published a summary of
the benefits derived from ladle additions of Lan-cef~amp*
in stainless steel, tool steel, alloy and electrical steel
grades. The additions were made in amounts from three-
fourths to six pounds per ton. They claimed superior proper-
ties from the use of mischmetal with higher lanthanum con-
tentsltﬁan ordinary mischmetal. They attributed these super-
ior benefits to be due, at least in part, to the higher
boiling point of lanthanum (3275°F, 1802°C) as compared to
the boiling point of cerium (2550°F, 1399°C).

*Prade name of special mischmetals produced by American
Metallurgical Products Company.
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Amcng the benefits derived from various additions in
cast steels were inecreased duetility, higher impact values,
decreased hot tears, increased fluidity, and higher oxida-
tion resistance. Less grain coarsening in austenitic stain-
less steels was reported. The additions were successful
only in basic electric and open hearth practice.

| Under proper conditions, three pounds per ton of
Lan-cer-amp were reported to have reduced sulfur contents in
basic electric heats from 0,012 per cent to 0.001-0.008 per
cent. In baslc open hearth heats, two pounds per ton lowered
sulfur from 0,027 per cent to 0.012-0.014 per cent.

The authors were of the opinion that desulfurization
was not the major function of the Lan-cer-amp additions,
but that the desulfurization was indicative that the addi-
tions had been made properly and the desired properties
instillied. Thought to be of possible greater importance was
the effect on nitrogen contents. |

In 1952 Lillieqvist and Michelson(ll)published the
results of an extensive study of the influence of Lan=-cer-
amp additions on the propefties.of cast carbon steels. They
reported improvement in ductility, impact properties, hot-
tear characteristics, weldability, feedability and poros-
ity. Solidifiéation temperature for the treated steel was
2640°F (1449°C) as compared to 2660°F (1460°C) for the
untreated steei. Temper brittleness and hardenability were
not affected. In production heats in the basic open hearth

furnace, sulfur drops on the order of four points were
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fegularly_obtained from initial sulfur contents of 0;018 to
0,019 per cent. Production heats with an eight-ton acid
electric furnace produced inconsistent sulfur drops. The
normal drop was approximately four points although drops as'
high as seventeen points were obtained. Lan-cer-amp addi;
tions in the range of two pounds per ton produced the'best
resuits° No sulfur reduction was observed in laboratory
experiments 1in a basic-lined induction furnace, although...
"many hundreds of heats”... were made. These Lan-cer-amp
treated steels produced in the laboratory, however, were
far superior to the untreated steels in physical properties.

Lillieqvist(lz)in-l953 reported the results of exten-
silve laboratory research followed by plant scale experiments
in production plants at American Steel Foundries. Results
revealed that rare earth additions to cast steels improved
room temperature ductility properties and impact strength at
room temperature and -40°F (-40°C). Both the fluidity and
resistance to hot tearing of plain carbon and low alloy
steels were markedly increased by small additions. It was
found that Lan-cer-amp was about as effective as similar
amqunts of aluminum in preventing porosity in steei sand
castingse |

Post and Beaver(l3)in 1953 published the resnits of
a study made of the relative effects of mischmetal and rare
earth oxide miktures in stainless steels., They found that |
the rare eérth oxide additions produced'effects different
from the mischmetal additions. Mischmetal additions to
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high-alloyed austenitic stainless steels transformed them
into ductile alloys. In low-alloyed austenitic stainless
steels, the mischmetal produced improved hot workability.
On the other hand, the rare earth oxides resulted in
improved hot workability of inherently ductile austenitic
stainless steels, but produced no improvement in the hot
workaﬁility of inherently hot-short, high-alloyed, austen-
itic stainless steels. The rare earth oxide mixtures
resulted in 1little, if any, cerium and lanthanum recovery
in contrast to the mischmetal additions which, in general,
resulted in cerium and lanthanum recovéry.

In 1953 Snellman(lé)completed a study of the desul-
furization of carbon steels wlth rare earth elements, A~
total of 33 induction heats were made. Samples were with-
drawn at regular intervals after the mischmetal additions
and analyzed for sulfur content. lMagnesite lining was used
in the furnace and heats were studied under oxidizing,
neutral and reducing atmospheres. Mischmetal with an
approximate composition of 50 per cent cerium, 30_per cent
lanthanum, and the balance other rare earths was used in
all but two of the heats. In thesé two heats, a mischmetal
conﬁéining approximately 80 per cent lanthanum and 20 per
cent cerium was used. In 2ll but one of the heats, the
mischmetal was added in the amount of 0.43 per cent. On the
remaining heat 0,86 per cent was added; Heats were studied
in both the'oxidized and deoxidizedlconditions, Aluminum

and silicon were used as deoxidizers. Initial sulfur and
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éarbon contents.were varied.
| In general, there was a rapid decrease in the sulfur.
content of the molten metal following the rare earth addi-
tions. The minimum sulfur contents occurfed within one or
two minutes after the rare earth additions. After the |
minimum sulfur content had been reéched, some type of 'sul-
fur feversion occurred, Under oxidizing conditions, the
sulfur contents of the metal returned to, or just less than,
the initial sulfur éonten’cs° Under reducing or neutral atmo-
spheres, the sulfur contents after reversion approached
values somewhat lower than the initial.sulfur contents., High
temperature and relatively high minimum sulfur contenfs re-
sulted in immediate sulfur reversion. Reversion was slowed
when the converse was i:rue° |
The best result was obtained on o heat made under a
nitrogen atmosphere, The mischmetal (50 per cent cerium, 30
per cent lénthanum) addition was in the amount of 0.86 per
cent, The temperature was maintained.aﬁ‘approximately 1605°% -
(2920°F). The original sulfur content of 0.40 per cehﬁ was
reduced to 0,002 per cente-a Arbp.of some 95 per cent;'
Sulfur drops ranged up to 90 per ‘cent for the misch-
metal ‘additions of 0.43 per cent, Desulfurization took '
place in both oxidized and deoxidized steels with the desul-
furization being more efficient in the deoxidized heats. No
significant difference in desulfurization was noted when |
either aluminum or silicon was used as the deoxidizer. Nor'

did carbon content appear to have any appreciable influence
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on sulfur. removal. The higher lanthanum mischmetal résulted
1n no apparent difference in desulfurizétion. |

X-ray diffraction patterns were made of several slag-
scum samples. The patterns proved to be very complex and
contained many lines. Comparison of samples taken before ahd
after the rare earth additibns revealed some 20 additional
diffraction lines appearing after the rare éarths were added.
One of the reaction products was identified as possessing a .
CeO2 type structure. An attempt to identify some of the re-
maining lines as resulting from other rare earth oxides or
rare earth sulfides proved inconclusive due to the comﬁlexity
of the patterns. '
: (15)

" In .1954 Russell reported on a study made of the
effects of rare earth additions on the surface quality of
low carbon Qteel. He also studied the effects of the rare
earths on the mechanical properties of medium-carbon alloy
steels., It was found that when surface quality 1mpfovement
was ndted, it appeared to be a result of an increase in low
manganese~to-sulfur ratios. o |

Sulfur drops were néted,Ain general, for the rare
earth metal additions. The additions were various rere earth
alloys in amounts up to six pounds per ton. The additiohs were
made in eithef the ladle or ingot mold. Initisl sulfur con~-
tents varied from 0,39 to 0,01 per cent. A final sulfur con-
tent of 0,006 was reported but the initial sulfur content was

not determined. The efficiency of the sulfur removal was found

to decrease as the initial sulfur contents were decreased.
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ﬁare earth oxides prpducéd no significant sulfur rédﬁgtioné.
| Rare earth metal additions in amounts greater than’
two pounds per ton were reported to result in a hot-short
condition more severe fhan that due -to éluminum alone. Rare
earth oxide additions did not have this effect. It was
believed thaf'the_rare earth oxides reduced the effect of
the éluminum by oxidizing it.

Henke.and Lula(;é)in 1954 reported on a study of the
effect ¢f.rare earth additives on the hot-rolling character-
1istics of stainless steel. They repbrted‘that the inherent
hot shortness of high-alloyed austenific steels could be
counteractéd by rare earth additions. Both rare earth metals
and oxides were successful. Although not fully understood,
the_improvements resulting from the rare earth additions
appeared to be related to increased ducfility at the rolling
temperatures., Rare earth additions to martensitic and ferri-
tic steels were_cohsidered impractical as these steels roll
quite easily without any additions. ,:

In 1954 Tisdale(l7)was-aWardeda patent for'fihe-
grained iron and steel. The ﬁaﬁent describés a;c."method
fo: the production of iron and.sfeel which Qomprisés prepar-
ing:aniiron containihg melt,_adding metallics‘thereto during
fufnacing, debxidizing, incorporatihg a composition éontain~'
ing 2 rare earth metal, in an amount not ﬁo;e than three
pounds per toﬁ, pburing‘and quick freézing"° |
| Jepéon and Duwez 18 in i95§1established conclusively
that the solubility 1limit of cerium in alpha- and gamma-iron
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in the temperature range 815-1015°C (1499-1855°F) lieé.cloée
té O>4 weight per cent. This’finaing was in contrast to thé,
12-15 weight per cent reported by Vogel, op. cit., in 1917,

In 1956 Jackson(lg)presented a summary of the work A
which had been performed to date concerning the use of thé
rare earths in cast steels. He commented on the definite
lack 6f research dealing specifically with the rare earths
in cast steels. With the limited data available, he conclu-
ded that mischmetzl additions in cast steels improve ductil-
ity and impact properties but do not prevent temper brittle-
ness 1n a susceptible steel. He also céncluded that misch-
metal additions reduce the susceptibility to hot tearing,
improve fluidity, do not affeet hardenabllity or weldability,
and can be made most satisfactorily to the ladle in quanti—
ties ranging from two to four pounds per ton of steel.

He commented on the fact that the precise mechanism
by which the rare earths instill the reported imprbvements
in steels was not known-'the improvements were most'probably
due to a numberqof factors operating simultaneously. '

Tisdale( O)in 1656 obtained,a_Canadian patent on the
composition of rare earth oxides for the production.of.iron
and éteel. The sdditive was formed by..."mixing a lanthanon
oxide with 0,02-1,0 parts of a reductant such as a bdride,
borane or silicide of Group ITa metals, manganese, chromium,
iron, boron, cobalt or nickel".

In 1958 Wilson(el)reported on the work of two Russiah

(22) .
metallurgists, Tageev and Smirnov . . They had reported
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fhat two to-fouf pounds of mischmetél per ton fully éliming-
téd mpAt-segregation in steels containing 0,36-0.42 per cent
carbon and 1.10 per cent nickel.

In verifying these results and atfempting to explain
them, Wilson, ibid., reported on an investigation in whicﬁ |
5-50 per cent rare earths were mixed with FeS and the mix-
ture ﬁeated to the melting point., It was found that the
melting point of FeS was raised from 30° to 2709F (17° to
150°C). FeS melts at approximetely 2180°F (1193°C). He con-
cluded that the rare earths minimize or eliminate sulfide
segregation by raising the melting poiﬁt of FeS and enébling
earlier solidification of the resultant sulfides.

~

(23)
Perkins and Binder in 1959 studied the non-metallic

inelusions produced by deoxidation of steels with silicon;
aluminum, titanium and rare earths. They found that the ten-
sile ductility of ingot steel at 2400°F (1316°C) was signifi-
cantly improved after deoxidation with mischmetal.‘_

In 1959 Singleton(24)réported on a study of the effects
of adding pure cerium metal to SAE 1035 steel. The heats were
induction melted in magnesia crﬁcibles. Heats were made under
both vacuum and air, and studied in both the oxidizéd and de-
oxidized'conditions. Aluminum was used as the deoxidizer in
the deoxidizeé heats., Aluminum contents of the deoxidized in-
gots Were on the‘order of 0.10 per cent., The pure cerium metal
was added in aﬁounts ranging from 0,05 to 0.25 per cent. |

The oxygen contents of the steel decreased with in-

creasing quantities of cerium_additions. Cerium oxide
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inclusions, howéver, were conspicuously absent in thé-steel.
If was concluded thap the cerium oxide which formed--ﬁhich
was not identified as to type~~rose to the slag phase with
very little remaining in the metal. .

Reguler.sulfur drops were noted. The magnitudes of..
the sulfur removals increassed with increasing cerium addi-
tions; A new type of inclusion was found to be definitely
assoclated with the presence of cerium. These inclusions
were quite small, complex gray and black in color, and were
not found in clusters. Under polarized light with crossed ni-
cols, the inclusions appeared as brighf red to orange. The
red portions were completely removed after etching with
hydrochloric acid, indicating that these inclusions were not
oxides., Further tests indicated that the inclusions were not
nitrides or silicates., Cerium snalyses on electrolytically
extracted inclusion résidues, both before and after extrac-
tion with hydrochléric acid, showed that the cerium species
was completely soluble in the acid. As_Ce283 can exist as
an orange -or red crystal and is soluble in‘hydrochloric acid,
the new-type inclusioﬁs were idéqtified as.CeQS3.

Cerium appeared to have no effect on.nitrogén content.
A sfroﬁg reaction between the cerium and the magnesia c¢ruci-
bles was noteé. Rough analyses on several of the cfuéibles
..."ihdicated.a large loss'of cerium into the crucible in
amount equal tb a good fraction of thé cerium added"”.

Thié is the gist of the work on the rare earths in

steel., Further references are 1isted‘in'the articles cited.
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V. THE RARE EARTH ELEMENTS

1. Electron Configuration

There are two rare earth series as positioned in the
periodic table. The Lanthanide Series consists of the ele-
ments of lanthanum through lutetium--atomic numbers 57 .
through 71--énd appears in Group 3a of Period 6. The Actin-
ide Séries is composed of the elements of thorium throﬁgh
californium--atomic numbers 90 through 98--and falls under
Group 3a of Feriod 7.

These rare earth series are grouped together in the
periodlic table due to electron configufation. In each of
these seriés, the third outermost electron shell undergoes
transition. In the Lanthanide Series the 4f levels of the N
shell are filled in the transition. In the Actinide Series
the 5f orbitals of the O shell are filled. A transition
series usually involves the filling of‘the second outermost
electron shell.,As‘chemical behavior is determined almost
exclusively by the action of the tﬁo.oﬁtermOSt electron -
shells, it follows that the rare earth elementé behave very
nearly the same chemically anﬁ as a conseqﬁence are very
difficult to separate. In this»iﬁvestigation, we are con-
cerﬁed with the elements of the Lanthanide Series.

20 Occurrence; Extraction, and Separation

The name rare earth is a "misnomer"(g). These elements
are neither rére nor are they earths..They are metals just as
iron is a @etal. They are not raré'if this denotes a‘lack of

abundance. When considered as a group, they are more abundant
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than zinc, lead, tin or molybdenum. & compariscn of the

relative abundance as a perceatage of the earth's crust is

(9) |

as follows =

Rare Earth Elements 0.005 per cent
Zinc 0.004
Lead : 0.002
‘Tin | ‘ . 0,001
Molybdenum 4 - 0,001

The principal source of the rére earths is the mineral
monozite, found as an alluvial sand in Brazil, India, and
domesiically in the.Carolinas, Florida and Idaho. The mineral
is éssentially»a complex phosphate, containing up to 7C per
cent cerium with other rare earths and four to nine per cent
thoria. BaStnaesite, a2 hydrated fluocarbonate, is found in
Colorado and California. Other mineral sources are allanite,
cerite, gadolinite, samarskite and xenotime.

The first relatively clean separation was performed by
Berzelius in Sweden in 1903 when he 1solated cerium. The last
rare earth eléMent>reported to be separated was promethium--~
then called illinium--which was reportéd to have been isola-
ted by a group of American_reSeérchers in 1926. Thefe is some.
’question, however, as to'Whethéf prqmethium occurs in nature
and whether it has ever been sepéraﬁed fron a natufal_mix-
turé. Twelve isotopes of promethium have been identified as
products of nuclear reactions..

Separations of high purity were virtually unknown
until the 1940'5. Then great interest.in the properﬁies of
the rare eﬁrths developed rapidly‘ﬁhen it was discovered that

the rare earth elements form arlarge-percentage of the ashes
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of nuclear fission. _

Until the late 1940's, the separation of the rare -
earths from one another had depended on fractional crystal-.
lization, This tedious method was then improved upon by the-
introduction of separations depending upon the oxidation'or
reduction of some of the elements to other than the tri-
posifive state. Solvent extraction and ion-exchange mefhods
of separation also appeared-in the late 1940's., The ion- v
exchange method is applicable on the tracer scale up to 100-
gram lots with impurity contents on the order of less than
one part per million. |

On the basis of separation, the rare earths are divi-
ded into three groups: the cerium group, the terbium group,
and the yttrium group. The cerium group includes Ce, La,'Pr,
Nd and Sm. The terbium group consists of Eu, Gd, Tb and Dy,
and the yttrium group of Ho, Er, Tm, Yb, Lu and Y. The
groups are so named because of the preponderance of cerium,
terbium, and yttrium in the mixtures of the rare earth
elements obtained from the miherals in preliminary separa-
tion processes. Although not a’rare}earth, yttrium--atomic
number 39--is classed with the rﬁre earths because of its
genéral occurrence with the rare earths and its similarity to
them. Mischmetal and the commercial rare éarth oxide mix-
tures consist essentially of the elements of the cerium
group., |
e thsicai and Chemical PrOQertiés ‘

Some of the more importanﬁ.physical properties of the

rare earth elements are listed in Table I. The structures,



TABLIE 1 9)
PHYSICAL PROPERTIES OF THE RARE EARTH ELEMENTS

. . Melting Béiling Density
Atomic Atomic Point Point (700F)

‘Element  Symbol =~ Number Weight _(°F) =~ _(9F) == gmlec
Lanthanum La 57 138,92 1580 3275 ‘5;2’1%4
. . - 01 0
Cerium Ce 58 140,13 1420-1470 2550 ig-g.ga
: . =Qoe 10
Praseodymium Pr 59 - 140,92 1725-1760 — «€=-6,810
Neodymium Nd. 60 144,27 1475-1650 - =C-7 004
Promethium Pm - 61 146 (2)  ece=- cmme . emece-
Samarium . Sm . 62 150.43 2460 -——— .93
Europium Eu 63 - 152,0 2000-2200 ——— 0244

6
Gad°11nium Gd ' 64' 56 9 ————— - an o ws g
Terbium Tb 65. . 159.2 = ~emme= e 8, 322
Dysprosium . Dy ° 66 162,46  ~meu- —— 8
Holmium Ho 67 164,94 = ec-wa ———— :
Erbium Er. 68 167.2 2280 (2) wme= 9
Thulium Tm 69 169.4 Smm—— —— 9
Ytterbium  Yb 70 173,04 3275 (2) - 7
Lutetium Lu 71 174,99 = «wwe- ——— 9
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'lattice parameters, and atomic radii are given in Table II.
The crystal structures and densities were determined by
reducing chlorides of the purified rare earth metalsewith
potassium and making X—ray powder phetographs of the result-
ing mixtures. The known. spectra of potassium chloride_sefyed
as the ealibfation. The atomic radii, with the exeeption of -
europium, ytterbium and samarium show a decrease with
increasing atomic number when the elements are in metallic
form. This is the "lanthanide contraction” resulting from
_the increasing nuclear charge. In hetallic form, all of the
rare earth elements except europium, ytterbium and samarium
possess atomic radii characteristie of tri-positive cations.
7Europium, ytterbium and to some extent samarium approach the
‘ radii expected_of bivelent metals. In compound forming
tendencies, the normal oxidation state is the tri-positive
state. In addition to europium, ytterbiuh and samarium,
however, exidatioh states of A2 have been reported_for lan-~
thanum, éerium, praseodymium, neodymiﬁm, gadolinium and-

- thulium, -Oxidation states of #4 have been repefted fpr
cerium, praSeodymium, neodymium,and‘terbium. Praseodymium
alone exhibits an oxidation state of #£5..

o All of the rare earth metals possess an unusually
strong chemical affinity for the non-metallic elements nor-
mally assoclated with steel: sulfur, oxygen, hydrogen, nitro-
gen and carbon. They also alloy readily with most common
metals, ih many cases forming significantly refracto:y_inter-

metallic compounds with the perent metal., With the many



TABLE II

CRYSTAL STRUCTURES AND ATOMIC RADII OF TEE RARE EARTHS

Element

of -La
@ -La
« -Ce
8 -Ce
o ~-Pr
oC -Pr
-Nd4d
Sm
Eu
Ga
Tb
Dy
Ho
Er
Tm
Yb
Lu

Crystal
Structure

ho(;'op.
f.c.c.
hoCopo
f.c.c.
h.c.p.
f.c.c.
h.c.p.

b.c.C.
h.c.p.
h.c.p.
h.c.p.
h.c.p.
he.cCepe.
h.c.p.
f.c.c.
h.c.p.

a
3.754A°
. 294
.65
.140
662
5.151
3.650

W\

Lattice Parameters

(o]
6.063A°
5.96
5.908
5.890
5.748
5.664
5.648
5.620
5.589
5.564

5.559

Atomic

33

(25)

Radius

1.8704°
1.872
1.81
1.817
1.824
1.821
1.818

2.042
1.794
1.773
1.769
1.759
1.748
1.742
1.933
1.737

*

hec.p. is hexagonal closest packing; f.c.c. is face-
centered-cubic; b.c.c. is body-centered-cubic
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possibilities for reaction with the various constituents in
steel, it is not surprising that a detailed explanation Qf:
the behavior of the fare earth elements in steel has not
‘been forthcoming. | |

Table III lists_the~properties of the‘rafe earth
oxides and-Téble IV the pfqperties of - the rare earth sﬁlfides.
The ﬁroperties are compared with the properties of éomé comé
mon oxides and sulfides encountered in steelmaking. The
values of the standard heats of formation given are for 25°C
~and one atmosphere, Lack .of data prohibits the calculation
of free energy of formation values at ‘the temperature of mol-
ten iron.:The values given do give an indication of what
'might,be_expected to be the relative deoxidizing and desul-
furizing powers of the rare earth elements as compared to
the othér'eleménts listed.

From these data, it would be expected that the rare
earths have a very strqng tendency to form oxideS'and_sui-‘
fides in molten iron. The oxides would_be expected:to form
- more readily than the sulfides necessifating deoxidation of
the bath prior tq the rare-éarth_additioné if désulfﬁrizae
tion is to be anticipated. Both'the rare egrph oxides and
sﬁlfides have densities less than_iron. The normél reac-
tion products of the rare éarth elements with sulfur are
the Sesquisulfides (RE,S3), and there is evidence that these
are the principal sulfides formed byAthe rare earths iﬁ
molten steel. All of the rare earth elements form oxides of
the type EE203. However, the oply.rare:eartﬁ oxide tenfative-
ly identified as resulting from mischmetal additions to steel
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TABLE III
PROPERTIES OF THE RARE EARTH QXIDES(26)
Heat of o
ggggagigg;fgs Melting Boiling
- Density perOMoleA Pgint _ Pgint
Compound gm/cc (25°C, 1 atm.) . _“c ____ _C
La,03 6.51 -458,000 2315 4200
Ce0q 6.9=7..0 -456,000 1692 ———
Ce0, 7.3 -233,000 2600 ——
Nd 504 - 7.24 -442,000 ——— ———
Pr,05 6.88 -444.,500 ds
Smp04y. 7.43 = eeeee- ———— ————
Euy04 655742 m=-ea- ———— ———
Gd 503 7,41  eeeeea ———— ————
Tb,03 e e eeea —
- Dy503 7.81 —————— ———— ————
Er,04 8,64  -mmuu- ceem e
Tmy03 ST Bl o soes o s
Fe304 5,18 -267,000 1538d.
FeO | 5.7  =63,700 1420 R
MnO 5043=5.46 -9é,ooo ' 1650 @ =e—--
A1,04 3¢5-3.9 ~389,000 2050 3500
MgO - 3.58 | -143,840 2800 = e==-=

Fe = . 7.86 1535 3000

* 4, indicates decomposition upon melting




Compound
LaaéB
Ce283
CeS,

_ Pr253
NdoS3
Sm283

' Gd2S3
Fe3S4
Fe283
FeS

- MnS
A1283
MgS

~ Density

- em/ce

4,91-5,00
5,02
5.04
5.18
573
3.8
" 4.55
43
4,84
3,99
2,02

- - 2. 79"20 85

| TABLE IV
PROPERTIES OF THE RARE EARTH SULFIDES

-Heat of

Formation, AHR

Melting

36

(26)‘

Gram -Calories Boiling~
"per Mole = = Point Poin
(25°%, 1 atm.) _SC g -
-306,800 2100-  mmeme=
A 2150
-298, 700 1925d.
=153,900 —=--- ————-
———— _Adf
-281,800 22004.
------ 1900 ———
------ do
-22,720 1193 da.
-47,600  d. _
-121,600 . 1100 1550 4
o ' - subl.
83,000 d. - -

* d. indicates decomposition upOn'mélting or boiling

# subl. is sublimation
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is CeOz. Snellman, op. cit., observed a CeO, type structure
15 the x-ray diffraction patterns made from sleg-scum
semples. The sesquioxides are also thought to be a major
reaction product resulting from mischmetal additions to
steel, Lanthanuﬁ does not exhibit the A4 oxidation state.

In the absence of excessive oxygen in molten steel,
the rare earth elements are believed to form sulfides with
melting points above the melting point of iron, and being
of lesser.densities‘than iron, these sulfides float to
the slag phase where they are removed. Being refractory,
the remaining sulfides occur as spheroidal, well dispersed
particles ﬁhich do not elongate during hot rolling as do
the sulfide inclusions in untreated steels. Snellman, op.
cit., found that under‘oxidizing conditions, the rare
earths are oxidized after a period of time with the sulfur
reverting to the metal phase.

The'detrimeﬁtal effect of extremely small percenta-
ges of hydrogen in steel is a well esteblished fact. The
‘rare earths have a strong affinity for hydrogen.,The
reaction between the rare earths and hydrOgen is exothermic
while the reaction between iron and hydrogen is endothermico
Regardless of the temperature, the rare earths are capable
of dissolving tremendously greater quantities of hydrogen
than can iron. The solubility of hydrogen in mischmetal has
been reported(g)to be 2000 times greater than that of iron_:
at 2000°F ilO93°C) and over 60,000.timee as great at 750°F
(390¢C). The melting points of the.rere'earth-hydrogen
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alloys are well above those of the corresponding pure
metals(g).

The rare earths are strong carbide formers. The car-
bides are hexagonal crystals of the general form REcg. The |
rare earth carbides can be prepared quite readily by l
reduction of rare earth oxides with carbon but thermodyna—
mic data are lacking. In plain carbon steels to which rare
earth metals had been added, however, varying carbon con-
tents a§parently had no significant effect on desulfuriza-
tion °

The rare earths have a strong affinity for nitrogen
at high terﬁperatures° The reaction between ammonia and the
rare earths produce rare earth nitrides of the type REN by
direct union with the metal at temperatures in the vicinity
of 980°C. There is little data available on the properties
of the rare earth nitrides. It 1s belileved ’ that nitrogen
-control may be a_msjor factor in the improved properties
~attributed to the use of the rare earths in steel.

The atomic volumes of some of the rare earths-ere
compared with some other métals'in Table V. -Thellarge-vol-
umes of the rare earth atoms as compared to the volumes of
theciron atom is considered(lO)torbe the‘reason for the
improved oxidation resistance-whichvresulﬁs when rare
' earths are added to steel., The atomic volumes of the rare
_earth'elements‘are greater than the volume of the irbn_oxidé

mclecule with the result that the fate of diffusion is

restricted.



Element

Be
Fe
- Cu
-Mn .
Mo
W
Al
An
Ti
Si
“Zr
Sm
Ce
Pr
Nd
La
Ca-

TABLE V
ATOMIC VOLUMES

(10)

- Volume
cc/gm atom

39
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4. Apgliqation§
- Since the late 1940's, the rare ‘earths have been
utilized in the production of nodular cast iron. The rare
earth eleménts_serve ﬁo deoxidize, desuifurize, and act as
graphitizers. Thé:rareAearths have found wide use in the
magnesium anﬁ aluninum 1ndustries'as alloying elements,
Othe} aprlications vary from the use of rare earth flubrides
in cores df arc carbons to the use of mischmetal alloys>in
cigarette lighter flints. |

The most- common form in which the rare earths arer
furnished for metallurgical use 1s the alloy called misch-
metal, Thé'approximate composition of ordinary mischmetal as

‘extracted from the ore is:

Ce ' 50-55 per cent
La _ 20-30
Nd 15-17

Other Rare Earths 8-10
The.rare éarths in mischmetal are primarily from.the cerium
group. There are several varieties of mischmetal commércially
available. TheiLan—cer-amp Né, 2 uéed in this studyfis com=
posed of~30 per cent lanthanum minimum, 45 to 50 pef'cent'
cerium, five per cent 1ron; and-thé'balance other rafe- |
earths. The manufacturer claims greater benefits ére derived
from the use of this alloy as an additive to steelvthah from
the use of ordinary mischmetal. The higher lanthanum content
is said to be. one factor., Lanthanum melts and boils at higher
temperétures than ceriﬁm. Lanthanum sesquioxide and sesqui-
sulfide are stable at higher temperatufes than the corres-

ponding sesquioxide and sesquisulfide of cerium. It should
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be noted, however, that Ce0, melts at a temperature (26000C)
cbnsiderably higher than the sesquioxides of eilther céfium"
(1692°C) or lanthanum (2315°C). The five per cent iron is
added to lower the melting point from l490°F (810°C) to
about 1200°F (650°C) .

There are other alloys containing mischmetal avail-
able-—each developed for a specific application. Lan—cer-amp
No. 23 contains 25 per cent mischmetal and 10 per cent
zirconium»with the balance being low carbon-iron. In this
study, only ordinary mischmetal and Lan-cer-amp No. 2 were
used for the rare earth metal additions.

The'rare earths also are available in a number of
salts. Of?these, the rare earth oxides and fluorides have
found applicatipn in steelmaking. These salts contain approx-
imately the same proportions of the rare earth elements as
ordinary mischmetal. The rare earth oxides do not act as
desulfurizers but have been reported by several investiga-
tors(7)(13)(16?to increase markedly the hot workability of
- some stainless steels. Russell, op. cit., reported that rare
earth oxlde additions to'élumihumfkilied piain carbon steel
reduced hot shortness attributed'to;residual alumihum_con—
tenfs.>He postulated that the rare earths oxidized the
aluminum. A detailed invesﬁigation into the mechanism of the
rare-earth oxide reactions in molten steel has not, as yet,
been forthcoming. Rare earth fluoride.mixtﬁres have'been
reported(ls)to improve ingot surféce quality_and malleability
of austenitic titanium steels. o
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VI, HOT SHORTXESS

Hot shortness, sometimes called red shortness, is the
tendency of certain metals to exhibit brittleness when
worked above a.red heat. Sulfur and oxygen are known to be
major contributors to hot shortness. The roie of copper in
hot shortnees has, through the years, been the subject of
much”discussion. Aluminum has been reported to be a cause of

hot shortness in aluminum-killed steel.

1. Effect of Sulfur

Sulfur has been known for many years to cause hot
shortness in iron and steel, One theofy of the mechanism of
hot shortﬁess as caused by sulfur was first postulated by
‘Wohrman(27). He attributed hot shortness to the passing of
the iron or steel threugh the A3 transformation., He was of
the opinion'that sulfar was soluble in gamma-iron at the A3
transformation to an extent sufficient to cause embrittling
of the gamma-iron. He based his theory in part on the dis-
covery of Sauveur and Lee(?_)of the phenomenon of '"eritical
._plasticityﬁ at the A3 transformation. SauveurdendlLee had,
found that when a bar of iroh 6r'1ow carbon steel is heated
at the center of its length to a temperature exceeding the
A3 transformation temperature and then twisted, the twisting'
occurs not at the center where the bar is-hottest but
rather at two points equidistant from the center where the
bar is undergoing the A3 transformation. Wohrman believed

that hot shortness disappeared at higher temperatures .
because of the greater plasticity.of the gamma-iron_at higher
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uemberatures. This theory; however, has notAgained'wiae
auceptance. .

A Today, the accepted'theory is,'that>in the absence

of sufficient manganese, iron sulfide précipitates.upon
solidification as thin films in the primary grain bounda;
ries, The prédbminant sulfide is thought to be FeS. FeS
forms an eutectic with iron. The Fe-=S equilibrium diagmam is
given in Figure 1. The melting point at the eutectic comﬁo- _
sition of 44 atomic»per cent sulfur is giveu as 988°C. Pure
FeS melts at approximately 119000. ﬁpdn solidification,

this low-melting eutectic is precipituted at the primary
grain boundaries. These films become liquid at hot-working
'temperatures and the metal cracks at the gmain boundaries
when worked in the hoﬁ-short region. Hot shortness oceurs
only in a témperature range and disappears at higher tem-
peratures. This upper 1limit of hot shortness is thought to
be the result of _the molten sulfide being dissolved by the
gamma-iron which then regains its continuity eand plasticity. .
Manganese is au essential ingredient in>$teelmbecause

of its very strong affinity fof;Sulfur. Mauganése and sulfur
combine to form ¥nS which ha5~a much highér.melting point
tham the Fe-FeS eutectlc. MnS fofms és separate, dispersed
globules which remain solid at. rolling temperatureso Low
carbon steels contain a minimum of 0O, 25 per cent manganese
for maximum sulfur contents of O. 050 per cent, Cain(3q)re-
ported that in the absence of manganese, hot shortness Will

be present if the sulfur content exceeds OfOlO per cent.
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é. Effect of Oxygen

| A more detailed treatment of hot shortness takes intp
consideration the role of oxygen. Hilty and Crafts<31)stated
that..."all oxide and sulfide inclusions in steei, excluding
mechanically entrapped matter, result from modifications .
of the basiche-S-O system', The FeS-FeQ system is given in
Figufe 2. There 1is an eutectic between FeS and FeO at épprox-
imately 55 molecular per cent FeS with the eutectic tempera-
ture being at 940°C. In the presence of appfeciable gquanti-
ties of sulfur and oxygen, and in the absence of sufficlient
manganese to tle up the sulfur, it would be expected that

the FeS~Fe0 eutectic would have a strong tendency to precipi-
tate at the primary grain boundaries and lead to a hot-short
condition. In reality, the compound FeO does not exist as
such. What was once thought to be the compound Fe0O is now
known to be the phese wﬁstite._The equilibrium diagram of

the Fe-0 system is given in Figure 3. The wustite phase de-
composes eutectoidally into alpha-iron-and Fe304. The melting
- range of wustite is 1371-14249C, What are pommonly referred
to as FeO inclusions in ifon.ahd steel arelreally wustite
and appear as gray-to-black particles in the matrix. Caih,
gg.Aggg., found that oxygen contents up to 0.20 per cent do
not cause hot shortness in high-purity iron if the sulfur
content -is below 0,010 per cent.

3, mffect of Copper

Through the years, copper was reported by some inves-

tigators to cause hot shortness and by others to reduce it.
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Cain, ibid., found that éoPper contents ranging from 0,05
to 0.5 per cent were of minor importance in affectinglhot“‘.
shortness in high-purity iron; in a few instances, high :
copper contents.tended>to reduce hot shoftness.ACorneliuS(33)
in 1940 published, in a .book on the effect of copper in}irbn
and steel, thé'results of an 1nvestigation.by F. Nehl. In |
the ihvestigation, Nehl subjected a series of low carbén
steels with varying copper contents to a hot-bend test af _
1050°C. He showed that copper leads to a hoﬁ-short condition
when present in amounts in excess of approximately 0.08 per
cent. It is to be noted that there was sufficient manganese
in each steel to eliminate the effects of sulfur on hot
shortness. The Fe-Cu phase diagram is shown in Figure 4.,

4, Effect of Aluminum
| Aluminum has been reported to be a cause of hot
shortness. Russell, op. cit., reported~thaf hot shortness

in low and medium carbon steels increased with increasing
residual aluminum contents in‘aluminumfkilled heats. Alumi-
‘num is extensively soluble in iron (Figure_S)..The>a1pha
solid solution extends to éppiokimately 22-atom1c per cent
aluminum at room témperature. No-eutectic oceurs oﬁ the

iroﬁ side'of the diagram. It is one of the objectives of
this research to study the effect of residual aluminum

contents on hot shortness in ingot iron.
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TABLE VI

THE INFLUENCE OF COPPER CONTENT ON THE CRACKING(OF)
' : o 33
STEELS SUBJECTED TO THE BEND-TEST AT 1050°C

Per  Per Per Per
Cent Cent Cent Cent Y

Steel Carbon Manganesé Sulfur Copper Bend-Test
1 0.12 0.64 0,022 0.02 - -
2 0013 0066 00016 0003 -
3 0011 0033 00037 0004 -
4 0.11 0.32 0,026 0.04 -
5 Ool2 0035 00030 0004 -
6 0.05 0.32 0.035 0,04 -
7 0.10 0033 0,031 0.04 -
8 0016 0041 00102 0004 -
9 0,04 0.30 0,037 0.04 -
10 . 0013 0035 00026 .0005 -
11 0,07 0.34. 0,020 0.05 -
12 . 0016 0038 00024 0005 -
13 0005 0032 Ooo 5 0005 b
14 0.08 0,35 0.060 0.05 -
15 0.06 0.32 0,038 0.06 -
16 0009 0033 00021 0006 -
17 0010 0039 00031 0007 -
18 0.18 0.70 0.032 0,08 -
19 0007 0062 00026 0008 -
20 0,06 0.32 0,025 0,08 -
21 - 0.09 0.34 0,030 0.08 .
22 0,04 0.31 0.025 = 0,08 .
23 0005'- 0026 ) 00026 0008 -
24 0004' 0026 00023 ‘ 0008 -
25 . 0.07 0.32 0.040 0.09 -
26 0.07 0,27 . 0,019 0.09: °
27 0.1l 0.61 0,020 0,10 .
28 OoO6 0.35' 0,021 Ooll °
29 0.06 0.23 0,032 0.13, °
: 0.18 0.51 0.021 0.15 A

(continued on next page)

*a no cracks~ » cracks visible with magnifying glass;
/4 cracks visible with naked eye;. A A strong crack
formation; £ A A very strong crack formation
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TABLE VI (con't,)

Per - Per Per Per

Cent ‘Cent Cent Cent
Steel Carbon Manganese Sulfur Copper Bend-Test
31 0.05 0,30 ~ =~ 0,022 0.15 £ #
32 Oo 24' 0078 00020 0015' }
33 - 0632 0.82 0,016 0.16 AAA
34 Ooll .0052 00043 0016 ' % %
35 0,12 0.46 0.025 0.17. A A
36 0.09 0.5% 0,032 0,19 A F
37 0,18 0.78 0.029 0,19 A A
38 0,18 0.h6 0,037 0.21 A A
39 0.21 1.00 0.035 . 0.23 A A
40 0.07 0.41 0,032 0,24 # '
41 0.05 0,38 0,025 0.25 °
42 0909 004'6 00039 Oo 25 °
‘4‘3 0009 0052 ----- 0030 % %
4‘4' 0024' . 0089 ---- 0050 %
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VII. METHODS_QE EVALUATING HOT WORKABILITY

The hot working of iron and steel dates back to
antiquity. It was not until the 1920's, however, that seri-
ous efforts were made fo devise methods of evaluating the
hot workability of iron and steel in a quantitative manner,
Prior to this, the procedure had been that of trial and
error;

1. Hot-Bend Test

One method of evaluating hot.workability is the hot-
bend test. In this test, a bar of iron or steel is heated to
a given temperature, quickly removed ffom the furnace,'
secured in:some manner, and struck with g mallet. Cain, op.
g;&., used such a method in 1924 to evaluate the hot short-.
ness of iron speclimens. After the hot bars were secured in
an énvil, he bent them back and forth through 180° as rapid-
ly as possible. If.a bar fractured during cooling through.
the hot-short region it was taken to be hot short; if it did
nof break, it was assumed to be freé,df'hot shortness. The
‘hot-bend test is still used as-airapid_qualitative téSt of
hot workability. Nehl, gg.'giﬁ.;‘subjected.his copper-bearing
steels'to'a single'bend and obtained some very useful results,
The'fest, however, can not be expected to subject the test
specimen to sfreSSesfwhich closely fesemble those ehéountered
in fofging or hot rolling..

2. _Sin le-Blow‘ Dro -Haﬁmer Test
| Ellis 3 1n 1933 tested the forgeability of differ-

ent steels at various elevated temperatures by means of a
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single-blow, drop-hammer test. He prepared test cylinders
which were one inch in diameter‘and one'inch in length. Tﬁé_
specimens were heated to the testing temperature, gquickly
removed from the furnace, and placed on ﬁhe anvil of the
drop hammer._The cylinders were then subjected to a singie
blow of 520 foot-pounds of énergy. By testing a series of
specimens of a given steel at various temperatures, a quan-
titative measure of the steel's hot workability could be

. obtained. Although this test enabled the measurement of
quantitative data for the first time, the hot workability
was measured for only the instantaneoué force of a single
blow. Correlation was in many instances lacking in practice,
barticularly when a metal was subjected to repeated blows
by the forge hammer or when the metal work hardened. The-
instantaneoﬁs stresses applied could not be expected to
closely parallel the continuous shear stresses encountered
in hot rolling. The test was, however, the first 6f»1ts
nature to receive wide recognition, and a considerable
amount of useful data was obtaiﬁed from its use..

3, Hot-Twist Method

_ The test which appears to provide the best évalua-
tioﬁ of hot workability involves the twisting of test bars
at elevated témperatures. Sauveur(35)is credited with orig-
inating the test in the 1920's. He found that steels in
torsion exhibif changes of torsional strength while in the :
blue-brittle range and when passiné through their criticall

points, His experiments were all conducted at temperatures
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bélow 2000°F (1095°¢C) and‘at very slow twisting speeds.
| The hot-twist method was improved upon at Globe
Steel Tubes Company in 1938. By 1944 over 7000 tests had
been made at their laboratories to determine the best condi-
tions for the plercing of a wide variety of carbon, alloy
and stainless steels., |
” In 1944 Ihrig<36)described the method used at Globe

Steel Tubes Company and some of the results obtained.

Bars of steel 22-24 inches in length are prepared by
forging 5/8-inch bars from large billets and cold drawing
to 9/16 inch. Figure 6 is a schematic diagram of the appara—
tus. The bar A is inserted in the furnace B. One end of the
bar is clamped in the chuck C and the other end is held
in the heavy dog D. The bar is thus free to expand through
the bearing E, but it is prevented from rotating on that end
while the other end is rotated by the chuck. When the torque
is applied, the dog makes contact with the stop F énd ener-
gizes the electrical counter G, which in turn records the
number of revolutions made by the chuck by means of the con-
tact at H. When the bar breaks inside the furnace, the dog
drops away from and breaks contact with the counter circuit,
and an accurate count of the number of twists to failure of
the bar being tested is recorded.

The bar is soaked 20-30 minutes at the test tempera-
ture. The furnéce temperature 1s coptrolled by a regulator
and measured by a pyrometer., The furnace is mounted on a

movable carriage which facilitates easy removal of the
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broken specimens.'The~chuck 6perates at }28 revolutions per
minute. Thus thé bar, -after accurate heatiﬁg, is rapidiy
and uniformly worked by fwisting until fracture occurs..
The bar is held at temperature in the furnace while being
twisted and actually rises s;ightly_in température from the
working during the test. By making a séries of teéts“oﬁ.the
same heat of a given steel at different températures,
curves can be drawn which reveal the temperature of optimunm
hot workability of the steel.

. (38)
Clark and Russ

used a similsr hot-twist test gt
Timken Roller Bearing Company. Their apparatus was essen=-
tially the same as that described by Ihrig, ibid., with the
exception that their apparatus also had a torque-measuring
device. There was an extensivé discussion of the hot-twist
method at the October, 1946 meeting of the Iron ahd Steel
Division of the American Institute Qf-Mining and Metallur-
gical Engineers(39).-A - |
APerhaps the most significant feature of the ﬁeSt is
that the metal is subjected to continuous shear stresses as
are encountered in hot rolling. The temperature of the max-
imumsnumbef of twists before failure is béliéved(38)to very
nearly represent the equi-cohesive temperature of the[metal
under test. The prévious heat treatment of the metal is
immatefial as the bar is soaked at tempefature in fhe fur-
nace béfore.twisting. Thé rate of deformation can be regula-

ted. Above a certain critical twisting speed, the rate of



58

twisting has little effect on results. The equipment involved
is simple and inexpensive, the test requires little time, and

qﬁantitative'resnlts may be obtained.
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VIII.” EXPERIMENTAL PROCEDURE

1l Meltina Technique .

’ An Ajax-Northrup 17-pound, tilting-type induction
furnace was'used'for 211 of the heats, The high-frequency
.power source was a 20=-kilowatt, Ajax-Northrup hydrogen-typé;7
mercury spark;gap cpnverter.;Magnesia crucibles were used
for aii heats. Powdered magnesia (Normag) was packed be-~
tween the cfucibles ahd the mica insulating sheets;

The'furnace was covered with two insuléting bricks to
reduce heat loss. Adjoining seﬁi-circular.sections were cut

in the bricks to facilitate the making of additions and the
| taking of témperature readings. The furnace assembly and con-
verter unit are shown in Figure 7.

The ingot_mold was made entirely of graphite. Two
machined graphite cylinders 12 inches in length, with an in-
side diameter of 1 3/8 inches and an outside dlameter of
l 5/8 inches, were joined together by a four-inch machined
graphite cylinder. The 12-1nch‘cylinders-were maechined on
one end to an outside diameter of 1 1/2 inches for a dis- |
tance of 2.1/8 inches from the'ehd, The fouf-inch joining
: seétion, with an.outside.diameter'of 1 3/4 inches, wés ma-
chinéd fo an outside diameter of 1 9/16 inches fo provide a
seecure fitting; A‘flat graphite disk'was used for thé'mold
bottom and the pouring spout with a 1 3/8 inch Opening, was
machined from a 3 1/4 inch diameter graphite cylinder. The -
disassembled ingot mold is shown in Figure 8.

Temperature readings were_takeh with a directéfeading-
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ﬂeeds and'Northrup opticai pyrometer of the disappearing-
filament type. As a check of.theiaccuraoy:of the pyrometer,
readings were taken on a number of preliminary heats when
the metal had just become molten. The readings were always
in the range from 2775° to 2790°F, The-melting point of iron
is 2795°F (153500) Readings at the melting points of subse-
quent heats were also in this range. Ten degrees Fahrenheit
were therefore added to all readings and areArecorded as
such. On this basis; an accuracy of no greater than # 15°F
is claimed on the temperatures recorded. Before taking a
reading, the thin slag cover was alwaye parted to insure
sighting directly upon the molten metal.

.Prior to starting a run, the electrode chamber of
the converter unit was purged with hydrogen for 15 minutes.
A preliminary check of the power lines with an ammeter re-
vealed that the maximum power that could be drawn without
blowing a fuse was 17 kilowatts. The power was maintained
between 14 and 16 kilowatts for all of the heats.

The basic charge was 11 pounds (4994_grams) of;Armco_'
iron punchings.. The percentages‘of_additione ﬁere calculated
- on this basis. Five pounds of the punchings were charged
initially--the remainder being added periodically as . the
melting progressed to prevent bridging.

| The time for meltdown averaged one hour and twenty
minutes. According to the manufacturer, a charge in the 17-.
pound furnace can be melted in less than 45 minutes with a

power of 20 kilowatts. The long‘melting times resulted in
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tne dissolving of relatively large quantities of oxygen.
The solubility of oxygen in molten iron as. a function of
temperature is shown ianigure 9. The activity of oxygen
in molten iton as-a function of percentaées of sevefal
deoxidizing elements 1s given in Figure 10.

" Due to the high affinity of ‘the rare earths for
oxygen, the melt must be well deoxidized if desulfurization
is to be anticipated.'Aluminumrwas used as the'deoiidant
for all of the heats; Silicon was not used as the silicon
content of ingot iron is held te a few.thousandths of a per

.cent. The carbon content of ingot iron is on the order ef
0.015 per cent and has little effect on reducing the activ-
ity of -oxygen in the molten iron. Aluminum is used in the
commercial production ef ingot iron for ladle deoxlidation.
In addition to the deoxidation requirements, it was
_desired to study the effect of neSidual aluminum on hot
shortness in ingot iron. Five preliminary heats wene'made
to determine the’ quantity of aluminum required. No attempt
was made to control the final residual -aluminum contents
to close 1imits because of the twe-minute holding time and
the time variation-in making the aIuminuh'additions,iThe
time’required for pouring also had_an effect on the aluminum
retained. By aading the same amount of aluminum to. each'heat
the amount being in excess of that required for deoxidation,
a spread of residual aluminum contents was obtained.
To the first preliminary heat, 25 grams of aluminum

(0.5 per cent) were added. It is .common foundry practice
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to add o.3¢oé4_pér cent aluminum for deoxidation of'low
carbon steel. The heat was poured immedietely after the
aluminum additions, As in all instances in which deoxidation

was incomplete, there was a reaction between the oxygen 1n '
the molten iron and the graphite ingot mold. The ingot had
numerous blow holes throughout its length,

To the second heat, 40 grams of aluminum (0.8 per _
cent) were adaed. This heat was again poured immediately
after the eluminum additions and theringot was sound. There
were blow holes only in the top-section near the pipe.

Fifty grams of aluminum (1 per cent) were added to
the third heat. This heat was held for two minutes before
" pouring. The molten metal reacted violently with the ingot
mold upon pouring and the cavity created by the escaping"
gases extended to the very bottom of the ingot.

To the fourth heat, 65 grams of aluminum (1.3 per
‘cent) were added. This heat was also held for two minutes
before pouring. The metal appeared to,he'well deoxidized:
(no bubbling) before pouring. There wés»no reaction between
the metal and ingot mold until.the.latter part of pouring.

: Examination of the ingot revealed the bottom -half to be
soundfwhile the upper half had a nnmber of blow holes.

The last trial heat was made_.v}ith an addition of 75
grams of aluminum (1.5 per eent). After holding for two
minutes, the heat was poured. There was no metal-mold reac-
tion and the ingot was sound throughout its length. To all

subsequent heats, 100 grams of aluminum (2 per cent) were
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adqed to insure'fésidual eiﬁﬁinum contents.

| | The aluminum and rare earth metal additions were made.f
by wiring the metal onto the ends of six-inch segments of" |
low-carbon welding_rods,and plunging.the rods below the-surf;-
feee_of the-melto'This procedure'was'folloWed to 1nsﬁre;that;:
the a;pminum an& rafe earth metal did nef fioat on thefhath -
surface during melting and become-oxidized. The -additions
were wired double (with steel wire) to enable_fheir'melting
before or at approxiﬁately'the same time as the wires melted.
All additions were made through'thejhole in the insulating
brick cover.

The aluminum additions resulted in some popping and
splashing of metal as the aluminum reacted with the dissolved
oXygen. The rare earth metal in no instance resulted in | _
popping due- to the thorough deoxidation of the melt prior to
the rare earth additions. .

The rare earth oxides were added by wrapping the pow--
der in paper, dropping the paper onto the surface of the
molten metal, and stirring the powder into the melt with a’
welding rod. As with all of the. additions, the power was left
on while the additions were being: mede. to aid in mixing by
the electromagnetic stirring actiono_' ‘ _ |

- The aluminum additione vere made when the melt had
reached approximately 2900°F In spite of the exothermic-”
nature of the aluminumnoxygen reaction,_the melt temperature
remained at approximately 2900°F throughout the addition '
period. This was 1n part due . to the cold welding rods - being
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added. The melts were slagged with welding rods once during
thé additions and once immediately thereafter.

| The rare earth metal additions were made immediately
after the second slagging. The elapsed time between the rérg
earth metal additions and pouring was approximately two‘minE
utes..The two;minute holding.period was to enable the rare
earths to rgact with the sulfur but minimize their being
oxidized with the sulfur reverting to the melt.,

For the heatsrto which rare earths oxides were added,
the elapsed time between the addition and. pouring did not
exceed one minute. Just prior to pouring, the melt was égain
slagged with the power off. During pouring, the remaining
slag was held back with a welding rod. 4

The ingot mold énd all additions were dried by heat-
ing for 1 i/é hours at 550°C. '

Supplementaliinformationlon the melting téchnique is |
given in Appendix I. ‘

2. Sampling for Chemical Analysis

The ingots were cut offujﬁst below the pipes énd cﬁt
in half. Each section wasAﬁaéhiﬁéd:to one inch in diameter.
Microscqpié examinétion~of themingots cast from the‘prelim—
inary heats revealed that the solidification rate was suffi-
ciently rapid for the carbon pickup to be confined tova thin
outer-sheil. Before taking‘turnings for chemical analysis, -
the eontamipatéd outer shell was completely removed. The
sémples for chemlcal analysis were £aken_from,the remaining.

turnings-~along the entire length to obtéin representative
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samples. No machining 011 wés-used_as oil causes suifur_
contamination; 0ils can not'be removed édeQuately witht
sélventso'

3. Hot Rolling and Swaging
" The two-high rolling mill which was used was built

by'U.”S. A. Mechine Shop and. donated to thé-MissoUri
School of Mines and Metallurgy by the Alﬁminﬁm Compény of,
America in 1954, The rolling mill is shown in-Figure‘ll;

The<swaging mééhine'and furnace which were used are
shown in Figure 12. The swaging-maching was bullt by the -
Standard ﬂaghinery Company and has die slzes ranging frém
0.160 to 0,700 inch., An 18-kilowatt, resistance-type, Hevi-
Dﬁty furnace with a Wheelco prOportional_température re-
corder was used for heéting the bars prior to rolling.

Therméchined, oné-inch diameter bars were_heated for
30 minutes prior to rolling. The temperature was maintained
at 870°C to remain just below the hot-short region. The
bars were rolled in eight pas-éés° Thé-openihgs in the'rolls
extended from the 1 1/8-inch ovéi to the 5/8-inch. round.
The 5/8=-inch pass was made §old fé-eliminate mill scale. On
the.averagé, two paéseS'could be made before'féheating-of
the Bars was necessary.

The cold swaging was accomplished in six passes. The
~die sizes-used.wereé 03650, 00600, 0.550 énd,OOSOO'inch.-
Each bar was passed ohcefthréugh the 0.650=; 0,600~ and-
0;550-1nch dies. Three passes were made through the 0. 500~
inch die. Further description of. the rolling and swaging is






given in Appendii‘III,
Microscoﬁic examination of bars rolled and swaged
- from preliminary heats revealed the relative grain sizes

.resulting from d;fferenf hbt--and'cold-wofking tfeatments;
The bars were from heats .to which no rare eafth additibns
had been made; i.e., heats with the same nominal composi-
tion ;s heat number one.

In Figure 13a 1s shown the microstructure of a bar
which had been rolled from the one-inch diameter to the
5/8-inch diameter in eight péssés--eéch pass being made
with the bar heated. The microstructuré shows only the
large, sponfaneously récrystallized grains,

. Figure 13b shows the microstructure of a bar which
had been hot rolled as the previous bar, then hot swaged
through the 0.650-, 0.600- and 0.550-inch dies, and cold
swaged through the 0,500~inch die. The microstructure
shows that the lérgé, spontaneously recrystallized‘grains
have been only partially broken up by_the cold swaging.

In Figure 13¢ is shown the micrqstrugturé of é3bar
which had been hot_rolled'és-fhé{previous tﬁo bars, but
cold swaged through all .four of«tﬁe swaging dies. The
micrdstfucture shows only the smail grains resulting from
the cold swagihg. All of the bars which were hot twisfed
were given\this treatment,

"The relétive sizes of the as-cast ingot sections,
the machineé sections, and the finiéhed bars are shown in

Figure 14,
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4. Hot Twisting

| The bars were hot twlsted on the apparatus developed
af Globe Steel Tubes Company*and described previously. The
bars were all 22=24 inches in length to fit the chucks of
the apparatus. The bars. as they appeared prior to the hot
twistipg are shown in Figure:15a;

" The bars were twisted at 1750°F (954°9C). This temper-
ature is in the middle of the hot-short regioh. Near this
temperature, hot shoftness is most:prevalent in ingot iron.
According to the theory, the extent of the 'solubility of
the molten iron sulfide in gamma-iron at thisAtemperaﬁufe is
insufficient to alleviate the hot-short condition.

| The bars were soaked for 20 minutes at the twisting
temperature to6 insure complete recrystallization. Ingot iron
is unlike carbon steel 1n its recrystallization béhavior.
Cold-worked ingot iron will not recrystallize below the A3
temperature'unless the extent of cold working has béen 70
per cent or more. Kenyon(4l)liéts a number of references
dealing with the recrystallizatioh behavior of ingot iron
and its stability to heat tfeatméht~below the Ay temperature.
The general'consensﬁs of opinion is that; while the impuri-
ties in ingot iron offer more nuclei for recrystallizatidn,
they also inhiﬁit graiﬁ growth even more, with the nét effect
being the same as if the 1mﬁurities reduce the number of
recrystallization nuclei.

The bars are shown in Figure 15b as'they apveared after

hot twisting.
*Now the Babcock and Wilcox Company, Milwaukee, Wisconsin
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1. Nominal Additions to Heats

——

IX. EXPERIMENTAL RESULTS

The heats and the nominal additions are tabulated in
Table VII. The percenteges are caleculated on the basis of |
the 1l-pound'(4994'grams) charge of Armco iron punchings.'

To heats 3, 4 and 5, the rare earth metal addition

was ordinary mischmetal of the approximate composition:

Cerium - 50-55 per cent
Lanthanum - 22=-25 per cent
Neodymium 17 per cent
Other rare earths : balance

The rare earth metal addltions to heats 7, 8, 9, 12,

13 and 14 were Lan-cer-amp No. 2 having the approximate

compositioh:
‘Cerium . 45-50 per cent _
Lanthanum ' 30 per cent minimum
Iron _ ‘5 per cent
Other rare earths balance

The rare earth oxides which were added had the approx-

imate compositions:

Cerium oxide, CeO ~ 48 per cent -
Lanthanum oxide, Ea203 L 24 per cent
Neodymium oxide, Nd 03 17 per cent
Praseodymium oxide, PT40171 5 per cent
Other rare earth oxides o balance

The logs of the heats made are given 1n Appendix 1I.
20 Results of Hot-Twist Test

The results of the hot-twist test at 17509F (954°C)
are given in Table VIII. The numbers giveh preceding*thew
dashes represent the heat numbers. The numbers following the
dashes represent the section of the ingot from which the bar
“was taken. The 1's refer to the bars which were taken from

-the upper halves of the ingots, and the 2's those taken from



Heat -

Number

1A

© © 9 WM b W

10
11
12
13
14

Aluminum Added
Grams-Per Cent
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100
100 -

100
100

100

100

100

100
100
100

100

100

1.5
2,0
2,0
2.0
2,0
2.0

2.0

2,0
2,0
2,0

2.0
2.0
2.0

TABLE VII

NOMINAL ADDITIONS TO HEATS MADE

Rare Earth

Metal Added _
Grams-Per Cent

5.2
15.0
25.1

5.3

15.3
25.0

501
15.1
25.1 .

0.1 .

0.3
0.5

0.1

0.3
0.5

0.1

0.3

0.5

5.0

10.0
10.0 °

10.0

10.0

Rare Earth
Oxide Added
Grams-Per Cent

0.1
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0.2

0.2
0.2

0.2



TABLE VIIIX

NUMBER OF TWISTS TO FAILURE OF BARS
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11-1
11-2
12-1

14-1
14-2

TWISTED AT 1750°F
Number of Twists

to Fallure

8
8
19
22
41
13
10
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_.theflower nelves, Each heat.is represented.by~two bars
~except heat 1A from Which,only'one_bar was made.

3. __Results of Chemical Analises

. ln_Teble IX are éiven;the results_of'the‘chenical'_

_'analyseso Time did:not»permit analyses of all of the samé .
ples for aluminum, oxygen, copper, lanthanum and cerium. It'>
is felt that the analyses which werefperformed fcr*theee _
' elements is adequate for evaluation of the results.z The .
analyses were perfofméd by two_industrial.labofatorieSW’

, 4. Evaluation of Results

A In Figure 15 is plotted the percentages of rare earth -
metal added versus the number of twists to failure of the
- bars at 1750°F (954°C). The lines connect points which
'nepfeéent bars which had the higher number of twists for a
barticular‘heat.. There is sone correlation'for the 0.1 and
0.5 per cent rare earth additions. The spread is.greater for
‘the 0.3 per cent additions. .
The only data Which could be found concerning the

" hot twisting of-ingot iron 1is given in Figure 16‘36)°f These
" bars were not twisted below 2000°F, ooy the twistiné.wes :

above the hot-short region of ingot iron. At 2000°F, the
.rimmed ingot iron twisted only about 10 times before failureo '
The killed ingot iron, however, twisted some 135 times before
failure. These data illustrate ‘the effect of oxygen on -
the hot workability of ingot iron above the hot-short region
and give some indication of the number of twists that may be
expected at. 1750°F, | N |



Heat Bar
No. No. _C
1A 0.0074
1 1 0.042
2 0.020
3 1 0.019
2 0.012
4 1 0.041
2  0.012
5 1 0.015
2  0.015
7 1 0.020
2 0.0087
8 1  0.017
2 0.0077
9 1 o0.11
. 2 0.016
10 1 0.014
2  0.012
11 1 0.013
‘ 2  0.020
12 1 0.014
2 0,034
13 1 0.015
2 0.015
14 1 0.019
2 0,020

TABLE IX

CHEMICAL ANALYSES

S

0.013*

0.014%
0.016*

0.010%*
0.010%*

0.017
0.016

0.011

- 0.010

0.013*
0.012%*

0.006%*
0.006*

0.025
0.020

0.020
0.020

 0.022

0.022

0.012%
0.014%*

0.,004%
0.004*

0.010
0,010

Al

[ ] ®
SN
NN

o) o .OO o0
VO NN

1.02
1.05

0NN 000

o
0.018
0.037
0.022

0.021

~Cu

La

0.054

- 0,081

0.027

0.01%
0.014

. 0,004

0.016

0.00%

0.064

0.063

0,001

0.001
- 0,012

0,011

0.008
0,009

- 0,001

0,001

0,001

0.001
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Ce

0.001
0.001

0.018
0.020

0.012
0.014

0.001
0.002

0.001
0.001

OO
o o
QO
W
nwn

~s analysis by.;ource‘a;

other S analysis by source 1
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Figure 15. Number of twists to failure versus
per cent rare earth metal added.
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All of the heats made in-this'studybwere'thoroughly
killed. The bars fo whieh,no rare earths were added had -
twists of 8, 8 and 19. This is approximately-the number of
twists that the ingot iron withstood at 2000°F. Of the 18
bars to which rare earth metal had been added, 13 twisted
more than 20 times while 5 twisted less than 20 times. Some
improvement in workability is notedkbut the lack of correla-
tion indicates that other variables are factors. - The bars to
which 0.5 pef cent rare earth metal was added average less
twists (17.5) than those fo which O.1 per cent rare earth.
metal was added (30.6 twists). |

| No:.conclusions can be drawn as to the relative effécts
_of ordinary mischmetal_and Lan-cer~amp No. 2. For the 0.1 per.
cent additions, the points are in fair agreement., For the 0.3
and 6.5 per cent additions, no trend appears.
| Closer agreement occurs beﬁween the heats to which
only Lan-cer-amp Néj'z was added, and_those heats to whichr
both Lan-cer=-amp No. 2 and rare earth oxides were’added. The
rare earths-apparentlj-hane‘ne significant effect in these
j.heats.~ The rare earﬁh oxide heatanili be discussed-below;-
V’In.Figure 17 1is plofted the final pefcentages of sul-
fur versus the number'of’twists.- The - points are widely scat-~
~tered with no apparent correlation.' :

The final percentages of sulfur are plotted versus the
percentages of rare earth metal additions in Figure 18. There
appears to. be a difference in the two sets of analyses per-

- formed. By plotting the,sulfur analyses-from the two sources
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separately, the two curves'shoun are. obtained, ' There is'a
definite decreaéelin sulfur contents wifh inCreasing raré
‘earth metal additions. Suurce 1 reports the lowest sulfuf
contents,fqr bars'5:2,“l4#l‘and:l4-2,‘all 0.010 per cent sul=-
fur.correSponuing to rare'éarth metalfadditipns of 0.5 per-
‘cent. Source 2 reports the lowest sulfur coutents‘for:bérs
8-1 and 8-2, both 0.006 per cent sulfur, and bars 13-1 and .
13-2, both 0,004 per cent sulfur--all four of these bars
having had 0.3 per cent rare earth metal added., Source 2
did not analyze any samples to which'oos.pér cent rare earth
‘metal had been added.

Samplés ffomvfour'bafs to which no rare earth metal
had beeu added were analyzed for éulfur by source 1 (bérs
10-1, 10-2, 11-1 &nd 11-2), Samples from three bars to which
no fape earth metal had been added_were analyzed by souice 2
(bars 1A, 1-1 and'l-2) The average sulfur content of the -
four bars énalyzed by source 1 was 0. 021 per cent, and the
average on the three bars analyzed by source 2 Was Oe 0143 per
cent. Using - these values as average initial:sulfur contentsy'
_the best sulfur drob from the analyéié’of source 1 is 52 per
_cent (heats ‘5 and - 14) and from source 2 the best drop is
72 per cent (heat 13)° | | | , o

‘Bar 9-1 was inadvertently'machiueduwith‘oll; Theiturn-
‘ ings were.soake& for éeve:él hours in CClg before éubmitting_.
for analysis. .The sulfur content is 0.005 per cent higher'iu
bar 9~1 than in bar 9-2; as the higherlvélue ls belieyed-due
.tO'thé oil, the sulfur analysis on bar 9-1 is an used.,
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The substantial sulfur drops noted are not accompanied¢
by a significant increase in hot workability, i.e.y 2 notable ;
decrease in hot shortness. ' |

One of the factors contributing to this lack of cor-
relation is seen in Figure 19 in whlch percentage of oxygen
is plotted wversus the number of twists to failure. Although
the points are somewhat scattered, a‘definite.trend appears.
Below 0.025 per cent oxygen, the\percentaée of oxygen appears
t6 have little effect on the number of twists. For the five
-bars'in which the oxygen contents exceeded 0.025 per cent,
the average'number.of twists was 12.

In Figure 20.is plotted the percentage of residual
aluminum versus the number of twists to failure. The plot
has an inverse relationship to the‘plot of per cent oxygen
'versus the number of twists, i.e;; the ﬁigher the residual
aluninum»content; the lower the oxygen content aS'weuld be
expected; This is substantiated_in Figure 21 in which per
eent oXygen”is plotted versus per cent:residnalxaluminnm.

It is interesting to note-that, althdugh most of the alumi-
num is in solid solution, the high‘residnal aluminum contents
- do not, in themselves, appear to have a detrimental effect

on the hot workability; they do in. fact, appear to reduce .
the hot shortness. The near inverse relationship between the
plots of number of twists versus oxygen and aluminum, respec-
tively, indicates that the apparent inereaserin workability
accompanying the higher,residuelralnninum éontents is most

'probably'due to theiaccompanying lower oxygenicentents--
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oxygen'beiné a wellékncwn'cause of’hot'shortness.

' Samples.from oni& four bars were anaiyzed for copper
as the punchings used for all of the heats- were from the
same batch. The cOpper contents are just-beloﬁ-~one is the
same as--the approximately 0.08 per cent which Neh1(33) had
found was the max1mum ~copper which could be present Withcut
affecting the hot workability of plain carbon steelrat A
1050°C. The percentages are conSiderably lower than the max-
imum of 0 15 per, cent copper specified by Armco for their
ingot iron. _ |

The 1ron-cerium diagram is shown in Figure 22, The
solubility limit of cerium in alpha- and gamma-iron in the
temperature range 815—101500 (1499-1859°F) lies close to
0.4 weight per cent(18).- The solubility is believed to be
1ower_at lower temperatures. As long as sulfur and oxygen
are available in molten iron containing cerium (and. 1antha—d
num), the cerium would be expected to continue to react
until- 1t was. depleted. '

The cerium and. 1anthanum analyses indicate that appre-
clable residual'amounts may be present for only the Q.S per
cent;rare earth metal additions. It'would;have'been'desira--
ble to have had cerium and ianthanum‘analjses performed'for:
all of'the bars but this was not pcssible.' Also, the anaiyses‘
given do not differentlate between rare earth compounds and .
residual rare earth metal in solid 301ution.. | |

| The analyses for heats 5, 9 and 14=--all of Which had

0.5 per cent rare earth metal. added--show appreciable cerium
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and lanthanum contents. Heat 4, to which 0.3 per cent rare..
eafth metal was added,.has a very low ceriuﬁ and lanthanum
content. Analyses of heats 8 and 13, to whiéh 0,3 per cént
rare earth metél ﬁas also added, would have‘béen desirable.
The sulfur contents are iow for these heats; If the cerium
and laﬂthanum'contents were also low, the two minute holding
interval‘bétweeh the rare earth metal additions and pouring
was sufficient for almost all of the rare earths to reacts
the convefsé would, of course, be true if the appreciable
cerium and lanthanum contents remained.' Fﬁr the 0.5 per-cent
rare sarth metal additions, an additional minute or so of
holding interval would have been desirable for more complete
reaction. |

_ Worthy of mention’is the possibility that these
cerium and lanthapum contents may have an effect on hot
workability, perhaps’by reducing-the duétility of the gamma-
iron as a result of the solid solubility. Tﬁis could conceif-,
ably be the reason that the heats to whiéh 0.5 per cent rare
earth metal was added averaged less twiéts than those fb which
only O.l1l per cent rére earth metai'was added{

 To heats 10 and 11 were added 0.1 and 0.2 per cent
rare eartﬁ oxides, respectively. The reéiduél ceriumiand lan-
thanum contents are small. ‘The method of additionjis a factor.
The oxides were:wrapped in paper and stirred into the'meit
with a welding rod. The oxides eitﬁérrdid not get into the
melt, or théy immediately floated back to’the élag phase; One

very unusual result did appear in the hot-twist data on these
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two heats.’ Bar 10-2 (0.1 per-cent oxide. addition) ‘twisted
26" times which is almost twice the highest number of . tw1sts
of any of the bars. This result can not be explained by the
'chemical analysis. Bar 10-1, from the same heat twisted
'only'27 times. The average of the other three bars from
these ﬁwo heats was 31 twists. This is considerably'higher
‘than the average of the heats to whlch no rare. earths were
added (12 twists). Perhaps even small quantities of the
oxides serve as nucleating agents resulting in a finer
grained gamma-iron at the twisting temperature.

 The rare earth oxides in heats 12, 13 and 14, however,
appear -to have no.significant ‘effect when compared to heats
7, 8 and‘9-nhich are ofvtne same nominal eomposition eicept
for the rare earth oxide additions. }Furﬁher study. would be.
necessary before conclusions could be drawn on the%effects of
the rare‘earth.oxides. Comnacting the oxides into briquettesh
for the additions. may result 1n more con51stent resultso

The carbon contents are in -the range of 0.01% per . cent

given by Armco - as a typical analysis of ‘their ingot iron.
sSome of the. bars showed some_carbon_pick—up from the-ingot
mold but no correlation appeared between hot norkabilitj_
or sulfur drops and carbon eenfents,"Bar 9-1 appears.to have
been cdntaminated.with'carbon~byithe machining'oiliand/or;the
CCly solvent.
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5. Sulfur Printing

Sulfur printing affords a convenient means of detect-
ing and permanently recording fhe distribution of sulfur 1h
jron and steel. -

| -The method consists essentially of plaqing in inti-
mate contact on a prepared metal sufface, photographic
bromide paper which haé been previously soaked in a dilute
solution of sulfuric acid in water.

The reaction of the sulfuric acid with the sulfide
regions of the iron 6r steel produces hydrogen sulfide gas,
which reacts with the silvér bromide in the paper emulsién,
forming a characteristic brown to gray-black deposit of
silver sulfide. The sulfur printing technique is described
in detail in Appendix IV.

| The bottom transverse sections which were sulfur
printed were cut approximately one-half inch from the ingot
bottoms. The top transverse séétibns of ingots 1, 11, 12 and
13 were cuﬁ.just below the pipes, while the other tOp'Sec-
tions were taken one-half to one inch below the pipes.'The
sulfur prints of these tbp and bottom transverse sections of
the ingots are shown in Figures 23 through 30.

‘The sulfur prints of the bottom transverse sections
of the ingots show very little sulfide segregation; When
sulfide regions do appear; they are .toward the ingot edges.
This is particularly evident in the bottoms of ingots 12, 13
and 14 (Figures 28b, 29b and 30b, respectively). The appear-
ance of sulfides in the first parts of the ingbts to solidify
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indicate that these sulfide inclusions are refractory and
were entrapped toward thé outsides of the ingots where
solidification was most rapid; The relative lack of sulfides
toward the centers of thé ingots indicates that solidifica-
tion was sufficiently slow for the sulfides toACOalescé-and
float upward during solidification. The sulfides are more
numerous, darker in célor, and more sharply outlined in the
prints of the ingots to which rare earth metal was added. |
The prints of 1ﬁgots 5, 7 and 9, Figures 24b, 25b and 26b,
show less of the sharply outlined sulfides while ingots 1 and
11 (Figures 23b and 27b),.to which no rare earth metal was
added, show none of the sharply outlined, dark sulfides. The
sulfide regions of ingots 1 and 11 have diffuse outlines.

The sulfur prints of the transverse sections of the
ingot tops appeaf to the right of the corresponding bottom
sections. The prints of the tops of ingots 5 and 7 (Figures
24a and 25a) show sulfides only near the edges. The-tOps of
ingots 9, 12, 13 and 14 show sulfides throughout the éross
sections. The tops of ingots 1 and 11, to which no rare earth
metal was added, show sulfide segregation prédominantly in
the pipe region. The sulfides in the tops of ingots 1 and
11, as in the corresponding bottom sections, appear in
patches ﬁhich do not have the regular outlines orAdark color
of the sulfides in the ingots to which rare earth metal was
added.

The difference in appearance of the sulfides in the
ingots to which rare earth metal was added 1ndicates that
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thése sulfides are most probably rare earth sulfides. The_
much more numefous occurrénce of these sulfides in the ingot
tops shows that they floated upward during solidification of
the ingots. The irregular sulfide regions in the tops of
ingotsvl and 11 (no rare earth metal) are most'probably due
to sulfur enrichment of the last metal to solidify. This |
would mean that these.fegions are composed chiefly of iron
sulfides or iron oxi-sulfides. The tops of ingots 9, 12 and
13, to which rare earth metal was added,. show both types of
‘sulfides. |

To determine the reiative cooling rates in the ingot
tops and bottoms, the sections which had been sulfur printed
were macroetched for grain structure, The macrostructures of
the top and bottom sections of ingots 1, 11 and 13, which
are t&pical, are shown in Figures’jl, 32 and 33, respective-
ly. In the ingot bottoms, the cooling rate was slow enough
for large, columnar grains to form. In the ingot. t0ps9 the
cooling rate was considerably more‘rapid as evidenced by the
‘1ack of columnar grains. _

" . Microstructures showing the relative grain sizes in
the top‘and bottom sections (same éections sulfur-printed)
are shown in Figures 34a, 34b and 34c. The grains are large
in the ingot bottoms. The large, columnar grains are met to-
ward the ingot centers by.large, equi-axed grains. In the
ingot tops, the grains are much smaller indicating a fagter
cooling raté. The vefy-large grains in the ingot.bottoms in-

dicate that the cooling rate was sufficlently slow for
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refractory compounds such as rare earth sulfides to float
upward during solidiflcation of the ingots. This would ex-
plain the much more numerous sulfide occurrence near the tops
of the ingots‘to which rare earth metal was added. |
| If the sulfides in the rare-earth metal ingots'afe
rare earth sulfides, then the slag-scum beads should show -
the same type of sulfides in the slag removed: after the rare
earth metal additions were made. The slag-scum beads.from
ingots 1, 5 and”l4 were cut in half, polished, and sulfur
printed. These prints are shown in Figures 35, 36 and 37.
The beads were formed in lsyers by the slagging during snd
after the aluminum additions, and after the rare earth addi-
tions. The sulfur print of the slag bead from ingot 1, to
which no rare earths were added, shows none of the dark,
sharply outlined sulfides. The prints of ingots ‘5 and 14,
however, to which 0.5 per cent rare earth metal was added
show a deflnite accumulation of . sulfides in the outer layer--
the layer whioh was slagged_off after the rare earth.metal
additions. These sulfides are the dark, sharply‘outlined
—_— . : o ,

" From these_evidences and the sulfur drops that’
’occurred, it is concluded that'the rare earth metal addi-
tions resulted'in the formation of rare earth sulfldes;
these sulfides being refractory, mauy floated to the slag
phase in the two-minute holding intervals. Most of these sul-~
fides were removed in the subsequent slagging; those which

were not were either entrapped towa:d the outsides of the
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ingots during_solidifiCation, or floated up toward the ingot
tops. The relative lack éf sulfides in ingots 5 and 7
indicate that most of the rare-earth sulfides were removed
in the slagging.

‘Figure 38 shows a sulfur print of an Aymco iron
punching, and Figures 39 and 40 priﬁts of bars 1-2 and 1l4-2.
The sulfide distributibn is quite different in fhe rolled
bars than in the cast ingots. Sulfide regions are broken up
and redistributed in the hot working of .iron and steel,
illuétréting the necessity of using. cast struectures in the_
study of deéulfurization méchanisms.

6. Study of Inclusions ..

In the study of inclusions, use was made of projection
of the‘microstructures.onto the ground glass plate of the
metallograph, special etching, and polarized light illumina- -
tion. Table X lists the colors.of'some.compounds which may
be expected to appear as inclﬁsiohs in the various iﬁgots;
The true céiors of non-metallic inclusions will frequéntly
show very clearly in polarized light while true colors.rarely
appear in white light. The polishing and etching technique is
described in Appendix V.

- Figure 4la shows the_unetched microstructure of an
Armco iroh punching at 150 X. The microstructure shows é‘numf
ber of relatively large inclusions.. These inclusions are
mostly rounded and appear medium gfay.iﬁjcolor. They are rela-
tively unattacked bjAa two per cent nital etch (Figure 41b)
.and exhibit definité outlines upon etching. When projected
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COLORS OF CERTAIN OXIDES AND

Compound

FeO -
FeS
A1,0
“MnO
MnS
Ce0y
Ce, 0

273
‘Cegs3

Nd203
‘ Nd233

SULFIDES

(26)

Color
blaék ‘
black-brown
colorless
green
green

colorless

_ gray green (powder)

red

white .

‘red-yellow

" light blue (powder)

olive green (powder)
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onto the ground glass plate of the metallograph with the
unfiltered carbon-arc light source, these iarge inclusions
~appeared’ gray. in9polarized light, they were black. Iron - -
oxide (wﬁsﬁite) inclusions are relativeiy_unattacked by nital
etchihg, appeaf gfay when pfojected onto tﬁe gfound'glass
plate, and black in polarized light. These evidences, toge-
ther with the fact that commercial.ingot iron contains up to
0.10 per cent oxygen, identifies thése inclusions as being
ﬁﬁstite or wustite rich. Many of the smaller inclusions
apﬁear bright white in polarized light. Their small size and
appearanceiin polarized light indicate that many of these
small inclusions are A‘1203' resulting from the ladle deoxida-
tion with aluminum. Some of these smaller inclusions are
biack ih polarized light indicating that some of them are
also wustite. Séme'are green in polarized light indicating
that these are ﬁno and MnS. Iron sulfide inclusions, although
~some were;undoubtedly preseﬁt,-were hoﬁ identified. - |
| In Figures 42 through 53 are shown the unetchéd mi-
crostructures of ingots 1, 5, 9;'11,'13,and 14 at 150 X. The
phbtomicrographs show the inclusion contenté at both ﬁhe
ingot tops and bottoms. The ingot sections shown areiin the
as-cast condition. Most of thelinclusions‘ére smail in com-
parison to maﬁy which appear in the Armco iron punching; The
photomicrographs were in each instance of the same surfaces
as the sulfur prints discussed in the preceedihg section.
The microstructures of ﬁhevtops of ingots 1, 11 and

13 were taken from.sections which were cut jﬁst below the
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plpes. Near the pipes, clusters of inclusions appear. The
first parts of the ingot to solidify are purer than the ori-
ginal liquld metal, while the last part to solidify, in the
region of the-pipe, tends to be enriched in certain_impuri-
ties such as sulfur. Any high;melting, low specific.grévity'
inclusions which were not entrapped in earlier solidification
would also appear in the pipe region. |

ln-Figure 54a is shown, at 500 X, the microstructure
of an inclusion cluster which appeared nsar the pipe of ingot
1. These inclusions appeared gray when projected onto the
‘ground glass plate and black in polarized light. The same
area 1is shown in Figure 54b after sulfur printing for 20 sec-
onds in a two per cent sulfuric acid solution. The sulfur
printing pitted the 1nclusions. This is particularly evident
in the large round inclusion. This indicates that- these in-
clusions are wustite with some dissolved FeS which was .
. attacked by thé sulfuric acid. | |

In Figure 55a is shown, at SOO”X, the unetched micro-
structure of an inclusion clustsf which appeared in the pipe
region'of ingot 13. These 1nclusibns appeared'light gray
when projected onto the gréundvglaSS_plste; and dark brown,
almost black, in polarized-light. In Figure 55b is shown- the
same area aftér sulfur printing for 20 seconds. The'inslu-f
sions wefé heavily attacked by the sulfur printing, indicat-
ing that they aré_relatively pure_sulfides. Thé appearsnce
of these inclusions in polarizsd light indicates that they
are primarily FeS. Pure FeS is_black—brown. Mns is green,



JRLSS S
, P ;b . ,
» S b ) j‘g*}:’ )
P, o8
& o ¢

’ L ’- ¢

P K > ,). . . R
e A ‘

B | |

. . L
; s
" °

.4

o
o
A @ °

- . ’ an Q.

Figure 54a. Ingot No. 1, top. As cast.
Transverse section.

500 X3j Unetched

.\ . 1 N“b . ?
¢ ’ . é -l
Iy . - R ? ;V
‘O O L]
'&l - ’. < Q'.'
e . &
° . ¢ .
RTRT - i -
DJﬁi'ﬂ' ) ¥ 7 '
- i< 40 < L) . .o
® ," . L
s g
L. ) .\f
- -~ o
e N LT
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CepS3 is red, and LaySy is red-yellow.

Further examination of this microstructure in polar-"
ized 1light reveeled the_presence of many verj small red and -
orange inclusions dispefsed throughout the matrix. An_ecea-
sional large‘orange-red inciueion_appeared which wae appar-'
ently composed of a nuﬁber of the smaller inclusions. From
Table X it is seen that only Ce283.is red and'La283_is-red- -
yellow.‘Singleton, op. cit., had observed small red and
-orange inclusions in steel to which he hed added cerium. By
electrolytic extraction, he identified these small red and
orange inclusions as Ce2S3;-

Examination of the other ingots to which rare earth
metal had been edded also showed these red and orange inclu-
sions in varying numbers. Most of these inclusions were well
dispersed, with only occasionai agglomerates appearing, o
These agglomerafes were more numerous in the ingotftOps_than
in the bottoms; These red aﬁd'orangerihclusions werejconspi-
cuously absent in the ingots to which no rare earth ﬁetal
had been added. - o

'Examination in polarized light of the slag-scum beads
from ingots 1, 5 and 14 revealed many of the red and orange
inclusions in the slag layer removed after the rare earth
metal.additiqﬁs. In other areas they did not appear. This :
evidence strongly indicates that these inclusions afe iare'
earth sulfides. » | o |

The appearance of Fesliﬁ the pipe region of ingot 13

indicates that normal sulfur enrichment occurs in the last
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metal to solidify involving the uncombined sulfur.

' The majority of the small dispersed inclusions shpwn:
in the other microstructures appeaf bright white in polar- .
ized 11gh£.‘A1éo3 1s colorless and appears white in polar-
ized light. In view of the.alﬁminum deoxidation, most of
these numerous whitelinclusions are most probably A1203;

There appeared in all of the ingots, small diSpersed'
bright green inclusions. Cex0y is gray green and Nd,Sy is
.olive green. The numerous occurrence,'hdwever, of these -
gfeen inclusions in the ingots to which no rare earths were
-added stréngly indicates that they are MnO and MnS which
are both'green. Armco Steel Corporation gives, as a typicai
analysis of their ingot iron, a manganese content of 0.028

per cent.
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X. CONCLUSIONS

Mischmetal additions to basic-lined induction heats
of ingot iron in quantities ranging from O.l to 095 per cent
result in deSulfurization--the efficiency of desulfurization
increasing with increasing éuahtities of mischmetal additions.
The sulfur drops noted were accompanied by decreased hot
shortness for the 0.1 per cent additions while the 0.5 per
cent additions_resulted in no decrease in hot shortness.
| Oxygen contents of more than 00025 per cent tended to
indrease hot shortness. Oxygen contents below this amount
appeared to have little effect on hot shortness.

Thé apparent decrease in hot shortness with increas-‘
ing residual aluminum contents was mqst probably due to |
accompanying deqreases in oxygen contents,

No conclusions can be made on the relative effects of
mischmetals conﬁaining 25 and 30 per cent lanthanum;_respec- _
tively. - _

The rare earth oxides may have an effect on hoﬁ worka-
bility, perhaps as}nucleating agéﬁts; howevgf, results are
erratic, probably due to the method of addition.

Copper contents up to 05081 per cent have no épparent
effect on hot shortness, |

_ Decreased hot workability occurring in heats to which
0.5 per cent mischmetal had been added may be a result of
embrittling of the gamma-iron as~a_resuit of éolid solubility.

For heats to which 0.5 pér cent mischmetal had been
added, a total holding interval of three minutes would have
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resulted in more compiete reaction of the mischmetal with
accompanying lower residual rare earth confents.

From a sfudy of inclusions aided by sulfur printing, -
the reaction"mechanismVabpears'to be, that in the abseﬁcé of
excessive oxygen, the rare earth metals react with sulfur in
the molten metal. The rare earth sulfides formed, being re-
fractory and having'densities-lesser than that of iron,
float upwérd to the slag phase where they may be removed.

If left for sufficient time in an oxidizing slag, the rare
eafth sulfides will be oxidized with the sulfur reverting to
the melt. If the ingot céoling rate is sufficiently slow, the
remaining‘rare earth sulfides tend to coalesce and float up;
ward during‘solidification._The sulfides which do not have
sufficient time'to coalesce appear as fine inclusions in the
matrix. In polarized light, thése rare earth sulfides apbeaf

red or orange.
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SUGGESTIONS FOR FURTHER STUDY

. Although desulfurization occurred in heats. melted
in air, heats ‘melted in neutral and reducing atmospheres .
'would also ‘be of 1nterest. Heats could also be studied in
which mischmetal is added before deox1dation is carried
out. Vacuum melting would enable further study on the
effects of oxygen and other occluded gases,
'~ The effect of copper on hot shortness in ingot iron
could be studied--both with and without rare earth additions.
| Effects of rare earth oxides in ingot iron could be
studied oy adding the oxides as briquettes.: ‘
| The holding times between rare earth metal additions |
and pouring could be studied further, particularly for |
additions in excess of 0.3 per cent.
Electroiytic extracﬁion of inclusions would enabie.
their identification. | |
_Pure cerium and lanfhanum coﬁld be added to{separate
heats for'purposes of comparison. ' |
. For studying reactzon mechanisms, use could be made
of- radioactive isotOpes. Sulfur 35 (half-life 37.1 days,
beta decay, 0.167 Mev) conld be used. to study sulfur reac-
tion mechanisms in conjunction with auto-radiography. Radio-
active 1sotopes of cerium may also be used~~perhaps for
- studying rare earth—oxygen reaction mech.anisms° Cerium 139
has a half life of 140 days, cerium 141 a half-life of 33
days, and cerium 144 a half=-life of 282 days.. | |
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APPENDIX I
High-Frequency Induction Melting
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| All of the heats were made in a 17-pound, tilting-
type, Ajax-Northrup inductiop furnace. A chérge of 11
pounds of Armco iron punéhings was used for each heat. Adai-
tions and élagging weré>accomplishéd_bj use of 1pw-carbon
steel welding rods. The high-frequency powér source:was,a
20-kilowatt Ajax-Northrup, hydrdgen-type, mercury spark-gap
converter. Such units are described in a nuﬁber of referen-
ces. The advantages of induction heating are the speed at
which heats can Be made, and the close ébntrol that can be -
maintained‘on composition, ‘A slag cover is not necessary._
The furnaées are well adapted for both atmosphere and vacuum
melting. The electromagnetic stirring action provideé con- -
stant stirring of the cbmponents.-

| The packing of the cruclibles is much the same for the
different types: Magnesia crucibles were used in this iﬁvés¥
tigation. The coll was first insulated with a double layer
of mica;shget. Care was taken in insérting the'mica~ﬁo.pre-.
.vent its tearing. Magnesia powder (Nofmag)?was‘then fammedf
firmly around -the crucible to witﬁiﬁ one-half inch-of the
tops Three parts of powdéréd'magnééia wefé‘fhén‘miXedwinti-
métely'with one part of weStéfn bentonite aﬁd juSt.éndugh
water was added to produce a cbheéiﬁe mass. This baste was
then packed éfound the top of the crucible and dried over- -
night, Sevéral preliminary heats were made with gréphite cru-
cibles packed with graphite poWder._Speéial care was taken in
inserting the mica sheet ahd'ih-rémming_the graphite powdér _:

to prevent the powder from causing arcing between the coils.
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An arc between the coils will not melt the coils for a min~
~ute or so, but as a safety precaution, the'pewer was immedie
ately cut in the few 1nstances in Which arcing occurred.lThe
packing poﬁders were re-used afterAgrihding‘and sieving. Tﬁe
magnesia crucibles were used for . two heats by covering the
furnace with insulating bricks while cooling to prevent
cracking from thermal shock.

The mak;ng of heats is fairly safe‘if necessary pre-
-cautions are taken. High-frequency melting is e two-man
operation--both for efficiency and for safety. Operating
instructions and safefy precautions must be obtained ﬁefore-
attemﬁting a heat.

The converter unit is proteCted ffom overload by
fﬁses. It is necessary to flush the electrode chamber for
15 minutes before ‘the power is turned on to prevent an explo-
sion when the arc is struck by the electrodes. A mica blow-

_ out window ppevents serious explosion but mercury.may be -
thrown oﬁt. A check of the converter powerilines-wi£h an am-
meter revealed that the maiimum‘pbﬁer ﬁhat could be drawn
without blowing a fuse was 17 kilowatts. As the power. fluc-
tuates one or two kilowatts during operation, a safé»bperating
range was found to be 14—16~kiloWatts. The cooling water for
bothrthe furnace and the'converter (separate) muet»be turned
on prior to operating. ‘ | |

The operator must never, of course, touch the coils
or exposed lead wireS’while‘thé’pewer is on. He should wear )

protective clothing. Asbestos cdats,igloves‘and leggings
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afford excellent protection. A plastic face shield will
protedt the face againef stray sparks. The>eyes should’be
protected by welding glasees;> _

The furnace should be covered with insulating bricks »
to conserve heat. During the 1nitia1 meltdown, bridging will
occur if too much metal is added at once. Additions should
always be made in small pieces to prevent freezing of the
top of the melt..Special care should be taken in making some
 additions to ferrous melts. Aluminum will spark very badiy :
and splashfhot'metal if edded too rapidly. Care must always
be taken tn prevent water or moisture from eoming into con-
tact with the hot metal. This will result in a violent
explosion, Preheating of'the charge,féll additives, and the
ingot mold will drive out the moisture. The fact that the
mold appears’to‘be'dry should never be taken as a.guide.‘It'
takes 1little moisture to cause an explosion. Before poﬁping

of the tilting;typekfurnace; care should be taken to insure
that the guides are properly seated in theftili:ing_ apparatus.

The power must always be cut before pouring.
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- APPENDIX II
Logs of Heats Made
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Heat No, 1-A —-Chargé::ll Pounds Armco Iron Punchings-

Additionss: 75 Grams Aluminum

Event Temp. ;, OF

Power on

Melt )

Added 2890
75 gms aluminum ‘ _

Slagged 2900

Poured

-Heat Vo, 1 =---=Charge: 11 Pounds Armcq Iron Punchings
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Additions: 100 Grams Aluminum

- Bvent Tenmp. , °F
Power on
Melt -
Addead 2900
100 gms aluminum
Slagged 2900
Poured _

Heat No. 3 ~---Charge: 11 Pounds Armco Iron Punchings

3
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‘Additions: 100 -Grams Alﬁminum
5.2 Grams Mischmetal

Evenf Temp, , F

Power on

Melt

Added ) -2900
. 100 gms aluminum :
Slagged S

Added 5.2 gms mischmetal 2910.
Slagged

Poured



Heat No. 4 -~Charge: il‘Pounds Armco Iron Punchings
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Additions: 100 Grams Aluminnm.‘
: 15.0 Grams Mischmetal

Event . Temp. ,°F

Power on

Melt

Added 2900
100 gms aluminum

Slagged

Added 15.0 gms mischmetal ' 2890

Slagged

Poured

Heat No., 5 --Charge: 11 Pounds Armco Iron Punchings

Time

12:48
2:10
2:18
2:23
2:23.5
2:2;
2:2
2:26

Additions: 100 Grams Aluminum
25.1 Grams Mischmetal

Event Temg.,°F.

Power on

Melt :

Adaded 2900
100 gms aluminnm .

Slagged

Added 25.1 gms mischmetal 2890

Slagged '

Poured

Heat No. 7 --Charge: 11 Pounds Arﬁcohlron Punchings

Iime

11:25
12:40.
12:48
12:54
12354‘0 5
12:59
12:56
12:57

Additions: 100 Grams Aluminum
5.3 Grams Lan-cer-amp

Event Témp.,QF

Power on

Melt

Added 2900
100 gms aluminum ,

Slagged . . .

Added 5.3 gms Lan—cer-amp : 2910

Slagged

Poured
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Heat No. 8__reCharge£ 11 Pounds Armco Iron Punchings

Additions: 100 Grams Aluminﬁm
: 15.3 Grams Lan-cer-amp Metal

Event . Temp.,oF.

Power on

HMelt

Added 2900
100 gms aluminum

Slagged

Added 15.3 gms Lan-cer-amp 2900

Slagged

Poured
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Heat No. 9 =--Charge: 11 Pounds Armco Iron Punchings

Additions: 100 Grams Aluminum
25.0 Grams Lan-cer-amp Metal

Event Temp. , °F

'—J

N3

. g
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Power on
Melt
Aéded 2900
100 gms aluminum ’ :

o5 Slagged _
Added 25.0 gms Lan-cer-amp 2910
Slagged ‘
Poured
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Heat No. 10 -~Chafge: 11 Pounds Armco Iron Punchings

Additions: 100 Grams Aluminum _
5.0 Grams Rare Earth Oxide Mixture

Time Event Temp, , OF
2:28 .Power on

3:50 ‘Melt A

4:00 Added 2910
4:05 ' 100 gms aluminum

4:06 Slagged : .
4307 Added 5.0 gms rare earth oxide 2900
4:07.5 Rare earth oxide stirred into melt

4:08.5 Slagged

4:09 Poured
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Heat No. 11 --Charge: 11 Pounds Armco Iron Punchings
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Additions: 100 Grams Aluminum
10.0 Grams Rare Earth Oxide_Mixture

Event TempoagF:T

Power on

Melt

Added 2900
100 gms aluminum '

Slagged

Added 10.0 gms rare earth oxide 2910

Rare earth oxide stirred into melt '

Slagged

Poured

Heat No, 12 --Charge: 11 Pounds Armco Iron Punchings

Time

11:40
12:48
12:58

1:03

1:03.5-

1:04.5
1:05
l: 05 5
1:06
1:06.5

Additions: 100 Grams Aluminum
5.1 Grams Lan-cer-amp Metal
10.0 Grams Rare Earth Oxide Mixture

Event Temp. ,°F

Power on

Melt

Added 2900
100 gms aluminum ‘

Slagged

Added 5.1 gms Lan-cer-amp 2890

Added 10.0 gms rare earth oxide
Rare earth oxide stirred into melt
Slagged

Poured
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Heat No. 13 --Charge: 11 Pounds Armco Iron Punchings

Additions: 100 Grams Aluminum
15.1 Grams Lan-cer-azmp Metal
10.0 Grams Rare Earth Oxide Mixture

i
i (o
=
(]

Event Temp. ,F

Power on

Melt

Added 2890
100 gms aluminum

Slagged

Added 15.1 gms Lan-cer-amp 2910

Added 10.0 gms rare earth oxide

Rare earth oxide stirred into melt

Slagged

Poured
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Heat No. 14 --Charge: 11 Pounds Armco Iron Punchings

Additions: 100 Grams Aluminum
25.1 Grams Lan-cer-amp’ Metal o
10.0 Grams Rare Earth Oxide Mixture

Event : Temp. ,°F

Power on

Melt _

Added 2900
100 gms aluminum :

Slagged : .

Added 25.1 gms Lan-cer-amp S 2910.

Added 10.0 gms rare earth oxide

Rare -earth oxide stirred into melt

Slagged

Poured
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APPENDIX III
Hot-Rolling and -Swaging
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After cutting'the ingots 1in half, and taking,seotioﬁs>;
for metallographic examination and sulfur;printing,>tﬁelma—:
cﬁlned bars wefe placed ln~the pre-heated, resistance-type
'furnace, Theebars had been.machined_to-one-ineh diameters.’
The furnace was heated to 870°C in order toiremain 5ust~
‘below-the'hot-short\tegion. Five to six_hourslwere requited
to bring the furnace to temperatufe._No protective atmosphere
was used in the fufnace. As considerable oxlde forms at this
:temperature, identification of the bars'had;to be-ﬁatched -
>closely. Each bar was heated for 30 minutes prior to rolllng.

Guide tables of steel sheet and angle iron were con- \
structed for both the entrance and exit sides of the rolls to
both facilitate guiding the bars 1nto tbe rolls and catching
them on the exmt side. o »

Eight passes were made on each bar. Two-high rolling
mills of the tjpe used usually have indentations_of alternat-
~ing rounds and ovals. The bars'were passed in-saccession~froo‘
lthe 1 1/8-inch oval to the 5/8-inch round. When passing frOm ;
rounds into ovals, the bars were simply placed on the guide
table, lined with the opening in the rolls, and tapped on the
trailing end~to,push them 1nto the'movingkrolls.,More diffi-.
culty was encountered in passing'froﬁ ovalsfinto:rounds as
the bars had a tendency toAtwist. This was overcome by\taﬁf‘
ping the bars into position before starting the rolls. This
procedure, however, was not suecessfalfin making the second
pass--from the»1~1/8-inch‘ovalhinto the 7/8-inch round. The

motor would not drive the rolls with an obstruction of this
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size. This pass was made by guiding the bers into the'moving
rolls with tongs. The bars did not twist But ektreme oare
had to be ﬁakeo to prevent the tongs from being pulled into
the rolls.

Two passes could be made before reheating of the bars
was necessary. The last pass on each bar was-@ade cold to
remove mill-scale and increase the extent of cold working.

The cold swaging was done in six passes. The die sizes
'used were: 0,650, 0.600, 0.550 and 0.506 inch, resPectively;
AThe dies were well olled before inserting into positlon to
‘prevent sticking. The bars were passed into the dies by using"
a pipe wlth an 1nSide‘d1ameter of one inch and a rod with ao_
outside diameter of one inch. The bars were placed 1n the
pipe and thrust into the swaging dies by using the rod as a
plunger.

In making the 0.500-inch pass, a ridge usually devel-
oped which caused the bars to rotate at the same speed as the 
dies. The bars are supposed to- rotate, but at a speed some-~
what slower than the dies. This difflculty was overcome by
grasping the revolving bars firmly in gloved hands and re-
stricting the revolving until the ridgee:completely:disapf
peared. The bars were passed through the'ogSOO—inch die thrée
times to insore uniform WOrking and symmetry. |

As in induction melting, rolling and swaging is a two—
man Operation. Asbestos gloves were worn. to prevent burns. It
should be emphasized that extreme caution must be exercised

in passing the hot metal into the rolls.
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APPENDIX IV
Sulfur Printing
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Sulfur printihg, or Baumann~printihg, was originated
by Heyn and Bazuer in 1906 and was modified by Baumann. The
method is described 1n_a number of textbooks and technical
papers, as well as in the ASTM Standards.‘Sulfur prinﬁing
affords a convehient means of detpct*Ng and permanently
recording the distribution of sulfur in iron and steel.

The method consists essentially of placing in inti-

mate coutact on a prepared metal sﬁrface, photographic
| bromide paper which has been previougly-soaked 1n‘a dilute
sélution Of sulfuric acid in water.

The reaction of the sulfuric acid with the sulfioe
regions of the iron or stael prodices hydrogen eulfide gas,
which rescts with the silver bromide in the paper emulsion,
forming a characteristic brown to gray-hblack deposit of
silver sulfide. The reactions’may be expressed as folloﬁé:‘

MeS # HyS04. 3= MeSO, £ HoS
HoS £ SAgBr == AgoS £ 2HBr

In this investlgatlon, sectlons were cut from the
ingots at aporox1mately one—half 1nch from the bottoms, and
at"the tops near the beginning of ‘the pipes. These sections
were then ground on 2a coarsé belt grindér. This wag‘followed
by grinding through the 2, 1, O and 00 emery papers. The‘sec-
tions were wéshed thoroughly with a soap sblution,'rinéed :
with methyl alcohol, and dried under a warm air blast.

AZO F-4 contact printing paper was soaked for five
minutes in a two per cent solution of sulfurie acid in water.

Any photograpnic bromide paper would have worked equally as
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well. Contrary to usﬁal_requirements for the handling of
photographic paper, the entire operation*méy be carries out:
in daylight. A two per qent solution of hydrochloric acid .
in water wdrks equally as well. The concentrated»sulfuiié
acid used to prepare the soiuﬁion_must be clear or ﬁhe'prinﬁs
have a tendency to discolor and obliterate the}printing of
the sulfide regions.

After soaking the photographic paper, the paper was
ﬁlaced emulsion side up on a ground glasé plate upon which a
paﬁer towel had been plaqed to insure intimate contact. The
excess solﬁtion was removed from the emulsion side of the
paper with a paper towel and the preparéd surface of the -
specimen was pressed firmly onto the printing paper. Contact
was maintained for three minutes for all prints. The prints
were then Washeé for five mihufes to remove the remaining.
acid and fixed in a.standard hypo solution. Failure to wash
~the prints in rﬁnning water>prior_torthe fixing resulted in
the hypo solution quickly becoming too acid to fix pfpperly;
After fixing for fiftegn minutgs;‘thé prints were washed for
one ‘hour in running water and dried. | |

The slag samples and folled bars ﬁere printed'in
exactly the same manner. Speciél care was taken in printing
the slag specimens to insure that all of the excess‘acid was
removed from the paper emulsion beforeiprinting. The siag
samples werg porous and any acld would have fldwed into the

pores resulting in false indicéﬁions of the sulfide regions.
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APPENDIX V
Polishing, Etching, and Metallography
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The polishing of any metal with the aim of_preserving
non-metallic inclusions is a_tedious'task; This is»espeﬁial;
1y true for softer metglé such as ingot iron. Not only is -
there a gfeat.tendency for. inclusions to be pulled‘puﬁ,Abuf '
there is also the danger of flow in the polished surface
resulting in pseudofstructures.‘ »I A.

Care was taken throughout the grinding and polishing
to uSe'gentleupressure for each operation. Gentle pressufe '
tends to keep flow and pulling out 6f'iﬁclusions at a-mini-:
>mﬁm. Each step in the grinding and polishing was carried-

- Just to completion and no further in an.attemptrto preserve
as many 6f the inclusions as possible.' | |

The ‘specimens were first gfound on the number 120
belt grinder and then on the number 320 belt grinder. The
specimens were then ground Sucéessively through the 2, 15,0,
00 and 000 emefy papers. At each change of emery paper,_thé 7
specimens were washed thoroﬁghly and grinding WaS'resumed'inr
a direction perpendicular to the p;e#ious:grinding,-

After grihdingron the QOOAeméry.paper, the ‘specimens
were washed and polished for approximately four minutes on 2
billiard=-cloth lap wheel wiﬁh levigated.AIumina‘abrésive.~ -
The Spécimens were rotated counterwise to the rotation of
the lén wheei; |

The specimens were Washed thoroughly and polished on
a selvyt—cloth lap wheel with Linde B abrasive. Instead of
rotating counterwise to the lap, the specimens were held

stationary for approximately five seconds ahd then rotated
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90 degrees. The surféces were usually scfatch-free.in three
or four minutes. Prolonged polishing on‘either~lap wheel
resulted in most of the inclusions being‘puiled'out.'

_ Etching for gréin bouﬁdaries was done‘with é_tﬁo per
cent nital solution by immérsion.»Special etching of inclu-
sions was done by immersing the specimens for lO~seconds in
a 1C per cent nital solution, and by sulfur printing for 20
seconds as described in Appendix IV. The macroetching was
-done by immersing the speciméns for tWO-minutes in a2 10 per‘
cent nital solution.

Thé photomicrographs were made on a Bausch and Lomb
metallogréph with a carbon-arc 111uminéting source. Photo—~
graphic film was used for the lower magnifications and
metallographic plates were used for the magnifications of

500 diameters.
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