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1 
This invention relates to the process of pro 

ducing ductile molybdenum base metal. 
Pure molybdenum and the known molybdenum 

base alloys, such as 5 % tungsten and 95% molyb 
denum, have many useful properties‘particularly 
at elevated temperatures of 908° C. and higher 
but their practical application is severely limited 
by their brittleness at room temperature and up 
to 150° C. Where alloying elements vare 'em~ 
ployed to effect an increase in the hardness, ‘and 
in particular, the creep and rupture strength at 
temperatures above 950° C. of molybdenum and 
its alloys, it is found that such alloys have poor 
cold ductility. 
‘Heretoiore attempts have ‘been made ‘to 'im 

prove the cold ductility of molybdenum and its 
alloys by applying a moderate work hardening, 
as by rolling, thereto at room or:slightly ele 
vated temperatures. In such cases, however, it 
has been found that any gain in cold ductility 
is obtained only in the rolling direction. If cross 
rolling is employed then an improvement is ob 
tained in the transverse direction but the cold 
ductility of rods or plates so treated remains 
‘poor in the thickness direction of the plate. In 
addition, work hardening of such metal with or 
without a preferred orientation in the direction 
of rolling appears to introduce objectionable di 
rectional properties. 
An examination of molybdenum base metal 

plates produced by conventional hot or cold roll 
ing reveals that the directional characteristics 
of such working is clearly evident after anneal 
ing the metal, for the metal has a coarse eloné 
gated grain structure. In most metals, the elon 
gated grain structure found in a severely reduced 
metal is converted into a substantially equiaxed 
grain structure when annealed. However, the 
molybdenum base metal produced by prior prac 
tice does not have a well-de?ned recrystalliza 
tion temperature but instead recrystallizes more 
or less progressively as the annealing tempera— 
ture is increased. ' 
An object of this invention is to provide ‘a 

process for producing completely recrystallized 
molybdenum base metal having excellent duc 
tility at room temperature. 
Another object of this invention is to provide 

for so processing molybdenum base metal as ‘to 
produce wrought metal fully recrystallized and 
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vhaving a substantially uniform ?ne grain size 
and an excellent cold ductility. 
‘Other objects of this invention will become 

apparent from the following description when 
taken in conjunction with the accompanying 
drawing in which: 1 
Figure l is a graph, the curves of which illus 

trate the time-temperature relationship for the 
start and'completion of recrystallization of mo 
lybdenum metal. 

Figs. 2 through ‘8 are photomicrographs of mo 
'lyb'denum taken at different stages of the process 
of this invention. 

Fig. 9 is a photomicrograph of bar stock pro 
duced from a sintered molybdenum compact 
processed in accordance with this invention. 

Fig. 10 is a graph, the curves of which illus 
trate the improvement in tensile strength and 
ductility at room temperature of metal processed 
in accordance with ‘this invention as compared 
with prior art metal, and 

Fig. 11 is a graph, the curves of which illus 
trate the _hardness change of two di?erent mos 
lybdenum base metals‘ treated in accordance with 
‘this invention and as'a'nnealed at different tem 
peratures. 
In practice, the "molybdenum base metal, such 

as pure molybdenum or molybdenum alloy con 
taining tungsten or other alloying ‘elements in 
contents not greatly ‘exceeding their solid solu 
bility content, is ‘produced by either the well~ 
‘known powder metallurgy processes or by melt~ 
ing and casting methods. In the former case, 
fine powders of the metal are pressed under high 
pressures into simple shapes (not shown) such 
as-circular ‘cylinders or rectangular shapes suit 
able for forging, swaging, rolling or extruding 
into bars or billets. The ‘density of such pressed 
shapes or briquettes is only about 60 to 70% of 
the 'base'meta'l and the pressed briquettes are 
quite'fragile. - 

When the pressed briquettes are sintered, as 
at a temperature between ‘I650 and 1759" C. in 
hydrogen for a time of 3 to 48 hours, the density 
of the compactis increased to between 9% and 
98% of the ‘theoretical density with an accomw 
panying increase in strength. Although con 
siderable shrinkage occurs, objectionable porosity 
remains and must be removed by working. Such 
sintered compacts are found to have a grain size 



2,666,721 
3 

of from No. '7 to No. 11 ASTM which is quite 
favorable to working. 
On the other hand, if the molybdenum base 

metal is produced by the casting method, it is 
found that in the “as cast” condition, the grain 
structure is quite coarse, grains a half inch or 
more in length often being observed. In order 
to break down the grain structure, the cast mo 
lybdenum base metal must be forged or rolled 
at a temperature above at least 1450° C. in cy 
cles amounting to a 15 to 50% reduction in area, 
each of the working steps being followed by a 
reheat at substantially the initial heating tem 

l0 

perature for a period of time sufficient to effect . 
at least a partial recrystallization. Several such 
cycles, usually 2 to 5, are sufficient to break down 
the larger “as cast” grain structure to a mixed 
grain size of approximately No. 1 to No. 3 ASTM. 
Such metal is then in a favorable condition 
to be further processed as described herein 

'4 
sufficiently long time to develop a substantially 
uniform temperature throughout the mass of 
metal. 
When the mass of metal is thus heated, the 

heated metal is worked, as by rolling, to effect 
a reduction in area of from 5 to 50%. The 
worked metal is again heated to a temperature 
not in excess of the initial temperature for from 
3 to 15 minutes after which the reheated metal 
is again worked to effect a further reduction in 
area of from 5 to 50%. The alternate steps of 
heating at a temperature below the recrystal 
lization temperature of the metal and working 
the heated metal are repeated until a total de 
formation equivalent to a reduction in area be 
tween 60-% and 90% is effected. After such a 
reduction in area is obtained, the metal is then 
annealed at atemperature above the recrys 

' tallization temperature and preferably at 1150 

after to obtain additional grain re?nement and , 
improve the cold ductility of the molybdenum 
base metal. ' 

In order to produce the metal having a sub- > 
stantially uniform ?ne grain size and good cold 
ductility, the metal, whether sintered compacts 
or forged cast metal as referred to hereinbefore 
is subjected to a cyclic treatment comprising 
repeated alternate heating and working of the 
metal at temperatures below the recrystalliza 
tion temperature of the metal. The recrystal 
lization temperature of the metal will depend 
upon the initial grain size, composition and pu 
rity of the metal as Well as the degree of work 
hardening but not necessarily the temperature 
at which the metal is worked. Such recrystal 
lization temperature can be readily determined 
as shown hereinafter. . 

As representative of such a determination, ref 
erence may be had to Figure 1 of the drawing, 
the curves of which represent the time-temper 
ature relationship for the beginning and end 
ing of the recrystallization of cast molybdenum 
metal which ‘had been forged to break up the 
initial large “as cast” grains to a mixed grain 
size of about No. 1 to No. 3 ASTM as described 
hereinbefore. Curves l0, l2, l4 and I6 shown 
in dotted line are representative of the start of 
recrystallization at diiferent time and tempera 
tures for the metal which has had 17%, 34%, 
58% and 89%, respectively, of a reduction in area 
and curves I3, 20, 22 and 24, respectively, are 
representative of the completion of recrystalli 
zation of the metal having 17%, 34%, 59% and 
89%, respectively, of a reduction in area applied 
thereto, the reduction in areas being obtained 
by rolling from a starting temperature of 1000° C. 
As the rolling temperature is increased, the time 
of reheating between passes must be decreased 
to prevent recrystallization between passes. 
Also the maximum rolling temperature or the 
time of reheating or both must be decreased as 
the amount of deformation applied to the metal 
increases. 
In general the process includes the heating 

of the molybdenum base metal to a substan 
tially uniform temperature between 800° C. and 
the temperature at which recrystallization starts, 
which latter temperature in this application and 
in the claims is termed the recrystallization tem 
perature, to thereby lower the resistance of the 
metal to deformation. The initial heating is 
preferably at a temperature of 1000” C. to 1300° 
C., but at all times below the recrystallization 
temperature of the metal and is applied for a 
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t0 1_675° C. for a period of time of from a mini~ 
mum of 1/2 hour at the lower temperature to a 
minimum of one minute at the higher tempera 
ture to effect the complete recrystallization of 
the metal to a substantially uniform grain size 
as ?ne as No. 6 ASTM. Such resulting com 
pletely recrystallized metal will have a room 
temperature ductility on tensile test in excess 
of 60% as measured by reduction in area. 
As a‘ speci?c example of the process of this 

invention reference may be had to the follow 
ing table giving the schedule of treatment as 
applied to a 11%; inch square hot forged billet of 
cast molybdenum having a grain size of No. 1 
ASTM to work the billet to a 5%, inch diameter 
round bar. 

' - l Total re 
T Temp, Reheat Reduction , duction in 

Pass A0. 0 O Mme mm in area, i area 
, , percent I percent 

1, 300 __________ _. 25 ' 25 
1, 300 5 15 36 
1, 150 15 20 49 
1, 150 5 2s 60 
1, 00D 15 27. 5 72 
1, 000 10 27 | 81 

Referring to Figs. 2, 3, 4, 5, 6 and 7 of the draw 
ing, there are shown photomicrographs at magni 
?cations of 100 times of the molybdenum metal 
in the “as received” condition, and after the 25%, 
36%, 61%, 72% and 81% reduction in area as 
recorded in the foregoing table. These photo 
micrographs reveal that no recrystallization has 
occurred during the working of the metal. 

After working the metal in this manner, the 
reduced metal was annealed at a temperature of 
1150° C. for 1 hour to completely recrystallize the 
metal to a uniform ?ne grain size. The result 
ing recrystallized metal had a fine grain size of 
N0; 6 to No. '7 ASTM or about 1000 grains per 
square millimeter as clearly shown in the photo 
micrograph at 100 times magni?cation of Fig. 8 
of the drawing. When subjected to tensile test 
ing, the completely recrystallized metal was found 
to have 55% elongation and 70% reduction in 
area at room temperature. 
The process is equally applicable to the produc 

tion of completely recrystallized molybdenum 
base metal having cold ductility from sintered 
compacts produced by powder metallurgy. For 
example, a 2%; inch diameter “as sintered” ingot 
of molybdenum having an initial grain size “as 
sintered” of No. 9 to No. 10 ASTM was satisfac~ 
torily rolled to a 5%; inch diameter round by heat 
ing the-“as sintered” ingot to a uniform tem 
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perature of 105. ° C. and thereafter alternately 
working and reheating ‘at progressively lower 
temperatures with the ?nal working at a tem 
perature of 900° C. and at all times below the 
recrystallization temperature of the metal until 

reduction of about 92% had been applied 
to the When the worked bar was annealed 

‘ erature of 1150° C. for one half hour 
the of the bar was completely recrystallized 
to a sub . i'ially uniform grain size of No. ‘8 
ASTM as shown in the photornic'ograph, taken 
at a magni?cation of 100 times, of Fig. 9 of the 
drawing. 
In order to clearly demonstrate the improve 

ment in cold ductility of the molybdenum base 
metal which has been completely recrystallized 
as just described in accordance with this inven 
tion to a substantially uniform grain size of No. 
8 ASTM as opposed to prior art hot swaged molyb 
denum base metal having a coarse and mixed 
grain size averaging about No. 3 ASTM, reference 
may be had to Fig. 10 of the drawing. In this 
?gure, curve 26 represents the reduction in area 
obtained on the completely recrystallized fine 
grained metal of Fig. 0 whereas curve 28 repre 
sents the reduction in area obtained on the coarse 
grained hot swaged molybdenum. rThe lowering 
of the temperature of transition from ductile to 
brittle material obtained by the process of this 
invention is quite evident by comparing curves 
20 and 20. The exceptionally good ductility at 
room temperature of molybdenum metal sub 
jected to the new process is evidenced by curve 
20. The improvement in room temperature 
breaking strength of the completely recrystallized 
?ne grain molybdenum over that of the coarse 
grained hot swaged molybdenum is also clearly 
shown by curves 30 and 32, respectively, these 
curves being based on true breaking stress tests. 
In practicing this invention it has been found 

necessary in all cases to apply a total reduction 
of from 60 to 90% without effecting recrystalliza 
tion, if the grain size after the recrystallization 
anneal is to be as line as No. 6 ASTM and if the 
metal is to have the improved cold ductility. This 
is true even though the initially “as sintered” 
metal had a. grain size as ?ne as No. 10 to No. 
11 ASTM. ‘ 

In effecting the reduction in area, reductions of 
from 5 to 50% between reheats and preferably 
10 to 25% are applied. In practice it is found 
that two to four passes of the metal may be made 
between reheats with a total reduction of from 
10 to 25% reduction in area per reheat. Such 
large reductions in area between reheats and 
below the recrystallization temperature effect an 
increased uniformity of the grain size in the cross 
sectional area of the metal being worked. 
Where the process is applied to molybdenum 

base alloys, higher temperatures or longer times 
are required to effect recrystallization thereby 
permitting higher rolling temperatures or longer 
reheating time between passes. In the molybde 
num alloys smaller grain sizes are obtained'by‘ 
equivalent reductions in area than are obtained 
with pure molybdenum metal. This is evident 
from the curves of Fig. 11 in which curve 30 is 
representative of the hardness vs. annealing tem 
perature for a molybdenum base alloy ‘contain 
ing 5.13% tungsten and which had an initial 
grain size of No. 6 ASTM and curve 30 is repre 
sentative of the hardness vs, annealing tempera 
ture for a pure molybdenum having an initial 
grain'size of No. '7 .ASTM, both metals being proc 

C1 

essed ina like manner as .to the alternate reduc 
tion in‘ area and reheat cycles and then annealed 
at the temperatures indicated. ’ 
While different variations of the reheating tem 

peratures, time and reduction in area are ‘con 
templated as long as the alternate heating and 
working is below the recrystallization tempera 
ture ‘of the molybdenum base metal, in practice, 
the-following schedule has been found to produce 
excellent results when applied to sintered molyb 
denum base metal compacts and to cast molyb 
denum base metal which has been hot forged to 
break up the “as cast” coarse grain structure to 
No. l or No. 2 ASTM size. 

l5 
Reduc 

Reheat Total prior Reheat Reheat tion in Numb“ 
' NO reduction, tempera- time, area per of pas_ses 

' percent ture, ° 0. min. reheat, p81 
percent reheat 

20 . 

1, 000-1, 300 10-00 5-50 1-3 
1,150 30 15 2 

1, 000-1, 300 3-15 5-50 1-3 
1,150 5 15 '2 

1, 000-1, 250 3-15 5-10 1-3 
1,150 5 15 2 

25 000-1, 200 3-15 5-30 1-3 
1,100 5 15 2 

000-1, 200 3-15 5-30 1-3 
1,100 5 15 2 

000-1, 100 3-15 5-30 1-3 
1, 5 15 2 

000-1, 100 3-15 5-30 1-3 
1,0 5 15 2 

30 300-1, 050 3-15 5-30 1-3 
1,0 5 15 2 

000-1, 050 3-15 5-30 1-3 
1,000 5 15 '2 

300-1, 050 3-15 5-30 1-3 
1,000 5 15 2 

300-1, 050 3-15 5-30 1-0 
,- 5 1' 2 

30 300-1, 000 3-15 5-38 1-3 
_ 5 15 2 

300-1, 000 3-15 ~ 5-30 1-3 
0 5 15 2 

300-1, 000 3-15 5-30 1-3 
5 15 2 

300-1, 000 3-15 5-30 1-3 
40 5 15 2 

'When the foregoing schedule of working is fol 
lowed by an anneal above the recrystallization 
temperature and preferably at a temperature in 

.15 the range of 1150° C. to l650° C. for 15 minutes to 
1 hour it 1s found that the resulting metal is com 
pletely recrystallized to a substantially uniform 
grain size as fine as No. 6 ASTM and in most 
cases to a grain size of No. '7 or 8 AS'I‘M or ?ner. 

50 In all cases the tensile properties at room temper 
ature have been improved as is evident from the 
curves of Fig. 10. From the showing of Fig. 10 it 
is evident also that the transition from ductile to 
brittle behavior on tensile test has been lowered 

55 approximately 150° C. and that very high elonga 
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tion and reduction in area values are obtained at 
room temperature for the ‘molybdenum base 
metal when processed in accordance with this 
rocess. In addition a more uniform ductility in 

all directions in the metal is obtained because 
of the substantially uniform ?ne and more nearly 
equiaxed grain structure. 
We claim as our invention: 
1. ‘In the process of producing completely re 

crystallized ductile molybdenum base metal from 
the group consisting of molybdenum and alloys 
of molybdenum and tungsten in solid solution, 
the‘steps comprising, subjecting the molybdenum 
base metal to a temperature between 800° C. and 
the recrystallization temperature of the metal to 
reduce the resistance of the metal to deformation, 
applying deformation to the heated metal _in an 
amount equivalent to a reduction in area ‘be 
tween 15% and ‘50%, repeating the alternate steps 
of heating the metal below the recrystallization 
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temperature and above 800° C. and deforming 
the metal to e?ect a‘ total deformation equiva 
lent to a total reduction in area in excess of 60%, 
the time of heating at any given temperature 
being determined by both the temperature and 
the reduction in area in accordance with the 
showing in Figure l of the drawing, wherein for 
a given reduction in area indicated by a dashed 
line curve, the time of heating employed at any 
given temperature is below the dashed line, and 
similarly in proportion thereto for a reduction 
in area other than shown by the dashed lines, 
and thereafter annealing the deformed metal at a 
temperature for a period of time comprising a 
minimum of 142 hour at 1150’ C. to one minute 
at l675° C‘. above the recrystallization tempera 
ture to completely recrystallize the metal to a 
substantially uniform grain size not coarser than 
No. 6 ASTM, the recrystallized metal having a 
ductility in excess of 60% reduction in area at 
room temperature. 

2. In the process of producing completely ‘re 
crystallized ductile molybdenum base metal from 
cast molybdenum base metal from the group con 
sisting of molybdenum and alloys of molybdenum 
and tungsten in solid solution, the steps com 
prising, working the cast metal at a temperature 
between 14-50” C. and 1650° C. to effect a reduc 
tion in area of 15% to 50%, reheating the metal 
to substantially the initial heating temperature 
to effect complete recrystallization thereof and 
thereafter again work the heated metal to effect 
a reduction in area of 15% to 50%, repeating the 
cycles of heating and working until a substan 
tially uniform grain size of between No. 1 and. 
No. 3 ASTM is obtained, subjecting the metal 
to a temperature between 800° C. and the recrys 
tallization temperature of the metal, working the 
heated metal an amount equivalent to a reduc— 
tion area of between 5% and 50%, repeating 
said later alternate steps of heating the metal 
below the recrystallization temperature and 
working the heated metal to effect a total defor 
mation equivalent to a total reduction in area 
in excess of 60% without e?‘ecting recrystalliza 
tion, time or“ heating at any given tempera 
ture being determined by both the temperature 
and the reduction in area in accordance with the 
showing in Figure l of the drawing, wherein for 
a given reduction in area indicated by a dashed 
line curve, the time of heating employed at any 
given temperature is below the dashed line, and 
simiiarly in proportion thereto for a reduction 
in other than shown by the dashed lines, 
and thereafter annealing the worked molyb 
denum metal at a temperature above the 
recrystallization temperature to completely re 
crystallize the metal to a substantially uniform 
grain size as as No. 6 ASTM for a period of 
time comprising a minimum of 1/2 hour at 1150° 
C. to one minute at 1675° C., the recrystallized 
metal having a room temperature ductility in ex 
cess of 60% reduction in area. 

3. In the process of producing completely re 
crystallized cluctile molybdenum base metal from 
the group consisting of molybdenum and alloys 
of molybdenum and tungsten in solid solution, 
the steps comprising, heating the molybdenum 
base metal to a temperature between 800° C. and 
the recrystallization temperature of the metal, 
working the heated metal an amount equivalent 
to a reduction in area between 5% and 50%, re 
peating the alternate steps of heating and work 
ing the metal to e?ect a total working thereof 
equivalent to a reduction in area between 60% 
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8 
and 90%, the successive heating steps being at a 
temperature not in excess of the previous step 
and at all times being at a temperature below 
the recrystallization temperature of the molyb 
denum base metal, the time of heating at any 
given temperature being determined by both the 
temperature and the reduction in area in accord 
ance with the showing in Figure l of the draw 
ing, wherein for a given reduction in area indi 
cated by a dashed line curve, the time of heating 
employed at any given temperature is below the 
dashed line, and similarly in proportion thereto 
for a reduction in area other than shown by the 
dashed lines, and thereafter annealing the 
worked metal at a temperature above the recrys- 
tallization temperature to completely recrystal 
lize the metal to a substantially uniform grain 
size as ?ne as No. 6 ASTM for a period of time 
comprising a minimum of 1/2 hour at 1150° C. to 
one minute at 16‘75° C., the recrystallized metal 
having room temperature ductility in excess of 
60% reduction in area. 

4. In the process of producing completely re~ 
crystallized ductile molybdenum base metal from 
the group consisting of molybdenum and alloys 
of molybdenum and tungsten in solid solution, 
the steps comprising, heating the molybdenum 
base metal to a temperature between 800° C. and 
the recrystallization temperature of the metal, 
working the heated metal an amount equivalent 
to a reduction in area between 5% and 50%, re 
peating the alternate steps of heating and work 
ing the metal to effect a total working thereof 
equivalent to a reduction in area between 60% 
and 90%, the successive heating steps including 
a plurality of series of steps of heating at the 
same temperature but below the recrystallization 
temperature of the molybdenum base metal, each 
series of heating steps being at a progressively 
lower temperature, the time of heating at any 
given temperature being determined by both the 
temperature and the reduction in area in accord 
ance with the showing in Figure l of the draw~ 
ing, wherein for a given reduction in area indi 
cated by a dashed line curve, the time of heating 
employed at any given temperature is below the 
dashed line, and similarly in proportion thereto 
for a reduction in area other than shown by the 
dashed lines, and thereafter annealing the 
worked metal at a temperature above the re 
crystallization temperature to completely recrys: 
tallize the molybdenum base metal to a substan 
tially uniform grain size as ?ne as No. 6 ASTM, 
for a period of time comprising a minimum of 1%; 
hour at 1150° C. to one minute at 16750 C., the 
recrystallized metal having a room temperature 
ductility in excess of 60% reduction in area. 

5. In the process of producing completely re 
crystallized ductile molybdenum base metal from 
the group consisting of molybdenum and alloys 
of molybdenum and tungsten in solid solution, 
the steps comprising, heating the molybdenum 
base metal to a temperature between 900° C. and 
1.200" C. to reduce the resistance of the metal to 
deformation, working the heated metal an 
amount equivalent to a reduction in area between 
5% and 50%, repeating the alternate steps of 
heating and working the metal to effect a total 
deformation equivalent to a total reduction in 
area between 60% and 90%, the steps of heat 
ing between the working steps being applied to 
develop predetermined temperatures in the 
worked metal that are below the recrystallization 
temperature of the worked metal and are lowered 
in a predetermined step schedule within the 
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range of 900° C. and 1200", the time of heating 
at any given temperature being determined by 
both the temperature and the reduction in area 
in accordance with the showing in Figure 1 of the 
drawing, wherein for a given reduction in area 
indicated by a dashed line curve, the time of 
heating employed at any given temperature is be 
low the dashed line, and similarly in proportion 
thereto for a, reduction in area other than shown 
by the dashed lines, and thereafter annealing the 
worked metal at a temperature within the range 
of 1150" C. and 1650" C. for a minimum period 
comprising 1/2 hour at 1150° C. to one minute at 

10 'v 

10 
71650" C. to completely recrystallize the molyb 
denum base metal to a substantially uniform 
grain size as ?ne as No. 6 ASTM, the recrystal 
li'zed metal having a room temperature ductility 
in excess of 60% reduction in area. 

I JAMES H. BECHTOLD. 
BENJAMIN LUSTMAN. 
HOWARD SCOTT. 
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