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This invention relates to refractory metal al 
loys and more particularly to cast, heat-treatable 
alloys containing molybdenum and beryllium and 
to a method of heat treating the same; and the 
present application is a continuation-in-part of 
applicants' copending application, Serial No. 
218,527, filed March 30, 1951, now abandoned. 
The alloys of the present invention are especial 

ly useful in applications of the type which require 
a material to retain its high hardness, strength 
or resistance to creep at elevated temperatures. 
Applications of this type include points for 
piercing seamless steel tubing, electrodes for 
heating molten glass, die-casting dies for brass 
and other metals, etc. 
An American Society for Metals publication, 

preprint No. 33 of 1949, by Kessler, and 
Hansen, reports on experiments with molyb 
denum-chromium alloys, a few of which con 
tained between .1% and .2% beryllium and no 
carbon. The report does not mention any forg 
ing tests on beryllium-containing alloys and it 
indicates that while some increase in hardness 
resulted from beryllium additions, no precipita 
tion or age hardness was obtained. 
The principal objects of this invention are to 

provide cast molybdenum-base alloys which are 
capable of being worked at elevated tempera 
tures; to provide cast molybdenum-base berylli 
un-containing alloys which are capable of being 
worked or machined into the desired shape and 
form and thereafter hardened materially by 
heat-treatment; to provide a method for heat 
treating Such alloys that will markedly increase 
their hardness; and, in general, to provide in 
proved molybdenum-base alloys which are char 
acterized by high temperature properties superior 
to those of heretofore known materials. 

: The terms “cast' and "casting' as used in 
this specification are intended to designate the 
product resulting from the melting of metal and 
Solidifying the same in a mold whether or not 
the metal has been subjected to subsequent work 
ing or machining. The term “casting' is also 
used to designate any process or method which 
involves melting metal and solidifying the same 
in a mold. 
"It has now been found that certain molyb 
denum-base alloys containing beryllium are age 
or precipitation hardened when subjected to : 
the hereinafter described heat-treatment, and 
that improved high temperature properties are 
induced by such heat-treatment and are retained 
at elevated temperatures even after prolonged 
periods of time. Such heat-treatable alloys may 
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be cast, annealed, then fabricated into the de 
sired shape and thereafter hardened by the heat 
treatment. This invention is also concerned 
with molybdenum-base alloys containing beryl 
lium which are subject to heat-treatment in a C 
cordance with this invention but which are not 
capable of being worked by forging, rolling, preSS 
ing, swaging, drawing, etc. Such unworked al 
loys are useful in the as-cast form after heat 
treatment, and in some applications may be used 
Without heat-treatment. 

If the alloy is to be worked at elevated tem 
peratures, it may contain up to a maximum of 
.25% beryllium. It has not been possible to hot 
Work alloys containing more than .25% beryllium. 
However, larger quantities of beryllium may be 
present if no working is required. 

Cast molybdenum-base alloys containing Small 
quantities of oxygen cannot be worked at ele 
wated temperatures if molybdenum oxide is segre 
gated at the grain boundaries of the cast alloy 
since that oxide materially reduces intergranular 
cohesion. Small quantities of carbon or alumi 
num appear to overcome this defect when the 
amount of oxygen is limited. Similarly, it is 
found that in the presence of beryllium. Within 
the limits contemplated by the present inven 
tion, alloys capable of being worked at elevated 
temperatures are obtained even though no carbon 
or aluminum is present. While the reasons for 
this phenomenon are not fully understood, it is 
believed that oxides of beryllium replace those 
of molybdenum, and that the beryllium oxides 
are less detrimental. In any event, alloys con 
taining from .001 to .25% beryllium and not more 
than .05% oxygen can be worked at elevated 
temperatures to a beneficial degree if the beryl 
lium is present in an amount at least Sufficient 
to react with all the oxygen to form beryllium 
oxide. 
Although not essential, it is preferred that the 

molybdenum-beryllium alloys of the present in 
vention also contain small quantities of Carbon 
and/or aluminum. These elements, aside from 
the beneficial effect upon the forging characteris 
tics, have the effect of increasing the strength 
of a sintered rod formed of the powder materials 
employed in the alloy and thus facilitate the 
practice of forming a casting by using Such a 
sintered rod as a consumable electrode in an arc 
furnace. Moreover, carbon in amounts of about 
.02% or more makes it possible to employ lower 
temperatures in the heat-treatment hereinafter 
described. Thus, cast alloys of the present in 
vention which are capable of being worked at 
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elevated temperatures may contain carbon within 
the range of zero to .25% or aluminum in the 
range of .003% to 2.5%. However, when the 
alloy is to be worked at elevated temperatures. 
it is preferred that the carbon, not; exceed .06%: 
or that the aluminum not exceed .4%. If both 
Carbon and aluminum are present it is desirable. 
to further restrict the maximum carbon content 
as the aluminum increases toward'.4%; the: 
preferred alloy contains not more than.02%, cars. 
bon. - . . 

In all cases, workability improves with reduc-...- 
tions in the oxygen content,...and.the-maximum... 
permissible quantity in an alloy that is; to be: 
worked at elevated temperatures is about .05%. 5 
It has not been found practical, in the production . 
of large cast ingots of molybdenum-base alloys, 
to reduce the oxygen content below about .001%. 
Molybdenum-base alloys containing almihum. 

and no beryllium are disclosed and claimed in 20 
applicants Copending application, Serial...No. 
250,202, filed October, 6., 1951 on. “Molybdenums 
Tungstern-Aluminum Alloys... 

Molybdenum-beryllium alloys are: susceptible. 
to... age or precipitation: hardening. Beryllium; 25 
has limited solubility-in:molybdenum;in the solid, 
state; the-Solubility of beryllium increases...with. 
increasing temperature: ...To gain: the full hard-is 
ening from ther-heat-treatment, it is necessary. 
that a certain-minimum quantity of beryllium: 30 
be present. To preserve; workability, it is de - 
Sirable; to -employ the lowest beryllium content 
which will provide the desired hardening effect, 
from the heat-treatment. - 

Since; a part of ther beryllium in any given 35 
molybdenum-base: alloys may be combined with: 
some of the oxygen; present; to form, beryllium 
oxide and in that case-would be ineffective assa. 
hardening agent, the total amount of beryllium, 
to produce -a given, hardening effect...varies with. 
the amount of oxygen in the finakalloy. In als 
loys containing-minimum oxygen, i.e., in the 
order of .001%:oxygen; as littleast.03% beryllium, 
Will produce a significant increase-in theas-cast. 
hardness as: well as a significant amount of age. 45 
or precipitation, hardness. When the oxygen: 
content is at its maximum permissible value of: 
.05%, approximately 5.08% beryllium, Will be re 
quired to produce an equivalent, effect: Quans. 
tities: below F.03% are insufficient to provides sigs 50 
nificanti-hardening on heat-treating; and quan-s: 
tities above;25% render theismaterial incapable 
of being worked to a beneficial degree: Where: 
the alloy is to be used in the unworked conditions 
the beryllium-content may beincreased totamax 
imum of about: 7%. 
Age hardness is induced in theset alloys by hold.- : 

ing themat: an elevated temperature for...a period: 
sufficient to increase: the amount of beryllium in 
solution, quenching the alloy. reheating it to a 60 
suitable temperature, and holding it at the latter 
temperature for a period of time: The temperar 
ture from which the alloy is: quenched is: here: 
inafter referred to as the solution temperature: 
and the temperature to which the alloy is raised: 
after quenching is referred to as the aging items: 
perature.'. 

Both time and temperature affect the amount 
of beryllium:Which goes into solution. The solur 
tion rate increases rapidly with increases intern 
perature, and, therefore, in -order to avoid, pro-r: 
longed heating, it is preferred to use the highest 
practical solution temperatures: In addition, the , 
total amount of beryllium has an effection...the 
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rate. Therefore, lower temperatures and short 
er Solution periods may be employed with larger 
quantities of beryllium. In addition, it is found 
that the carbon content...has an important effect 
on the Solution temperature, low carbon alloys 
requiring higher solution temperatures than. 
higher carbon alloys, all other things being equal. 
The maximum amount of beryllium which will 
go into solid:Solition. With molybdenum contain 
ing: carbon between .02% and .06% at any tem 
perature is...about .05% and, consequently, larger 
quantities of beryllium are employed primarily to 
reduce the solution: temperature or the holding 
times or both. ::, . 
Inaapplying:the:above principles to practical 

needs, it is found that where it is possible to 
producelow oxygen alloys, as little as .03% beryl 
lilim will effect a small but significant amount of 
age:or::precipitation hardness. However, it is 
necessary to use very high solution temperatures 
or hold-the-alloy at its::solution temperature&for 
a-prolonged-period. The preferred solution-tem 
perature for such an alloy would be about 3800 
F. Witha, holding period in the order...of four to". 
six hours. With this: treatment, the-age.hardness. 
will be increased if at least.02% carbonsis, press 
ent. . As the oxygen content increases from its 
practical minimum of 3.001%, the amount: of 
beryllium, should be-increased; the added. beryls' 
lium-being at least-that required to combine;with 
the increased oxygen to form-beryllium oxides 
Agehardness is obtained only if-the-minimum 

beryllium-content increases from:.03% to .08% as: 
the oxygen content sincreases from:00% to its: 
maximum of .05%. In view of the desirability of 
reducing, the solution-temperature, and time, it 
is preferred to employ, berylliumsin aiminimums 
amount, which increases from .05% to .1% as: the 
oxygen content increases from.001%-to its maxi 
num. of .05%; , at high degree of precipitation; 
hardening may be: obtained with Such minimum", 
amountssofiberyllium. It is also preferred that: 
not more than .15% beryllium-be enployed: in: 
alloys which are to be hot-worked.' . 
For example, to-obtains maximum-hardness, an3. 

alloy containing: .10% beryllium and 3.02%: or 
more carbon is preferably, held at a Solution;ten f 
perature of about 3350° F.for three-to four-hours. 
and: then quenched. An alloy, containaing .15%: 
beryllium and about .02% or morescarbonis pref 
erably held at a solution temperature -of about 
3350°F, for abolittWO to three-hours. An alloy 
containing 15% beryllium-and; as little as *.006%; 
carbon is preferably held at: a solution tempera-r 
ture of...about 3800. F. for about two hours Or: 
3600°.F. for about six hors: If maximum hards r 
ness is not required, the holding: period-and-Solt 
tion temperature-may be reduced:... 
In all cases; a solutions temperatures of: at least 

3200, Fis required to producer significant:age:or 
precipitation' hardness. Higher; solution items." 
peratures than those specified above-may: be:em." 
ployed, but care should be taken:to-avoid holds. 
ing the alloy at a temperaturez:which, Wills melts 
any substantial portion. The times for:which the 
alloys of the present invention maybe held at the: 
solution temperature is limited only by the pracr's 
tical consideration thatre, equilibrium is ap 
proached asymptotically with time. ... The Solution, 
heat-treatment should; be. Carried out under. Subr. 
stantially nonoxidizing: conditions, i. e., ...in an 
atmosphere of inert gas, such as argon or helium, 
or of hydrogen or in-a-vacuum. 

After the solution heat-treatment.is complete, 
solution; rater larger quantities increasing: the. 75 the alloy should be cooled at a raté sufficient to 
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retain a Supersaturated solution of beryllium. 
This rate may be attained in pieces of about one 
half inch controlling section by cooling in still air, 
and in larger sections by quenching in oil or water. 
The alloy is next subjected to a temperature in 

the range of about 1600°F. to 2000 F. for a pro 
longed period of time. The time required de 
pends primarily upon the temperature employed. 
For example, maximun hardness has been ob 
tained by employing temperatures of 2000 F. for 
a time of only forty minutes with an alloy con 
taining .15% beryllium, .033% carbon and the 
balance molybdenum. About six hours at 1750 
F. is required to obtain maximum hardness with 
the identical composition. At 1500 F., substan 
tially less than maximum age hardness was de 
veloped in sixty-six hours, although the hardness 
was still increasing at the end of that period. 
In general, the lower the aging temperature used, 
the greater the ease of control and the longer the 
time required to attain maximum hardness; but 
it will be apparent that the temperature and time 
Selected will depend upon considerations of prac 
tical convenience and the particular requirements 
of the application. To produce any significant 
age hardening it is necessary to hold the alloy at 
least fifteen minutes at 2000 F. or three hours 
at 1600. F., the time increasing as the holding 
temperature decreases from 2000 F. to 1600 F. 
The preferred aging temperature is in the neigh 
borhood of 1800 F., at which temperature maxi 
nun age hardness may be produced in from two 
to eight hours. During aging the alloy should 
be protected against oxidation by means such as 
an inert atmosphere, a hydrogen atmosphere, a 
vacuum, or immersion in a molten salt bath. 
The hardness developed in molybdenum-base 

alloys containing beryllium by the above-described 
heat-treatment is decidedly higher than that ob 
tained in any hitherto known, forgeable molyb 
denum-base alloys. Thus, in general, the hard 
ness which may be achieved exceed 500 W. P. N. 
(Vickers Pyramid Numeral) if beryllium is pres 
ent in amounts of .05% or more. 

If desired, instead of quenching to room tem 
perature and then reheating, the alloy may be 
cooled fairly rapidly from the solution tempera 
ture to the aging temperature and then aged. 
For this purpose, the alloy, may be quenched in a 
molten metal or molten salt bath to a tempera 
ture at or below the aging temperature. 
AS. Set, forth in the application of Norman L. 

Deuble, Serial No. 234,465, filed June 29, 1951, 
an oxidation resistant coating may be formed on 
molybdenum-base alloys by dipping them in a 
molten bath of aluminum containing from 5% to 
50% silicon. Thus, a bath, at a temperature 
between 1350° F. and 2000. F., may be employed 
as a quenching bath in the heat-treatment of 
the present invention and the resulting quenched 
alloy may then be aged in an oxidizing atmosr 
phere. The preferred practice is to use an alu 
minum quenching bath containing from 10% to 
15% silicon at a temperature of 1350 F. to 1600° 
F. and then age the alloy at about 1800° F. The 
use of a quenching bath of molten metal which 
will form an oxidation resistant coating may be 
applied. With advantage to any molybdenum-base 
alloy that is capable of developing age hardness. 
Tungsten and molybdenum form a continuous 

series of solid solutions. The addition of tung 
sten to molybdenunn causes a mild increase in 
the elevated temperature hardness and reduces 
the capacity of the alloy to be worked at ele 
wated temperatures. Molybdenum-beryllium 
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6 
tungsten alloys which are capable of being 
Worked at elevated temperatures and of de 
veloping age hardness may be obtained if, as 
the tungsten percentage approaches a maximum 
of about 50%, the amount of beryllium is pro 
portionately reduced from its maximum of .25% 
toward its minimum of .03%. It is preferred to 
uSe no tungsten or to maintain the tungsten con 
tent below about 10%. 
Age hardness is obtained by the above treat 

ment when beryllium is present in molybdenum 
base alloys as long as, in a given alloy, molyb 
denum is present in an amount exceeding the 
amount of tungsten present, if any, and the total 
of the molybdenum and tungsten constitutes at 
least 70% of the alloy. Other elements may also 
be present. Thus, -certain hereinafter-listed 
transition elements produce advantageous ef 
fects when added to the molybdenum-berryllium 
alloys Which are capable of being age hardened 
by the process of the present invention. How 
ever, to produce an alloy which can also be 
worked at elevated temperatures to a beneficial 
degree, the amounts of tungsten, other transi 
tion elements, aluminum and berryllium must 
be limited; the preferred alloys contain at least 
85% molybdenum. Thus, even in pure binary 
alloys of molybdenum, the following advanta 
geous transition elements should not be present 
in amounts exceeding the following percentages 
of the alloy is to be worked at elevated tempera 
tures: 

Percent 
Titanium ------------------------------- 14.0 
Vanadium ------------------------------ 7.0 
Chronium ------------------------------ 2.0 
Iron ------------------------------------ 1.3 
Cobalt ---------------------------------- .9 
Nickel ---------------------------------- .4 
Columbium ----------------------------- 10.0 
Tantalum ------------------------------ 9.0 
Zirconium ------------------------------ 2.0 

Beryllium in amounts in excess of about .03% 
and up to a maximum of about .25% and alumi 
num in amounts in excess of .4% and up to a 
maximum of 2.5% have an effect on workability 
Similar to that of the above transition elements. 
They all produce a proportionate increase in so 
lution hardness at 1600 F. as their quantities 
increase toward their maximums. The maxi 
nun amounts given for aluminum and each of 
the transition elements other than tungsten cor 
respond roughly to those quantities of each ele 
ment which, when added alone to molybdenum, 
Will produce a hardness at 1600° E. of 200 W. P. 
N. in an annealed casting. Beryllium alone in 
the amount of .25% has the same effect. It has 
not been possible with normal working tech 
niques to achieve a worthwhile percentage of re 
Covery from the Working of molybdenum-base 
alloys having hot hardnesses above that value, 
but a beneficial working at temperatures substan 
tially above 1600 F. may be performed on the 
alloys of the present invention, provided the 
hardness at 1600 F. does not exceed about 200 
W. P. N. in an annealed casting. The effects of 
all the above-mentioned metals, including tung 
sten, are additive and, therefore, when any two 
are present, the maximum permissible amount of 
one should be proportionately reduced from the 
stated maximum given above to the extent that 
the other metal approaches its stated maximum 
if the alloy is to have the capacity of being 
worked at elevated temperature to a beneficial 
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degree. Still::further reductions son the:Same: Eacample:6: 
basis must be made if more than tWO-are present, Per cent 
and iii. all cases less than these; maximum SigiVeS Beryllium"--------------------------- 09: 
the best resultS.S. ... Tungsten ---------------------------- 5. 

For the purpose of obtaining maximum hard Carbon-------------- .04 
ness, and strength, at elevated temperatures in i Molybdenum' ------------------------ balance 
molybdenum-base, alloys which contain beryllium. 
and which are welli adapted to hot-Working, the Eacample 7 
preferred alloying transition elements are tita- Percent: 
nium; columbium, vanadium, zirconium and tan- Beryllium . -- was las-- Eses a sers are - -, -'s asse--- 137. 
talumi. Molybdenum-base: alloys characterized Carbon.ass' . . . . as a -- a-- also a sers - - - rer r 02 

primarily by the beneficial effects of these ele- Aluminum: ...------------------------- 130. 
ments, respectively, are: more fully disclosed and . Molybdenum. ------------------------ balance 
claimed in rapplicants' scopending applications: ...'. . . . . a- - - 'a & - 

filed: concurrently herewith, as follows::: Serial: 5 Eican ple.8 
No. 250:24, is “Molybdenum-Titanium. Alloys'; Per cent.: 

- Serial No: 250,207, “Molybdenum-Columbiun Al- Beryllium ----------------------------. 3 ; 
loys'; Serial: No. 250,203, “Molybdenum-Vana- Carbon ----------------------------- O06: 
dium: Alloys; Serial No. 250,206. "Molybdenum- Aluminum -------------------------- 156 
Zirconium Alloys'; Serial No. 250,205, "Molybr Molybdenum E------------------------. balance: 
dentimi-Tantalun. AloyS. 
Therefore, the: expression molybdenum-bases: 

alloy as used in the following claims, means, uns: 
less otherwise, specified that the alloy is at least. 
70% ::molybdenum or molybdenum and tungsten 
with;the molybdenun: exceeding the tungsten, 
but isother elements may be present in amountS. 
Which do not materially in pair the age-harden 
ing:characteristics of molybdenum-beryllium als. 
loyS. 

Aarningrin.in. ..amounts , above . .4% and ; the 
above transition elements, other than tungsten, i. 
when present will usually reduce the temperature 
at which a liquid phase appears and, consequent-.. 
ly,may necessitate the use of Somewhat lower. 
solution temperatures which approach 3200 F. 
as a minimum." The maximum safetersperature. 
can be determined readily by trial. 
The following specific examples are "given by, 

way of illustration"to show molybdenum-beryl- 0 
lium alloys which have compositions within the , 
above-specified ranges and to which the heats. 
treatment of this invention is applicable: 

25 

The effect of heat-treatment on the alloys of 
this invention may be illustrated by the first ex 
ample-given above. That alloy, having a hard. 
ness of 230 V. P.N. in the annealed casting, was 
raised to a temperature of 3600°. F. and oil 
quenched after being maintained at that tem. . 
peraturer for two hours. The hardness. after 
quenching was 430 V. P. N. After heating at 

3.1750 F. for seven hours, the room temperature 
hardness of the alloy was increased to 680 W. P. 
N. A second sample of the same composition, 
subjected to the first two steps of the heat-treat 
ment, was then heated at 2000°F. for forty. 
minutes and attained a hardness of 675 V.P.N. 
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Eacample 1 
Peri cent; 

Berryllium':-------------- ------------ 15: 
Carbon".------------------------------- 033: 
Molybdenum ------------------------. balance. 

Eacoimple 2 
Pe. cent. 

Beryllium' ---------------------------- 05. 
Carbon------------------------------ 042. 
Tungsten --------------------------- w -S. 10. 
Molybdenum ------------------------ balance: 

Eacample 3 - 
Per Cent: 

Beryllium. --------------------------- 6.5 
Carbon ----------------------------- 05: 
Molybdenum ------------------------ balance's 

Eacample. 4. 
Per cert 

Beryllium' --------------------------- .04. 
Aluminum -------------------------- 08 
Molybdenun ------------------------ balance 

Eacample. 5 
m Per cent 

Beryllium --------------------------- 05 
Aluminum ---------------------- p - - - O 

Carbon ----------------------------- .0i. 
Molybdenum ------------------------ balance? 

A third sample of identical composition, after 
quenching from 3600°F., was heated at 1500°F. 
for sixty-six hours and a hardness of 520 W. P.N. 
Was reached... - 

This heat-treatment also improves the hot 
hardness of the alloy. The hot-hardness, as: 
well as room temperature hardness, is retained 
by the alloy for substantial periods of time on 
exposure to elevated temperatures. The alloy 
of Example 1, after being fully hardened, had a 
hardness of 680 V. P. N. at room temperature 
and a hardness of 520 W. P. N. at 1600°F. Its: 
hardness was fully retained after long exposure 
at 1500°F. and showed very little reduction after 
fifty-eight hours of exposure at 1750s F. 
Although the hardness induced by heat-treat 

ing is retained for along period at 1600°F, the “ 
induced age hardness may be removed by heat 
ing to a temperature between 2200 F. and 3000 
F. and furnace cooling. This "characteristic of 
molybdenum-base alloys containing bery ill.i. 
above .03% is particularly beneficial in the re 
spect that the hardness of the alloy may be re 
duced to facilitate fabrication operations and 

othereafter increased to meet service requirements. 
Cast molybdenumberyllium - alloys may be: 

produced in accordance with the following proca: 
ess: (1) mixing molybdenum, beryllium and any - 
other, desired elements in the form of powders, 
in the desired proportions; (2) pressing the mix 
ture into successive pellets to form a continu 
ous rod; (3) sintering the rod to impart sufficient 
strength to the same-to render itself-supporting; 
and (4) arc-melting the sintered rod as a con 
sumable electrode in an inert atmosphere and 
collecting the metal directly in a water-cooled 
copper mold. 

In this process, the starting naterials used are 
commercially pure: molybdenum-powder, pref 
erably containing not more than about .05% oxy 
genis and commercially available berylliitiin pows: 
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der. Metals in the form of small chips or gran 
ules may comprise part of the charge. 
The powder charge is fed into an extrusion die 

positioned beneath the ram of a reciprocating 
preSS wherein successive pellets or layers of the 
powder material are pressed continuously on top 
of preceding pellets to form a continuous rod of 
pressed metal powder. Adequate compaction of 
the pellets is obtained by using pressures of 
10,000 p.s. i. to 20,000 p.s. i., with 14,000 p.s. i. 
normally being adequate. Pressing, Sintering 
and arc-melting are preferably performed with 
in the same container in an inert atmosphere 
Such as argon or helium. 

Sufficient strength to make the pressed metal 
rod Self-Supporting is imparted by sintering the 
rod at a temperature of 2400° E. to 2900 F. for 
approximately a quarter of a minute to several 
minutes. In some cases, difficulty has been en 
Countered in making a molybdenum-beryllium 
rod which was self-Supporting in the absence of 
Carbon and/or aluminum. The explanation for 
this phenomenon is unknown but, when the dif 
ficulty is encountered, it may be remedied by in 
Corporating in the powder metal mixture .01% 
Or more Carbon or .01% or more aluminum. Sin 
tering may be accomplished by any desired meth 
Od of heating. Electrical resistance heating has 
been employed successfully. 
The sintered rod is then used as a consumable 

electrode in an inert atmosphere arc furnace. 
Melting is started by striking an arc between 
the rod and a starting electrode comprising a pile 
of chips of the same or similar alloy placed on a 
disc of molybdenum at the bottom of the cast 
ing mold. A water-cooled copper mold has been 
successfully used for receiving the molten molyb 
denum alloy without contaminating the alloy 
With copper. Molten alloy striking the Water 
cooled copper mold quickly solidifies, forming a 
protective coating on the surface of the mold. 
Thereafter, the liquid alloy becomes the lower 
electrode and the upper, consumable electrode is 
mechanically fed toward the lower, liquid elec 
trode to maintain continuous melting with the 
proper arc Spacing. 

If the alloy is to be worked at elevated tem 
peratures, it is necessary to avoid the introduc 
tion of Significant quantities of oxygen as a con 
taminant in the inert atmosphere. The inert 
atmosphere may be purified by passing it through 
a Commercial drying tower before introduction 
into the casting container. It may be recircu 
lated and re-used after passing over a bed of ti 
tanium metal maintained at approximately 1500° 
F. and a bed of magnesium metal maintained at 
approximately 1100 F. Because of the relative 
ly high volatility of beryllium and/or aluminum 
at the arc temperature, it has been found ad 
Vantageous to maintain the pressure of the inert 
atmosphere within the casting container at sub 
stantially atmospheric pressure or slightly 
above-for example, up to about 15.5 pounds per 
Square inch. In operation, the casting container 
is first evacuated and then filled with the inert 
gas, and thereafter a positive pressure of gas is 
maintained in the casting container at a pres 
Sure of atmospheric or slightly above. When 
carbon is used, the partial pressure of carbon 
monoxide in the melting chamber is preferably 
kept below about 100 microns. In some cases, 
this may require circulation of the purified inert 
gas through the chamber. 
One Suitable form of apparatus for use in 

forming, sintering and melting the powder rod is 
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10 
disclosed in the Copending application of Edgar 
K. Leaven Worth, Serial No. 787,797, filed Novem 
ber 24, 1947, now Patent 2,651,952. 

It has not been possible to hot-Work alloys con 
taining beryllium in excess of .25%, but such 
alloys have highly desirable properties when used 
in an unworked state. Thus, molybdenum-base 
alloys containing beryllium in amounts up to 7% 
not only may be given the above-described age 
hardness by heat-treatment, but exhibit high as 
cast hardneSS and a fine grain structure. More 
over, the alloys of higher beryllium content have 
a relatively low melting point and, therefore, may 
be produced by melting the constituents in a zil 
Conium oxide crucible in a furnace containing 
an inert atmosphere. This is particularly true 
of molybdenuin-beryllium alloys containing from 
6% to 7% belyiiium, which become entirely 
Inolten at temperatures in the range of 3400 F. 
to 3600° F. 

It is known that beryllium in certain forms is 
highly toxic to humans. The toxic hazards, if 
any, involved in the production, heat-treating 
and forging of alloys of the present invention 
have not been determined but, pending further 
information, caution has been exercised, particu 
larly during forging operations, to avoid inhaling 
fumes from the heated metal. 

All of the proportions given are percentages by 
Weight in the final alloy. 
What is claimed is: 
1. A proceSS iOr hardening a molybdenum 

base alloy containing not more than .05% oxygen 
and from .03% to 7% beryllium, the minimum 
beryllium increasing from .03% to .08% as the 
Oxygen content increases from .001% to .05%, 
which comprises holding the alloy at a tempera 
ture of at least 3200 F. for at least one hour, 
quenching the alloy, and thereafter age harden 
ing the alloy at a temperature between 1600° F. 
and 2000 F. 

2. A process as defined in claim 1 for hardening 
a molybdenum-base alloy containing at least 
85% molybdenum, from .03% to .25% beryllium 
and not more than .05% oxygen, the minimum 
beryllium increasing from .03% to .08% as the 
OXygen content increases from .00% to .05%. 

3. A process as defined in claim 1 for hardening 
a molybdenum-base alloy containing at least 85% 
molybdenum, from .05% to .15% beryllium and 
not more than .05% oxygen, the minimum beryl 
lium increasing from .05% to .10% as the oxygen 
content increases from .001% to .05%. 

4. A process for hardening a molybdenum-base 
alloy containing not more than .05% oxygen and 
from .03% to 7% beryllium, the minimum beryl 
lium increasing from .03% to .08% as the oxygen 
content increases from .001% to .05%, which com 
prises holding the alloy at a temperature of at 
least 3200' F. for at least one hour, quenching 
the alloy in a molten bath of an aluminum-silicon 
alloy, Said bath being at a temperature between 
1350 F. and 1600°F., and thereafter age harden 
ing the alloy at a temperature between 1600° F. 
and 2000 F. 

5. A process as defined in claim 4 for hardening 
a molybdenum-base alloy containing at least 85% 
molybdenum, from .03% to .25% beryllium and 
not more than .05% oxygen, the minimum bery 
lium increasing from .03% to .08% as the oxygen 
content increases from .001% to .05%. 

6. A process as defined in claim 2 for hardening 
a molybdenum-base alloy containing at least 85% 
molybdenum, from .05% to .10% beryllium and 
not more than .05% oxygen, the minimum beryl 
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lium increasing from .05% to 10% as the oxygen Frrrrr"N PATs. Nrs" 
increases from .001% to .05%. - FOREIGN PATENTS 

Number. Country. Date 
References. Cited in the file of this patent 370,566 Great Britain ------ Apr. 14, 1942 

UNITED STATES PATENTS 5 OTHER REFERENCES 
Number Name Date Parke et al., "Melting of Molybdenum in the 
1363,162 Myers et al. 1.------- Dec. 21, 1920. Vacuum Arc, Amer. Inst. of Mining and Metal 
1375,455 Hansen ------------ Apr. 19, 1921. lurgical Engineers, vol. 171, 1947, pages 416–430. 
2,011,976 Koster ------------ Aug. 20, 1935 O Kesseller et al., Preprint No. 33 (1949) of paper 
2,157,936. Hensel et al.--------- May 9, 1939. presented at the Amer. Soc. for Metals Conven 
2,304,297 Anton -------------- Dec. 8, 1942 tion, Cleveland, Ohio, Oct. 17-21, 1949. 
2,497,667 Gresham ----------- Feb. 14, 1950 

  


