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This invention relates to refractory metal al-
lpys 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
-8 ‘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, ete. .

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-

um-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 im- .

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 desighate 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
périods 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 ac-
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-
vated 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

.029% 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 -thé carbon:not:exceed .06 %
or that the aluminum not exceed 4%. If both

ot

carbon and aluminum are present it is desirable..
to further restrict the maximum carbon content

as the aluminum increases toward? 49545

bon.
In all cases, workability 1mproveSrW1th reduc-..

thét‘.'”
preferred alloy contains not more thsn:02%: car~--!

\

tions in the oxygen content,.and:the.maximum.:.

permissible quantity in an..alloy that iswto -bew
worked at elevated temperatures is about .05%.

4

rate. Therefore, lower temperatures and short~
er solution periods may be employed with larger
guantities of beryllium. In addition, it is found
that. the.carbon content.-has.an.important effect
on the-sohition .temperature, low: carbon alloys
requiring - higher solution temperatures than
higher carbon alloys, all other things being equal.
TRe maximum amount of beryllium which will
go;iritorsolidisolition with molybdenum contain-

" ing:carbon:between .02% and .06% at any tem-

perature is.aboit .069% and, consequently, larger
quantitiés of berylliim are employed primarily to
reduce.the solutionrtemperature or the holding

. time:or both:i:
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It has not been found practical, in.the production .

of large cast ingots of molybdenum=bgse alloys;.

" to reduce the oxygen content below about .001%."

Molybdenum-hase alloys containing aluminum .

and no beryllium are disclosed and claimed in
applicants . copending...application,.. Serial . No.:
250,202, filed October.6,-1951; on: “Melybdenums,
Tungsten-Aluminum Alloys:?-.
Molybdenum-beryllium. .alloys- aressuseeptible.
to-.age -or. precipitation: hardening.. Berylliumz
has-limited solubility-in-molybdenum:in the.solid.
state; the-solubility-of .beryllium -increases: with-
increasing.temperature: : To.gain- the full-hard-:
ening: from: the -heat-treatment;: it.is-neecessary:
that a -certain-minimum: gquantity- of beryllium:

be present. To preserve:workability;-it -is-de--

sirable:to-employ the.lowest ;beryllium content
which. will -provide the .desired hardemn;’r effect.
from: the heat-treatment. .

Since-a: part of..the- beryllium: in- anys given..
maolybdenum=base: alloy-may:bs combined. - with:

some of the oxygen:present.to:form: beryllinm:

oxide-and in-that .case~would -beineffective.as-a

hardening -agent,. the -total. amount of berylium.
toproduce-a given-hardening :effect-varies with.

the amount-of oxygen in-the: final-alloy. » In.al=:
loys::containing -minimum:roxygen, 1. -€:: in -the.
order of .001% oxygen;asdittleas:.039% berylium:.

will: produce a: ‘significant-increase-in-the.as-east-

hardness-as:well as.a significant.amount of.age-:
or - precipitation:: hardness..
content is-at-its maximum:permissible-value of
.05%. approximately ~.089% beryllium. will.'be res:
quired -to-produce -an -equivalent-effect.: Quan=:
tities below:.03%; .arevinsufficient to provide:si
nificant-hardening :on: heat-treating:and..quan-:
tities -above::25 % render the:material-incapable:
of: being-worked-to a beneficial degree::: Where-
the-alloy-is-to-herused-in the unworked: condition;:
the beryllitm-content:may-be increased toia:max-:
imum-of: about7%:
Age-hardriessds:induced:in:these:alloys-by:-hold-+
ingthem-at-an.elevated temperature for-a period:
sufficient ‘to-increase-the-amount:of beryllinm:in:

solution, quenching the alloy. reheating it toia-

suitableitemperature; andholding it at-the:latter
temperature for a-period-of:fimer- The temperas-
ture~frony which-the: alloy:is-quenched ris-here=:
inafter-referred-toras the solution:temperature;:
and:the temperature to which the:alloy:is raised:
after quenching-is referred-to-as:thejaging: tem=:
perature::

Roth time and temperature affect the-amount-
of beryllium:which goes into schition: The.solu-
tion rateincreases rapidly:with-increases in.tems-

perature: and;- therefore,~in-order-te: -avoid- pro-:

longed heating, it is preferred-to.use-the highest:
practical solution: temperatures::
total :amount-of beryllium has an.effect.on.the.
solution..rate-larger .quantities .increasing.:the.

When ~-the <oxygen:

In addition, the:
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- stantially .nonoxidizing: conditions,..

- Imzapplyinerthe:above principles to practical
needs, it is found. .that where it is possible to
produce joiw oxygen-alloys, as little as .03% beryl-
litim will effect a small but significant amount of
agespriprecipitation hardness. - However, it is
necessary to use very high solution temperatures
oruhold-the-alloy.at.its:solution temperaturecior
a.prolonged.period.. The:preferred solution:tems:
perature: for.such -an.alloy swould.be-about. 3800°
., with..a holding:period.in: the .order.of:fourste:
six hours..: With.this treatment; the-age-hardness:
will: be -increased: if .at-least-.02.%- carbon: is-pres=-
ent. : As~-the.oxygen content increases:fromn its:
practical. minimum:: of :..001%,. the. amount:-of
beryllium:should-be- increased; the-added-beryl--
linm.being at least-that required to- combine with-
the.increased. oxygen. to form:beryllium-oxide.

. Age-hardness:is.obtained only if-the-minimum;
beryllium.content.increasesfrom:.03%.40 .08%as
the oxygen.content-increases: from::0019to: its:
maximum of .056%. In view-of the.desirability-of-
reducing. the solution-temperature - and.time;it
is. preferred-to employ;beryllium=in a:minimums
amount which increases from:.05%:t0..1% ;as:the"
oxygen:content-increases from..001 %-to its maxi=
mun-.of .05% 5 arhigh :degree: of--precipitation:
hardening may:-he-obtained . with suck minimum-
amounts-of rberyllium:. . It. is: also-preferred-that:
not more- than: .15% : beryllium-be :employed in:
alloys 'which.are-tobe-hot-worked.:

For example, to-obtain:maximum. -hardness, .an:
alloy- containing: .10%:beryllium:.and-.02%:.or
more carbon:is. preferably: held ata-solutiontem=+
perature:-of about-3350¢ F..forthreeto four-hours.
and-then: quenched: . An:-alloy. containing 169
beryllium and:about: {029, -or more-carbon:is pref--
erably held at:a-solution -temperature -of ‘about:

3350° ¥ for--about-two- to: three-hours. : An alloy:
containing :15.%-beryllium-and.as-little as~006%:"
carbon is preferably:held at:a solution tempera~:
ture of :about-3800°%: F.:.for about two hours:or:
36002 F. for. about.six hours:. If-maximum hard--
ness-is: not required, the: holding: period.and:solt--
tion temperature-may-be.reduced:..

Tn:all cases; a-solution:temperature: of-atdeast
3200°.F..is required-to.produce-significant-ageror:
precipitation~ hardness... Higher::solution: - tems=-
peratures-thanthose:specified-above-may: -beems.:
ployed; but: care should: be takento-avoid: hold=-
ing the alloy: at-a temperature-which. -will-melt:
any substantial portion:.  The:time:for-which the:
alloys of the present:invention-may:be’held-atthe:
solution temperature is limited only by the praca:
tical consideration:: that: . equilibrium -is: ap-
proached asymptotically:with time:- The solution:.
heat-treatment should:be- carried. out under.sube-.
..e,..in an.
atmosphere.of inert gas,.such as argon. or. helium,:
or.of-hydrogen or in.a.vacuum..

After_the solition heat- txeatment is ‘comiplete;”
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 akout 1600° F. to 2000° F. for a pro-
The time required de-
pends primarily upon the temperature employed.
For example, maximum hardness has been ob-
tained by employing temperatures of 2000° . for
aitime of only forty minutes with an alloy con-~
taining .15% beryllium, .033% carbon and the
balance -molybdenum. About six hours at 1750°
P, 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
sélected 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° ¥. or three hours
2t,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-

‘mum 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 2 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, forgeakle molyb-
denum-base alloys. Thus, in general, the hard-
ness which may be achieved exceed 500 V. P, N.
(Vickers Pyramid Mumeral) if beryllium is pres-
entin-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 resistan{ 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 guenched

alloy may then be aged in an oxidizing atmos~.

phere.. The preferred practice is to use an alu-
minum quenching bath containing from 10% to
15% silicon at a temperature of 1350° P, 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 molybdenum causes a mild increase in
the elevated temperature hardness and reduces
the capacity of the alloy to be worked at ele-
vated . temperatures. = Molybdenum-beryllium-
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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 berylium 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
-certain- hereinafter-listed
transition elements produce advantageous ef-
fects when added to the molybdenum-berryllium
alloys which are capalkls 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

g5 Iitanium . . 14.0
Vanadium . ___ o ____ 7.0
Chromium .. 2.0
Iron o 1.3
Cobalt . .___ ———— - 9

40 Nickel _____ 4
Columbium . ___ . ___ 10.0
Tantalum N — 9.0
Zirconium . ___ . __ . 2.0
Beryllium in amounts in excess of about .03%

45 and up to a maximum of about .25% and alumi-

-3

0

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° P. as their quantities
increase toward their maximums. The maxi-
mum 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° F. of 200 V. P.
N. in an annealed casting. Beryllium alone in
the amount of .259% 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 ahove 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° ¥. does not exceed about 200
V. 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 he. 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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deptes. ~ Stilldfurther: reductions~onisthe:same:
basis mustbe madetif moreithan twd-are present;:
and il allscasestless than these:maximums:gives:
thevbest:results.i: :

For the:purpose of obtaining:maximum:hard=- 3
neéss and rstrength: at: elevatéd temperatures:in
molybdenumsbase alloys whichicontain beryllium:
andswhich are wellradapted to hot-working,:the
preferred alloying transition felements ware.tita--
nium;eolumbiunt; vanadium, zirconium-and tan- 10:
talams. Mélybdenum=base : alloys - characterized:-
primarily «byi the beneficial-effects of these- ele--
ments; respectively, are:more fully disclosed and .
claimed:iin ~applicants™copending - applications
filed:cconcurrently: herewith; as:followsy: Serial-156!
No: 256204, “Molybdernum=Titanium: Alloys’; "

- Serial:No: 250:207, “Mslybdenum-Columbium: Al
logs”;: SerialNoi+250,203,: “Molybdenum-Vana-:
diumiAloys’; Seriat-No:: 250,206, “Molybdenum- -

Zirgenium Alloys”; Serial No::250,205; “Molyl-:: 202

denum-Tantalum::Alloys.”:

Therefore;- the: expression: molybdenum-base::
alloy as:used in the following claims, means un=:
lesssotherwise: specified :that the alloy is at.least
70% molybdenum or:rmolybdenum and:turigsten 25
with:ithe molybdenum= exceeding the tungsten,
butsother -elements-may:bé present: in~amounts:
which' do-not materially impair the age-harden- -
ing:characteristics of molybdenum=beryllium al= -
loys.: ‘ 30¢%

Aluminumsines amdounts nabove - 4% and.: the-
above transition elements, other than tungsten,
when present will usually reduce the femperature
at whiéh a liquid phase appears and, consequent-. .

1y, may necessitate the use of somewhat Jower. 35"

solution “temperatures which approdch 3200° F..
as a minimunt,” The maximum safe temperature.
caii be determined treadily by trial.” )

The following "specific  examples are given by.
way .of "illustration”t6"show molybdenum-beryl- 40°
littm alloys ‘which have compositions within the.
above-specified ranges and” to which the heat-:
treatment of this invention is applicable:

Example 1 45
Per:cent:
Berryium o - e 15
CatDON " e o e .033:
Molybdenumy — _ o . balance:
Exdmple 2 . 50
Per: cent:”
Beryium:s o i i 05
Carbon . e e i 042"
Tungsten e 10::565 7.
MolybBdenum: i balancef*
Ezxzample .3 -
Per-cent
Bery iU o ol it 6.5°:60
CaTONT L e .05
Molybdenum : balance
Example 4- '

_ Pér cent 85"
BaryIliin " - .04
Aluminum . .08
Molybdenunmy : i balance

Example 5 70

) Per cent’
Beyylitm . .05
Alomiinem® o . i 10
CaAPBON F4acioi L1
MOIBASNEUM - oo palances >

-Egample:6s
Per ‘cent-
BeryHHUM ™ et 09
CTungsten .o e 5
Carbon o e 04
Molybdenum* .. e balance-
' Example 7
v Percent
BeryHium i it ce e e 137
(07: 13 [0) 0 AT A S U 0277
Aluminum . ... RS 130+
MOIyDAENUM: « oo i e —e == ElADICET
Example .8~
Per cent:
Berylium' . - : . i - 137
CaArbONY i e - 006
Aluminum —_ . 15667
Molybdenum & o o o e C e e balance::

The effect “of heat<treatment on’ the alloysrof:
this invention may e illustrated by the first ex~
amplé-given above,” That alloy, having a hard="

sness 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-= .
perature-for two~ hours. 'The’ hardness . after-
quenching was-430. V. P.) N. After heating at

1750° B.“for seven hours, the room temperature
hardness of the alloy;was increased to 680 V. P.

N. A ‘second: sample-of .the same composition;

subjected to:the first two-steps of the heat-treat-

ment; was- thenheated. at 2000°F. for forty"
minutes- and attained a hardnéss-of ‘675 V. P.I"N.’
A’ third sample “of “idéntical composition, -after "
quenching from 3600 F., was heatéd at 1500°F."
for-sixty=six hours and a hardness of 520°V. 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°V."P."N."at’1600° F." Its-
hardness was fully retained-after long exposure -
at1500° F. and ‘showed very little reduction after”

fifty-eight hours of “exposure -at 1750°-"PF."

Although-the hardness induced by heat-treat-
ing is retained for ‘a‘lohg period at 1600° F., the+
induced .dage hardness may be-removed by -heat-
ing-to a temperature between 2200° F. and 3000° "
Fand furnace ‘coolinig. - This characteristic of =
molybdenum-bhase - alloys- containing beryilium
above .03% ‘is ‘particularly beneficidl in the re+
speet‘that the ‘hardness of ‘the alloy may be re--
duced “to ‘facilitate fabrication  operations and

thereafter increased to meet service requirements.

Cast- molybdenums=beryllivim - alldys - may *he~
produced in: accordance with thé:following proc="
esss (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 pelléts ‘to- form a continu-
ous rod; (3) sintering the rod to impart sufficient -
strength to the same-to render it self-supporting;-
and (4 arc-melting ‘the ‘sintered‘rod ‘as a con=

_sumable’ electrode in’-aninert -atmosphere and’

collecting the metal “directly “in* a” water-cooled
copper mold.

In'this process, the-starting materials used sre
comuercially pure’ molybdénum-powder, ‘pref«

_erably ‘containing not-more than about::05 % oxy«
‘gen;andicommercially iavailableé*beryllitiin pows -

i
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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 hy 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° P. 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 fer
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
dise 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
brotective 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, liguid 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°
P. 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. Leavenworth, 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 zir~
conium oxide crucible in a furnace containing
an inert atmosphere. This is particularly true
of molybdenum-beryllium alloys containing from
6% to 7% beryiiium, which become entirely
moliten at temperatures in the range of 3400° ¥,
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 heaied 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° Pp.

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 .001% to .05%.

3. A process as defined in claim 1 for hardening
a molybdenum-base ailoy 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-
brises 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° P., 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%
molyhdenum, from .03% to .25% beryllium and
not more than .06% oxygen, the minimum beryl-
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 .109% beryllium and
not more than .05% oxygen, the minimum beryl-
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lium mcreasmg from 05% 1o 10% as the oxygen
inereases from .001% to .05%:; -
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