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FOREWORD 

Granting an abundant supply of raw material, the evolution of i new 
engineering material invariably requires the simultaneous solution of several 
problems which are not necessarily technologically interdependent from a 
research point of view.  Molybdenum is aoundant in the western hemisphere, 
and the evolution of molybdenum and molybdenum-base alloys as engineering 
materials involves the development of four major aspects of the overall 
problem.  These are:  First, the establishment of the properties obtainable 
in the new materials.  Second, development of commercial me+hods of producing 
and fabricating the new materials.  Third, the discovery of methods of pro- 
tecting the new materials from oxidation at elevated temperatures.  Fourth, 
the design of machines and equipment to use the new materials in our compli- 
cated technology. 

Phe status of arc-cast molybdenum and its alloys on these four counts 
may be suanaarized as of this date, as follows: 

1. The metallurgical foundation for the technological development of a new 
series of metallic alloys is virtually assured under the research program 
sponsored by the Office of Naval Research and for which this report is a 
significant part.  Wrought alloys amenable to many of the current fabrication 
processes and having strengths at elevated temperature well above those of the 
present so-called "superalloys" nave been produced and are becoming available. 

2. ' Pilot operations at the Climax Molybdenum Company of Michigan over a 
period of three years have confirmed that 'the commercial production of molyb- 
denum ard molybdenum-base alloys by the arc-casting process is feasible.  For 
large sections of materials and for material having special requirements, 
molybdenum produced by the arc-cast process is preferred to that currently 
produced by the processes of powder metallurgy. 

3. The difficult problem of protecting molybdenum from oxidation has been 
receiving the attention cf many well qualified investigators, both at the 
fundamental and the practical levels.  This problem has already been reduced 
to a question of feasibility rather than possibility.  Although a universally 
applicable method of protection may still be a long way off, results of re- 
search at this time suggest that the solution to the problem for special 
strategic applications is probably not far avay. 

k.     Substantial quantities of the alloys are being made available for ex- 
perimentation and- for limited, production where oxidation resistance is not 
a prerequisite to performance.  Most, if not all, of the applications require 
developments in design to derive full benefit from the new material.  It is 
to be expected that with the solution of the problem of oxidation resistance 
revolutionary engineering developments will be forthcoming. 

Alvin J. Herzig 
President 

Climax Molybdenum Company of Michigan 
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FOURTH ANNUAL REPORT 

ARC-CAST MOLYBDENUM-BASE ALLOYS 

Contract NoOnr-78700,  Task Order N8onr-78701 
Project NE 039-002 

SUMMARY 

One  of the principal  objectives of the  fourth year program was to ob+pin 
mechanical property data for some of the arc-cast binary molybdenum-base alloys 
previously developed and shown to possess  satisfactory forgeabiiity ano   nrop- 
erties  superior to unalloyed molybdenum.     Twenty-two different alloys repre- 
sentative of five different binary systems have been produced on a pile    plant 
scale and have been fabricated by conventional commercial methods.    Creep- 
rupture tests have  shown that unalloyed molybdenum and ail the alloys exhibit 
100-hour creep-rupture  strengths at iSOC F more than three times the  strengths 
developed by the now widely used cobalt- and nickel-base alloy."      Strain 
hardened sections of the alloys were  superior in creep-rupture  strength to re- 
cry staiJ i zed sections of the  same materials at all temperatures,   but the ad- 
vantage was greater at 1600 and 1800 F than at 2000 F.     Four binary alloys. 
Mo  - 0.h5'r' Ti,  Mo  - 1.2?$ Ti,  Mo  - 0.75$ Kb, and Mo  - 0.09% Zr,  exhibited 
100-hour creep-rupture  strengths  in the range 22,000-25,500 psi at 2000 F with 
trie minimum elongation value of 10/i.     In general,  the alloys were  superior to 
unalloyed molybdenum at all tsst temperatures;  there were a few exceptions. 

A second objective was   i,o produce carbon-free alloys or st  least t~  reduce 
the  residual carbon content to 0.01$ maximum to improve ductility.     Car -on-free 
molybdenum-vanadium and molybdenum-titanium alloys Ks /e  bee;:  ^MuceJ  by deoxi- 
dation with rare earth metals in vacuum and ha"> ' beer. ho*, r' r.*.ea  successfully. 
Titanium and' zirconium have been used as  supplementary deo_*..-dizeTti  Lo produce 
forgeable  ingots with low residual carbon contents   (0.010-0.015$) by  vacuum 
melting. 

Elimination of the cmbrittlement of wrought molybdenum upon exposure to 
temperatures above 2000 F comprised a third objective.     The addition of ti- 
tanium to molybdenum and molybdenum-base alloys has been shown to minimize, 
and in some cases to prevent,  elevated temperature embrittlement when deoxida- 
tion during melting was accomplished with carbon  (vacuum meltingN . witn alu- 
minum  (argon melting)  or rare earth metals   (either argon or vacuum melts^3). 

The  fourth year program has  included the exp.lorj.uion of a se^es of 
graded castings of solid solution,  molybdenum-rich,   terna/v alloy,  sac1-   of 
which was composed of a different combination of two elements from the  fol- 
lowing group:    aluminum,  cobalt,  niobium,  titanium,  vanadium,  and zirconium. 
'The test castings were made by melting bars of a binary alloy a^i adding the 
third element in increasing quantities a? melting progressed.    Ternary molyb- 
denum-base alloys containing small amounts of aluminum or cobalt generally 
have lower hardness at room temperature than corresponding binary molybder.ua- 
base alloys free from the aluminum or cobalt.    This is similar to the effect 
of adding small amounts of aluminum or cobalt to unalloyed mOl'/Menura.    At 
1600 F,  all of the ternary alloys were harder than the  ccrrespc;iuiag binary 
alloys.     In general,  the hardening effects of addition of two alloying elements 
to molybdenum are additive. 



ABO-CIST MOLYBDENUM-BASE ALLOYS 

INTRODUCTION 

Research on arc-cast molybdenum-base alloys has been sponsored by the 
Office of Naval Research under Contract N8onr-78700 at the Climax Molybdenum 
Company of Michigan since February, 19^9.  The bases for placing this con- 
tract were:  (l) the desire to increase the rate of research on molybdenum- 
base alloys because of their potentialities as structural materials for high 
temperature applications, and (2) the prior development by Cliirax Molybdenum 
Company of Michigan of equipment and processes for producing forgeable, arc- 
cast ingots of molybdenum and molybdenum-base alloys. 

Research accomplished under the contract by July 31> 1952, was described 
in the first three annual reports and may be summarized as follows: 

1. Classification of the alloy systems according to solid solubility 
and the nature of the first excess phase developed in molybdenum- 
rich compositions. 

2. Discovery of a number of very promising alloys exhibiting strengths 
higher than expected. 

3. Measurement of ~che rates of increase of room-temperature and ele- 
veted-temperature hardness with increasing coueentrations of 
alloying elements. 

k,     Preparation of tentative phs.se diagrams of molybdenum-beryllium, 
molybdenum-boron, molybdenum-aluminum, and molybdenum-silicon 
alloys. 

5. Investigation of the effects of added elements on the control 
of oxygen in molybdenum produced by The arc-cast process and 
the indirect effect of each element on the hot working charac- 
teristics of molybdenum, 

6. Investigation of the effects of variations in processing the 
cast metal on hot plasticity. 

7. Evaluation of room-temperature ductility of molybdenum and 
molybdenum-base alloys as cast and after mechanical working. 

8. The discovery of binary alloy systems of molybdenum vhich are 
anK»r>able to heat treatment for the control of mechanical 
properties. 

9. Development of heat treatments for precipixation hardening 
moL/bder.jm-beryllium alloys. 

10. An initial appraisal of the extrusion process for hot working 
alloy ingot's and an investigation of some of the properties of 
a few alloys which were hot worked in this manner. 

c 
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11. Determination of mechanical properties at  room and elevated 

temperatures of a number of wrought,  arc-cast molybdenum- 
base alloys. 

12. Investigation of the embrittlement resulting from exposure 
to high temperatures. 

This report covers the work done on Contract I.r8onr =78700 in the r-eriod 
August 1, 1952, through -July jl; 1933. During this period the major fields 
of investigation were as  follows: 

1. Mechanical properties at room and elevated   temperatures cf 
a number of wrought arc-cast molybdenum-b^se alloys. 

2, Deoxidation and forging practices. 

3.  Embrittlement of molybdenum resulting from exposure to high 
temperatures. 

h.     Preliminary appraisal of ternary molybdenum-base alloys, 
through rretallographic examination, measurement of hardness 
at room and elevated temperatures, and measurement of lattice 
parameters. 

Equipment and Experimental Procedures 

Most of the equipment and experimental procedures employed in the investi- 
gation of molybdenum-base alloys have been described in previous annual reports. 
Two types of melting furnace have been used:  a bar machine1"*, in which the 
consumable electrode is a preformed car, and powder machines (P5M-3 and VSM-h)^'- 
in which the charge comprises powder and in which pressing, sinxering, and melt- 
ing are continuous within the furnace.  An induction furnace- was used for heat 
treating small samples at temperatures up to hlOO  F in vacuum or argon atmos- 
phere.  This furnace permits oil quenching without exposure to air.  A 1000- 
pound air hammer  .as used for initial breakdown of some small ingots prior to 
rolling. 

During the fourth year of the eontrect, the mstallographic procedure pre- 
viously described ' was followed without change.  The methods of mechanical 
testing, sach as Vickers hardness, r' rig bursting, beam bending, impact, and 
tensile tests, were likewise unchanged.  The strain rates and temperatures 
used for impact and tensile tests are given with the impact and tensile data 
in the sec Lion on jiechanical properties of binary alloys. The dynamic hardness 
test was studied in greater detail, since an anomalous rise in dynamic hardness 
number was observed in most of the alloys at 2200 to 2800 F. The dynamic hot 
hardness testing apparatus and experiments to trace the cause of the anomalous 
hardness are described in Appendix B. 

* The superscripts pertain to references appended to this report, 



MECHANICAL  PROPERTIES OF  BINARY ALLOYS 

During the  past  year,  the  study of molybdenum-base binary alloys has 
centered on two main objectives:     (i)   the  feasibility of producing and proc- 
essing large  sections of ^7 ingots prepared  in the alloy  systems of aluminum, 
ccbalL,  nickel,   niobium,   silicon,   titanium,  vanadium,  and zirconium,  and 
(2) evaluation of the  variables  of composition and fabrication in terms of 
mechanical properties.     Some  of the  cobalt,  niobium,  titanium,  and vanadium 
alloys were   in test during the  third year of the program;   others were made 
and tested during the  fourth year.     The molybdenum-aluminum and molybdenum- 
zirconium alloys have now been studied extensively for the  first time,  while 
the molybdenum-nickel and nolybdenum-silicon alloys have been investigated 
in an exploratory manner only. 

Two vacuum-arc cast,   carbon-deoxidized,  unalloyed molybdenum ingots 
(937 and 1159*) were  included in  this  study to provide  a datum plane  for 
measuring  the effects  of alloying elements.     In this  section  the  expression 
"unalloyed molybdenum"   refers to these   ingots.     A third  ingot   (1053),  deoxi- 
dized with aluminum and  melted  in argon,   contained enough aluminum to accom- 
plish deoxidation but  not enough to be  considered an alloy.     This  ingot,   there- 
fore,   lias been classed with unalloyed molybdenum.     The mechanical properties 
of three heats deoxidized with rare earth metals--cne unalloyed molybdenum, 
one molybdenum-vanadium alloy,  and one molybdenum-titanium alloy—have also 
been determined. 

At the  outset  of the  program for the  fourth year,  experimental  ingots 
of the alloys were  four inches  in diameter and weighed about 100 pound-, 
they were  produced  in the   smaller powder machine.     After extrusion oi  .,molyb- 
denum proved  to be  feasible,   ana also mo*-e economical than " MTimer forging, 
larger alloy ingots were  cast and extruded.     These  ingo-.„  v.ere  7-1/2 to 8 
inches   in diameter,   weighed about   300  pounds,   and were   produced  in  the 
larger nowOer machine. 

Identifications of the alloy ingots,   their chemical analyses and  cast 
sizes are  given  in Table  1.     All  the  alloys  listed were  produced  from powder 
charges  in PSM equipment without difficulty. 

Most of the heats were deoxidized with carbon and melted in vpcuuiu. 
In the molybdenum-aluminum series,  aluminum seived as the deoxidize..;   there- 
fore,   carbon was not added,  and the heats were melted in argon.     Several heats 
were deoxidized by other procedures that had shown promise  in earlier experi- 
ments.     Three heats,  deoxidized with rare earth metals under the deoxidation 
program  (10^5>   10^8,   10^+9),  were  large enough to provide   stock for mechanical 
testing as well as for rhe deoxidation studies.     Titanium was used as an 
auxiliary deoxidizer in wo alloy heats  (1001,   1217),   since  it had  been found 
earlier that molybdenum-titanium alloy heats deoxidized with carbon were 
characterized by an absence  cf speckling .it the grain boundary and a  strong 
resistance to intergranular fracture.     Lo~h of '.hese  characteristics have 
been associated with improved deoxidation. 

* Laboratory heat numbers 
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TABI£ 1 

T.NGO' IS FOR MECHANICAL PROPERTY STUDIES 

Mold Di 
In. 

a Additions, fo 
Carbon  Alloy 

0.042 

Form and Supplier 
of Alloy Added Carbon 

0.015 

Analysis, % 
Ingot Alloy 

937 6 
1159 7.5 0.0U7 0.040 
10^5 4 (0.3 LCA ) 0.003 0.005 Ce, 0.007 RE 
IO63 8 0.20 Al atomized, Alcoa 0.003 0.17 Al 
1058 8 O.oO Al No. 101 O.C06 0.49 Al 
987 4 0.60 Al O.OOj 0.53 Al 

1059 8 1.00 AJ 0.004 0.81 Al 
983 4 1.00 Al 0.001: 0.88 Al 

1155 7-5 1.25 Al 
.115 4 7.5 1.37 Al 
1176 4 

7.5 0.040 
1.70 Al 
0.12 Co 

I.43 Al 
1144 vacuum melted, 0.020 0.074 Co 
1217 7-5 0.034 0.247 Cc 

0.20 Ti 
National Re- 
search Corp. 

0.030 0.11 Co, 0.18 Ti 

1145 7.5 0.040 0.25 Co 0,0?? 0.123 Co 
1146 7-5 0.C40 0.37 Co 0.018 O.ibS Co 
1173 k o,o46 0.50 Co 0.017 0.19 Co 

1153 7-5 0.040 0.11 Ni pcvde r. Me tals 
Disintegrating Co. 

0.008 0.044 Ni 

988 4 0.035 0,25 Nb powder, Fansteei 0.019 0.24 Nb 
1082 8 0.051 0.30 Nb Metallurgical 0.032 0.3-1 No 
1001 8 0.043 0.30 Tib 

0.19 Ti 
Company 0.032 0.31 Nb, 0.16 Ti 

978 *t- 0.036 0.50 No 0.019 0.52 Nb 
979 li 0.036 0.75 Nb 0.022 O.76 No 

1057 8 0.052 0.78 Kb 0.033 0.75 Nb 
1147 7.5 0.033 1.04 Kb 0.012 1.10 Nb 
1148 7.5 

7.5 

0.033 1.30 Nb 0.013 1.36 Nb 

1152 0.040 "..10 Si high purity 0.011 0.088 Si 
powder 

1132 7-5 0.035 0.51 Ti sponge, DuPont 0.024 0.45 Ti 
1008 4 0.040 0.64 Ti crystal bar 0.034 0.65 Ti 
1048 4 (0.3 LCA) 1.00 Ti sponge, DuPont 0.026 0.69 Ti. 0.12 RE 
1133 7-5 0.038 1.03 Ti sponge, DuPont 0.014 0.85 Ti 
1134 7.5 0.038 1.29 Ti sponge, DuPont 0.010 1.05 Ti 
1138 7.5 0.038 1.55 TI sponge, DuPont 0.014 1.22 Ti 
1009 4 0.040 1.28 Ti crystal bar 0.036 1.26 Ti 
1143 7.5 0.042 2.06 Ti sponge, DuPont 0.016 1.66 Ti 
1010 4 0.040 1.92 t'i crystal bar 
1174 4 0.043 4.20 Ti sponge, DuPont 0.027 3.59 Ti 
1051 8 0.047 0.60 V vacuum fusion, 0.027 0.54 V 
1012 4 0.043 0.50 V Electrometal- 0.030 c.56 V 
1049 4 (0.3 LCA) 1.00 V 0.35 v 

0.003 Ce, 0.003 RE 
1052 8 0.047 1.20 V 0.029 1.00 V 
1013 4 0.043 1.20 V 0.035 1.14 v 
1053 8 0.047 1.50 V 0.032 1.24 V 
1151 7.5 0.040 1.25 v 0.006 1.25 v 
1014 *r 0.043 1.50 V 0.032 1.39 V 
1175 

), 0.043 1.6? V 0.033 1.46 v 

1207 7.5 0.035 0.09 Zr sponge, A.E.C. 0.019 0.09 Zr 
10o2 8 0.052 0.10 Zr 0.036 0.11 Zr 
104.1 It 0.040 0.20 Zr 0.021 C.21 Zr 
1149 7.5 0.033 0.20 Zr 0.C13 0.22 Zr 
1150 7.5 0.033 0.40 Zr 0.015 0.43 Zr 



As cast most of the ingots had rough porous surfaces which were machined 
off prior to working. The larger ingots "were machined to 6-l/2 inch diameter 
and were extruded at Babcock and ',,'ilcox Tubular Products Division. Machining 
to this diameter removed all surface defects of these ingots. 

Most of the four-inch-ilairjior ingots were turned to remove \/k  inch on a 
radius, to produce cylindrical surfaces free from defects, and vere forged on 
the hammer or the hydraulic press.  Four of the smaller castings (1173> H?fe> 
1175; 1176) were quartered and extruded at Thompson Products Company, Tapoo 
Division. 

All of the ingots were analyzed, chemically.  The material for chemical 
analyses was obtained from two positions in the casLing:  from a cross section 
one or two inches from the too of the ingot, and from the last cut on the 
cylindrical surface.  The analyses at the two positions agreed within the 
limits of accuracy of wet chemical analysis, and this agreement is presented 
as evidence of uniform'!' y of composition of the casting.  The unusually high 
hardness at the original surface of some ingots, particularly in the molyb- 
denum-cobalt and molybdenum-nickel system, suggested greater concentrations 
of alloying elements at the surface, but these surface layers were removed by 
machining.  The recoveries of cobalt and nickel were tne pecrest of the group 
of alloying elements studied, Table 2..     There is evidence, that cobalt and 

TABIJ2 2 

RECOVERY OP' ALLOYING ELEMENTS 

Alloying Element Re covery, $ 

Aluminum 85 
Cobalt W 
Nickel to 
Niobium 100 
Si lieon no 

Titanium, crystal bar 100 
Du Pont sponge 82 

Vanadium 90 
Zirconium 100 

nickel, because of their relatively high vapor pressures, evaporated from the 
melt and condensed upon the walls of the mold.  As the bath rose in the mold, 
the molten metri solidified when it contacted the water-cooled mold wall so 
quickly tiiat tine was not available to effect solution and diffusion of the 
condensed metals. They therefore remained at the surface of the casting and 
were ,;lost" when the castings were machined.  The remainder of the alloying 
element charged stayed in the melt and was assumed to be uniformly distributed 
throughout the machined section that was wrought to final shape. 

I 
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Properties as   "a si: 

Hardness 

A slice one inch thick vac prepare! irom the rr.i a-length of the four-inch 
diameter ingots for d'.;l.erm.Lr.atiop. of mechanical prop?jn ice a.; cast.  The slice 
from the larger ir.gotc was taken from tho top, as the major portion of the 
ir_gc. 'i1. one section i'as required for the extrusion clank.  Vickers hardness 
("10 kg load) of 3- alleys in the, cas; condition was determined: a summary of 
hardnesses at room temperakure and I-.300 F is given in the form of a bar graph 
in Figure 1.  Curves of hardness as a function of testing temperature from 
room temperature to hJOO  F for each alley aopear in Appendix C, Figures Cl to 
C7. 

The Vickers hardness of unalloyed molybdenum ;s about ISO at room tempera- 
ture and -JO at loOO F.  All the alleys except those containing 0.17','. aluminum, 
0.07''P cobalt, 0.123'- cobalt, and O.G^k- nickel were harder than unalloyed mo- 
lybdenum at room temperature.  At loOO F the alloy ingots, without exception, 
were harder than unalloyed molybdenum.  Unalloyed moiybcJenum deoxidized with 
0.3:: rare earth metal, although only slightly harder at room temperature than 
molybdenum deoxidized with carbon, was appreciably harder at loOO F. 

Aluminum in amounts greater than necessary for deoxidation alone in- 
creased the hardness of molybdenum.  This increase in hardness became pro- 
gressively greater with increasing aluminum content, especially at the higher 
temperatures; in general, the change in hardness with increasing temperature 
vac less for molybdenum-aluminum alloys than for unalloyed molybdenum and many 
of the other alloys. 

The hot hardness curves for the- throe molybdenum-cobalt alloys were simi- 
lar to those for the molybdenum-aluminum alloys, but at a lower hardness level. 

The hardening effect of niobium on molybdenum was much less than that of 
aluminum if the two alloying elements are compared on the basis of veight per 
cent. The ingot containing 0.24'.' niobium was not significantly harder than 
unalloyed molybdenum. The curves for the family of molybdenum-niobium alloys 
were similar in shape to those for unalloyed molybdenum; the hardness dropped 
rapidly with increasing tamperature in the range from room temperature to 
600 F and remained fairly constant at higher temperatures. 

'i'ne curves for molybdenum-titanium alloys likewise followed the general 
pattern established for unalloyed molybdenum.  The elevated temperature hard- 
ness increased with increase in titanium content. The ingot containing 0.69'f: 
titanium and deoxidized with rare earth metals (10M3) was harder at loOO F 
than a molybdenum-titanium alloy containing 0.90k titanium and deoxidized 
with carbon. 

Vickers hot hardness data for the group of molybdenum-vanadium alloys 
agreed well with the data previously obtained for this system, cf. third annual 
report.  It is evident from the data that vanadium in solid solution has a 
greater effect upon the hardness ^f molybdenum at 1600 F than upon its hardness 
at room temperature. The hardness of the heat deoxidized with rare earth metals 
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w».s slightly lower than that of a carbon-deoxidized ingot of similar vanadium 
content reported earlier.    The hardening effect, of vanadium,  on the basis of 
weignt per cent, was only slightly superior to that of niobium. 

Like aluminum and cobalt, but in somewhat lesser degree,  zirconium flat- 
tened the hardness-temperature curve.     On tne  basis of weight per cent, "the 
relative hardening effect of zirconium at, l60C F was in the  some range as that 
of alumi nuns. 

The addition of 0.0H# nickel and O.OfW silicon markedly  raised the hard- 
ness of molybdenum at loOO F,    Tne decrease in hardness of the  silicon alloy 
from room temperature to 1600 F was less  than  for any other alloys studied. 

The  relative hardening effects  of the alloying elements discussed above 
arc consistent with those ptiblished in the  second annual report,    The elements 
are listed below in order of decreasing hardening effect,   on the bases of both 
weight and. atomic per cent. 

Hardening Effect of Alloying Elements 

greatest effect 

Weight  Per Cent 

silicon 
nickel 
cobalt 
zirconium 
aluminum 
vanadium-titanium 
niobium 

least effect 

Atomic  Per Cent 

silicon 
nickel 
cobalt 
zirconium 
aluminum 
niobium 
vanadium 
titanium 

As an illustration, it can be seen from Table 1 that at 1600 F, 0.07$ 
cobalt, by weight, has approximately the same hardening effect as i-Y> ti- 
tanium,  1.296 vanadium, and somewhat wore  than ].3$ niobium. 

Additions of vanadium,  titanium,  or niobium do not  significantly change 
the  shape of the hardness-temperature curve established for unalloyed molyb- 
denum.    The rapid decrease in hardness as a function of increasing temperature 
occurs from room temperature to 800 F.;  between 800 F and loOO F there  is little 
change.    Addition;' of aluminum,  cobalt,  zirconium,  and silicon produce a more 
gradual decrease  in hardness  through the  range  from room temperature  to 1000 F. 
Furthermore,   for all the alloys  studied,  the room temperature hardness does not 
increase as rapidly with increasing alloy content as the hardness at l600 T, 
This is fortunate because higher elevated temperature hardness is obtained 
without a proportional increase  in room temperature hardness.     Significant in- 
crease in room temperature hardness increases  the difficulties of saving, ma" 
chining,   or turning the alloys. 
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Macr ostruc t tire 

The as-cast grain size and "oha macro structure of a given alloy changed 
insignificantly when the casting diameter was increased from four inches to 
eight inches.  All of the ingots filled the mold well and wei-e devoid of 
macroporcsity.  Of the large ingots, only one (1132) was sectioned for exam- 
ination of the raacrostructure near the center of the ingot, Figure 2. This 
ingct contained 0J*5$ titanium and had. essentially the same macroatructure 
as an ingot (1008) containing 0.65$ titanium and cast in a four-inch-diameter 
mold.' 

The grain size and macrestructure of the two unalloyed ingots deoxidized 
with carbon (937, 1159) were the same as those of the Oj-yp  titanium ingot. 
The grains were columnar and were about 0.1 inch in diarieter and 0.7 inch 
long.  The grains of the ingot deoxidised with rare earth metals (l0J+5) were 
finer, more lite those of the 3.59$ titanium ingot (117^).  The ingot con- 
taining 0=17$ aluminum was coarser grained than the unalloyed molybdenum, but 
as the aluminum con-cent increased, the grains were progressively finer. 
Figure 3-  A relatively small amount of cobalt (0.19$) not only raised the 
hardness of molybdenum but also refined the grain, Figure 3- 

Niobium in amounts up to 0.78$ had no effect upon grain size; the macro- 
structures of the molybdenum-niobium alloys were essentially the same as that 
shown for Ingot 1132, Figure 2.  The addition of 0.1$ nickel re.ined the grain 
considerably.  The macrostructure of an ingot containing nickel (1209) is 
shown in the section on deoxidation, Figure 67.  'The macrostructure of the 
0.088$ silicon alloy was like that of the 3-59$ titanium alloy.  In the ti- 
tanium series, the grain, size decreased as the titanium content increased, 
from 0.^5$ to 0.65$ and 3>59$> Figure 2.  Vanadium up to l.'+6$ refined the 
grain slightly, Figure 3; zirconium up to 0.1$ hao. no grain-refining effect 
and the ingots containing zirconium exhibited a macrostructure similar to 
that of Ingot 1132, Figure 2. 

Microstructure 

Unalloyed molybdenum made in the large powder machine usually contains a 
small amount of carbide and speckling. Figure h  is typical of the micro- 
structure and fracture.  The matter of speckling was discussed in detail in 
the third annual report, page llU.  In brief, a platelike oxide is observed 
upon the intergranular fractures of poorly deoxidized molybdenum. As the 
degree of deoxidation is improved, the platelike oxide diminishes in amount 
and in form and eventually appears as fine dots on the intergranular fractu>*e 
surfaces and disappears entirely in well-deoxidized molybdenum.  The phase 
appearing as fine dots or specks is called "speckling". Upon metallographic 
examination of electropolishcd specimens, it was found that when speckling 
appeared on the fractures it also appeared in the microstructure of polished 
sections in the form of minute, black or gray dots, predominantly at the grain 
boundaries and visible at magnifications of 1500X and greater.  Since the 
speckles are extremely small, it is difficult to reproduce them in photographs. 
Without question, speckling is more clearly revealed in the fractographs than 
in the photomicrographs of polished sections; hence, fractography has been 
relied upon as the principal procedure for evaluating the degree of deoxichition• 
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(P970) 

INGOT   1013 
0.0359J     CARBON 

1. ia*     VANADI UM 
CAST      iN      VACUUM 

(P905) 

FIGURE  3 - MACRQSTRUCTURES OF ARC -CAST MOLYBDENUM-BASE  ALLOYS,   XI 
FOUR—INCH—DIAMETER     INGOTS 



The molybdenum-aluminum alloys were devoid of oxide at the grain bound- 
aries and all exhibited a small amount of microporosity. No satisfactory 
intergranular fracture facets could be obtained for metallograph!c examina- 
tion- -an indication of relatively high intergranular strength and successful 
deox-idation.  Figure 5 shows the microstructure typical of this group. 

All of the molybdenum-cobalt ingots made in the large powder machine and 
deoxidized with carbon contained carbide and speckling, of which Figure 6 is 
typical.  These ingots contained between 0.018 and 0.022$ residual carbon. 
One heat made in the large machine with titanium as an auxiliary deoxidizer 
(1217) exhibited practically no speckling, Figure 7.  An ingot deoxidized 
only with carbon in vacuum and made in the small powder machine contained 
0.037$ carbon and was devoid of speckling; Figure 8. 

The molybdenum-nickel and molybdenum-silicon ingots (ll53> 1152) were 
inadequately deoxidized. An excessive amount of speckling appeared in both; 
platelike oxide occurre-. in the nickel heat, Figures 9-10. 

All the molybdenum-niobium alloys contained residual carbide and a 
moderate amount of speckling. As the niobium content increased from 0.52$ 
to 1.36$; the amount of speckling increased slightly, Figures 11-12.  When 
titanium was added as an auxiliary deoxidizer (lOOl), no speckling was ob- 
served. 

The molybdenum-titanium ingots deoxidized with carbon exhibited clean 
grain boundaries and ware HftVotd of speckling. Figures 13a and 13b show 
typical fracture and microstructure. It was very difficult to obtain inter- 
granular fracture facets for metallographic examination—always an indication 
of high intergranular strength. The cleanliness and lack of speckling were 
consistent throughout the series; there was a progressive change in micro- 
structure, however, as the titanium content increased. At Q.hyf?  titanium 
masfive carbide was readily recognized at the grain boundaries and within 
the grains, Figure 13c. When the titanium content was increased to 0.65$, 
a fine precipitate began to appear within the grains, which increased in 
amount afl the titanium content was increased.  Figures l^ia and 14b show the 
carbide in alloys containing 1.22$ and 3-59$ titanium. The massive carbide 
had entirely disappeared from the grains of the 3-59$ titanium alloy and was 
replaced by the finely dispersed carbide. At the grain boundaries the car- 
bide had become thinner and more continuous. Figure 16b. The fine dispersion 
is thought to be carbide, since in amount it appeared to be a function of 
carbon content. A heat deoxidized with aluminum, containing no carbon and 
1.65$ titanium, Figure 15a, was devoid of the fine dispersion, whereas the 
1.22$ titanium alloy with 0.01^$ carbon, Figure lUa, contained a considerable 
amount of the di&^vbion. An excessive amount of the dispersion was also ob- 
served in an alloy containing appreciably more titanium and 0.027$ carbon, 
Figure 15b. And finally, the ingot containing less titanium (2.66$) and more 
carbon (0.0^8$) exhibited by far the greatest amount of the dispersion, 
Figure 16. 
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(A)        FRACTOGBAPH,        .".2000       (M)S47) iBl       H.LC1 fiC!=OLI5HKU,       XMOO       ( M3334) 

FIGURE   4   -   MIC3CSTRUCTURE   OF   CAST    UNALLOYED   MOLYBDENUM 
INGOT      1159,      0.040%      CARBON.      CAST     IN     VACUUM 
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- 

If 

? 

(A)       El.ECTROPOLISHtu,     L1CKTLV     ETCHED     IN ( B)       E l_E CTROPOL.I SH E D,     ETCHED    5    SEC     IN 

SODIUM     HYDROXIDE,      X 100     (M334S) WEAK   SODIUM     HYDROXIDE     +     POTASSIUM 

FEIRICYANIDE     SOLUTION,      X200u      (MI974) 

FIGURE   b   -   fviiCROSTRUCTURE   TYPICAL   OF   CAST   MOLYBDENUM- 
ALUMINUM   ALLOYS 

INGOT 983,  0.00J*  CARBON,  0.88%  ALUMINUM,  CAST  IN ARGON 
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(A)      F-'RACTOGRAPH,      X2i)00     (M;.'.,) ( E3>      ELECTROPCI.ISHED,      X 2000     (M2434) 

FIGURE   6 -  MiCROST^UCTURE   OF   MOLYBDENUM   CONTAINING   0.123%  COBALT, 
AS   CAaT 

INGOT     1145,      0,022"?      CAPBON,      CAST     IN      VACUUM 

(A)     FRACTOGRAPH,     X^OOO    (M3221) (B)     EL.ECTROPOUISHED,    X2000    (M3Z22) 

FIGURE   7 - MICROSTRUCTLRE   OF   MOLYBDENUM   CONTAINING   0.11%   COBALT 
AND   0. .3%   TITANIUM,    AS   CAST 

INGOT     1217,     0.030%.  CARBON,     CAST     IN     VACUUM 



(A)     r'MClOGRAPH,     X2000     (M26I8) (B)     CLCCTRCPOLISHED,     X2000     (M2C30; 

FIGURE    8 -    MICR05TRUCTURE   OF   MOLYBDENUM   CONTAINING   0.19%   COBALT, 
AS   CAST 

INGOT     117J,     0.0.i7?J     CARBON,     CAST     IN     VACUUM,      PSM     3 
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(A)     FRAClOG'iAPM,     XilOOO    (M2441) (Q)     EUCTROPO;.15HED,     X 2000     (M2496) 

FIGURE   9 -   MICROSTRUCTURE OF  MOLYBDENUM CONTAINING 0.044%   NICKEL, 
AS CAST 

INGOT      1153,     0.008%     CARBON,     CAST     IN     VACUUM 

A' • I 

• :•/ A1 '•:    Or.--- 
*    / .  ' <  "  : '^ ' 

• *' * /   V «".• f      / 

(A)    FRACTOGRAPH,     X2000    (M2440) (B)     ELECTROPUi-ISHEO,     X2OO0    (M2495) 

FIGURE    10 -  MICROSTRUCTURE   OF   MOLYBDENUM   CONTAINING 
0.10%'   SILICON,    AS   CAST 

INGOT     1152,     0.011%     CARBON,     CAST     IN     VACUUM 
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(A)      FRAt. rOGHAPH,      X2000     (Mi.llSj (B)     EUECTROPOUSHED,     X20UU    (M24I1) 

(C)     FLFC1 ROPOL.ISHED,     X500    (M?23<>) 

FIGURE    13 -  .VilCROSTRLCTURE   OF   MCL.YBDt.NUM   CONTAINING 
0.45%   TITANIUM,    AS   CAST 

INGOT     1132,     0,024%     CARBON,     CAST     IN     VACUUM 
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(A)     INGOT     1138,     0.0M%     CARBOF-i,      1.22%    TITANIUM ( B)     INGOT      I J?i»,     0.02;%   CARBON,     3.59%   TITANIUM 

ELECTROPOLI SHED,     X2000    (M3237) ELECTROPOLISHED,     ETCHED    IN    SODIUM 

HYDROXIDE     +     POTASSIUM     FERRICYANIDE 
SOLUTION,     X250    (M2678) 

FIGURE   14 - FINELY  DISPERSED CARBIDES   IN   MOLYBDENUM-TITANIUM ALLOYS 
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(A)     INGOl     947,    0.00058     CARBON,     1. «5 %    TITANIUM        (E)     INGOT     :\7A,     J,027S     CARBON,     3,59%     TITANIUM 

0.23    ALUMINUM,     UACT     IN     ARGON ELECTROPOLISHED,     X2000     (M2679) 

ELECTROPOLISHED,     X2000     (M2469) 

FIGURE   15 - FINELY  DISPERSED CARBIDES  IN  MOLYBDENUM-TITANIUM ALLOYS 
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(A)    Ei_CC;TROPOl_ISH£D,    ETCHEO    IN   SODIUM 

HYDROXIDE r-UTASblUM     FERRIC VAN 1 OE 
SOLUTION,     X2C00    (M247I) 
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(B)     ELECTROPOLISHED,     ETCHED     IN    SODIUM 
HYCROX1DE      +     POTASSIUM      F ER R I C Y AN 1 D E 
SOLUTION,     XIOO    ;M2J7C) 

FIGURE    16   - CARBIDE   DISTRIBUTION   IN   MOLYBDENUM   CONTAINING 
2.66%   TITANIUM,    AS   CAST 

INGOT    4—887,     O.G4895     CARBON,     CAST     IN     VACUUM 
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(A)     FSACTOr.RAFH,    XEOOO    (MZ023) (B)     ELECTROPOLISHED,    X2000    (M2024) 

FIGURE   17  - MICROSTRUCTURE   OF   MOLYBDENUM  CONTAINING 
1.39%   VANADIUM,    AS   CAST 

INGOT    1014,    0,032%    CAKBON,    CAST    IN    VACUUM 

ELCCTROPOLI9HED,     P...01O    (M2114) 

FIGURE   IS - MICROSTRUCTURE   OF   MOLYBDENUM   CONTAINING 
0.85%   VANADIUM.    AS   CAST,    DEOXIDIZED   WITH 
RARE   EARTH   METALS 

INGOT    1049,    0.001SB   CARBON,    0.003*    CEKIJM,     0.00SS?    OTHER    RAHE    EARTH    METALS 

CAST    IN    VACUUM 
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(A)     FRACTOGRAPH,    X2000    (M2623) Co)     ELcOrROPOLISHED,     X2000     (M2697) 

(C)     Ei_ECTROPOl_lSHE.O,    X.500    (M32«0) 

FIGURE   19 - MICROSTRUCTURE   OF   MOLYBDENUM   CONTAINING 
0.09%   ZIRCONJUM,    AS   CAST 

INGOT     1?   7,     0.019%     CARBON,     CAST     IN     VACUUM 
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(A)   INGOT   1149,   0.01358   CARBON,   0.22%   ZIRCONIUM        (B)   INGOT   1150,   0.015%   CAR BON,. 0.43%    ZIRCONIUM 

ELECTROPOLISHED,    X2000    (M324I) ELECTROPOLISHED,    X2000    (M3242) 

FIGURE  20 - FINELY  DISPERSED CARBIDES  IN  MOLYBDENUM-ZIRCONIUM  ALLOYS, 
AS CAST 
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All  of the  ingots  in the molybdenum-vanadium system contained  speckling. 
The  photomicrographs of Figure  17 are representative  cf the  series of alloys, 
regurdless of vanadium content.     Intergranular fracture  for facet examination 
could not be  obtained from the  ingot deoxidized with rare earth metals  (1049), 
but  its micro structure  ir;  shown in Figure  i8.     Although the grain boundary 
contains  some extraneous phase,   the  fact that  intergranular  fracture could 
not be obtained   is evidence that de. oxidation was more  satisfactory than in 
the  corresponding ingots deoxidized with carbon. 

'flie molybdenum-zirconium alloys were   similar to the molybdenum-titanium 
alloys in iiany respects.     Ingots containing as little as 0.09$ zirconium and 
deoxidized with  carbon  in vacuum were  free from speckling and were difficult 
to fracture  intergranularly.     The  carbide distribution changed vlth increasing 
zirconium content,     Typical fracture and micrcstructure are  shown in Figures 19a 
and 19b.     The massive carbide at  the grain boundaries and a small amount of 
finely dispersed precipitate are  shown to better advantage at lover magnifica- 
tion,   Figure  19c     The amount of fine  carbiae  increased as the  zirconium con- 
tent increased  from 0.22$ to 0.43$,  Figure 20. 

Forging,  Extrusion and Rolling of the Alloyg 

Forging and Roiling of Four-Inch-Diameter Ingots 

Castings weighing about  100 pounds each ven- made  in a four-inch-diameter 
meld.     These were  cut  into two 12-inch lengths,   then machined to  3-l/2 inch 
diameter  for forging.     The machined castings were heated in hydrogen for 
forging.     They were  then forged to about 2-1/^  inch diameter by  somewhat over 
20 inches long  (20 inches was the minimum length acceptable  for rolling on the 
commercial mill engaged).     A 600-ton forging press with  60°-V die was used for 
forging.     Prior to rolling the billets were annealed  for one hour at  3000 F, 
cropped,  and machined to remove   surface defects.     The  bulk of the machining 
loss occurred at this  stage of the  processing.     The billets were rolled to 
1-inch and 5/6-inch diameter bar  stock at Universal-Cyclops Steel Corporaticn 
on a commercial tool  steel rolling mill at 2200-1900 F.     A flow sheet  showing 
the processing of the  ingot containing 0.52$ niobium,   Figure  21,   is typical 
of the   four-inch-diameter ingots  subjected to forging and rolling.     The  stock 
obtained  by this procedure  is listed in Table  3. 

In forging molybdenum and molybdenum-base alloys,  two factors seem to be 
the  source of most of the difficulties.    The  first is the high resistance of 
molybdenum to plastic deformation at the  forging temperatures available  (up 
to 3000 F).     This resistance increases with increase  in alloy content,  and 
satisfactory recovery  was not obtained on forging billets containing more than 
0.53$ aluminum,  0.52Jo niobium,  1.267-- titanium,  or 0.85$ vanadium in the equip- 
ment available.    Moreover,  the  forging equipment available was tco small to 
accomplish deformation of the  center of the  ingot without numerous reheatings. 
The necessity for frequent reheating made the  second difficulty encountered 
in working  (namely,   the high rate of oxidation of molybdenum)  of greater 
importance.     Even though the billets were protected b^ hydrogen atmosphere 
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CLIMAX    MOLYBDENUM    CO.   247 
JECEMBER    I,    1952 

FIGURE   2! 
FORGING   SCHEDULE 

INGOT   978 

INGOT   378 
CASTING 

<   IN.     Ol A 
"«-i- I M.      LONG 

CROPPED, 

978T 
IN.      Dl A 

5.36* 

2-J-   IN.      Ol A 

26-J-  IN.      LONG 

.05* 

2. I 10   IN.     OIA 

23-Z-  IN.     LONG 

*.'7* 

I    IN.      OIA 

3 
»*T IN.      LONG 

3.47* 

I    IN.     OIA 

0.019*    CARBON 
0.52*   NIOBIUM 

C»ST     IN     VACUUM 

4ACHINEO,    SAMPLE     TAKEN 

t i . 2 L. a 

978B 

js.t •-.--• 

'    |        " 
FORGED     IN     «01-'   V—OIE   ON    FORGE     HAMMER 

AT     2800    F,      SWAGED     TO     SOUND 

OX I OAT'ON     LOSS -.31* 

2^   IN.     OIA 

Zi-jr I "!.     LONC 

8.60* C 

1 
I 2-j-  IN.      CIA 

i -•'~2   IN.     LONG 37.0   L.B 

r.ROPPEO 

CROPPING    LOSS 13.S2* 

»ft IN.      OIA 

10    IN.     LONG 

MACHINED   FOR   ROLLING 
MACHINING    LOSS 15.68* 

2.125   IN.     OIA 

20   IN.     LONG 25.«   LB 

—1  
•KNEALED    AT    3000   F    FOft   ONE    MOUS    IN    HVOROlifN 
ROLLED    AT    2200—1900   F   ON    COMMERCIAL     TOOL 

5  .'EEL     riOLL-ING     MILL 

OXIDATION     LOSS 9.3.5* n 
B. 7    LB I2i   IN.     LONG 

CROPPED 

CROPPING LOSS 

S7-J- IN,  LONG 27.2 LB 

RIOUC'ION   ON   ROLLING        77.3* 

TOTAL   REDUCTION S2.1* 

— IN.     OIA 
8 
177   IN.     LONG 

3.08* 

20.8   LB 

REDUCTION   ON   ROLLING     *l.3* 
TOTAL    REDUCTION 96.8* 

9.73* 

15.05* 

12.27* 

S2.9A* 

OXIDATION     LOSS 

MACHINING     LOSS 

CROPPING     LOSS 
RECOVERY 

14, 13* 

I5.68SJ 

If.. 70 * 

53.47* 



27 

a 

5 
H o 
& 
ITS 

•d 

q 

i >? 
H > (rt C) -> 

O 

0) 

o   • 
•H -r^ 
+> H 
o o 

« o 

-:f~ 

2 

P< bO  01 
O   C   01 

CD in      " 
-O O    05 
•H -H m 

•d 

'—1 w    rH 
,H v<   -.4 
o a 
K 

rT, s 
41   bO 
> r< 

o "#. 

o 
I 
ci •*£• 
•H M     • 
r1 2   m 

I 3 
-e?4 

ft M o. 
O  G  <n 
^•H    Q 

1 >N 3 o 03 

•H •H Ul 
V 

d 
j > 3 

g fc, 
•H 

Si4 

Si 

VO 

-4 
VO 

\0 

0-\ 

LfN 
ON 

H 

(M 

CO 

OJ 

CO 

ON 

vo 
ON 

bp  • 
ri CM 
•H   rH 
Ml 
H 
o 

I 
o go 

2 if 
•H -.H 
bO W> 
f-, U 
O O 

a a 
o o 

<rj id 
cu cu 

o o 

22 

0J 
i 

8 en 
0J en en 

4    5j 
i>s 
O OO        CO 

LfN         00 H 

3 o     d 

+> E-I ra E-" fq 

<Tl CO COCO oo 
a> ON ON ON ON 
K 

-rt VO   ON J" 

UNVO CM OO 
vo VO vo UN 

OJ en LTN ro 

ON t- t- ON 

LTN CO UNCO 
ON LfN O VO 

OJ r- UN :r\ 
H rH H H 

no -=r t- O 
ON rH C\J t- 

o LTN C\i vo 
rH rH H 

cu OJ m 00 
t- VO C*— H 

o q ON-4- 
fH i—i f-l 

CO CO 
••^ H H ^v 
LfN UN 

H -*  O H 
cvj t— VO 00 •       •       •       » 
firoOiA 
t— t— C—vo 

LTN CO    LfNVO 
ON LTN   O VO 

OJ   t— LfN UN 
«H   r-t    M   H 

CO   O  CO VO 

LfNJ-   CO   0O    O 

•H 
HO bO 
r-.      rH 
O   O 

<M In 

a 
o 

j- oo vo co 
O vo IfN CO 

CO -*  IA J- 

n$ -d 
41    41 
r* ,3 
V   '> 

o o 

VOOH      Saoctocl5oo 
'.vi OJ c\J OJ oo O-N 

OJ 
OJ 
LfN 

Q 

E-i CQ £.; CO £H PM 
CO CO CO CO O. ON 
co co r— c— c— t— 
ON 0\ G\ o~> ON ON 

cd 

no 
ON 

•>o 

LTN 
LTN 

O 

bD GO bD bO'O   bD 50 
a d      a c OJ a a 

H   -H -H -H 
bO bO tD fcO 
U     U U H 
O   O O O 

oo 
c a   • a c 
o  o OO o o 

LT.VO 

UN UN 

CM vo 

O 
ON I 

o en fc 
CO 
CVJ » • > 

VO r-H UN 
a: CM CVJ 

o LfN vo 
CO ON VO * • • 
LTN LO. o 
CM r-J 

^o co Gl 
_f LTN-J- • 
OO CO 

H 
t- 

CO CO 
,H 

LTN LfN 

t£vB 
ON CO' 
LfN. LfN 

S CO 
CM 

H U-N bO bO bC 
OJ CM C C ti 

•H -H >H 
bO bD bO 
!-< J-i f-. 
O   O 

-* LfN   fH 'M 
Od ON 

• •    d S 
LfN ON   O O 

a 
c 
o 

OJ   41 01   41 
A!  M MM 

fi jS b. fi g    H. H. g g E 

•d -O x) 
4) 5   41 
X i« A4 

O vo   u y  o 

O    U1A 

OO i 

f N Q OJ m OJ 
OJ 

.vo   J   o  o 

CM CVJ  CM  CM OJ 

UN 
vo 

vo 
OJ 

.H 

* 
•H 
EH 

8f 
H 

VO 
IfN rH 

ON 

rH rH 

EH TO EH PQ « 
CO CO ON ON O 
O  O O  O  rH 
O O O O O 
H  r-H .-! H  rH 

PH m EH pq PQ 
OJ OJ oo roj 
.—; H rH   r-H   rH 
o o o o o 

» 
•H 
0] 
LO 
4> 
CJ 
O 

£ 

a) 
•H 

cb 
LTN 

o 

1) 

In 

c 
a; 

cd 
•H 
T3 

o 

4) 
hO 

O 

O 

cd ^-i 
•H   ON 

ON 

01 

s g 
£ §, 

•H 
ONfe 

o    - 
rH     W 

•P 
rd     41 
C    41 

^^ 

3 8 
O H 
rH   l»i 

LTN 

o 

a 
a 
g 

oi J3 

8?   „ 41   01 
W   -H 

rH I 

tu 
•d  •• 
TJ  CJ 
a) -p 

O 



28 

during heating, forging was conducted in air.  There is some evidence that 
internal oxidation of molybdenum and molybdenum-base alloys proceeds by means 
of preferential grain-boundary penetration. The process is accelerated by the 
formation of fine cracks on the surface during forging, and the penetration 
of oxide into the grain boundaries results in hot shortness. 

About 50$ recovery from the machined ingots is necessary if sufficient 
rolled stock is to be obtained for determination of the desired mechanical 
properties, when using the procedure outlined above.  If the rolled stock is 
to be of uniform quality, the greater portion of hot working should be accom- 
plished by rolling rather than b;y forging.  If transverse cracks arise during 
the early stage? of forging, the billet must be cut in;o short pieces and al- 
most all of the subsequent reduction must be done by forging to produce the 
20-inch-long blarkc for rolling.  Stock so produced is ]ess uniform than that 
hot worked with a greater percentage of rolling. 

Zxtrusion of Large Ingots 

ii 
The Sejoumet-Ugine extrusion process has been proved feasible for initial 

breakdown of large sections of vacuum-cast, unalloyed molybdenum and mild molyb- 
denum-base alloys and yielded substantially greater recovery of sound metal than 
method si nrpvH ouply used.  A series of ingots "7-1/2 to S inches in diameter was 
prepared for extrusion at Babcock and ','ilcox Tube Company by the Se.journet- 
Ugine method. The ingots were machined to 6vl/2 inch diameter in preparation 
for extrusion. 

A unique feature of the Sejournet^Ugine method is the use of glass as the 
lubricant for billet and die.  In the method as it was conducted at Babcock 
and Wilcox, Lhe hot billets were wrapped in fiber glass cloth and extruded 
through a die lubricated with wads of molien fiber &iass in  a horizontal hy- 
draulic press limited to a force of 2^00 tons.  The 3-3/'' to k»l/k  inch diameter 
dies were cleaned, sandblasted, and ground after each extrusion and then re-used. 
The diameter of the container was 6-3/*+ inch.  Force measurements were made with 
a Brush Recorder connected to SR-h  strain gages mounted on the tie rods of the 
press. 

Extrusion data for 2h  alloy ingots are presented in Table k,  and a typical 
flow sheet in Figure 22. The billets of the first group were preheated in a 
Salem furnace at loOO F and then in a Selas gas-fired furnace at 26O0 F. The 
time at 2600 F was 15 uo 20 minutes. Two sheets of fiber glass were used as 
billet lubricant and three wads of fiber glass, three pieces of l/8-inch-thick 
plate glass, and molybdenum disulfide were used between the die and the billet. 

Because of the high extrusion pressures encountered in the first group, 
the billets of the second group were held for 30 to *+5 minutes, which resulted 
in lowering cf the pressures necessary for extrusion. As indicated in Table kt 

the lubricants were different for the second group of billets. The die lubri- 
cant for the second group consisted of two wads of fiber glass and two plates 
l/8 inch thick. One sheet of fiber glass equivalent in thickness to two of 
the sheets used, for the first group was tried as the lubricant. This glass 
sheet was too heavy to be picked up easily by the billets heated to 2600 F in 
the gas-fired furnace. Barium chloride sprinkled on the fiber glass improved 
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TABLE 4 

SXTRUSICN DATA FOR MOLYBDENUM-BASE ALLOYS 
6-1/2" Diameter Blanks 

Group 1   - Billot lubricant :     two sheet £ • of fiber glass 
Die lv> •rica.it: 3 rfad-s ,   3 plates,   and M0S2 

Alloy 
Content 

••* 

P 
Length 

in. 
Wt. 
lb. 

172 

Time 
2600 
min. 

18 

at Die 
Dia. 
in. 

4 

Pressure,   tons 
Brush 
Start 

17S0 

Rec rorder 
Ru;:: 

1400 

Dial 
Heat Stan; Run 

1051 0.54 V 14-1/4 
1052 1.00 V 3.4-3A 175 17 U 1830 1410 1800 i4oo 
1053 1.24 V 9 1C6 15 4.25 1820 1520 18GO 1400 
1057 0.75 Nb 15-3/8 186 15 k 1600 1580 
1058 0.49 Al 13-1/8 157 ?5 4.25 1120 1120 .1200 1200 
1062 0.11 Zr 14 169 15 4 loOO 1600 
1053 0.17 Al 18-3/3 222 15 

1 >+ 1220 lloO 

Group 2 - Billet lubricant:  one cheet of fiber glass + BaCig 
Die lubricant:  2 wads, 2 plates 
Die diameter:  4,: 

Alloy 
Content 

Heat    •% 

*1059 0.81 Al 
1132B 0.47 Ti 
1133 0.90 Ti 
1134 1,05 Ti 

1138 1.27 Ti 
1143 1.66 Ti 
1144 0.07 Co 
1145 0.12 Co 

lx4o 0.17 Co 
1147 1.10 Nb 
1148 1.36 Nb 
1149 0.22 Zr 

1150 
1151 
1152 
1154 
1155 

0.43 Zr 
1.2? V 
0.10 Si 
1.25 Al 
1.10 Al 

TJme at 2600F>  m-ir. 
LengT.h      Wt.     Ingot in Furn.  at 

in. lb.   Furnace Temp. 

Pressure,  tons    Resistance to 
Brush Recorder Deformation,psi 
Start Run       Peak        Aver. 

15 
12 
15 
15 

-3/16    172 
•1/4     149 

159 
180 

15 
15 
14-7/8 
12-1/4 

14-3/4 
14-1/2 
14-1/4 
13-lA 

13-1/2 
13-5/8 
14 
12-3/4 
13 

179 
182 
182 
150 

182 
172 
177 
162 

165 
171 
152 
155 

5^ 
90 
73 
30 

38 
54 
^3 
40 

^3 
49 
49 
45 

42 
5^ 
50 
46 
54 

44 
55 
59 
15 

25 
42 
27 
27 

29 
32 
40 
35 

32 
43 
40 
36 
43 

1610 

1670 
2280 

1880 
1800 
1670 
1930 

1930 

1790 
2030 

2400+ 
1680 
1920 
1850 
1420 

* billet diameter was 6-3/8"  instead of 6-l/2" 
** insufficient billet lubrication 

*** alloy too hard at 2600 F for extrusion on this press 

1430 69,000 61,200 

1670 
1750 

71,500 
97,500 

71,500 
76,500 

I88O 80,800 80,800 
loCO 77,000 68,500 
1670 71.400 71,400 
1820 85,000 80,000 

1670 82,500 71,400 
sticker** 

1680 77,200 72,500 
2030 88,600 88,600 

sticker*** 
1570 73,400 
171C 83,000 
1570 79,000 
1580 69,500 

68,500 
74,000 
69,000 
62,300 
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INGOT   1057 
C A S T I !•; C 

g    IN,      OIA 

I?    IN,      LONG 309    LB 

CROPPED.    SAMPLE     TAKEN 
MACHINED     TO 
EXTRUSION      BLANK 

IN.      DIA 

N.      LONG 135. 5    L B 

EXTRUDED     AT     2bO0    F 

AT     BABCOCK    AN..)    WILCOX 

OXIDATION     LOSS      S. SO % 

4    IN.      Ci I A 

WyIN,      LONG 

FIGURE    22 

WORKING   SCHEDULE 
INGOT   1057 

0.0.1.1%    CARBON 
0.?SSS    NIOBIUM 

CAST     IN     VACUUM 

CLIMAX   MO.YBKNUM   CO. 265 

FEBRUARY    2,     I9S) 

CROPPED 
CROPP.NG     LOS=      I5.S3% 

i    •N.      DIA 

32-j-  IN.      LONG 150   LB 

STRAIGK FENED 
ANN.      1    HR    AT    2600    F    IN 
GAS     FIRED    FORGE    Fi.lRNACE 
OXIDATION     LOSS 0.1)1% 

4    IN.      OIA 

12-1-  IN.      LONG HI.1    LB 

PARATION MACHINED    IN    PRE 
FOR    ROLLING 
MACHINING     LOSS 24. 53% 

3 ~   1 N.      OIA 

32    IN.      LONG 103    LB 

OOL   STEEL ROLLED   ON    A    COM ME RCI AL    T 
ROLLING    MILL     AT     2200     '900    F 

OXIDATION     '.   OSS      3.075J 

-j- 1 N .      O 1 A I    1 N.     DIA 1 
600— IN.     LONG «> *. 4    L R 108   IN.     LONG 11.S   Lli        i[ 

CROPPEO CROPPED 
CROPPING LOSS     0.4958 CROPPING     LOSS     1 .03% 

*   IN.     OIA 1    IN.     OIA 

593—  IN.     LONG 
4 

64.9    L3 10Z    IN.      LONG 29.59   LB 

REDUCTION   ON   ROLL ING   96,57% REDUCTION   ON ROLLING 91.22% 
1                    _______ 

OXIDATION    LOSS 

CROPPING    LOSS 

MACHINING    LOSS 

RECOVERY 

7,36% 

17.15% 

24.53% 

50.94% 
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the adherence of the  cold glass blanket to the hot billet.     The advantage  of 
using barium chloride  is obvious  from the  fact that   the  only reason for failure 
to extrude  Billet llVf -was that inadvertently barium chloride had not  been 
sprinkled on the fiber glass sheet.     The  fiber glass did not adhere to the 
billet,  hence ther>„-  was no lubrication for extrusion.     The  failure had nothing 
to do with alloy content  or  size  of the billet.     A second attempt to extrude 
this billet failed when the billet cracked  severely.     Ordinarily,   if a billet 
fails to go through the  press on  the  first attempt—whatever the   reason— 
microcracks arise,  which are  rapidly propagated upon the   second attempt at 
extrusion,     in the  present  instance,   cracking was not attributed to high 
alloy content but  rather to the  fact that re-extrusion was attempted.     The 
difference  in lubricating techniques between the two groups made  little dif- 
ference  in extrusion pressure   (compare  the  pressures  for the  1.25?'  vanadium 
alloys). 

Table  5  indicates the  losses  sustained during processing of the  6-1/9 inch 
diameter billets during extrusion and  rolling.     The greatest  loss occurred   on 
initial breakdown of the  casting.     The  recovery of sound metal after extrusion 
was in the  order of 65i.    The  loss during the  first  stage of working was due 
to the necessity of machining the   surface to remove  cracks,   shown as machining 
loss in Table  5,   prior to further working.     The   second large  loss was due  to 
cropping to remove end bursts—a loss which would be  less,  percentagewise,   if 
longer billets were extruded.     Typical end bursts are  shown  in Figure  23,•  and 
surface defects in Figures 2^-27. 

In general,  as the  concentration of a given alloying element vias  increased, 
the recovery of sound, extruded stock decreased.    The addition of 0.81$ alu- 
minum,  0.11$ cobalt,  0.75$ niobium,  1.22$ titanium,  or 0.11$ zirconium to mo- 
lybdenum produced ingots that were extruded  satisfactorily.     The molybdenum- 
nickel alloy was not submitted for extrusion because  it had been found to be 
incompletely deoxidized.     The molybdenum-silicon alloy cracked on extrusion. 
The recovery of molybdenum-titanium alloys was erratic:     the 1.22$ titanium 
alloy extruded well,  but "the 1.05$ titanium alloy cracked.     The 0.^3$ zirconium 
alloy stopped the press.    Failure to extrude was attributed to the high re- 
sistance  of this alloy to deformation at 2600 F.    Apparently,   the  upper limit 
of zirconium content for satisfactory extrusion at 2600 F on the 2UoO-ton 
press lies between 0.2 and Q,h%. 

The extrusions were machined to remove  surface defects and annealed for 
one hour at 2600-2800 F before being reduced further in cross  section by 
rolling to 2 iiiuhes in diameter.    Rolling was done at Universal-Cyclops Steel 
Corporation on a tool steel, hand round,  rolling mill.    From 2 inches in 
diameter the billets were rolled to 1 inch and 5/8 inch in diameter in a 
guide mill.    As nearly as could be estimated,  the furnace temperature was 
2200 F.    The bars were heated for rolling in a gas-fired furnace,  and the 
number cf passes between reheatings depended upon the  resistance of the bar 
to rolling and "on-the-spot" decisions of the operators.    The average  reduc- 
tion by rolling for the one-inch-diameter bars was 92.1^$ and for the  5/8-inch- 
diar.eter bars 97.78$.    The loss due to rolling alone  (oxidation and cracking) 
was about 12$.    Only two ba,rs which appeared to have extruded well failed en 
rolling.,  the 0.8l$ aluminum (1059) and the 0.11$ zirconium (1062). 
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TABLE 5 

RECOVERY ON EXTRUSION AND ROLLING OF 6-1/2" DIAMETER BILLETS 

Extrusion Extrusion and 
Oxida-    Crcp- 

Rolli ng 
Maciiin- Oxi-ia,"    Crop- Machin-         Re~ Total 

tion      ping ing         co very tion ping ing Recov- 
Heat Alloy,  % Loss,$    Loss,1* 

5.80          7.03 

LOSS,/0               'jo LC3S,$ 

6.32 

ijO S £S, jt 

11.93 

Loss. j*o 

23.03 

«*y,i 
0^7 23.03        64.13 56.71 

1159 18.18 10.67         73..15 25.43 10.67 63.90 

1063 0.17 Al 4.14            8.55 13.95        73.36 9.68 10.00 13-95 66.39 
1056 0.49 Al 7.35      12.78 13.42       66.45 12.35 30.79 13.42 43.45 
1059 0.81 Al 0.70      13.18 11.21        56.91 cracked on rolling 
1155 1.25 Al* cracked or t extrusion 
1154 1.37 Al* crackad on extrusion 

1144 0.074 Co 1.59         15,02 31.30         S2.08 1.59 28.01 31.30 39.09 
1217 0.11 Co 

O.lS Ti 
1.14       21.83 31.77       45.26 1.14 37.77 31.77 29.31 

1145 0,123 Cc cracked on extrusion 
1146 0.165 Co cracked on extrusion 
1153 0.044 Ni not extruded 
1001 0.31 Nb 

0.16 Ti 
1057 0.75 Nb 4.31        15-63 24.53         55.53 7-38 17.15 24.53 50.94 
11^7 1.10 Nb cracked on extrusion owing to lack of lubrication 
1148 1.36 Nb cracked on extrusion 

1152 O.O88 Si       cracked on extrusion 

1132 0.45 Ti 
1133 0.85 Ti 
1134 1.05 Ti 
1138 1.22 Ti 
1143 1.66 Ti 

1051 0.54 V 
1052 1.00 V 
1053 1.2*1 V 
1151 1.25 v 

1207 0.09 Zr 
1062 0.11 Zr 
1149 0.22 Zr 
1150 0.43 Zr 

* add cd 

2.35 28.39 16.12 53.15 
1.89 36.23 16.60 45.28 

2.36      16.31    16.12      65.23 
1.89      21.38    16.60      60.13 

cracked on extrusion 
1.68       12.10     21.23       64.99 1.68       26.21      21.23 50.81 

cracked on extrusion 

6.39 13.37      12.50        67.73 
5.14        14.29      13.14        67.43 

cracked on extrusion 
1.40 9.09      26.06        63.45 

1.94        21=67      29.28        47,11 
3.91        18.39      26.10        51.60 cracked on rolling 

cracked on extrusion 
stopped the extrusion press 

11.39 
10.14 

22.26 
24.10 

12.50 
13.14 

53.84 
52.63 

1.40 18.42 26.06 54.12 

i,94 32.61 29.28 36.17 
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FIGURE   24   -   SURFACE   OF   EXTRUDED   BfLLLT,    XI 
( P>040) 
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Extrusions from Fcur-lncb  Dicureter Ingots 

In order to investigate the extrusion of smeller castings,   several 1-1/4 
inch diameter blanks were machined from 4-inch diameter castings and extruded 
on <* full eccentric,   750-ton press designed for valve extrusioa, at Thompson 
Products Company,  Tapco Division.     Glass lubrication wac used on both billet 
and die—a fiber glass blanket 1/4 x 3•l/4 x 10 inches for the tiilet,  and 
for tbe die a disk of plate glass l/S inch thick by l-l/4 inch diameter with 
two wads of fiber glass cemented to each side with  sodium silicate.     'The 
blankr. were heated in a Globar furnace in argon to a maximum of 2650 F. 

Four heats of moderately high alloy content were  included in this gronp: 
0.19$ cobalt  (1173),  3.59$ titanium (1174),  1.46$ vanadium (1175), and 1-43$ 
aluminum (1176).     In addition,  two alloys were  included for comparison of 
deoxilation practice and variation in rolling  schedule:    0.31$ niobium  (10G2) 
end 0,31$ nioDium - U.l6% titanium (1001).     These last had been extruded 
previously at Babcock and Wiicox.     Blanks l-l/4 inch in diameter were machined 
directly from the Babcock and Wilccx extrusion of Ingot 1001, whereas  the ex- 
trusion from Ingot 1082 was rolled to l-l/4 inch diameter. 

The ingot containing 1.43$ aluminum was extruded,  but the extrusion had 
a poor surface and some  surface  cracks.     The other alloys extruded at 
Thompson Products were  sound.     In order to obrain more  suitable  stock for 
testing and to work the metal further,  tbe bars extruded at Thompson Products 
were  rolled at 2450 F to l/2-ineh diameter at the University of Michigan on 
a  slow-speed,  tvo-high rolling mill with square,  oval,  and round passes. 
The distance between the rolls could be varied,  and rolling was more like 
hand-round than guide-mill rolling.    A gas-fired furnace was used for heat- 
ing the work to the rolling temperature.     Tr these operations each bar was 
given two passes per heating;  the reduction per heat was considerably less 
in these experimental operations than in the commercial rolling operations 
at Universal Cyclops. 

Strain Hardening and Recrystallizatlon 

The potentialities of molybdenum-base alloys as structural materials for 
high-temperature applications make  it  imperative to determine  quantitatively 
their mechanical properties at elevated temperatures and to investigate the  sig- 
nificance of strain hardening and recrystallization processes on the mechanical 
properties at elevated temperatures.    The binary molybdenum-base alloys under 
investigation are all terminal solid solutions in which an excess phase is re- 
garded as an impurity.    Two metallurgical methods of altering the mechanical 
properties of a single-phase  solid solution are available,  changing the con- 
centration of alloying element and changing the degree of strain hardening. 
The addition of alloying elements which produce  solid solutions develops small 
changes in mechanical properties, which gradually increase as  bhe amount of 
alloy increases.    Tne maximum amount of alloying element added to molybdenum 
is restricted by the difficulty in obtaining a product capable of beneficial 
plastic deformation.    Strain hardening,  on the other hand, brings a^out a 
marked change in mechanical properties,  and these properties can be modified 
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by subsequent stress relieving and.  recrystallization.     To retain the bene- 
fit." obtained by strain hardening,  however,  tbe  service   temperature must be 
below the  recrystallization temperature of the material in question. 

Evaluation of the mechanical properties of wrought molybdenum-base, 
binary alloys must take  into consideration not only composition  changes., 
Dut alt>o t.he   structural condition of the materiel.     The development of 
methods for working large bodies of molybdenum and molybdenum-base alloys 
is  still  in its  infancy,  and working  schedules are dictated by existing 
equipment and the working tempematures available  for other rosxals,  particu- 
larly steel.     These -'ere used as a natter of expediency in producing wrought 
molybdenum and molybdenum-base alloys.     In spite of the desirability of 
quantitative control of work hardening,   such control was not attainable at 
ohjs stage of the investigation. 

The working of molybdenum ana molybdenum-base alloys has been described 
in an earlier  section.     The  temperature used for initial breakdown of the 
casting" by extrusion  (2600 P)  produced a work-hardened  structure.    Annealing 
of the extruded billets in the temperature  range 2800 to 3000 F was sufficient 
to accomplish at least partial recrystallization.     The billets were then rolled 
in the temperature range  2200 to 1900 F.     This temperature range was high 
enough that partial recrystallization could occur during rolling.    Furthermore, 
such factors as number of passes per heating and finishing temperature could 
not be  controlled;   thus,   the as-rolled bars rfere received in a variety of de- 
grees of  strain hardening.     In view of these  circumstances,  determination of 
mechanical properties was conducted on specimens of a specific microstructurej 
that  is,  they were tested in the as-rolled,   stress-relieved, and fully re- 
crystallized conditions.     These microstructures are defined as follows: 

As Rolled  - Grains elongated  in the direction of working,   oblit- 
erated grain boundaries,  evidence of slip lines.     Specimens 
were   tested as  received from the  rolling iiill,   the bars were 
not reheated after the final pass. 

Stress Relieved  - Microstructure of essentially the  same appear- 
ance as "as rolled".     Specimens were held one hour at 1800 F. 
Tile beginning of recrystallization of the bulk of the alloys 
was observed in the temperature  range 1900-2000 F.    Therefore, 
1800 F was arbitrarily selected as the  stress-relieving tem- 
perature.     In one instance, where recrystallization was ob- 
served at 1800 F,  1700 F vas selected us the  stress-relieving 
temperature. 

Fully Recrystallized - New.  unstrained grains supplant the cold 
vorked structure.    The annealing temperature was the miuimum 
temperature to develop 100?; recrystallization in one hour. 
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In the determination of re crystallization temporaturec cf wrought mo- 
lybdenum-base alloys, the primary objective, then, was to establish the 
structural transition of the individual alloys.  The recrystallization tem- 
peratures were determined to the nearest 50 degrees Fahrenheit by heating 
small samples for one hour, each at a different temperature, in hydrogen. 
The degree or recrystallization was determined by metallographic examination 
of each sample.  Vickers hardness (10-kilogram load) was determined at room 
temperature on each sample after metallographic examination.  Estimation of 
the temperature of complete recrystallization was based upon metallographic 
examination rather than upon hardness.  Iv, was found that in some cases the 
variations in degree of strain hardening overshadowed the effects of chemi- 
cal composition.  In spite of the limitations imposed by inability to control 
degree of cold work precisely, certain useful generalizations were derived 
from the recrystallization behavior of the bars in this investigation. 

TaDle 6 presents recrystallization temperatures for virtually all of 
the bars tested to date under this contract.  Figures C8-C16, Appendix C, 
are plots of hardness against annealing temperature for bars tested during 
the past year. The terminus of each line in the plots is intended to repre- 
sent the temperature for complete recrystallization determined metaliograph- 
ically after an anneal of one hour. 

The l/2-inch diameter bars listed, in Table 6 were rolled at 2300-2400 F 
at the University of Michigan from 3/^-inch diameter extrusions and sustained 
33$ hot cold-work on rolling.  The 5/8- and 1-inch diameter bars were rolled 
at Universal-Cyclops from 3-inch to k-inch diameter extrusions, and wrre re- 
duced 97$ by rolling at 2200-1900 F.  Since cold working was less severe for 
the i/2-lnch diameter bars than for the 5/8-inch diameter bars, for comparable 
compositions the l/2-inch bars recrystallized at a higher temperature than 
the 5/8-inch diameter bar stock. The 1-inch diameter bars, like the l/2-inc.h 
bars, sustained less reduction on rolling than the 5/8-inch bars and conse- 
quently had higher recrystallization temperatures. This increase in recrys- 
tallization temperature was erratic, being only 50 degrees Fahrenheit for 
some of the bars and as much as ^00 degrees for-others.  This undoubtedly 
reflects the variation in processing which was difficult to control. 

Additions of aluminum to molybdenum in the range studied did not mater- 
ially alter the recrystallization temperature of molybdenum. Cobalt alone 
among the alloying elements added resulted in recrystallization temperatures 
belcw that of unalloyed molybdenum.  Niobium raised the recrystallization 
temperature slightly. Molybdenum-titanium alloys exhibited recrystallization 
temperatures from 2^50 to 3000 F, significant increases over the recrystalli- 
zation temperature of unalloyed molybdenum. The increases were proportional 
to titanium content only in the broadest sense. These data offer a good 
example of the dependence of recrystallization temperature on factors other 
than composition. 

The recrystallization temperatures of molybdenum-vanadium alloys were 
only slightly higher, if at all, than those of unalloyed molybdenum. 
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TABLE 6 

RECRYSTALLIkATION TEMPERATURES FOR MOLYBDENUM AND MOLYBDENUM-BASE ALLOYS 

Composition 
Bar d 

937 0.015 c 
1159 0.040 c 
1045 LCA 

1063 0.17 Al 
1058 0.49 Al 
987 0.53 Al 

677 0.05 Co 
1144 0.0?'+ Co 
1173 0.19 Co 

950 0.24 Nb 
1082 0.31 Nb 

660 0.34 Nb 
976 0.52 Nb 

1057 0.75 Nb 

1100 0,21 Ti 
1132 0.45 Ti 
io4S 0.69 Ti   (LCA) 
1133 0.85 Ti 
1138 1.22 Ti 
3009 1.26 Ti 
1080 1.41 Ti 

651 2.29 Ti 
865 2.46 Ti 

1174 3-59 Ti 

1051 0.54 V 
1012 0.56 V 

66? 0.66 V 
1049 0.85 V (LCA) 

669 0.87 V 
672 0.88 V 

1052 1.00 V 
1151 1.25 v 
1175 1.46 V 

1207 0.09 Zr 

1217 0.18 Ti,  0.11 Co 
1001 0.16 Ti,  0.31 Nb 
1137 0.44 Ti,  0.23 Al 

Minimum Temperatura, F, for Complete Recrystalli- 
zation in 1 Hour for Bars of Indicated Di^jrcter 
JZH 5/8"  "        1" 

2100 

2300 

2700 

28OO 

2500 

2600 

2700 
2700 

2150 

2'K)0 

2200 
2150 
2200 

2150 
2000 

2150 
2200 
2250 

2450 
2500 
2500 
2500 
290C 

2800 
2700 

2100 
2150 

2500 
2250 

2150 
2200 

2750 

2100 

2200 

225O 
2300 

2150 

2500 

2450 
23CK' 

2600 

2650 
2600 

2500 
2200 

2350 
2600 

2900 
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On the basis of weight percent, zirconium, of all of the alloying ele- 
ments studied, exerted the most profound influence on recrystallization of 
molybdenum; the alloy containing 0.09';-> zirconium required a temperature 
600 degrees Fahrenheit above the recrystallization temperature of unalloyed 
molybdenum to produce complete recrystallization. 

Study of Figures C8-C16, Appendix C. shove that some of the bars tested 
attained the minimum hardness at temperatures significantly below those re- 
quired for complete recrystallization as '.etermined by metallographic in- 
spection.  The difference in temperatures is particularly marked in the 
molybdenum-titanium alloys, which recrystallize at temperatures between 2800 
and 3000 F, and tne 0.5'^ vanadium alloy (see Figure C13, Heat 1051, 1-inch 
diameter).  It has been observed that the alloys are 95 "to 99'' recrystallized 
at the lowest temperature corresponding to minimum hardness but that, tempera- 
tures several hundred degrees higher are required to remove the last remnants 
of worked structure.  It is evident that for bars exhibiting this type of 
behavior, values reported for recrystallization temperature would be mis- 
leading if it were not noted that softening and loss of strength had occurred 
at a lower temperature.  The molybdenum-zirconium alloy (1207) did not behave 
in this manner; attainment of minimum hardness corresponded with full re- 
crystallization.. 

Tack of time prevented a complete treatment of all the alloys, but a 
quantitative evaluation of the effect of cold work on recrystallization 
temperature was conducted on a 0.66$ vanadium alloy.  Rolled stock 5/8 inch 
in diameter was fully recrystallized by heating one hour at 2150 F.  Speci- 
mens one inch long from the recrystallized stock were upset at 1700 F in 
such a way as to obtain 5, 10, 25, 50, 75, and 90$ "cold reduction".  The 
degree of strain hardening as a function of percent reduction is shown in 
Figure 28.  The minimum recrystallization temperature (nearest 50 F) for 
one-hour anneal is also shown as a Amction of the degree of cold work. 
Table 7 presents the grain size developed on full recrystallization after 
various degrees of cold work.  The grain boundary intercept method was used 
to obtain a numerical representation of grain size.  This method involved 
magnifying a polished and etched specimen 500 times and counting the number 
of grain boundaries intercepting a line five inches long.  The numerical 
average of twenty such readings obtained at random positions on each speci- 
men was taken as the grain size. By  this method, the larger the reported 
number, the finer the grain size.  Table 7 also shows the lowering of recrys- 
tallization temperature for 50$ and 90?' reduction when the annealing time at 
temperature is increased from one hour to 100 hours, as well as the corres- 
ponding grain size after annealing. These data indicate that molybdenum 
alloys behave as other metals in teat the less the amount of cold work, the 
higher the recrystallization temperature and the coarser the grain upon com- 
plete recrystallization.  Furthermore, recrystallization temperature falls 
rapidly as the amount of reduction increases to 25$. When the amount of 
cold work exceeds 25$, however, there is little change in recrystallization 
temperature 

In the process of examination of the progress of recrystallization in 
molybdenum and molybdenum-base alloys, it was evident that molybdenum behaved 
in the classical manner-5, that is, by means of recovery, primary recrystal- 
lization, grain growth, and secondary recrystallization.  To illustrate the 



1*3 

CLIMAX    KOUIOtNUM   CO.  474 NOVEMBER   J,    1953 

3000 

2800 

u 
K 
J 
I- 

6. 
I 
HI 
h 

0 
r 
J < 
X 
I 
< 

2800 

2200 

2000 

1600 

RCOUCTION,    % 

FIGURE   28   -   HARDNESS   AND   RECRYSTALLIZATJON   TEMPERATURE 
AS   A   FUNCTION   OF   AMOUNT   OF   REDUCTION   FOR 
O.S6%   VANADIUM-MOLYBDENUM   ALLOY 



nk 

TABLE  7 

GRAIN SIZE AWE' RECRYSTALLIZATTON TEMPERATURE OF A 
0.66$ VANADIUM - MOLYBDENUM ALLOY AS A FUNCTION OF 

AMOUNT OF COLD WORK 

Reduction Recrystallization G rain Boundaries 
r Tsmperature, F 

1 hour at temperature 

Per 0.01 In, 

5 2850 i.5 
10 2800 3-9 
25 2300 8.0 
50 2200 12.9 
75 2150 16.0 
90 £200 17-1 

100 hours at temperature 

50 2000 9.2 
90 1800 15.0 

changes in structure cf deformed molybdenum upon heating,  the  following ex- 
periments were performed:    a. selected area of cold-worked molybdenum was 
examined after various heat treatments  in a protective atmosphere.     Inasmuch 
as the annealing treatments were  carried out  in a reducing atmosphere   (in 
purified hydrogen) which removed the oxide  produced by etching,   jt was neces- 
sary to re-etch the   surfaces undfr study after each heat treatment.     It was 
not necessary,  however,   to repoiish the  specimen after each heat treatment. 
This method permitted close  scrutiny of the  changes that occurred  in specific 
types of structures and,   consequently,   some  insight  into the  recrystalliza- 
tion process. 

Figure 29 is a photomicrograph at 1x00 diameters of 5/8-inch-diameter 
Bar 937  (0.015v'< carbon) as  rolled.     Tie elongation of the  original grains and 
intragranulo.r fragmentation are   typical of molybdenum and molybdenum-base 
alloys that have not sustained extreme cold work,  that  is, where  cold work 
was conducted at sufficiently elevated  temperature  or where  the amount of 
plastic deformation was low. 

Figure  30 shows the  structure of the  same bar,   but not the  same area, 
after an anneal of one hour at 2000 F.     Several neaily equiaxed,   recrystallized 
grains formed and the  subgrain boundaries became more distinct.     The  sharpen- 
ing of subgrain boundaries occurred as a result of heat treatment  in the  tem- 
perature  range whe^e recovery takes place.    The  subgrains evident in Figure 30 
and in subsequent photomicrographs are thought to be representative of the 
reorientation-domain tyoe of structure. 
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Figures 31-'+0 reveal the same area after indicated periods of exposure 
at 2100 F in an atmosphere of purified hydrogen. The formation of a stress- 
free grain at a reorientation-domain boundary may be observed in the area 
narked "1" on the photomicrographs.  After one hour at 2000 F, Figure «0. 
Area "1" a»jjears only as a reorientation-domain boundary somewhat more dis- 
tinct than most of its neighbors.  rfIhe- area was not materially altered by 
heating 10 or 20 minutes at 2100 F,   Figures 31-32, but after a total e» 
popure of 60 minutes ttie  boundary was noticeably broadened.  Repolishirig the 
specimen, removing a Minimum of surface, revealed that a clear etching grain 
had formed in this area,  Subsequent heating of the specimen resulted in 
growth of the newly formed grain to the large size shown in Figure 36. 

Figures 30-36 illustrate the continual shifting and changing; in shape 
with increasing time at temperature of the grain marked "2", even though 
re crystallization was not complete.  Figures 3T-'+0 illustrate additional 
changes in Grain 2 after recrysfallization in  the immediate area was complete. 
The behavior of Grain 2 in these photomicrographs is iliustxative of several 
axioms concerning grain growth0: 

1. Grain growth occurs by grain boundary migration, not by 
coalescence of adjacent grains. 

2. A curved boundary migrates toward its center of curvature. 

3. Grain boundary migration may be retaided by inclusions or 
voids. 

h. Where grain boundaries meet at angles different from 120 
degrees, the grain included by the more acute angle will 
be consumed, so that all angles approach 120 degrees. 

The validity of the grain boundary migration theory is confirmed in 
Figure 39, where the shadows (lines remaining on the surface under study re- 
sulting from previous etchings of the sample) clearly indicate the migration 
of the boundary.  The shadows in this case also illustrate the movement of 
curved grain boundaries toward their centers of curvature.  The retardation 
of grain boundary migraxion is clearly evident in Figures 31-35.  in Figure 31, 
a small spherical void is observed just below Grain 2.  The boundary of this 
grain migrated until it touched the void after he  minutes at 2100 F, Figure 33• 
In subsequent heatings, the boundary curved around the void, suggesting that 
the void retarded migration. 

In Figure 37, the angle formed by the boundaries at the upper left of 
Grain 2  is less than 120 degrees.  Migrations upon subsequent heatings seem 
to confirm the theory that grains of this geometry tend to be consumed during 
grain growth. 

In order to show the process of recrystallization in a less severely 
worked sample, a second series of photomicrographs was made, Figures Ul-^3. 
The sample used for this series was taken from a completed stress-rupture 
specimen from Bar 937 (unalloyed molybdenum).  The stress-rupture specimen 
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FIGURE 41 AS TESTED  IN STRESS 
RUPTURE.  ELECTBOPOLI: 
(M3199) 

FIGURE   42 ANNEALED     1     HOUli    AT     22UO   F 

AFTER    STRESS-RUPT'JRE    TEST 

( M320') 

FIGURE     4?1   —   ANNEALEG     I     HO'jR    AT     2300     F 
At-TER    STRESS-RUPTURE    TEST 
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was fully recrystallized and then tested  in   stress  rupture,   sustaining a 
load oi' 22,300 psi for two hours at IcOO F.     The amount of work hardening  in 
this  specimen was maximum at the  location of the  fracture and gradually de- 
creased as the distance from the  fracture  increased,  until it. was essentially 
nil in the   threaded portion.     Figure  Ul is a photomicrograph of the  specimen 
after stress-rupture testing and shows  the  strain hardened structure.    There 
is no evidence of recrystallization.     The  structural changes  shown in Fig- 
ures U2-U3 occurred upon heating the  specimen for one hour at 2200 and 2300 F, 
respectively.     The  shapes of the grains and gppearance of the  network within 
the  grains changed upon recrystallization.     High energy areas,  and hence the 
first evidences of recrystallization,  would be expected at intersections of 
the  original grain boundaries.     Several  such areas,  maiked "X"   in the large 
grain of Figure  4l,  are   sites of new grains after a one-hour anneal at 22C0 F. 
One hour at  2300 F,   Figure  43,   resulted  in growth of these new grains,  as well 
as a sharper delineation oi' the  r-ubgrain structure. 

Virtually complete recrystallization with a large, yet heterogeneous 
grain size accompanied an anneal of one hour at 2400 F for the   structure 
under observation.     The coarse  recrystallized giain size was undoubtedly 
associated with the low level of cold work at this position on the  rupture 
sample. 

The  techniques used in this  study are  subject to three  shortcomings: 

1. Strains may be superimposed upon existing strains by 
heating and cooling the  specimen between room tempera- 
ture and the annealing temperature. 

2. The etching treatment per se might modify the  subse- 
quent course of recrystallization. 

3. Energy requirements for structural changes in two 
dimensions probably differ from these of unrestricted 
three-dimensional changes. 

Grain Size and Grain Growth 

Grain size determinations were made on  samples of all of the wrought 
materials studied after heat treatment at the lowest temperature required to 
produce complete  recrystallization.    The grain boundary intercept method al- 
ready described was used  to obtain a numerical representation of grain size. 

Table 8 lists grain sizes of wrought and recrystallized molybdenum and 
molybdenum-base alloys.    From examination cf the data,  no generalizations 
can be drawn regarding type or amount of alloy and recrystallized grain size. 
Furthermore,  there is no correlation between grain size and carbon content. 
Like other metals, however, molybdenum and molybdenum-base aJloys have  finer 
grains,  the greater the amount of prior deformation.    The general relation- 
ship is shown in Figure 44, where the hardness as rolled  (a measure of prior 
deformation)  is plotted against  size of the  recrystallized grains.     The 
higher the hardness as worked,  again the liner the  size of the recrystallized 
grains.     The l/2-inch diameter bars processed by extrusion of 1-1/4 inch 



51 

TABLE 3 

GRAIN SIZE OF WROUGHT AND RECRYSTALLIZED MOLYBDENUM AND MOLYBDENUM-BASE ALLOYS 

Carbon, <f> Alloy, $ 
X Grain Size, Grains per 0.01" 

Heat 1/2 "  dia bar 5/8f' dia bar 

9.3 

i." u.xt* car 3/8" flat 

937 0,015 
1159 0.040 5.6 
1045 0.0026 LCA 4.4 

1063 0,003 0.17 Al 1.1.6 3.8 
1053 0.005 0.49 Al 9.4 5-9 
987 0.003 0.53 Al 9.9 

1144 0.020 0.074 Co 19.8 9.4 
1173 0.037 0.19 Co 9-3 

1274 0.031 0.12 Cr 7.1 

1272 0.022 0.10 Fe 3.5 

988 0.019 0.24 Nb 9.8 1.6 
1082 0.032 0.3-1 Nb 7.6 
978 0.019 0.52 Nb 11.1 2.8 

1057 0.033 0.75 Nb 12.4 7.5 

1269 0.017 0.04 Ni 3.5 

1273 0.030 0.09 Si 8.7 

1100 0.015 0.21 Ti 2.0 
1132 0.024 0.4s Ti 14.4 11.5 
1048 C.0026 0.69 Ti. LCA 7.0 
1133 0.014 0.85 Ti 10.9 7.7 
1138 0.014 1.22 Ti 1C.9 5-7 
1009 0.036 1.26 Ti 9.6 
1080 0.036 1.41 Ti 9-0 
1174 0.027 3-59 Ti 5.8 

1051 0.027 0.54 V 13.4 8.5 
1012 0.030 0.56 V 12.9 7.2 
1049 0.0012 0.85 V, LCA 5.6 
672 0.057 G.86 V 4.9 

1052 0.029 1.00 V 12.1 10.4 
1151 0.006 1.25 V 17.4 4.4 
1175 0.033 1.46 V 5-3 

1205 0.010 0.055 Zr 6.4 
1207 0.019 0.09 Zr 12.6 8.3 

1001 0.032 0.31 Nb, 
0.16 Ti 13.0 

1137 0.003 0.44 Ti, 
0.23 Al 2.5 

1217 0.030 0.11 Co, 
0.18 Ti 17.6 
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diameter blanks to 3/4-inch diameter and   then rolled  to 1/2 inch at a higher 
temperature than for the  5/8-inch diameter bars were relatively coarse grained. 
As would be anticipated,  the coarse grain size associated with smaller amounts 
of working and higher temperature of deformation of the l/2-inch bars is con- 
sistent with accepted theory relating amount of cold work and recrystallized 
grain size. 

One correlation seems consistent:     the bars from heats deoxidized with 
rare earth metals are  coarser gra-v ned after reerystallization than bars rolled 
from similar heats deoxidized with carbon. 

The tendency toward, grain coarsening of the alleys under consideration 
was investigated.     Small samples  from wrought  sections of each alloy were 
heated for one-hour periods at temperatures up to 3900 F.     The grain size 
was determined again by the grain boundary intercept method.     The results are 
summarized in Figure 45,  which is a plot  of grain size  against annealing tem- 
perature  for one alloy from each  system under study.     Plots including all of 
the data obtained under this investigation may be  found in Figures C17-C18, 
Appendix C. 

The results of this work show that none of the alloying elements had a 
significant effect on grain size after one hour ax  3700 F or above,  all the 
alloys having grain sizes  similar to the grain size of unalloved molybdenum. 
Vanadium was the most effective  in inhibiting grain growth at temperatures 
below 3700 F. 

Mechanical  Properties of Wrought Alloys 

Hardness 

Vickers hardness has been determined from room temperature to loOO F on 
rolled bars l/2, 5/8, and 1 inch in diameter, in three structural conditions, 
i.e., as rolled, stress relieved, and fully lecrystallized.  Plots of hardness 
as a function of testing temperature are contained in Figures C19-C46, Appen- 
dix C.  Figures 45-47 summarize these data by comparing the hardness at 1600 F 
of all cf the bars tested in the stress relieved and fully recrystall!zed con- 
ditions. 

In general, the observations noted for hot hardness of cast alloys hold 
for wrought alloys cf similar composition.  On the busis of weight-percent of 
alloying element, cobalt appears to exert the most profound influence en ele- 
vated temperature hardness. Zirconium and aluminum follow in decreasing 
order with respect to relative hardening effect. Although the hardness cf 
unalloyed molybdenum at loOO F is enhanced by additions of niobium, titanium. 
and vanadium, these elements must be present in greater amount than cobalt to 
bring the hardness near that of the molybdenum-cobalt alloys.  The greatest 
hardness at loOO F for a stress-relieved specimen was exhibited by the 0.11$ 
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obalt alloy containing 0.18' titanium (1217). The highest hardness for a 
ale fully recrystallized  specimen at loOO F was exhibited   by the  0.19/ cob 

alloy  (1173).   followed closely by the 0.11"- cobaTt-C.l8 '• titanium alloy. 

Deoxidaticn with rare earth metals did not  noticeably alter the hot 
hardness of unalloyed molybdenum.    Tiie hardnesc of titanium and vanadium 
alloys deoxidized with rare earth metals was somewhat  lower,  however,   than 
would be   predicted  on the basis of data on heats deoxidized with carbon. 

The effect of bar size on hot hardness of fully recrystallized speci- 
mens was practically negligible. In the as-rolled or stress-relieved con- 
ditions,  the  5/8-inch bars were  slightly harder as a rule than the l-i:ich 
bars  from room temperature to  l£0Q F.     The hardness differential between 
5/8-inch and 1-inch diameter bars of like  composition was not so grca"   as  the 
difference in  tensile  strength,  as noted  later in this report.     Probably,  in 
the  case  of the  tensile tests,  a specimen size  factor was present  in addition 
to the  factor of amount of hot-cold work. 

The drop in hardness from room temperature to loOO F for a representa- 
tive  group of barn  is presented  in Table  9.     Curves of hardness as a function 
of testing temperature  for unalloyed molybdenum.   Figures C19-Ckc,  Appendix C, 
reveal a  rapid decline  in hardness from room temperature to about kOC F.     Bars 
showing a high differential  in hardness between, room temperature ar.i  1 r>00 F 
behave  in approximately the  same manner as unalloyed molybdenum,  with a  ranid 
change  in hardness from room temperature  to 600 F.     As the decline  in hard- 
ness noted in Table 9 becomes  smaller,  however,  the  relationship of hardness 
to testing temperature approaches linearity. 

Tensile Strength 

Tensile tests at room temperature,   750,   120C,  and loOO F .'nave been con- 
ducted on 5/8-inch and 1-inch-diameter stock.     The  structural conditions 
represented   in these tests were as rolled,   stress-relieved,  and fully re- 
crystallized.     Unalloyed molybdenum bars  in both  sizes were  included in the 
program to furnish datum points with which to compare binary molybdenum-base 
alloys containing aluminum,   cobalt,   niobium,   titanium,  vanadium,  and zirconium, 
respectively. 

In addition,  tensile tests were  conducted at room temperature  on l/2-.nch 
diameter bar stock rolled at the  University of Michigan from small extrusions 
made at Thompson Products Company'. 

Cage  sections for specimens machined from 1/2- or 5/8-inch-diamet.;r bars 
were 0.250 inch in diameter by 1-lA inch long;   from 1-inch diameter bars, 
0.^75  inch in diameter by 2-3/8 inch long.    All  tests were  run at  strain rates 
of 3? per hour during elastic deformation and o0$ per hour during plastic de- 
formation.     Stress-strain records were obtained for each test,  and for  speci- 
mens not exhibiting a drop in load at the yield O.ip offset yield strengths 
were calculated. 
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TABLE 9 

DECLINE IS HARDNESS B~:7VVKEN ROOM TEMPERATURE AND l&OO F FOR 
RECRYSTALLIZED MOLYBDENUM AND MOLYBDENUM-BASE ALLOY BARS 

"ingot Alloy,   l,o 

0.015 c 

Bar Diameter 
In. 

Decline in Hardness 
Rm.  Temp,   tc 1600 F,   VFN 

937 5/8 120 

1159 0.04o G 1 124 

1045 0.005  Ce 
0.007 RE 

5/8 124 

IO63 0,17 Al 5/8 
1 

76 
88 

1058 0.49 Al 1 81 

1144 O.074 Co 5/6 
1 62 

1217 0.11 Co 
0.18 Ti 

5/8 56 

1173 0.19 Co 1/2 hi 

988 0.24 Nb 5/8 
1 

121 
115 

1132 0.45 Ti 5/8 
1 

109 
107 

1138 1.22 Ti 5/8 
1 

124 
116 

1012 0.56 V 5/8 
1 

121 
104 

1151 1.25 V 5/8 
1 

89 
70 

1207 0.09 Zr 5/8 108 
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A partial pressure of argon was maintained within the furnace to mini- 
mize  oxidation of  specimens tested at 750 F and above.     Periodic dimensional 
checks were made on the  shoulders of specimens tested at elevated tempera- 
tures,  and in no instance was the  reduction in diameter due to oxidation in 
excess of i'>.     Tensile transition tests  run at temperatures from -30 to +250 P 
vere conducted upon  specimens immersed in suitable liquid media heated or 
cooled to the testing temperature. 

A tabulation of tensile test data may be  found in Table  Cl,  Appendix C. 
Charts of tensile   strength as a function of testing temperature are also 
presented  in Appendix C,   Figures CU7-C52.     Figure  kS is a chart  summarizing 
the tensile data. 

The highest  strength developed by any of the bars; under test was 132,100 
psi,  displayed by the  5/8-Inch diameter bar of 0.45$ titanium alloy  (1132) 
at room temperature after stress  relief at 1800 F.     The highest  strength at 
1600 F was 88,600 psi  for the 1.25'"; vanadium alloy  (1151) at  5/8-inch diameter. 
This was followed closely by the  Qj+5# titanium alloy,   88,300 psi at IbOO F. 
Both bars exhibited these properties a+'ter stress relief.     The highest  strength 
for 1-inch-diameter bars was 115,000 psi at room temperature and  78,^00 psi at 
1600 F,  again for the 0.45$ titanium alloy. 

Analyses of the tensile  property data reveal inconsistencies which at 
this  stage of development cannot be explained.     An example  of such  inconsis- 
tencies was the marked difference  in tensile   strength of 5/8-inch rolled bars 
from Heat 1012,  alloyed with 0.56';' vanadium,  and Keat  1051,  alloyed with 
0,54$ vanadium.     P   second example was the difference  in tensile  properties 
of 5/8-inch-diameter bars from Heat  1009>  alloyed with 1.26$ titanium,  and 
Heat  1138,  alloyed with 1.22$ titanium.     Owing to 3. meager background of ex- 
perience with these  compositions,   the differences must be attributed to proc- 
essing variables;   it is impossible at this time to know which heats or bars 
of each pair are  truly typical of the nominal composition.     Further testing, 
development, and comprehensive  studies of the effects  of processing variables 
must be accomplished befoie the data can be fully weighed and interpreted. 

There are other instances where uncontrolled variations  in the rolling 
schedule  resulted in  scattered results for different bars from the   same  cast- 
ing.     For example,   the  room temperature tensile  strength of 5/8-inch-diameter 
bar from Heat 1132, alloyed with 0,45$ titanium, was 112,900 psi as rolled 
and 132,100 psi after stress relieving ax 1800 F.     From such data one  can only 
conclude that the properties of parts fabricated from molybdenum-base alloys 
will be determined by the working schedule and that uniformity will be ob- 
tained only when the  roiling and forging operations and annealing  schedules 
are  carefully controlled. 

A large loss in strength always accompanies recrystallization of wrought 
molybdenum-base alloys.     Moreover,   recrystallization minimizes the effect of 
an alloy addition.     Tnis  is evident  in Figures C47-C52,  Appendix C,  where the 
curves of  strength versus testing temperature are much more closely grouped 
for recrystallized bars than for the other two conditions  studied.     In con- 
sidering applications at elevated temperature,  greater significance  is 
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therefore attached to elements that raise  the  recrystallization temperature 
of wrought molybdenum than to elements that produce high strength in any 
particular structural condition.     Of the binary alloys  studied to date, 
those with titanium and  zirconium have exhibited the highest  recrystalliza- 
tion temporatures.     Relatively low concentrations of zirconium  (0.1;') and 
titanium   (0.5£) were  sufficient to raise the  recrystallization temperatures 
for 5/8-inch-diameter rolled bar stock to the range  2500-3000 F. 

The effects of specific alloying elements and their concentrations <">n 
the tensile   strength of 5/8-inch-<liameter bars is  shown in Figures -9-50. 
The  cobalt and  zirconium alloys  provide an interesting contrast.     Relatively 
small amounts of each of these elements have profound effects on tensile 
strength.     As-rolled,   5/8-inch-diameter bars exhibited  similar tensile 
strengths,  but after  complete  re^^stalli zation the bars containing cobalt 
exhibited  substantially higher tensile  strengths at  room temperature and 
loOO F;   but complete  recrystallization for the  cobalt alloy was accomplished 
at  2000 F,   whereas  it was necessary to heat the  zirconium alloy bars to 27^0 F 
to accomplish  complete  recrystallization.     The  zirconium alloy,   ^..areforo, 
would be expected to retain its  strength at much higher -temperatures than the 
cobalt alloy,     it will be noted  later that the  cobalt alloy also exhibited a 
higher temperature  for the  transition from ductile to brittle  failures. 

It will be observed that the  0.^5$ titanium alloy,  because of high 
strength at loOO F,  develops a peak at 1600 F in the curve  for tensile 
strength as a function of alloy content.     It has not been determined whether 
0.45/^ represents an oplimmu titanium concentration or whether unknown proc- 
essing variables are  responsible for the apparent maximum in the curve. 
Further tests will be  run to establish the  relationship between titanium 
content and tensile  strength in the  range  of concentration where the maximum 
occurs. 

In no case did specimens tested at 750 F or above exhibit brittle be- 
havior in the tensile test, the lowest elongation figure for any such test 
being 11$. 

The ductility, as indicated by elongation in the  tensile test,  of 
wrought molybdenum at room temperature normally undergoes an increase upon 
recrystallization.     The work reported here has  shown,  however,  that molyb- 
denum deoxidized with rare earth metals or aluminum, and one alloy containing 
cobalt,   suffer decided losses in elongation at room temperature after re- 
crystallization.     Inasmuch as the bars exhibiting low ductility at  room tem- 
po rat\ire exhibited satisfactory ductility at 750 F,  the room temperature 
brittleatas was  MiOUght to indicate an upward shift in the tensile-transition 
relationship.     This conclusion was verified  in work reported in Table 10 and 
Figure  51,  in which tests were run at temperatures from -30 to +250 F on bars 
representing either ductile or brittle behavior at room temperature. 

It will be noted that molybdenum deoxidized with rare earth metals  (lOUs) 
appears to have a transition temperature at approximately UQ F,  yet the  orig- 
inal room-temperature test on this bar yielded an elongation of only 2'.'J. 
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TABLE 10 

TENSILE TRANSITION DATA ON 5/8" DIAMETER BARS 

Yield Tensile 
Composition Testing Strength Strength El. R.A. 

Heat * Condition Temp, F DSl psi _/L r> 

93V 0.015 c as rolled + 10 82,500* 117,900 1.2 
20 84,200* 116,400 11 12.3 
32 77,900* 113,800 21 19.9 
50 56,100* 109,000 32 61.1 
81 78,800* 102,200 40 61.1 

180 59,400* 90,700 32 7^.3 

937 0.015 c recryst. - 4 84,000 84,000 2 3.2 
(2150 F) + 14 79,400 79,400 3 3.2 

18 77,000 84,200 35 32.5 
23 80,100 82,600 ^8 34.2 
33 78,100 79,400 40 22.1 
ft.. — f-  r^s^r\ <Q   onr, ) 0 T-7   O 
OX ??,yv<j QO« CK/^ l/l »J 

104-5 0.005 Ce recryst. +  33 74,800 83,000 4 4.0 
0.007 RE*"* (2400 F) 50 ?8,000 72,000 45 45.5 

100 55,000 55,100 57 54.5 

1058 0.49 Al recryst. + 79 59,600 65,100 5 4.8 
(2150 F) 120 61,200 77,100 15 12.7 

150 56/900 67,800 25 21.0 
160 54,900 74,4oo 26 21.2 
201 54,400 73,900 36 33.5 
250 56,500 69,800 34 31.6 

1144 0.074 Co recryst. + 80 66,900 65,900 5 4.4 
(2000 F) 150 72,400 72,4oo 1 0.5 

180 63,500 71,000 19 15.8 
202 50,500 70,900 52 65.7 
250 63,100 68,100 • - 56.5 

1132 0.45 Ti recryst. - 30 102,500 105,000 12 9.7 
(2450 F) - 10 94,300 96.200 45 43.2 

-r 20 70,300 88'. 900 46 45.6 
81 60,000 75,500 55 38.0 

* 0.1,3 offset yield strength 
** otuer rare earth metals 
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These apparently contradictory results arc probably due to inhomogensity of 
the bar and possibly to minute differences in heat treatment. Nonetheless, 
it may be concluded that the transition of this bar from brittle to ductile 
behavior under the conditions of the tensile test is not far from room tem- 
perature . 

The molybdenum-aluminum alloy  (1058) exhibited  a relatively gradual transi- 
tion from about room temperature  to 200 F.     The 0.0'f4v> cobalt ilioy  (1144)  re- 
tained low dxietility up to aoout 150 F. 

Heat 937 (unalloyed datum heat) was tested both as rolled and after re- 
crystallization.    As in the  case  of   ;he  V-notch impact transitions discussed 
in the next  section,  the tensile  transition was more aompt for the recrys- 
tallized condition than for  the as-rolled condition.     The  O.'i^j titanium alloy 
exhibited the lowest transition temperature of the entire group. 

Returning tc Figure  k-8,  the   5/8-inch diameter bar stock,  whether as 
rolled or  stress relieved,  generally exhibited higher tensile  strengtn than 
1-inch diameter stock of the  same  composition and  thermal history.    After re- 
crystallization,  the  factor of amount of cold work assumed a position of 
secondary importance,  and the tensile   strengths of 5/8-inch and 1-inch diam- 
eter bars of compcutible  composition were much the  same.     Considering ductil- 
ity as measured in the tensile test,  elongation and reduction of area were 
usually higher iv-r specimens from 5/8-inch bars than from comparable 1-inch 
bars.     Three factors are  thought to have affected tensile  test ductility, 
namely,  test specimen size, amount of cold work,  and grain size.    Tensile 
test gage diameters were 0.25C inch and O.U75 inch for the 5/8-inch and 
1-inch diameter bars,   respectively.     Earlier,  unpublished work at  this lab- 
oratory has indicated that when tensile  specimens of various gage diameter 
are taken from a homogeneous bar of molybdenum, an inverse relationship is 
obtained between specimen gage diameter and ductility values.    The  5/8-inch 
bars,  of course,  had received mure  work  uiun  the 1-inch bars.    A quantitative 
evaluation of this factor was not feasible  inasmuch as th?t portion of the 
total reduction classifiable as "cold" work could not be deteimined,   owing 
to the proximity of the working temperature to the temperature of recrystal- 
lization.    Grain sizes for the  5/8-inch diameter bars in  the recrystallized 
condition were consistently lower than for corresponding 1-inch diameter bars, 
and this structural difference also may have resulted in higher ductilities 
for the  specimens from the 5/8-inch bars. 

Some  revision of the relationship between hardness and tensile  strength 
of molybdenum and. molybdenum-base alloys as given in the third annual report 
vas necessary as a result of the large number of additional tests conducted 
during the past year.    Figures 52-53 present tensile  strength as a function 
of hardness for 5/8-inch and 1-inch diameter bars,  respectively,  regardless 
of structural condition or testing temperature.    The lines for elevated tem- 
perature are  similar to those reported earlier, but the data obtained at 
room temperature are better fitted by a line of somewhat different slope.    For 
quick approximation of tensile  strength when only the Vickers hardness number 
is available, a satisfactory formula is 

Tensxle Strength,  psi  = 400 x VPN 
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That factors other than iiardncss enter into determination of ultimate 
tensile strength is evidenced by the spread i:i data in Figures 52-53.  The 
relotionships presented in these figures, then, are cf value only as general 
guides in predicting tensile strength at a given hardness. 

Figures 52-53 she'; tensile strength as a function of hardness, and 
Figures C8-C1S, Appendix 0. show hardness versus annealing temperature.  By 
combining these figures, estimates of tensile strength under intermediate 
conditions cf annealing between stress relief and full reerystallization can 
be made.  This analysis would, of course, be applicable only to bars having 
fabrication histories comparable to those of the materials used in the com- 
pilation of the aforementioned charts. 

The results of tensile tests on l/2-inch diameter bars rolled at the 
University of Michigan from bars extruded at Thompson Products Company are 
giver, at the end of Table Cl, Appendix C.  These values are significantly 
lover tlian those obtained on 5/8-inch diameter bars, Figures k^~yO.     The chief 
difference is, of course, in the method of fabrication.  'The majority of the 
5/8-inch diameter bars were rolled from M—inch diameter extrusions, while the 
l/2-inch bars were rolled from extrusions approximately 3/i; inch in diameter, 
which in turn had been prepared from X-l/k  inch diameter cast cylinders. 
Physically, these bars were low in strength and large grained, as noted 
earlier in this repcic.  Hardness values of the l/2-inch bars were comparable 
with results on 5/8-inch bars, however, so that if the hardness and tensile 
data are applied to Figure 52, they fall to the left of the lino indicating 
room temperature. 

Notched Bar (impact) Transition Temperature 

The objective cf the notched bar transition testing program was to 
determine whether an alloy addition could lower the temperature at which the 
fracture of molybdenum changes from brittle to ductile, or in other words, to 
improve the ductility of arc-cast molybdenum. 

Impact transition temperatures were determined for 5/8-inch and 1-inch 
diameter bars of unalloyed molybdenum and 23 molybdenum-base alloys in the 
as-rolled, stress-relieved, and fully recrystallized conditions. Standard 
V-notch Charpy test specimens were used.  They were heated in air to the 
testing temperature and rapidly transferred to the Charpy machine for test. 

Curves showing energy as a function of testing temperature for the alloys 
tested during the past year are given in Appendix C, Figures C37~r'L'l-     Summary 
curves showing transition temperature ranges for all of the 5/8-inch and 1-inch 
diameter bars tested during the past two years are given in Figures 5^~55. 
Transition ranges have arbitrarily been taken as the temperature ranges limited 
by 20 and 120 foot-pounds of energy absorbed by the impact specimens. 

The extent and general level of the transition temperature range was 
lower for 5/8-inch diameter bars than for 1-inch bars of similar composition 
in the as-rolled and stress-relieved conditions. Transition temperature 
ranges for fully recrystallized specimens from the two bar sizes were usually 
about the same. 
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Transition temperature ranges for as-rolled and stress-relieved bars of 
the essentially carbon-free Heats 10o3, 10^8, and 10*9 were significantly 
lower than that of unalloyed molybdenum deoxidized with carbon.  It appears 
that as-roiled, unalloyed molybdenum containing an excess phase, such as 
molybdenum carbide, has a higher transition temperature than solid solution 
alloys of molyrienum containing no excess phase. After recrystallization, 
however, all of the carbon-free alloys exhibited a marked increase in notched 
bar transition temperature.  This increase was also evident in the tensile 
transition temperature of molybdenum deoxidized with aluminum or rare earth 
metals, which lost room-temperature ductility (rise in transition temperature) 
after -ecrystallization. 

It is evident from Figure 5* that an addition of niobium does not sig- 
nificantly alter the transition temperature of unalloyed molybdenum.  Ti- 
tanium lowers the transition range slightly for most of the alloys and struc- 
tural conditions studied. Molybdenum-vanadium alloys deoxidized with carbon 
generally have higher Charpy transition temperatures than unalloyed molybdenum. 
Molybdenum-cobalt alloys in the as-rolled or stress-relieved conditions are 
comparable to unalloyed molybdenum, but undergo an increase in transition tem- 
perature after recrystallization. The transition temperature range for the 
0.07*» cobalt alloys, for example, was from 1300 to above 1900 F. The transi- 
tion temperature ranges of the molybdenum-zirconium alloy were somewhat lower, 
and of the molybdenum-cobalt-titanium alloy significantly higher, than those 
of unalloyed molybdenum. 

The 1-inch diameter bars of unalloyed molybdenum deoxidized with aluminum 
exhibited neither the low transition temperarure in the worked condition nor 
the high transition temperature after recrystallization exhibited by 5/8-inch 
diameter bars of the same composition.  None of the seven alloy bars xested 
in the 1-inch diameter size was superior to unalloyed molybdenum in respect to 
Charpy transition temperature. 

Creep-Rupture Properties 

One of the principal objectives of this project has been the development 
of molybdenum-base alloys for elevated temperature service. Lc?d-carrying 
ability at elevated temperatures, then, is one of the most important consider- 
ations in rating the alloys developed to date. 

Creep-rupture tests*have been run on nineteen compositions, including 
unalloyed molybdenum. Tests were conduced in vacuum at temperatures of 1600, 
1800, and 3000 F on stress-relieved or fully recrystallized specimens. Rupture 
specimens were machined from 5/8-inch diameter bar stock. The gage dimensions 
of the specimens were 3/l6-inch diameter by 1 inch long.  In general, three 
tests were conducted at each testing temperature for each heat in each struc- 
tural condition, aiming at rupture lives of one, ten, and one hundred nours 
duration. Tests lasting longer than an arbitrarily assigned limit (about 300 
hours) were discontinued. Creep rates were calculated for all tests that sus- 
tained the applied loads long enough to yield time-deformation data. 

* conducted by Battelle Memorial Institute 
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The  results of the creep-rupture program are presented as plots of 
stress against rupture tine in Figures 56-6^.    Table  11 lists the 100-hour 
rupture  strengths for all  the alloys tested under Contract N8onr-78700 in 
the last two years.    A tabulation of rupture data may be found in Appendix C, 
Table C2. 

In general,   recrystallization lowered the  100-hour rupture  strengths of 
the alloys tested at 1600 F about 40 to 50^.    With increasing testing tempera- 
ture ,  the differences between the two structural conditions lessened,   so that 
for some  of the alloys tested at 2000 F,   only insignificant differences 
existed between rupture  strengths of stress-relieved and recrystallized 
samples.     This condition resulted from recry^+w.Hization in varying degrees 
of the  stress-relieved specimens during testing,  and again emphasizes the im- 
portance  of alloy additions that increase   the  recrystallization temperature 
of molybdenum. 

Most of the molybdenum-base alloys  investigated under this project,  even 
in the  recrystallized condition, are  superior in rupture-strength to all of 
the cobalt- and nickel-base alloys currently in use  in high-temperature  serv- 
ice.    One of the best cobalt-base alloys, X-'+O  (cast),  exhibits strengths at 
100-hour life of 21,300 and 11,300 psi at 1600 and 1800 F.  respectively.    At 
1600 F this material compares favorably with some of the  low-alloy molybdenum- 
base compositions after recrystallization.    At 1800 F, Alloy X-kO is inferior 
to unalloyed molybdenum.    When tested in the  stress-relieved condition,  the 
best molybdenum alloy was over three times as strong at loOO F and five times 
as  strong at 1800 F as the cobalt-base alloy. 

Creep rates obtained during the creep-rupture test for the higher strength 
molybdenum-base alloys at 2000 F in the  stress-relieved condition or at 1600 F 
in the recrystallized condition were of the  same order of magnitude as those 
published for the cobalt-base alloy S-816 tested at  1500 F. 

The best of the alloys tested appear to be the O.kyp titanium,  1.26$ ti- 
tanium,   0.75$ niobium,  and 0.09c/» zirconium.    At all three testing temperatures, 
unalloyed molybdenum exhibited the lowest rupture  stress for 100-hour life  of 
the group tested in the fully recrystallized condition.     In the  stress-relieved 
condition,  the 0.17$ aluminum heat was weakest at 1800 and 2000 F.     Recrystal- 
lization during testing was undouotedly a factor in the regrouping of the alloys 
tested at 1600 and 2000 F. 

Comparison of elevated temperature tensile data with rupture  life was 
feasible only at 1600 F,   inasmuch as  short-time tensile tests were not con- 
ducted at higher temperatures.     Study of  che data indicated no direct compari- 
son between 100-hour rupture  strength at 1600 F and short-time tensile data at 
the  same temperature.    The ratios of 100-hour rupture  strength to tensile 
strength were compared for stress-relieved and for fully recrystallized speci- 
mens.    These ratios varied from 0.5^+ to 0.97.    The ratios were averaged for 
each alloy group.     In order of decreasing ratio,  the alloying elements rank 
as follows: 
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TABLE 11 

CREEP-RUPTURE STRENGTH OF WROUGHT, ARC-CAST MOLYBDENUM AND MOLYBDENUM-BASE ALLOYS 
100 Hours 

1600 F 1800 F 2000 F 

Str ess Relieved 

31000 psi Unalloyed Mo 18000 p •Si  0.17 Al 10000 pi si 0.17 Al 
36000 0.17 Al 190C0 0.074 Co 11500 0.53 Al 
37000 0.074 Co 22000 Unalloyed Mo 11500 0.54 V 
41000 0.54 V 22000 0.55 V 11500 0.24 Nb 
41000 0.56 V 24000 0.54 V 11500 1.00 V 
4iooo Mo + RE 27500 0.53 Al 13000 Unalloyed Mo 
1*3000 1.22 Ti 28OOO Mo + RE 13000 Mc + RE 
44000 O.69 Ti + RE 28000 0.66 V 13000 \l 

45000 0.53 Al 29000 1.26 Ti 13500 0.34 Nb 
46000 0.85 V + RE 31000 0.69 Ti + RE i4ooo 0.05 Co 
47000 0.56 V 31000 1.00 V 15500 0.87 V 
48000 0.85 Ti 31C00 1.22 Ti 16000 0.52 Nb 
49000 1.00 V 330CO 0.05 Co 17000 0.69 Ti + RE 
50000 1.26 Ti 33000 0.35 V + RE 19500 1.26 Ti 
53000 0.24 Hb 34000 1.25 V 20500 0.85 V + RE 
53000 0.87 V 36000 0.85 Ti 22000 0.75 Nb 
55000 0.05 Co 37000 0..34 Nb 22000 2,46 Ti 
58000 0,3^ Nb 1+1000 0.87 V 22000 0.85 Ti 
64000 0.52 Nb 41000 2.46 Ti 25000* 0.09 Zr 
61+000 0.09 Zr 1+3000 0.52 Nb 25500 0.45 Ti 
ocOOO C.U5 Ti 51000 0.75 Nb 
59000 0.75 No 53000 

56000 
0.1+5 
0.09 

Ti 
Zr 

Rec rystallized 

16000 Unalloyed Mo 11500 Unalloyed Mo 9000 Unalloyed Mo 
18500 0.17 Al 13000 0.17 Al 9200 0.17 Al 
20000 Mo + RE 14000 Mo + RE 10000 0.53 Al 
20000 0.85 V + RE 15000 0.54 V 10000 0.69 Ti + RE 
21000 0.53 Al 15000 0.074 Co 10500 0.54 V 
21000 0,5^ V 15500 0.66 V 11000 0.24 Nb 
22000 0.24 Nb loOOO 0.53 Al 11500 O.OO V 
23000 0.56 V 16000 0.85 V + RE 11500 0.85 V + RE 
23000 O.69 Ti + .RE 17000 0.24 Nb 12000 0.55 V 
23500 1.22 Ti 17500 0.56 V 12500 Mo + RE 
25000 0.31* Nb 17500 1.22 Ti 13000 1.00 V 
25000 0.074 Co 18000 1.00 V 13500 0.3^ Nb 
26000 0.66 V 18500 0.69 Ti + RE 11+000 0.87 V 
25000 0.05 Co 19500 0.85 Ti 15000 0.52 Nb 
27000 1.00 V 20000 0.34 Nb 15000 0.85 Ti 
27500 0.85 Ti 21000 0.05 Co 15500 0.05 Co 
29000 0.87 V 21500 0.87 V 18000 0.75 Nb 
31000 0.52 Nb 25000 0..52 Nb 18500** 0.09 Zr 
32000 0.09 Zr 27500 0.09 Zr 19500 0.1+5 Ti 
34500 0.45 Ti 28000 0.145 Ti 220G0 1.26 Ti 
37000 0.75 Nb 38000 1.26 Ti 
405CO 1.26 Ti 

* single test at 25, .000 psi discontinued after 160.8 hours 
** single test at 18; ,500 psi discont: Inued after 175.6 hours 
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Niobium 
Zirconium 
Titanium 
Vanadium 
Unalloyed 
Aluminum 
Cobalt 

Average Patio of Gtress 
"i o hupture in LOO Hours 

to Tenslie Strength 

Molybdenum 

0. , 88 
0. • C I 

0, • 77 
0 .70 
r\ ,51 
0. 5l 
0. 5'y 

The 0.450 titanium alloy (1132) was superior in stress-rupture strength 
to the 0.8;J\5 titanium (1133) and 1.22;' titanium (113°) alloys. A similar re- 
lationship was noted for elevated-temperature tensile properties. As indicated 
in a previous section of this report, the metallography of the molybdenum- 
titanium system changed as the titanium content increased from O.ky^  to 0.85r,= , 
in that at the higher level a fine precipitate appeared within the grains. The 
amount of this precipitate increased with increasing titanium content.  It is 
possible that the absence of direct correlation between titanium content and 
high-temperature properties is attributable to this structural change. The 
1.26$ titanium alloy (1009) had significantly higher stress-rupture strength 
than the 1.22$ titanium alloy, regardless of testing temperature or structural 
condition. This apparent discrepancy may have been due to the fact that the 
1.26(0 titanium alloy was prepared from crystal bar titanium, whereas the re- 
maining molybdenum-titanium alloys of this phase of the program were prepared 
from Ira Pont sponge titanium. 

Ductility as measured by final elongation of virtually all of the ruptui^ 
tests on stress-relieved molybdenum-base alloys was in excess of lOjo. Corres- 
ponding values were two to three times greater for fully recyrstallized speci- 
mens. Average elongation values, considering all the creep-rupture tests con- 
ducted, were 18.2'"' for specimens in the stress-relieved condition and h^.Vp 
for specimens in the fully recrystallized condition. Reduction of area values 
were generally high, attesting to substantial localized deformation under the 
conditions of rupture testing. The tendency of molybdenum deoxidized with 
aluminum or rare earth metals to be less ductile after recrystallization was 
manifested in the rupture tests only by values for reduction of area somewhat- 
lower than those for molybdenum deoxidized with carbon. Reduction of area 
figures were less dependent upon structural condition of the test specimen than 
the figures for elongation. Average values for reduction of area of bars deoxi- 
dized wioh carbon was 86.3$ and of bars deoxidized by other means, fl.&jf>.    The 
average values for reduction of area for all tests conducted at 2000 F were 
approximately 8$ below those for tests conducted at 1600 and 1800 F. 

Oxidatiou 

Oxidation tests at 1750 F in moving air were conducted on 20 molybdenum- 
base alloys containing aluminum, cobalt, niobium, titanium, vanadium, or zir- 
conium, seme deoxidized with carbon, some with rare earth metals. A summary 
chart, Figure 65> relates alloy content and rate of oxidation for all the 
materials tested.  Plots of loss in weight as a function of time may be found 
in Appendix C, Figures C7^-C75. 
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It should be realized, in considering these data, that the oxidation 
rates indicated in Figure 55 are very high, reflecting the volatile nature 
of the molybdenum oxide formed under test conditions. For example, oxidation 
rates for Armco iron and 5AE 10''^ steel determined under approximately the 
same conditions are 0.070 arid n.0^9 grains per square centimeter per hour, 
respectively.  It is evident that a decrease in oxidation rate such as that 
accompanying an increase in cobalt content does not result in an oxidation- 
resistant material but merely establishes a trend for the alloy system. 

Niobium, vanadium, and zirconium exercised only a slight influence on 
the rate of oxidation of molybdenum within the range of compositions studied. 
Titanium produced a measurable increase in oxidation.  Aluminum lowered the 
rate of oxidation but the effect was most pronounced between 0 and 0.17'/' 
aluminum.  It will be note'! that the pronounce;, effect of titanium on oxi- 
dation rate was also at the low end of the composition range.  Inasmuch as 
aluminum and titanium contents of this low magnitude are considered primarily 
as deoxidizing agents and inasmuch as the unalloyed molybdenum deoxidized 
with rare earth metals, Figure 65, was markedly superior to carbon-deoxidized 
molybdenum in oxidation resistance, it is postulated that some relationship 
exists between deoxidation during melting and oxidation. 

Cobalt additions enhanced the resistance of molybdenum to oxidation. 
Were it not for the limiting effects of cobalt additions on workability, it- 
is possible that significant reductions in oxidation rate could be realized 
within the molybdenum-cobalt system. 

In general, molybdenum-base alloys which were deoxidized with rare earth 
metals oxidized at a somewhat slower rate than the same alloys deoxidized 
with carbon only; titanium- and vanadium-containing alloys deoxidized with 
rare earth metals, however, oxidized at slightly faster rates than the same 
alloys deoxidized with carbon only. 

buinmary 

Binary molybdenum-base alloys containing aluminum, cobalt, niobium, 
titanium, vanadium, and zirconium have been cast into ingots and worked into 
rolled bar stock.  The size o^  the ingots processed was about the size that 
would be used if these materials were in commercial production.  The upper 
limits of alley content compatible with good recovery were raised by using the 
Sejournet-Ugine extrusion process for initial breakdown of the castings, but 
some of the alloys sustained high losses even when the cast sections were ex- 
truded. The properties of these alloys are sufficiently interesting for ele- 
vated temperature service to Justify further study of the factors which affect 
their fabrication behaviors to determine whether they will De amenable to 
commercial production. Such factors as oxidation of the extrusion blanks 
during heating, lubrication, amount of upsetting of the blanks during the 
initial stages of extrusion, and extrusion ratios require further study. 
While extrusion temperature may be the most important factor, little can be 
done about it at present. The recovery of sound metal would be greater if 
the extrusion temperature could be raised far enough above the present 2600 F 
limit to aUcw true hot working. 
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For the alloys  studied,   the  room-temperature hardness did not increase 
as rapidly with increasing alloy content as the hardness at loOO F.     The 
room-temperature hardness values  for all of the alloys was low enough to 
permit secondary mechanical working without  difficulty. 

Addition of titaniura or zirconium raised the temperature of recrystal- 
lization of wrought molybdenum significantly. All other additions studied 
had only minor effects upon recrystallization temperature. Since molybdenum- 
base alloys develop their highest rupture and creep strength when they arc in 
the rrtra in -hardened condition, a high recrystallization temperature is an im- 
portant attribute, and metals which markedly raise the recrystallization tem- 
perature deserve the greatest amount of consideration for commercial develop- 
ment. Preliminary ventures into the theoretical aspects of recrystallization 
of arc-cast molybdenum indicate  no drastic departure  from classical concepts. 

Tensile tests  conducted at  room and elevated temperatures revealed that 
substantial benefits result  from alloying.     These benefits were less pro- 
nounced for  specimens in the  recrystallized condition than  for those  in the 
as-rolled  or stress-relieved conditions.     In general,   of all the alloys 
studied,  the 0.45$ titanium exhibited the highest  strength.     Bars prepared 
from castings deoxidized with aluminum or rare earth metals suffered loss  in 
room-temperature elongation,  as measured  in the tensile test,  upon recrystal- 
lization,     -Pensile-transition tests  indicated a shift of the  transition-tem- 
perature zone  for tnese materials to levels above  room temperature.     The 
lowest transition temperature under  the conditions of the  tensile test was 
-30 F,  exhibited by the 0.45$ titanium alloy. 

Studies of Charpy transition temperatures corroborated the findings of 
the tensile-transition tests.    The impact-transition range of bars deoxidized 
with materials other than carbon was higher after recrystallization.    The 
notched-bar tests also  indicated that these  same  carbon-free materials had 
the  lowest transition temperatures of all the bars tested prior to recrystal- 
lization.     None  of the alloy additions  studied had a marked effect  upon the 
notched-bar transition. 

Creep-rupture  values significantly in excess of those  of the  cobalt- 
and nickel-base  superalloys were exhibited by all of the compositions tested. 
The  superiority was more evident as testing temperature increased.     The 
highest strengths were  exhibited by the  0.4-5$ and 1.26$ titanium,  0.75$ 
niobium,  and 0.09;'- zirconium alloys.     For example,  the 0.4-5$ titanium alloy, 
for 100-hour life at 2000 F,   sustained a load of 25,500 psi in the  stress- 
relieved condition and 19,500 psi  in the  re-crystallized condition.    The mini- 
mum elongation was 10$ and the average was appreciably above this. 

Cobalt and aluminum exerted a beneficial influence upon the  resistance 
of molybdenum to oxidation.     In the   ranges of composition  studied  (limited 
by the  factor of workability) the alloy additions did not  render the metal 
sufficiently resistant to oxidation to justify consideration of alloying as 
a means of protection during exposure at elevated temperature. 
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STUDIES OF DiOXIDATION 

The studies of dcoxidation as outlined and rsursued during tne second 
and third years of the contract 'J have been continued.  The aims of this 
phase of the research are, in brief, to increase the room-temperature duc- 
tility of molybdenum as cast and after working, tc .'-.crease resistance to 
high temperature cmbrittleraent, and to improve the recovery of sound, usable, 
wrought material from a given weight of casting.  The experimental work 
centered upon variations in methods of deoxidation, and during the current 
year was designed to fill in the gaps in the overall investigation and to 
enlarge Upon the more promos.: rig methods uevelnucd in the preceding year. 

Strictly speaking, deoxidation of molybdenum means the removal of oxy- 
gen from molybdea'jm.  However, the tern "deoxidation" is here used in a 
broad sense and covers orocesscs which reduce oxygen  content, eliminate 
gases, and combine residual oxygen in its least detrimental form to yield u. 
workable material.  This process is defined as "neutralization" rather than 
"deoxidation" by seme investigators. 

Variations in deoxidation have been evaluated on the basis of their 
effects upon intergranular inclusions on fractured surfaces, room-temperature 
ductility of cast metal as measured by bend tests, forgeability, transverse 
strength of wrought sections as measured by ring bursting tests, and high- 
temperature embrittlemsnt as measured by bend tests after annealing wrought 
sections at a temperature considerably above the recrystallization tempera- 
ture. 

The methods of deoxidation under study have been divided into four 
classes, the first of which is the present basic process of arc casting mo- 
lybdenum in .vacuum using carbon as the principal ieoxidizer and sometimes 
using other elements as auxiliary decxidizers.  The use of vacuum prevents 
the molybdenum from oxidi zing during meloing and promotes deoxidation by 
removing gaseous products 'or reaction.  The second class comprises methods 
of deoxidation in vacuum without the use of added carbon.  The titanium, 
vanadium, zirconium, thorium, and rare earth metals used as deoxidants in 
this class may or may not remain in the cast meted.  Classes 3 and h  com- 
prise methods of deoxidation with and without carbon, respectively, in an 
atmosphere of argon instead of vacuum. 

The effect of variation in deoxidation procedures upon macrostructure, 
microstructure, hardness; forgeability, and bend ductility were first in- 
vestigated in small (6-10 pounds) exploratory ingots.  Ingots weighing from 
30 to 80 pounds were subsequently prepared by tne most premising procedures. 
The larger ingots provided stock for more extensive forging tests and for a 
study of ductility of the material in both the cast and the worked conditions. 
The additions, analyses, hardness as cast, bead angles, and forgeability 
ratings of experimental ingots are given in Table 12.  (The methods of 
chemical analysis of rare earth metals in molybdenum are described in 
Appendix A.) 

m 
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TABLE 12 

COMPOSITION, HARDNESS, AND BEND DUCTILITY OF ARC-CAST MOLYBDENUM 
DEOXIDIZED IN VARIOUS WAYS 

Hardness Bend Angle Forge lability Rating 

Additions,  %* 

c 

Analyses,  %* 
As Cast 

VPN 

aouum,   Ca3 

Dogs •oes When Forged ax 
Ingot Long.   Trans, 

-bon Added 

2000 2300    2 600 F 

lass 1 - Melted in V 

1078 0.031 c, 0.2 Ti 0,005 C,   0.18 Ti 186 in 
1100 0,041 c. 0.21  Ti 0.015 C,   0.21 Ti 188 
1111 0,027 0, O.i LCA 0.007 C,   0.004 RE 181 h8 19 
1112 0.030 c, 0.52 Ti 0.015 C,  0>9 Ti 191 kk 23 
1.205 0.027 c, 0.05 Zr 0.010 C,   0.056 Zr 179 68 33 1 i 2 
1209 0.042 C, 0.15 Ni 0..025 C 167 - porous 
m8k 0.033 c, 0.07 Th 0.033 C,   0.091 Th 183 - 2 2 
B197 0.033 c, 0,30 Th 179 0 5 6 

Class 2 - Melted in Vacuum,  No Carbon Added 

1045 0.3 LCA 0.003 C,  0.005  Ce 
0.007 RE 

187 66 51.5 

101*8 0,3 LCA, 1.0 Ti 0.0O3 C,   0.69 Ti 
no Ce  found,  0.12 

190 
RE 

1   -' 
ino** 

lOliQ 0.3 LCA. 1.0 V 0.001 c, 0.85 V 
0.003 Ce,  0.003 RE 

\6k 110** 15 6 

1061 2.0 LCA 166 1+ 6 6 
1073 0.1 Ce 0.003 C,   0.003 Ce 183 0 6 

?.079 0.3 Al a: 3 Mo-Al 0.001 C,  0.018 Al 168 1 
alloy 

1114 0.5 Ce 161 78 9 2 1 2 
1139 0.3 Al as M0AI2 172 15 1 5 5 
ll4i 0.5 Ce 0.006 C,  0.05 Ce 162 
B183 0.004 c, 0.18 Al 0.005 Al 176 0 5 k 5 

* RE = total of other rare earth metals. LCA = Lan-Cer-Amp, $0$ min. lanthanum, 
45-50$ cerium, 20-24$ "didymium" and yttrium, 1$ max iron and unreduced salts. 

** did not break 
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TABLE 12 (contin^u) 

COMPOSITION, HARDNESS, AND BEND DUCTILITY OF ARC-CAST MOLYBDENUM 
DEOXIDIZED IN VARIOUS WAYS 

Hardness    Bend Angle Forgeability Rating 
As Cast teQ- rees When Forged at 

Ingot Addition* Analy ses,  f* VPN Long. Trans. 2000 2300 2600 F 

Class 3  - Melted in Argon,  Carbon Added 

1110 0.027 c, 0.1 LCA (interrupted melt,   Km^n   ingot) 
Bl?3 0.033 c, (   05 Th 0.035 c, 0.01 Th 194 8.9 1 i. 
B174 0.033 c, 5.0 Th 0.036 c, 1.15 Th 202 1 

t 
4 6 

£185 0.033 c, 0,07 Th 0.031 c, 0.004 Th 189 m 1 2 1 
B196 0.033 c, 0.10 Th 181 0 5 6 

CJ .asr- b  - '»ielted in a: rgon,  No Carbon Added 

1064 5.0 LCA 0.075 c, 
1.99 RE 

1.69 Ce 168 4 6 6 6 

107^ 0.25 Ce 0.005 c, 0.03 Ce 188 2.7 l. 5 '-! 6 6 
1101 0.5 LCA 0.003 c, 

0.026 RE 
0.015 Ce 171 80 2.6 1 4 4 

1102 0.1 Al 0.002 C, O.O96 Al 167 40 14 "1 1 1 
1105 0.2 LCA, 0.05 Al 175 36 2.3 2 6 
1106 0.2 LCA 166 20 1 6 I4. 6 
1115 0.5  Ce 163 58 31 

-1 1 l 
1135 0.2 Ai,  0 = 5 V 0.002 0, 

0.48 V 
0.17 Al 172 38 JO 1 - 

X 4 

1136 0,2 Al,   0 .3 Nb 0.007 c, 
0.32 Nb 

0.17 Al 160 9 3 2 C 

1137 0.2 Al,   0 .5 Ti 0.003 c, 
0.44 Ti 

0.23 Al 168 

like 0.3 Al as 0.005 c, 0.30 Al 155 46 30 1 1 1 
1142 0.5 Ce 0.008 c, 0.11 Ce 157 69 10 
1201 0.03 Al 0.002 C, 0.012 Al 185 0 c 6 6 6 
1202 0.05 Al 0.002 C, 0.027 Al 185 1.2 0 6 
1203 0.10 Al 0.002 C, 0.076 Al 152 39 4 1 1 2 
1204 0.15 Al 0.003 c, 0,12 Al 163 27 5 2 2 
1210 0.2 Al,   0 .15 Ni 0.003 c, 0.16 Al 181 7 0 

* RE = total of other rare earth metals. LCA = Lan-Cc-r-Amp, 30$ min. lanthanum, 
45-50$ cerium, 20-24$ "didymium" and yttrium, 1$ max iron and unreduced salts. 

** did not break 
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In Class 1,  Ingots 1078, 11 CO,  1111,  1112>  arid 1205 were  carbon-vacuum 
heats  to which less carbon was added than is normally required for full de- 
oxidation,  and an additional deoxidizer of some other type was added to 
supplement the  carbon so that, the residual carbon content of arc-east molyb- 
denum alloys could be  reduced.     The  supplementary deoxidizers were titanium, 
zirconium, and rare earth metals.    Titanium and zirconium were chosen be- 
cause  it had been noted in earlier heats that little or no speckling; was 
evident on the  fracture   surfaces  or in the microstructure when titanium or 
zirconiuia were added to carbon-vacuum molybdenum.    Ingot 1209 W*B made to 
gain additional experience in deoxidizing molybdenum-nickel alloys before 
producing large  ingots for mechanical property studies.     Heats B"i84 and B197 
(the prefix B indicates a bar machine  heat cast in ?." diameter mold) were 
parts of a series of heats deoxidized with thorium, which was added to the 
first heat in the form of powder and to the lest in the form of chips from 
thorium sheet.    The heaos of Class  3 form the remainder of the series de- 
oxidized with thorium. 

In Class 2,  Heat IOH-5 was a heat deoxidized with rare earth metal alone 
and was large enough to provide  stock for extensive forging experiments. 
Heats 10k8 and  10^9 were also large heats deoxidized with rare earth metal, 
but contained titanium and vanadium as alloying elements.     Heat 106l was 
made with  sufficient excess of rare earth metal for alloying.    Heat 1073 
was made with the addition of cerium equivalent to the amount of cerium in 
Lan-Cer-Amp.     This amount of cerium proved to be  insufficient for deoxlda- 
Hon;  accordingly,  a greater amount of cerium was added to Heat 1114. 
Ingot llkl was a fo-pound ingot to provide more  stock of the type  studied 
in Heat  1114.     For further stady of decxidation with aluminum in vacuum, 
aluminum was added to Heat U39 in the form of MoAlg and to Heat 1079 as a 
molybdenum-aluminum alloy containing 1$ aluminum.    Heat B183 was made from 
molybdenum-aluminum bar stock that had been melted in argon and   subsequently 
worked.     The bar stock was remelted in vacuum,   in an ettempt tc remove the 
residual aluminum and aluminum oxide by vaporization and thus obtain carbon- 
free unalloyed molybdenum of hign purity. 

The bar machine heats of Class 3;  along with Heats Bl8<+ and B197 of 
Class 1,  foxm a series for study of the deoxidizing and. alloying effects of 
thorium.     Thorium was added to Heat Bl85 in the  form of powder and to B196 
in the form of chips from thorium sheet.    Heat 1110 was similar to Heat UU 
(Class l)  but was melted in argon. 

In Class h,  Heats 1064 and IO7U were  companion heats to lObl and 1073 
but were melted in argon  rather than in vacuum.    In earlier work it had been 
found that an ingot made with 0.5/* misch metal  (1005)  forged well whereas 
one made with 0.5$ Lan-Cer-Amp (1030)  forged poorly3.     It seemed unlikely 
that the difference  in forgeability could be entirely the result of differ- 
ence in the form of rare earth metal addition.    To test this point,  0.5^ 
Lan-Cer-Arap was added to Heat 1101.    Heats 1105 and I.I06 were companion 
heats made for determining whether forgeability could be  improved by simul- 
taneous deoxidation with aluminum and rare earth metal,    neat 1106, to which 
a small amount  of rare earth metal was added,  was aiuminum-free.     Heat 1105 
was  similar in composition but contained an additional 0.05$ aluminum. 
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Heat 1115 was the companion to Heat 1114 of Class 2, and Heat 1142 was a large 
heat of the same type for additional stock.  Keats 1135, 1136,. and 1137 were 
alley heats containing 0.5$ vanadium, 0.3"1 niobium, and 0.57? titanium, re- 
spectively, and. deoxidized with aluminum in argon with the aim of lowering 
residual carbon content and at the same time producing a forgeable product. 
Aluminum was added to Heat 1140 in the form of MoA.lv for comparison \rith 
Heat 1139, Class 2.  Heat 1210 was the exploratory nickel-alloy heat melted 
in argon. 

Since excess aluminum affects the properties of arc-cast molybdenum, ex- 
periments were run to determine the minimum aluminum addition required to 
effect adequate deoxidati.cn of a powder charge melted in argon.  The oxygen 
contents of different lots of ''acceptable" molybdenum powder vary from 0.010 
to O.O^as determined by the loss of weight in dry hydrogen at 1950 F, and 
it would be expected that the minimum aluminum addition would depend upon the 
oxygen content of the powder.  Four powder machine heats, 1201, 1202, 1203, 
and 1204 were melted from a single lot of powder which had a loss of weight 
in dry hydrogen equal to 0.023;'".  The amounts of aluminum added were 0.03, 
0.05, 0.10, and 0.15$, respectively. 

Melting 

The heats prefixed with the letter "B" were bar machine heats cast in 
two-inch diameter molds and were approximately six inches long. 

Ten-pouna ingots were made in PSM 3 and were three inches in diameter 
by approximately four inches long.  They were quartered lengthwise, and a 
longitudinal face of one of the quarters was ground, polished, and macro- 
etched.  From examination of this surface, the ingot was judged on the basis 
of mold filling, general quality, and macro grain size.  Later, bend-test 
specimens, both parallel and normal to the major axes of the grains, vere 
machined from this segment, because of the ease with which the grains could 
be seen on the polished and etched surface.  Sections l/k  inch thick were 
cut from the mid cross section of the second quarter for fractographic and 
micrographic examination and for hardness measurements.  The two remaining 
quarters were machined to cylinders one inch in diameter to be used for 
forging tests. 

The three large ingots, weighing '+0 to 100 pounds, were also melted in 
PSM 3 in three-inch and four-inch diameter molds. After casting, a trans- 
verse slice one inch thick was cut from the mid-section for metallographic 
examination and determination of hardness and bend ductility.  The remaining 
pieces were forged. 

Special precautions were taken to prevent oxidation of the rare earth 
metals used for deoxidizing molybdenum and molybdenum-base "alloys. The rare 
earth metals oxidize readily in air, especially when in the form of fine chips 
or powder. Since they are available in lumps only, chips were machined from 
the lumps for addition in the powder machine. Machining was conducted under 
kerosene and the chips were washed in carbon tetrachlcride several times and 
sealed in vacuum until used. 
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Except for a few heats, all of the ingots of Table 12 were melted with- 
out difficulty.  Thorium, because of its high emissivity, reduces the voltage 
for a given arc gap with a given arc current, wnich in turn reduces the power 
input. As a result, in the earlier heats containing thorium superheating was 
inadequate and the ingots did not fill the mold.  In making later heats melt- 
ing was governed, not by the current-voltage relationship, as normally, but 
by setting the feed or. the bar machine at a given rate. The current registered 
by the meters was allowed to rice to a much higher level than usual.  This re- 
sulted in much sounder ingots and better filling of the mold and was an ex- 
pedient solution to the problem.  At best, arc control with thorium is diffi- 
cult, and commercial production is not .yet feasible.  It is possible that 
voltage-current relationships can be developed which will permit instrument- 
controt of the D.C. arc in heats containing thorium. 

Arc control was erratic in the heats to which nickel was added, whether 
in vacuum with carbon (1209) or in argon with aluminum (1210). This is attri- 
buted to lack of experience in melting nickel alloys in PSM 3.  Difficulty was 
also experienced in melting the heat to which aluminum was added in the form 
of MoAlg in vacuum (ll39), because the electrode broke repeatedly. 

Pardness As Cast 

The room-temperature hardness of the ingots, Table 12, was measured on 
electrolytically polished surfaces. The as-cast hardness of unalloyed molyb- 
denum deoxidized with carbon in vacuum is in the range 176 to 184 VPN, which 
was established on the imsis of hardness determinations made upon a large 
number of cestings.  In the series of ingots representing various methods of 
deoxidaticn, the hardness of castings was in the range 152 to 202 VPN.  In 
general, the hardness of heats deoxidized with aluminum in argon is less than 
that of carbon-vacuum molybdenum, and in the present series varied from 152 
to 167 VPN. The hardness of the heat containing 0.30$ aluminum (11^0) wa6 
155 VPN.  The heats to which only 0.03 and 0.05$ aluminum was added were 
harder, 185 VPN; they were incompletely deoxidized and contained grain bound- 
ary inclusions. Molybdenum alloys containing vanadium or titanium and de- 
oxidized with aluminum were also lower in hardness than comparable alloys 
deoxidized with carben in vacuum; for example, compare Heat 1112 with Heat 
1137 and Eeat 1012 with Heat 1135: 

Heat 1112   0.^9$ Ti    carbon-vacuum    191 VPN 
Heat II.37   0.kh%  Ti    aluminum-argon   168 VPN 

Heat 1012   0.56$ V    carbon-vacuum    193 VPN 
Heat 7.135   0.48$ V    aluminum-argon   172 VPN 

In general, the hardness of alloys deoxidized with rare earth metals 
lies between that of comparable alloys deoxidized with carbon and those de- 
oxidized with aluminum in argon. Molybdenum-titanium and molybdenum-vanadium 
alloys deoxidized with rare earth metals (1048, I0U9) were not as hard as 
equivalent h3ats deoxidized witn carbon. 

The vacuum-meI Led heats to which small amounts of thorium as well as 
carbon were added were of about tne same hardness as vacuum-melted, carbon- 
deoxidized unalloyed molybdenum. The hardness of a heat containing 1.15$ 
thorium and melted in argon (B17^), however, was 202 VPN, which reflects 
solid solution hardening caused by thorium. 
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The rise in hardress caused by an addition of titanium as a supplementary 
deoxidizer (1078, 110C) was commensurate with the amount of titanium added, 
whereas there was no change in hardness when 0,05$ zirconium was added to-un- 
alloyed carbon-vacuum molybdenum. 

Mac ro st rue ture 

The macrostructures of representative ingots for the study of methods of 
deoxidation are shown in Figures 66-70. Figure 6? is typical of the heats vo 
which auxiliary deoxidizers, such as tjtinium and zirconium, were added (1100, 
1112, 10{'6, 1205), all of which filled the mold well,  Tn mac rost rue ture, 
these heats were comparable to unalloyed, carbon-vacuum molybdenum. The two 
molybdenum-nickel alloy heats (1209, 1210) did not fill the moll well; the 
heat deoxidized with carbon in vacuum (1209, Figure 68) exhibited slightly 
finer grain structure than unalloyed molybdenum and was porous. 

The heats deoxidized with 0.01 to 0,30$ aluminum and melted in argon, 
exhibited coarser grain, Figure 69, than comparable heats deoxidized with 
carbon in vacuum* Heats deoxidized with aluminum and melted in vacuum (1139, 
Figure 69, and 1079) were ccsparable in macrostructure to unalloyed, carbon- 
vacuum molybdenum; almost all of the aluminum addition had been removed 
during melting. 

The argon-melted heats containing more than 0.08$ aluminum (1102, 1140, 
1204) filled the mold well and had macrostructures similar to that of Ingot 
11kO,  Figure 69. The heats containing less than 0.08$ aluminum (1201, 1202, 
1203), on the other hand, filled the mold poorly. The macrestructures of 
Ingots 1201 and 1203 are shown in Figure 69; the macrostructure of Ingot 1202 
is similar to these. 

The vanadium (1135) and niobium (1136) alloy heats deoxidized with alu- 
minum were similar in macrostructure and mold filling to Ingot 11kO,  Figure 69. 
The ingot deoxidized with aluminum and containing titanium 0.137) vas finer 
grained than carbon-vacuum ingots of similar titanium content. Ordinarily, 
coarse grain size is associated with low carbon content (cf. Ingot 1205, 
Figure 67), but in Ingot 1137 the titanium addition refined the grain in 
spite of the low carbon content. Titanium may prove to be valuable for re- 
fining the grain of future heats of molybdenum deoxidized with aluminum. 

Rare earth additions up to 0.5$, whether made In vacuum or in argon, 
produce essentially the same grain sire and macrostructure as that exhibited 
by Ingot 1105, Figure 70. Greater additions of rare earth metals, 2$ (l06l) 
and 5$ (l<">64), produce marked grain refinement.  In general, mold filling for 
*n of the heats in the rare earth deoxidation series v\s not as good as in 
carbon-vacrnmi heats, the ingot to which 5$ rare earth metals was added being 
the poore-it in this respect. 

The grain structure of the heats deoxidized with thorium vas much the 
same whether in Class 1 or Class 3. .Increase in thorium contert from 0.01* 
to 1.15$ refined the grain, Figure 66.    The original diameter of the ingots 
containing thorium was two inches. Because of poor filling of the mold, the 
ingots showu in Figure 66  were machined to the size shown in the figure. The 
macrostructures of Ingots B184, B185, BI96, and B197 were similar to that of 

Ingot B173, Figure 66. 
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FIGURE   65        MACROSTRUCTURES   OF   INGOTS   DEOXIDIZED 
WITH   CARBON   AND   THORiUM,    XI 
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FIGURE   67 -  MACROSTRUCTURE 
OF   INGOT   DEOXIDIZED 
WITH   ZIRCONIUM,       X1 

FIGURE   68 -  MACROSTRUCTURE 
OF   MOLYBDENUM-NICKEL 
ALLOY   DEOXIDIZED   WITH 
CARBON,    X1 
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FIGURE   69 -  MACR05STRUCTURES   OF   INGCTS   DEOXIDIZED   WITH   ALUMINUM,    X1 



y • 

t 

91 

INGOT     1061     2.05?    LAN-:.EH-AMP   ADOFu 
CAST     IN     VACUUM      (?')I2) 

\ 
v • 

•>• 

& 

INGOT    1064 
5.OSS   LAN-CER-AMP   ADDED 
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CAST      IN     ARGON     (P936) 

FIGURE   70 -  MACROSTRUCTURES   OF   INGOTS   DEOXIDIZED 
WITH   RARE   EARTH    METALS,    XI 
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Microstructure 

Metallographic examination of molybdenum and its alloys, especially 
examination of the intergranular fracture surfaces, has proved to be a use- 
ful tool for estimating degree of deoxidation-3,  The signifjcance of "speck- 
ling" detected by fractography was discussed on page 10 of this report and 
will be evident in the micrographs presented here. 

Titanium and zirconium were added as auxiliary decxidizers in several 
unalloyed molyDdenum heats. The 0.05$ zirconium added to Heat 1205 apparently 
aided deoxidation. A little speckling was evident on the fracture but not in 
the microstructure. The^ was less speckling or oxide than would be expected 
in a corresponding carbon-vacuum ingot made without the addition of zirconium, 
Figure 71-  Titanium was used as an auxiliary* deoxidize/" in conjunction with 
carbon in Heats 1078, 1100 and 1112.  Here, the 0.005$ residual carbon and 
the speckling observed on the grain boundary surfaces and in the micrestructure; 
Figure 72, indicate that 0.2$ titanium was inadequate for full deoxidation. 
Increasing the residual carbon to 0,015$ and again adding 0.2$ titanium, 
Figure 73> yielded a materially cleaner ingot, although some residual speck- 
ling was still visible. When the residual carbon was maintained at 0.015$ 
but the titanium addition was increased to 0.5$ (1112), the ingot was devoid 
of oxide; it was difficult to obtain an intergranular fracture of this Ingot, 
Figure 7'!- The nickel-alloy heat deoxidized with carbon (1209) in vacuum 
was devoid of speckling and oxide. The carbide p:"esent was commensurate with 
the carbon content of the heat. 

The heat which was uelted in argon and to which 0.03$ aluminum was added 
contained an excessive amount of molybdenum oxide and speckling, Figure 75- 
As the aluminum content was increased, the oxide and speckling decreased 
progressively. Less oxide and speckling appeared in heats deoxidised with 
0.05$ aluminum, Figure 76. Addition of 0.10$ aluminum was sufficient for 
full deoxidation. Figure 77.' speckling and grain boundary impurities were 
eliminated. When 0.3$ aluminum was added in the form of M0AI2 in argon 
(llUo), the microstructure was similar to that of Ingot 120*+, Figure 77. 
All c-he heats deoxidized with aluminu'n and melted in vacuum contained ex- 
cessive speckling and o.-ide at the grain boundaries, whexher the aluminum 
was added as M0AI2 or  as a master-alloy solid solution of aluminum in molyb- 
denum (1079, 1139? BI83).  These heats were similar in microstructure to 
Ingot 1202, Figure 76. Poor deoxidation by aluminum in vacuum is not sur- 
prising in view of the high partial pressure of aluminum at the melting point 
of the solid solution, in the order of magnitude of 530 mm mercury; whereas, 
the operating pressure of the arc furnace was less than 0.1 mm. Analysis for 
residual aluminum in Ingot 1139 was not made, but there is no reason to sus- 
pect that it would be different from that of the-aluminum-vacuum ingots pre- 
viously reported (B183, 0.005$ aluminum; 1079; 0.018$ aluminum), especially 
in view of the similarity in microstructure. 

Microporcs.ity was observed in all of the molybdenum-base alloy ingots 
deoxidized, with aluminum. The microstructures of the heats containing vana- 
dium (113^), niobium (II36), and nickel (1210) were similar in appearance to 
that of Ingot 120U, Figure 77. The 0.5$ titanium ingot deoxidized with alu- 
minum in argon (1137? Figure 78) was clccner than a comparable ingot made 
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previously  (936)3.     In both the  fracture and microstructure,  the extraneous 
constituent has the  feather:/ appearance  of carbide.     Upon dissolving the 
sample  from Ingot 1137 f°r chemical analysis,  a black residue  remained rather 
than the white  residue  of aluminum oxide usually obtained from this type of 
ingot.    A black residue  suggest-; the presence of carbide. 

Heats deoxidized with less than 0.25$ rare earth metals  (1073,  107^, 
1106), whether melted in argon or in vacuum, were incompletely deoxidized. 
Throughout the  series of heats deoxidized with rare earth metals,   the amount 
of oxide  in the microstructure gradually decreased as the amount of rare earth 
metal was increased.    The microstructure of the heat to which 0.1$ cerium was 
added in vacuum contained  sheetlike molybdenum oxide  on the  fracture,  Figure 79, 
an indication of very poor deoxidation.    Upon increasing the cerium addition to 
0.2$  (12.06) deoxidation was more effective and only remnants of the oxide were 
observed in the microstructure.     Deoxidation was complete  in the to-pound heat 
to vhich 0.3$ rare earth metal was added (104?);  there was no evidence of mo- 
lybdenum oxide phase  in the grain boundaries,  Figure  80.     The  0.69$ titanium 
(1048) and 0.85$ vanadium  (l04y) alloy heats deoxidized with 0-3$ rare earth 
metals were  similar in microstructure and fracture to Ingot 10^5. 

The  sheetlike oxide was entirely absent from the heat deoxidized with 
0.5$ rare earth metals and the grain boundaries were clean,  Figure 82.    The 
formation of a second phase was first observed with further additions of rare 
earth metals.     It appeared to make little difference whether the addition was 
cerium alone,   or misch metal,  or Lan-Cer-Amp.    The resulting.microstructures 
were much the  same.    The heats to which 0.5$ cerium (lllh, 1115,  H4l,  2lk2) 
and 0.5$ Lan-Cer-Amp (1101) were adaed were  similar in microstructure.    What 
might be  second phase was observed in the microstructure of Ingot 1142 at the 
grain boundaries,   Figure  82.     On the  fracture,  more of this "second phase11 

appeared in Ingots 113.5 and 1142 than in Ingots 111 4 and ll4l because of the 
higher residual rare earth content of the ingots melted in argon (0.11$ cerium 
in llk2,  0.05$ rare earth metals in 114l).    As the amount of rare earth metal 
added was increased to 2$  (lOol) and 5$  (1064),  the amount of second phase 
increased,  Figure 83. 

Metallographic techniques for revealing; the   structure of molybdenum to 
which rare earth metals have been added, are not yet fully developed;  es- 
pecially for the higher concentrations of rare earth metal.     It has not been 
established,  therefore, whether the dark areas  shown in the photomicrographs, 
Figure  81.  of some of the alloys are a second phase or voids  (perhaps remain- 
ing after a phase has been torn out in polishing).    The amount of dark area 
increa.sed with increasing amount of rare earth metal added. 

Two additional experiments were performed with rare earth metal additions: 
First, a heat  (1111) was made with insufficient carbon for complete deoxida- 
tion and insufficient Lan-Cer-Amp,  if used alone,  in vacuum.    The combination 
produced a o;lean ingot with low residual carbon,  0.007$,  Figure 84.    Second^ 
since it had previously been observed that either rare earth metal additions 
of less than 0.25$ or aluminum additions of less than 0.05$ were not suf- 
ficient for complete deoxidation,  two heats were melted in argon with the 
addition of 0.2$ Lan-Cer-Amp,   one with 0.05$ aluminum (1105) and one without 
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aluminum (1106). The heat to wnich no aluminum was added contained massive 
oxide, whereas the one to which a small amount of aluminum was added was 
free from oxide. The effects of aluminum and rare earth metals in deoxidizing 
Heat llOo appear to be additive. 

In the series of heats containing thorium, when the thorium content was 
about 0.01$ or less (B173, BI85) the heats were extremely clean and free from 
speckling, Figure 8p. As the thorium content was raised (B17'i, BlS*f, BI96, 
B197), an oxide phase unlike molybdenum oxide in appearance was observed on 
the fractures and in the grain boundaries, Figure 36.    The heat containing 
0.00^ thorium. (B1S5) contained less of this phase than the other three heats. 
As the amount of thorium powder added was increased the amount of oxide in- 
creased. Thorium was added to two heats (B1Q6. B19?) in the form of sheet 
rather than powder, but without beneficial effect. The cleanliness of these 
heats was not improved in spite of the fact that the thorium sheet had been 
cleEuaed in nitric acid and hydrofluoric acid prior to introduction into the 
furT&ce; they confined large amounts of what is believed (on the basis of 
observation of unetched specimens) to be thorium oxide on the fractures and 
in the grain boundaries. Apparently, the thorium sheet contained a consider- 
able amount of oxygen, since a large amount of oxide remained in the heats to 
which it was added. It bias not been established whether the oxide in the 
molybdenum-thorium ingots was introduced by oxide in the thorium charged or 
whether the argon used as a protective atmosphere was insufficiently purified 
to protect thorium. 

Send Ductility 

Ductility is generally considered to be a function of purity, the higher 
the degree of purity the greater the plasticity. In evaluating deoxidation 
practice, it was believed, that ductility would be indicative cf the degree of 
deoxidation and the effect of the deoxidizing agent on grain boundary strength. 
A simple beam bending test was used for measuring ductility. In adopting this 
test as a measure of ductility, it was recognized that factors such as rate 
of strain, temperature of testing and grain size and orientation were espe- 
cially critical factors witn respect to ductility and type of fracture. These 
factors were, therefore, maintained as constant as possible so that the only 
variable would be the deoxidation practice, but in some cases there was a 
sufficient excess of deoxidation agent to produce a significant alloying 
effect. The deoxidizing agents exerted their most important effects upon the 
amount, size, shape, and distribution of the excess phasea such as oxides and 
carbides. 

Because of lack of sufficient material for thorough investigation of 
transition from brittle to ductile failure as a function of temperature at a 
constant strain rate, bend tests were made at room temperature only and the 
bend angle obtained was U3ed as a measure of the degree of deoxidatisn attained. 

A complete description of the bend test may be found in the third annual 
reporfc3, page 3. Specimens were cut in such a way that the columnar, as-cast 
grains of the castings were either longitudinal or transverse with respect to 
the major axes of the specimens. The surfaces of the specimens were prepared 
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(A)     FRACTOGRAPH,     X/.000    (M2622) (Q)     ELECTROPOLISHED,     X 7.000    (M2680) 

FIGURE   71   -  MICROSTRUCTURE   OF   INGOT   1205 
0,010%     CARBON,     0.0565K      ZIRCONIUM,     CAST    IN     VACUUM 

•^^Jur. 

(A)       FRACTOGSAPH,     X2000      (M22I5) (3)      ELECTROPOLltHED,      X2000     (M22G?) 

FIGURE   72 -  MICROSTRUCTURE   OF   INGOT   1078 
0.005<£     CAWBON       0.18%     TITANIUM,     CAST     IN    VACUUM 
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(A)       FRACTOGRAPH,       XZOOO'    (M2279) (B)       ELECTKOPOLISHED,       X2000      (.VS2280) 

FIGURE   73 -  MICROSTRUCTURE   OF   INGOT   1100 
0.015?g     CARBON,      0,21^     TITANIUM,      CAST      IN      VACUUM 

'. 

- v. '-'" 

(A)      FRACTOSKAPH,      X2000     (M23S3) (B)      ELECTBOPOLISHE3,      X2O00     (M£S««) 

FIGURE   74  - MICROSTRUCTURE   OF   INGOT   1112 
0.015JS    CARBON,    0.49S8     TITANIUM,     CAST    IN    VACUUM 
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(A)       FRACTOGRAPH,       X2O0O      (M2610) 

ft k 

(B)       EUCTROPOLI5HED,       X2000      ( M2694) 

FIGURE   75 -  MiCROS^RUCTURE   OF   INGOT   1201 
0.002"?     CARBON,     0.012%     ALUMINUM,     CAST     IN     ARGON 

(0.01%     ALUMINUM      ADDED) 

Q 

(A)      FRACTOGRAPH,      X2000      (MZ659) (B)      E LECTROPOLI SHE D,      X2000     (M26BI) 

FIGURE   76 -  MICROSTRUCTURE   OF   INGOT   1202 
0.0025K     CARBON,     0.02756     ALUMINUM,     CAST     IN     ARGON 

(0.0596     ALUMINUM     ADDED) 
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(A)       TRACT OGNAPH,       ;< 2nC'U      (M2621; (B)       ELCCTROPOUISHED,       X2000      (M260<>) 

FIGURE   77  -  MICROSTRJCTURE   OF   INGOT    1204 
0.00355     CARBON,     D.12%    AS.UMINUM,     CAST    IN    ARGON 

(0.IS5?    ALUMINUM    ADDED) 
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(A)      '-"RACTOGRAPH, X2000      (M2424) IE?)      ELECTROPOLISHEtl,       X2000      (M2504) 

FIGliRF   78-  MICROSTRUCTURF   OF    INGOT   1137 
0.00J:?     CARBON,     0.23SC     ALUMINIUM,     0,44'%     TITANIUM,     CAST     IN     ARGON 
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FRACYOGRAPM,      X2000     (M2168) 

FIGURE   79 - MICROSTRUCTURE   OF   INGOT   1073 
0.1S6     CERIUM     ADDED,     CAST     IN     VACUUM 

0.003*     CARaON,     0.003^     CERIUM 
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(A)      FRACTOORAPH,      X2000     CM2108) (B)      ELECTROPOLISHED,      X2000     (M2II2) 

FIGURE   80 - MICROSTRUCTURE   OF   INGOT   1045 
0.35?     LAN-CEN-AMP    ADDED,     CAST     IN    VACUUM 

0.003%      CAKuC",     0.005*     CERIUM,     0.007*     OTHER     RARE     EARTH     METALS 
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(A)      FRACTOGRAPH,        X?.OO0     (M2318) (B)      ELECTROPOLI5HE!!,      X2000      (M2319) 

FIGURE   81 - MICROSTRUCTURE   OF   INGOT   1101 
0.5315     L.AN-CER-AMP    ADDED 

0.00358    CARBON,     0.0i5%    CERIUM,     O.^**    OTHER    RARE    EARTH    METAL6,     CAST    IN    ARGON 
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(E)      EI.cCTnOPOLISHED,      XZ000      (M249«) (A)       FRACTGGRAPH,       X2000      ( M24»7) 

FIGURE S? - WJCROSTRUCTURE OF INGOT 1142 
3.556     CERIUM    ADDED 

0.008$;     CARBON,     O.itSg     CERIUM,     CAST     IN     ARGON 
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(A)      FRACTOGRAPH,      X 2000      (M2I22; (B)      POLISH-ETCH      BUFF,      X2000      <M2i27l 

FIGURE   83 -  MICROSTRUCTURE   OF   INGOT   1064 
...0%    LAN- CER—AMP    ADDED 

,aiS%     CARBON,      1.6956     CERIUM,     1.395?     OTHER     PARE     EAKTH     METALS,     CAST     IN     ARGON 

(A)      FRACTOGRAPH,      X2000     (M2.154) (B)      EUECTROPCLISHED,      X20G0     (M2355) 

FJGURE   84 - MICROSTRUCTURE   OF   INGOT   1111 
0.007%     CARBON,     0,0049?     RARE     EARTH     METALS,     CAST    IN     VACUUM 
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(A)       FRACTOiiWPH,       X2D0O      (M2075) (B)       £ L.F.C T RO PO L.I S H ED,      X2000      (M2699) 

FIGURE   05 -  M1CROSTRUCTURE   OF   INGOT   B185 
0.01195     CARBON,     0.004%     THORIUM,     CAST     IN     ARGON 
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(A)      PSAtTOOHAPH,      X2000      (MZOflO) 

iNr.or    :j!M.'.     3,on<!    CARHON,   0.0'ii% 

THORIUM    ADDED,     CAST     IN    VACUUM 

(B)      rLECTROPOLISHtU,      X2000      (M2187) 

INOOT     Blue.      0.01391     CAKBON,     0.10* 

THOPIIUM    ADDKD,     CAST    IN    VACUUM 

FIGURE   86        MICROSTRUCTURE   OF   INGOTS   DEOXIDIZED   WITH   TP.ORiuM 
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by polishing through 000 raetallogiaphic paper.    A deflection rate of 0.005 
inch per minute   (a tension strain rate  of approximately 0.0002 inch per inch 
per second on the tension side of the  specimen) was used throughout. 

Experience has shown that when molybdenum ingots are examined raetallo- 
graphically and evidence of oxide appears at the grain boundaries,  either in 
the form of gross  speckling or siieetlike  oxide,   the bend ductility,  especially 
in the transverse direction,  will be  zero.    However,   if the  specimen is well 
deoxidized,  that  is,  no evidence  of oxide  on the  fracture and microstructure, 
a minimum bend angle of 2° may be expected at room temperature  in transverse 
specimens at a deflection rate of 0.005  inch per minute.     Transverse bend 
ductility is more  critical than  longitudinal ductility. 

Although the raetallographic examination  seems to correlate well with 
the minimum bend ductility obtained,   the  -naximum bend ductility cannot be 
predicted from appearance  of the microstructure.     The maximum bend ductility 
is of especial interest,  however,   for two reasons:     (l)  it  is an indication 
of lower transition temperature,  and   (2)   it indicates  that the material  shows 
promise of resistance   to high temperature embrittlement and might thus be 
more  suitable  for welding.     The  matte:- cn embrittlement is discussed in a 
later section of this report.     The  bulk of the data on carbon-vacuum molyb- 
denum show the bend ductility as determined in this bending test to be  from 
about 2 to 12° prior to fracture.-.     The average  is about '+0 . 

The  results obtained from the  simple beam bending test are given in 
Table  12.     In all  but isolated instances they are the average of two tests. 
Where no bend ductility values are given,  no   cest was made because  of poor 
metallngraphic appearance   (oxide)  or because  the material had already been 
tested in an earlier, duplicate  heat.     When the  oxide  content was not great 
and there was doubt about bend  ductility,   the test was made. 

The high values of transverse  bend ductility of the  carbon-vacuum ingots 
containing a  small amount of zirconium  (1205)  or titanium  (1078,   1112)  as 
auxiliary deoxidizers are noteworthy and confirm data published in the  third 
annual report regarding improved ductility in the  presence  of zirconium and 
titanium.     This high bend ductility   is manifested in Ingot. IO78 in spite of 
the  incomplete deoxidation indicated by the microstructure. 

The bend ductility of the nickel alloy heat deoxidized with aluminum 
(1210) was zero,   in spite of raetallographic evidence of good deoxidation. 
The nickel alloy heat deoxidized with carbon  (1209) was very porous;  there- 
fore,  no  specimen was machined for bend test. 

The transverse bend ductility of argon-melted heats to which aluminum 
was added in amounts up to 0.05$ (1201,   1202) was zero.    Aluminum contents 
sufficient to produce micrestructures free from nonroetallic  inclusions in 
the grain boundaries  (1102,  11^-0,  1203,   120U)  resulted in bend angles vary- 
ing from h° to J+00.    The heats which were melted in vacuum and to which only 
aluminum was added for deoxidation  (1079,  1139,  B183)  contained sheet-type 
oxides in the gxain boundaries and exhibited poor bend ductility (l°,  1% 
and 0°,  respectively).    The molybdenum-vanadium (1135) and molybdenum-niobium 
(1136) alloys melted in argon and deoxidized with aluminum had transverse 

-"-•'- 
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bend angles of 9° end |0°,  respectively,    A prior,  0.3$ titanium alloy (9^6) 
melted in argon and deoxidized with 0..25% aluminum (discussed in  the third 
annual report) also exhibited good bend ductility fl$?J* 

Bend angles of heats made with additions of op *** Q,1S# rare earth 
metals  (1073,  107^,  IjOS) were less than 2°.    One heat vacuum melx-eu with 
additions of 0.027$ carbon and 0*10# taa-Cer-Awp had a cleaft microstructure 
and a transverse bend mtsps 4$\.%!§>m.:    Heat© deoxidized with §»,$% Lar-Cer-Amp 
and melted in vacuum |.10%s 1045,  X0i*9) exhibited higher transverse bend 
angles  (51°, 100°+, and 56% respectively)  than any other eastings with which 
the present year's investigation has bee& c:on-a®rmS».    The titanium-bearing 
alloy  (lO^)  casting had the highest bead angls ev*?r observed in the per- 
formance of this project,    ''tec rare earth metal adiitioss were Increased 
to 0.5$ (1101, lllk, 1115, 11^2) the bend angles obtained were 2.6% 9%, 10% 
and 31°.     Ingot ll^l was a duplicate of Ingot 111** and was Got tested.    When 
the  rare earth metal addition® wew fuaflter trtcreased to 2$» and 5$,  bend 
angles were 1° and h* t respectively,    fhe grait: sizes of these heats were 
markedly finer than ifi heats melted With less of the rare earth metals, and 
a second metallic phgyjf M$S titass:r¥ftd in the matH* «nd\ la the grain boundaries. 

Although an additisa rf Qy^l l*Ei-Cer-*.Amp to an aogoa-iwjkted heat gave a 
bend angle  of T and an addition of 0*05'i aluminum gave 6- bend angle of 0°, 
the  combined additions of 0.2$ Lan-Ger-top and G.O'j'pb aluminum (1105) pro- 
duced a bend angle of E*3% 

To sum up the rare earth metal aeries, although the bend angles are 
scattered because the transition for the specimen occurs near room tempera- 
ture, deoxidation with"these elements, whether melting, is aceompl:sned in 
vacuum or in an argon atmosphere, has produced gome of the best bend ductil- 
ity values developed during the performance of this contract.    There is evi- 
dence that Lan-Cer-Affif, ffiisch metal, and pure cerium will produce comparable 
results. 

In the thorium series, only four he«t# were' tested, iy the bend ductility 
test.    Heat B173, to which 0.05$ thorium was added alofig with 0.033,6 carbon 
and which was melted in argon,  sustained a bend angle of B.9* before fracture; 
this heat exhibited gain boundaries free from nonmetallic inclusions.    Of 
the other three heats, tw© were melted in argon with thorium additions of 
5.0$ (B171)-) and 0.10$ (H96), and one was melted in vacuum (B197) with the 
addition of 0.3$ thorium; bend angles for these heats were 1°, 0°, and 0°, 
respectively.    All tfc*®e of these heats contained an abundant amount of 
oxide in the giain boundaries 

Forgeability 

Exploratory Heats. One of the most important criteria of the effective- 
ness of a deoxidizer, for the purposes of the present work, was forgeability. 
The forgeability of the 6 to 10-pound ingots of this series was measured by 
upsetting cylinders one inch in diameter by one inch long, machined with 
axes parallel to the ingot axes. Sufficient sound stock was available from 
some of the ingots only for cylinders 3A inch in diameter by 3A inch long. 

. 
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The cylinders were upset 50$. jn l/8-inch steps and were reheated between each 
step.  Forging tests were made at 2000, 2300, and 2600 F. All of the speci- 
mens were heated in a hydrogen atmosphere for forging.  Forgeability was rated 
according to the appearance of the upset cylinders on the scale shown in 
Figure 88.  The data obtained from the forging test are given in Table 12. 
They correlate well with aetcillographic structure and transverse ductility 
determined in the bend test, Figure 87.  Considering the data of Table 12, it 
appears that forging at 2600 F Is a much more severe and selective test than 
forging at 20C0 F. 

Forging of The specimens from the series of heats deoxidized with in- 
creasing a.mounts cf aluminum was about as expected from examination of the 
cast microstructure. All specimens from the ingot deoxidized with 0.03$ alu- 
minum (.1201) cracked.  The ingot deoxidized with 0.05$ aluminum (1202) cracked 
upon forging at 2300 F but forged satisfactorily at 2000 F.  The specimens 
from ingots deoxidized with 0.10$ (1203, 1102) and 0.15$ (1204) aluminum 
forged well at all three forging temperatures.  The ingot to which 0.3$ alu- 
minum was added in the form of M0AI2 (11^0) also forged well. The heats de- 
oxidized with aluminum in vacuum (3183, 1139) did not forge.  The ingot de- 
oxidized with 0.05$ aluminum and 0.2$ rare earth metal (1105) cracked less 
than the ingot deoxidized with 0.05$ aluminum alone. 

Ingots to which up to 0.25$ rare earth metals were added (1073; 107^, 
1106) were not forgeable, the upset cylinders contained large cracks.  Like- 
wise, the ingots to which 2$ (lOol) and 5$ (106^) rare earth metals were added 
did not forge. Failure to forge the first group is attributed to insufficient 
deoxidation, whereas failure to forge the latter is undoubtedly due to the ex- 
cessive amount of extraneous phase in the grain boundaries. 

The ingots to which 0.5$ rare sarth metals was added (1101, 1114. 111?) 
were forgeable and warranted the production of additional stock for further 
study. The addition of 0.5$ cerium produced an ingot of better forgeability 
than 0.5$ Lan-Cer-Amp, especially when added in argon (1115). 

In the series 01' alloys containing thorium, Heats BI73, BlS-l', and Bl85 
forged satisfactorily without developing small bursts or cracks; whereas, 
Heats Bl?4j 3196, and B197 were unforgeable.  The results of the forging 
tests agree well with observed mierostructures.  Of the heats to which thorium 
was added in the form of powder (BIS1), BI85), the ingot melted in argon forged 
better than the .ingot melted in vacuum.  The heats made with chips from thorium 
sheet were unforgeable, undoubtedly because of the high oxide content at the 
grain boundaries, Figure 85a. 

The ingot d-oxidised with carbon and zirconium (1205) forged satisfac- 
torily.  Contrary to expectation after examination of the microstructure, the 
malybdetsuM-te&se nickel alloys did not forge well.  It is possible that they 
could have been forged at a higher temperature.  Because of their porosity, 
the ingots to which CIS'7'' nickel was added (1209, 1210) were not forged.  In- 
asmuch as the two ingots containing nickel were comparatively new alloys from 
the point of view of melting in the powder machine . the defects in these heats 
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CLIMAX    MO l_ V 8DENL  M    CO.   4^6 

80 

i     1 

•X— 

5tl'TEMB£ri    17,     I'jM 

X    LONGI'fUOINAL 

A     TWANSVER5F 

60 

40 

20 

i 
%- 

FORCEABI.'.ITv      HATING 
6 

FIGURE    87    -   RELATIONSHIP   BETWEEN    BEND   DUCTILITY   AND 
FORGEABILITY   OF   MOLYBDENUM-BASE   ALLOYS 
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t .   NO DtTEflABLt 

SURFACE  RUPTURE! 

2.  SHORT CRACKS 

3.       MEDIUM    LENG TH 

INTERGRANULAR     CRACKS 

A.       SMALL    BURSTS 

5.       ONE    LARGE    BURST 

6.        GROSS     SUP'URE 

FiG'JRE   88   -   SCALE   FOR   RATING   FORGEABILITY   OF   UPSET   CYLINDERS 
(P902) 
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are thought to have been due more to inexperience in melting than to improper 
deoxidation.  Further experience in handling and melting these alloys is ex- 
pected to result in ingots of better quality 

The vanadium (1135) and niobium (II36) alloy heats deoxidized with alu- 
minum forged satisfactorily. 

Forging of kO-  and 100-Pound He at s.  The 40- and 100-pound ingots were 
made for more extensive forging tests.  Ingots 10^5, 10^8 ana l.Oko  were four 
inches in diameter and weighed about 100 nounds each.  The others were three 
inches in diameter and weighed about ho  pounds.  'The ingots of these groups 
were cut in half crosswise, and a mid-section slice one inch Lhick was re- 
moved for determination of properties as cast.  'The two remaining nieces were 
machined to remove surface imperfections and submitted for forging, either 
under a hammer or on the forging press, between a 60°-V bottom die ana a flat, 
top die. All specimens were heated in hydrogen.  Previous experience in- 
dicated that the optimum temperature range for forging was 2300 to SoOO F. 
Therefore, an attempt was made to forge at least one half of each ingot in 
this range.  If resistance to deformation was high, the forging temperature 
was ra:i sed. 

The ingots to which 0.?"' ti :an.ii\m (1078) and 0.3/'' aluminum (1079) were 
added cracked during early stages of forging.  This behavic1" was predicted 
from the large amount of oxide observed on the fractures and at the grain 
boundaries.  The ingot deoxidized with 0.1" Lan-Cer-Arap and. 0.027$ carbon 
and cast in vacuum (llll) and that containing 0.5!' titanium (1112) cracked 
badly on forging at 2o00 and 3000 F.  It is difficult to reconcile the poor 
forgeability of these ingots with what has so far been regarded as favorable 
appearance of fracture and raicrestructure. 

Forging of the remaining ingots (lO'o, 1048, I0U9, 1100, 1137, 11*1, 
1142) was satisfactory.  Flow sheets snowing the forging schedules are given 
in Figures 89-95.  The ingots deoxidized with 0.5/' cerium in argon or vacuum 
forged veil and yielded satisfactory recovery, with one exception, Ingot 1141, 
forged at 2300 F.  The percentage recovery from the three heats deoxidized 
with rare earth metals was low.  This was not cause for immediate concern, 
however, since these not only were the first attempts to forge molybdenum- 
base alloys deoxidized with rare earth metals, but also were among the first 
attempts to forge molybdenum-base alloys in the 600-ton hydraulic forging 
press recently acquired.  After Ingots 104-5, 1048, and 10M? were forged, they 
were rolled in a commercial tool steel mill to 5/6-inch diameter and reserved 
for the study of mechanical properties recorded in an earlier section of this 
report.. 

The emphases of further studies of•forging molybdenum should be placed 
on the initial breakdown of the coarse, columnar,  cast structure, as this is 
the critical operation. Generally speaking, if a billet survives the first 
few passes in the forging press without cracking, the total recovery upon 
completion of hot-cold working will be high.  Sparse information at hand in- 
dicates that when coarse, columnar structure is present, intergranular oxi- 
dation of the surface layers easily occurs during initial forging and is 
responsible for hot shortness. 
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JNGOT   1045 
CASTING 

4    IN.      DiA 

Z\-l   IN.    LONG 92..   LB 

I 
CHOPPED 
MACHI NED 

SAMPLE  TAKEN 

1045T 
3.22 IN. :JIA 

•J-i IN.  LONG 16     

1045B 
i3'> IN.  OIA 

10-  IN.  LONG 

OXIDATION    LOSS    I .44* 
AT     2300   F 

~1 
HEXAGONAL    CROSS-SECTION 

27,3   Lit 

CROPPED 

LOSS 19.13* 

JCXIDATION    L-Of, S    Z. 83 * 

I 
2-   IN.     ACROSS   FLATS   OF   HEXAGON 

17-,   IN.    LONG 24   LB 

CONTiNUCC 
|OX IOATION 

3 
FORGING   IN   SO      w -DIE   AT   2100   F 

LOSS   l.«* 

i;   (H.     ACROSS   FLATS   OF   HEXAGON 
•l 

IS-1 IN.  LONG 21.6 L> 

CROPPED ANO SURFACE CRACKS 
MACHINED OUT 

LOSS 32.13* 

FORGED IN eo°V- 
2300   F,.  ROUNDED. LOSS   0* 

CROPPED    AMO 

MACHINED    TO 
REMOVE     SURFACE 

CRACKS 

LO->S    TO.61* 

4    IN.      LONG 

l"   IN,     DIA 

1^   IN.-LONG 

'T5 " DIA,    f*t   IN.      LO NG ! 
12.70   LtlJ 

CROPPED   «u:   MACHINED    FOR 
ROLLING 

LOSS   S.03* 

OXIDATION   LOSS 2.83* 

CROPPING   A.MO    MACHINING    LOSS       70.61* 

RECOVERY 26.36* 

1.22   IN.     DIA 

23jlN.     LOMG 

ROLLED   AT   2200-1*00   f   ON    COMMERCIAL 
TOOL   STEEL   ROLLING   MILL 
OXIDATION   LOSS   1.70* 

|  i   IN.     DIA 
|«e ;N.   LONG 

CROPPED 

CROPPING   LOSS   0.36* 

're IN,     LONG 

REDUCTION   ON   ROLLING 
TOTAL   REDUCTION 

73.1* 

96.2* 

OXIDATION   LOSS 4.34* 

CROPPING   AND   MACHINING   LOSS     *».«7* 
RECOVERY 33.74* 

FIGURE   89 

FORGING   SCHEDULE 
INGOT   1045 

O.OOJTT   C4RRON 

0.009*   CERIUM 
0.007*   TOTAL   OTHER   RARE 

EARTrl   METALS 

CAST     IN     VACUUM 

CLIMAX   MOLVBnENL'M   CO.     219 
DECEMBER   I,    1932 
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INCCT    1042 
CAHTIN5 

109.«   '.H 

CHOFftO,    MACHINED,       SAMPLE   TAKEN 

1048T 
<-,.  IN.     01A 

10    IN.      UONG 

HF.ATED   IN    HYDROGEN,    FClHGtO 

IN SO° V-DIE ON  FORGING PHESS 
AT ZJOO F.     OXIDATION I.GM S.<»-* 

IN.  ACROSS FUATi OF HEXAGON 

2I-J- IN.  LONG 

ENOS     CHOPPED 

l_03S     23.78% 

23.2   l_B 

FORGED   AT   2600   F    IN   SO"   V-DIE 

SWAGfcD    TO    ROUND 

OXIDATION     LOSS     2.4458 

IN.     D!A 

cno?PCD 

LOSS     3.3551 

1 -*- | N .     0 i A 

24-1- IN.     LOI> 
8 

21.3   LI9 

MACHINED     FOR     ROLLING 

MACHINING    LOSS    32.«75t> 

1.31    IN.     D1A 

22,0   IN.     LONG                                                   10.65   LB 

ROLLED   AT   2200     1900   F   ON   COM 

TOOL   STEEL   ROLLING   MILL 

OXIDATION   LOSS    1.68% 

— IN.     OIA                                                               10. 1   LB • 

CROPPED 
LOSS     1.52* 

—- IN.     DIA 

86-J-IN.     LONG                                                  9.S  LB 

REDUCTION   ON   ROLLING     77.1% 
TOTAL   REDUCTION                     96.I* 

OXIDATION    LOSS ». •• 5* 
CROPPING   ANO   MACHINING   LOSS ft.US 

RECOVERY 2*.275V 

 i     ._   

i~   IN f)IA 

UONO 

104 83 

32.5   LS 

HEATED    IN   HYDROGEN.    GORGED 

IN   60°   V-DIE   ON   FORGING   PRESS 
AT   2CO0   F. 

9WASCO   TO   ROJNP 

OXIDATION   LOSS   9.3 
1 

2T 1N> DIA 

23+ 1 N. LONG 30.3   LS 

CROPPED 

LOSS     13.85* 

2-J. IN. DIA 

2.f IN LONG 25.8   LS 

MACHINED     FOR ROLLING 
LOSS     25.21* 

1.73   IN DIA 

20— 1 N. 
2 

LONG 17.6   LS 

SOLLC-   AT   220O   F   »N   COMMERCIAL 
TOOL   STEEL   ROLLING   MILL 

OXIDATION   LOSS   2.155$ 

IN.     DIA 

CROPPED 

LOSS 4.62* 

8 
IN OIA 

13 H IN.     LONG ID . 4 Lt> 

DEDUCTION ON ROLLING 86 9* 
TOTAL   REDUCTION                  ) 96 as 

OXIDATION LOSS •.**% 

CROPPING ANO MACHINING LOSS  43.70* 

RECOVERY 47.31* 

FIGURE   90 

FORGING   SCHEDULE 
!NGOT 1048 

O.OOJ*   CARBON 
0.12*   RARE   EARTH   METALS 
G.iSS   TITANIUM 

CAST     IN     VACUUM 

CLIMAX     MOLYBDENUM     CO. 241 
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INGOT   1043 
CASTING 

•'.    IN.      jiA 

21-|- IN,      LONS 

CROPPED,     MACHINED,    SAMPLE    TAKEN 

1049T 
). 4 1     1 N .      O 1 A 

ID   IN.     LONG                                                                       31.4   La    ! 
1 

FORGED    IN    60°   V-DIE    ON    FORGING 

PRE1S    AT   2600    F 

OXIDATION    LOSS   6.3/S 

•" 

t-rr    III,    ACHOSS    FLATS   OF   HEXAGON 

M-J- IN.     LONG                                                                         29.4   LB 

CROPPED 

LOSS   3.SO* 

2J-J- IN.     LONG                                                                          29.3   LB 

SWAGE 0    AT    2600    F 
OXIDATION    LOSS   0.64* 

2-jr  IN.      O 1 A 

23-1-  IN.      LONG                                                                                  2».1    L.B 

1049B 
2.90   IN.     DIA 

IC-j-   IN.     LONG 

FORGED   IN   60       V-OIE   ON   FORGING 
PRESS   AT   2600   F 

|      SEVERAL   TRANSV ERSE    CRACKS 

NO   FURTHER   ?ROfF«51Nr,   IS 
PLANNED 

CROPPED,     MACHi 
LOSS   21.97* 

MED   FOR   ROLLING 

1.933    IN.     DIA 

22-i- IN.     LONG 

ROLLED    IN   A   OOMMERCIAL   TOOL   STEEL 
ROLLING   MILL   AT   2200-1900   F 

OXIDATION    LOSS   2.23«J 

4-  IN,     DIA 

174.2    IN.     LONG 

CROPPED 

LOSS     0.64* 

-2- IN.     DIA 

172.4    IN.     i.ONG 20. 

REDUCTION    ON     ROLLING 48   4* 
TOTAL     REDUCTION 99.64* 

FIGURE  91 

FORGING   SCHEDULE 
INGOT   1049 

0.001*   CARBON 

0.003*   CERIUM 

0.003*   TOTAL   OTHER   RARE 

EARTH   METALS 
0.1'S*   VANADIUM 

CAST     iN     VACUUM 

CLIMAX   MOLYBDENUM   CO.    240 
DECEMBER   1,   1931 

OXIDATION     LOSS 11,24* 

CHOPPING   AND   MACHINING   LOSS 26.11* 
RECOVERY 64.93* 
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FIGURE   92 

WORKING   SCHEDULE 
INGOT    1100 

INGOT    1100 
CASTING 

»    IN,      OlA 

! J-4-   i N.      L.ONC 

0. <M %    II TAN I IJM 

CAS T      I N     VACUUM 

CLIMAX    MOLYBDENUM    CO.   268 
h. ARCH    .:,     195 3 

: R o » ,3 r D 

3    IN.      C:A 

12-^-   IN.      CONG 

CUT      IN     HALF 

MAChl NEC 

1 100T 
2-    IN.     DIA 

4 
5-J   IN.      LONG 

HAMMER    FORGED    IN 
60°    V     DIE    AT    2 600    F 

HEATED     IN     HYDROGEN 
FOR     FORGING 
ROUNDED.       OXIDATION    LOSS 

~~ 5* 

2.J   IN.     LONG 

CROPPED 

CROPPING     LOSS       \0% 

14- I N .      DIA 

20 -g    IN.      LONG in./    LB 

lOTAL     REDUCTION        79. S»% 

, 11 COP 
2ry- IN.      Ol A 

5-|- IN.      LONG 

HAMMER    FORGED    IN 
60' V-OIE      AT    1000    F 

HEATED     IN     HYDROGEN 
FOR     FORGING 
ROUNDED.   OXIDATION  LOSS -.12915 

1-2- I N.  DIA 

Ift-^- I N.  LONG 

CROPPED 

CROPPING  LOSS 8.51* 

l-J-IN. Ol A 

,0T 1N- LONG 8.1   LB 

TOTAL REDUCT.ON 75.0HJ 

5* 
10* 
85* 

OXIDATION LOSS 
CROPPING LOSS 
RECOVERY 

-M2* 

ay. 16* 
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FIGURE   93 
WORKING   SCHEDULE 

INGOT   15 37 
0,001*   CARSON 
0.23*   ALUMINUM 
0.4S*   TITANIUM 

CAST     IN     ABSON 

C',IM*K   HOLVICINUM   CO.  *»» 
«.t4PCH    I,    19S3 

INGOT   1137 
CASTING 

3   IN.     0: 

IN.      LONG 47,3   LS 

CROPPED, 
SAMPLE     TAKEN 

CUT     IN    MALT 
FROM     MID   CROSS -SECTION 

MACHINED 

! 137T 
2.1133   IN.     DIA 

-    IN.     LOMS L-La 
FORGED     IN    60       V—OlE 
ON   FORGE   HAMMER   AT 
26U0   F.       HEATED   IN 
HYDROGEN   FOR   FORGING 

ROUNDED 

OXIDATION    LC3S    8.40* 

|      I*   IN.     OIA 

j     23   IN.     LONG 

CROPPED 

CROPPING     LOSS    9.18* 

1-jV   IN.     DIA 

21   IN.    LONG 10.8   LB 

TOTAL    REDUCTION     70.9* 

1137B 
2.300   'N,     DIA 
•   IN.     LONG I2.S   LB 

FORGED IN 60" V-DIE 

ON FORGING PRESS AT 

3000   F 
HEATED    IN    HYOROGEN 

FOR   FORGING.       ROUNDED 

OXIDATION    LOSS    7.2* 

1— IN.  DIA 
4 

H.S   LB 

CROPPED 

CROPPING    LOIS    3.2* 

23 |- IN. LONG li.2  LB 

TOTAL    REDUCTION    70.3* 

8.40* 

9. 16* 
Si.44* 

OXIDATION    LOSS 

CROPPING   LOSS 
RECOVERr 

7.2* 
3.2* 

89.6* 
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iNGO i 
CAS 1 

1141 
I N C5 

lb    IN.      LONG 18.6   LB 

FIGURE   94 
WORKING   SCHEDULE 

INGOT    1141 
0,00616    CARBON 
:>.U5%    CESIUM 

CAST    IN   VACUUM 

CUMAX    MULYQDFNUM    CO.   26^ 
MARCH   ;      :«M 

CROPPEO,    CUT    IN 
HALF,    SAMPLE     TAKEN 
FROM    MID   CROSS' -SECTI ON, 
MACHINE D 

1 141T 
I.'    IN.      D I A 

IN.      LO NG 

HAMMER    FORGEO     IN 
b0°    V-DIE     AT   2600    F 

HEATED    IN    HYDROGEN 
FOrl     FORGING 

ROUNDED 

OXIDATION     LOSS     6.06Oi 

IN.      UI A 

-   IN,      LONG 

CROPPED 

CROPPING    LOSS      LUJU 

U    IN,      Dl A 

TOTAL     REDUCTION     72.7% 

OXIDATION     LOSS 
CROPPING    LOSS 
RECOVERY 

6.06% 
3.0f% 

90.9156 

1   i 41 B 
:\5i5    IN.      DIA 

7—  IN.      LONG I.'.8   l_3 

PI^ESS      FORGED      IN   60 
V-DIE     AT    2100    F 

HEATEJ     IN     HYDROGEN 
FOR     FORGING 

CRACKS     DEVELOPED     OURING 
THE      FIR3T     PASS, THE 
CRACKING     INCREASED     ON 
FURTHER     FORCING,    THEREFORE 
FORGING     WAS     O I S CON T I M UE O. 
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CLIMAX    MOLYBDENUM   CO.  2M> 
MARCH    2,     1933 

FIGURE    95 

WORKING   SCHEDULE 

INGOT    1142 
O.OOC"^    CAWSON 
0,11%    CERI DM 

CAST    IN    AWGOr* 

INGOT   1142 
CASTING 

3   IN.      DIA 
17-^- I N.     LONC 

CHOPPED,    CUT   IN   HALT, 
SAMPLE     T*KCN     FROM 
MIO     CROSS-SECTION, 
MiC:!!NtO 

2.213   IN 
7-|- IN. 

1142T 
.      Dl A 

LOKG 

HAMMER    FORGED    IN 
60°   V-DIE     AT     7600   F, 

HEATED     IN    HYDROGEN 
FOR     FORGING 

ROUNDED 

OXIDATION     LOSS     3.92<iS 

IN.     DIA 

20    IN.      LONG 

CROPPED 

CROPPING     LOSS     1.9656 

'T? ,N-   D,A 

t»-£-  IN.     LONG 9.6   l_S 

T >TAL    REDUCTION     64.»25g 

1142B                      1 
I.S7C   IN.     OIA 
7-1 IN.     LONG                            6.0   l_0 1 

PRESS   FORGED   IN   60° 
V — DIE     AT     2100   F, 
K(ATEl)     IN     HYDROGEN 
FOR     FORGING 

ROUNDED 

OXIDATION     LOSS     1.338 

I-J-   IN.     DIA 

12-i   IN.   LONG                         "S.8   LB 
1 6 

CROPPED 

CROPPING     LOSS     4.67% 
_____ 

1— IN.     DIA 

ll-i  IN.  LONG                           1.52   LB 

TOTAL     REDUCTION     449$ 
.„                                 __-. 

3.9*5- 
1.96% 

94. 12% 

OXIDATION     LOSS 
CROPPING     LOSS 

RECOVERY 

3.33% 
4.6758 

9Z.00S5 
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Ring Bursting Tests 

Transverse ductility was measured by the ring bursting test described 
in the third annual report. Bursting stress was computed according to the 
formula 

f = ^i_ 
atyf 

where t = thickness, d = inside diameter of the specimen and L - load at 
bursting.  The purpose in making the test was to correlate transverse duc- 
tility with variations in deoxidation, forging practice, and heat treatment. 
The bars were heat treated over a xange of temperatures to produce stress- 
relieved, partially recrystallized, and fully recrystallized structures, 
with and without subsequent grain growth.  The ring bursting test was selected 
because it was the moot convenient method of determining transverse strength 
and ductility on a limited amount of material.  All of the data obtained by 
this test on the molybdenum-base alleys studied are given in Table 13. 

Summary 

1. Addition of supplementary deoxidizers. such as titanium and zir- 
conium, to molybdenum ingots cast in vacuum and utilizing carbon as the 
primary deoxidizer, produces a workable ingot with low residual carbon 
content. 

2. If aluminum alone is used for deoxidation, melting must be done in 
argon and an addition of at least 0.10$ aluminum is necessary to accomplish 
adequate deoxidation and produce a workable ingot from molybdenum powders 
of commercial purity. 

3. Workable, molybdenum-base, binary alloys of niobium, titanium, and 
vanadium have been produced by deoxidation with aluminum. 

k.    Workable, molybdenum-base binary alloys of titanium and vanadium 
have been produced by deoxidation with rare ecrth metals in vacuum. 

5.  The effects of variation in deoxidation practice on mechanical 
properties were discussed in the preceding section. 
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SABLE 

K BSUI.TS OF RING BURSTING TESTS 

Forging and Annealing Bursting Stress Elongation 
Ingot Temperati ureS; F psi 

3J.41T forged at 2600 56,100 2.37 
ann, 1 hr at 2000 51,900 1.74 

2200 50,400 2.38 
2400 52,000 2.05 
2o00 38,400 3.47 
2800 29,700 1.69 
3000 23,900 0.96 

1142T forged at. 2600 4-9, COO 1.97 
ami. 1 hr &z  2000 46,900 0.75 

2200 46,100 1.31 
2400 48,500 3.93 
3000 29,500 2.06 

1142B aim. 1 hr at 2000 46,700 1.10 
2200 37,100 1.10 
2600 29,300 1.00 
2800 32,300 "1 ,80 
3000 31,100 0.50 

1045E forged at 2300 59,4oo 2.40 
arm. 1 hr at 2200 57,600 2.00 

2^00 50,100 1.50 
2600 43,100 2.90 
2800 4i,8oo 3.30 

HOOT forged at 2o00 71,600 0.20 
ann. 1 hr at 2000 64,500 0.50 

2200 42,300 0.30 
2400 44,900 0.30 
2600 60,300 1.80 
2800 52,400 2.20 
3000 51,200 1.20 

1100B forged at 3000 71,300 1.60 
arm, 1 hr at 2000 69,600 1.70 

2200 68,000 1.40 
2^00 61,000 1.40 
2600 56,200 2.60 
2800 46,200 1.10 

1137T forged at 2300 12,000 0.40 
ana. 1 hr at 2200 45,700 1.10 

2600 25,800 1.10 
6,900 1.00 

1137B forged at 3000 20,100 0.70 
arm. I hr at 2000 25,000 1.20 

2200 22,000 1.C0 
2400 16,300 
2600 11,100 ft  on 
2800 27,400 1.20 
3000 21.300 0.80 
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IMBRITTLEMENT 

An empirical approach was made to the problem of loss of ductility of 
•wrought molybdenum and molybdenum-bass alloys after exposure to elevated 
temperatures.  Thirty new compositions in addition to those described in 
the thirl annual report were investigated by submitting samples to one-hour 
annealing treatments in purified argon at temperatures up to and including 
3900 F, and by preparing and testing beam bending specimens therefrom. The 
methods of sample preparation and testing technique were described in the 
third annual report. 

In considering experiments of the type recorded here, it must be re- 
membered that the ductility of any test specimen is a function not only of 
the material being testea, but also of the testing temperature, rate of 
application of strain, and mode of stressing.  Stated somewhat differently, 
a critical temperature--or temperature range—exists for a given material, 
specimen geometry, and strain rate above which ductile behavior and below 
which brittle behavior is experienced.  In a similar manner, critical strain 
rates are observed for isothermal tests conducted on specimens of like de- 
sign.  From these statements it follows that the term embrittLament implies 
a deleterious shift in the critical ranges of factors such as temperature and. 
strain rate such that under the specific conditions of test, low ductility 
is obtained.  It also follows that the term embrittlement is ambiguous unless 
all of the conditions under which an embrittlement test is made are reported. 
The results reported in this section represent embrittlement as indicated by 
beam bending tests run at uniform strain rate at room temperature. 

Table lk  lists the compositions of the heats studied.  Several heats in 
Table lk  are carried over from the previous year, including the unalloyed 
datum heat (739). 

Inasimich as all of the test specimens were wrought materials and were 
annealed at temperatures well above the recrystallizalion temperature, the 
variation in fabrication histories from heat to heat was not considered to 
be significant.  In brief, however, specimens from heats used in the physical 
properties program were machined directly from rolled bar stock. All other 
specimens were taken from I/V' thick piales flattened at approximately 1800 F. 

Plots of bend ductility against annealing temperature are included as 
Figures ^S  through 99. The curve for Heat 739 (0.0^5$ carbon) has been re- 
produced on each chart as a means of evaluating effects of alloying and 
changes in deoxidation. 

Unalloyed molybdenum deoxidized with carbon in vacuum (739) is obeerved 
to retain its ductility after heat treatment for one hour at 3100 F; higher 
temperatures, however, result in embrittlement under the conditions of strain 
rate and temperature of the bend test. 

It was noted in the third annual report that aluminum-deoxidized molyb- 
denum exhibited much greater resistance to elevated temperature embrittlement 
than carbon-deoxidized heats. The superiority was more pronounced for materials 
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1273 

1100 
.1-132 
1113 
1138 
1009 
II?1! 

B185 
B173 
B125 
Bl84 
Bl?4 

1151 

1205 
120? 

125 

TABLE l4 

HEATS FOR EMBRITTLEMENT STUDY 

He&t Carbon,  $ 

0.045 

Others,  % 

739 

8l4 0.005 0.20 Al 
987 0.003 0.53 Al 

1135 0.002 0.17 Al,  0.48 V 
1136 0.007 0:17 Al,   0.32 Nb 
1137 0.003 0.23 Al,   O.kk Ti 

1045 0.003 0.005 Ce,   0.007 BE* 
ll4i 0.006 0.05  Ce    • 
1142 0.008 0.11 Ce 
1101 0.003 0.015 Ce,   0.026 RE* 
1048 0.003 0.69 Ti,   0.12 RE* 
1049 0.01 0.85  V,   0.003 Ce,  0.003 RE* 

llkk 0.020 0.074 Co 
1274 0.031 0.12 Cr 
1272 0.022 0.10 Fe 

978 0.019 0.52 Nb 
1057 0.033 0.75 Tib 

0.017 

0.030 

0.015 
0.024 
0.014 
0.014 
O.O36 
0.027 

0.031 
0.035 
0.035 
0.033 
0.036 

0.006 

0.010 
0.019 

0.04 Ni 

0 .09 Si 

0 .21 Ti 
0 .45 Ti 
0 .85 Ti 
1 .22 Ti 
i, ,26 Ti 
3. .59 Ti 

0. .004 Th 
0, ,01 Th 
0, .03 Th 
0. ,093 . Th 
1, .15 Th 

1.25 V 

0.056 Zr 
0.09 Zr 

* other rare earth metals 
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containing aluminum in the range cf 0.15 to 0.25$ than for those with higher 
aluminum contents. These findings are corroborated by the data obtained 
during the past year to the extent that molybdenum containing 0.53$ aluminum 
(987) is less resistant to loss of ductility upon heating than that contain- 
ing 0.20$ aluminum (8lU).  These data may be found in th.2 upper portion of 
Figure 96. Heats containing niobium or titanium and deoxidized with aluminum 
exhibited excellent resistance to embrittlement, while a vanadium alloy de- 
oxidized with aluminum was only slightly superior to the datum heat. 

Proceeding on the assumption that resistance to embrittlercent was de- 
pendent upon methods of deoxidation (or more probably presence of a grain 
boundary phase such as molybdenum carbide), a series of rare-earth-deoxidized 
heats was studied. The result."5 >f tests on heats deoxidized with rare earth 
metals are plotted at the top ox' Figure 97- 

The heat containing 0.69/' titanium and deoxidized with rare earth metals 
(10U8) showed excellent bend ductility, even after an anneal at 3900 F. The 
heats deoxidized with cerium alone (ll*H. ll'+2) were significantly inferior 
to those deoxidized with Ian-Cer-Amp (I0U5, 1101). There are certain dis- 
crepancies in the data for heats deoxidized with rare earth metals; for 
example, Heat 10^5 was less resistant to embrittlement than Heat 1101, though 
similar in composition. Further study of the effects of deoxidation with rare- 
earth metals will be necessary for a satisfactory understanding of embrittle- 
ment of this class of material. 

In the early stages of the program on embrittlement, high hope was held 
for the molybdenum-thorium system on the basis of tests on a heat containing 
0.03$ thorium (KL25). Repeated efforts to duplicate the results obtained on 
this heat were unsuccessful, as indicated in the graph in the lower half of 
Figure 96.  It must be concluded now that the original heat was abnormal in 
some respect and that molybdenum-thorium alloys are no better than unalloyed 
molybdenum with respect to resistance to embrittlement, in the composition 
range studied. 

Of the balance of the raolybdenum-base alloys deoxidized with carbon, 
those containing cobalt, chromium, iron, nickel, niobium, silicon, v&nadium, 
or zirconium were found to be neither superior nor inferior to unalloyed mo- 
lybdenum within the range of composition studied. As indicated in the upper- 
chart of Figure 98, molybdenum-titanium alloys, particularly those containing 
le9S than 1$ titanium, were superior to unalloyed molybdenum. The benefit of 
titanium in reducing embrittlement is also evident from the results for the 
molybdenum-titanium heats deoxidized with aluminum (1137) and rare earth 
metals (10*)8), both of which were markedly superior to similarly deoxidized 
unalloyed molybdenum. 

In conclusion, it would appear that resistance to embrittlement is in 
some way associated with deoxidation practice. Embrittlement starts at a 
lower temperature for heats deoxidized with carbon than for those deoxidized 
with aluminum or rare earth metals. The embrittlement of carbon"deoxidized 
molybdenum seems to be connected with the presen2e of excess carbide. Con- 
trary to previous suppositions, thorium is no panacea for embrittlement. Ti- 
tanium in che lower concentrations shows promise as far as alleviation of ele- 
vated temperature embrittlement is concerned, regardless of the method of 
deoxidation. 
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CLIMAX    MOLYBDENUM    CO.   435 OCTCEER   2,    1953 

U 

3   80 

40 

3000 

\ 

1 
2 
3 
4 
5 
6 

HEAT %C gAx.      % OTHER 

739 0.045 
814 0.005 0.20 
S87 0.003 0.53 

1 135 0.002 0.l7    0.48  V 
I 136 0.007 0.i7    0.32  NB 
I 137 0.003 0.23    0.44  T. 

3200 3400 3600 
ANNEALING     TEMPERATURE,    P     I 

3800 4000 

3800 4000 
ANNEALING     TEMPERATURE,     F    (I    HOUR) 

FIGURE 95 - BEND DUCTILITY OF MOLYBDENUM-ALUMINUM AND 
MOLYBDENUM-THORIUM ALLOYS AFTER ANNEALING 
ONE   HOUR   AT   INDICATED   TEMPERATURES 
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CLIMAX    MOLYBOEN'JM    CO,   437 OCTOStB   2,     1953 

n 120 • 

3000 3200 3400 3G0O 3800 4000 
ANNEALING     TEMPERATUflt",     F    (1    HOUR) 

In 
I 
19 
u 
a 

ui 
3 
J 
J 

< 
k 

< 

z 

3000 

20 
1 \ 
\ 
\ i 

2 

HEAT 

739 

%C            %  OTHER 

0.045 

\ 1144 0.020       ( ).074Co 

80 

\ 
\ 3 978 0.019       ( 

0.033       1 

3.52   NB 

D.75   NB 

i 
k 

\ 
\ 

V 
\ 

4 1057 

40 

\ 
\ 
\ 

V 
\ 
\ 
\ 
\ 
\ 

0 n gj£! 3«r~--_. 
SSBST t  

3200 3400 3600 3000 
ANNEALING     TEMPERATURE,     F   M   HOUil) 

4000 

FIGURE    97   -   BEND   DUCTILITY   OF   MOLYBDENUM-BASE   ALLOYS 
AFTER   ANNEALING   ONE   HOuR   AT   INDICATED 

TEMPERATURES 
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(.UMAX    MOLYBDENUM   CO. 43 OCTOBER   2,    I4SJ 
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3500 
ANNE.AL.iNG     TEMPEDATURt,     F    (1    HOUR) 

3800 4000 
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J000 

FIGURE   98 

3200 3400 3600 3800 4000 
ANNEALING     TEMPESAT'jRE,    F    (1    HOLB) 

BEND   DUCTILITY   CF   MOLYBDENUM-BASE   ALLOYS 
AFTER   ANNEALING   ONE   HOU?   AT    INDICATED 
TEMPERATURES 
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120 
CLIMAX     MOLYBDFNUM    C or. roRt; R   2,   t <•% i 

HEAI •>'C ''', OTHF -I 

1 739 0.045 
2 1274 0.C31 0.12   CR 

j 1272 0 022 0.10   F, 
4 1269 0 017 0.04   N. 
5 1273 0.030 0.09   Si 

4000 
ANNJI- ALINC,      TFMTI   HATtJRt,     t I    HOU^) 

FIGURE   99 EEND   DUCTILITY   OF    MOLYBDENUM    BASE 
ALLOYS    AFTER   ANNEALING    ONE    HOUR    AT 
INDICATED   TEMPERATURES 
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TEMARY MOLYBDENUM-BASE ALLOCS 

The object of this phase of the investigation was to conduct a preliminary 
survey cf SC2!9 ternary alloys of molybdenum to determine vhich alloys provided 
the greatest possibility of improving the mechanical properties of molybdenum 
for service as a structural material at elevated temperatures. The experi- 
mental work was planned to determine whether addition of two alloying elements 
would produce a combination of properties superior to those developed by only 
nnfi alloying element. 

The investigation was started on a series of graded ingots in which the 
concentration of one alloying element was a constant, arbitrarily selected 
30 that the hardness of the binary alloy at loOO F would be about 90 VH», and 
in which the concentration of a second alloying element was gradually increased 
from zero to a percentage which would yield an alloy of about 200 VPN at 1600 F. 
By using a graded ingot, a series of alloys could be obtained from a single 
heat—alloys that otherwise would require the preparation of many heats in- 
volving considerable time, material, and effort. 

The mechanical characteristics of the bar melting machine, described in 
the first annual report, are especially suited to the preparation of such 
ingots. The graded ingots were divided into small, homogeneous sections 
which were used for metallographic examination, x-ray diffraction studies, 
and hardness tests at room, and elevated temperatures. The sections were also 
analyzed chemically, and the results of all tests and examinations were corre- 
lated with chemical composition. The aim of these correlations was tc indi- 
cate the concentrations of alloying elements which warranted more extensive 
investigation en ternary ingots of uniform concentration. 

The binary molybdenum-base alloys to which third elements were added 
were prepared specifically for the mechanical properties program described 
earlier in this report.  Their heat numbers and alloy contents were as 
follows: 

Heat 1063 
Hkk 
1057 
1132 
1051 

These binary heats, except for 10c3, were deoxidized with carbon in vacuum 
and contained residual carbon. This carbon was retained in the ternary alloys 
in the form of carbide, which is considsred an impurity. 

Bars 5/8 inch in diameter from the binary heats were used as the consum- 
able electrode for making the ternary alloys. The ternary ingots were cast in 
a 2-inch diameter mold end weighed about six pounds each. The concentration 
of third element varied from zero at the bottom of the ingot to a maximum at 
the top. After casting, the ingots were soaked at 3000 F in hydrogen for 2 to 
18 hours to minimize microscopic segregation. The ingots were split longitudi- 
nally for examination. Hardness surveys were made at room temperature with 

0.17)5 Al 0.003-5 c 
0.07$ Co 0.0205 
0. f55 Nb 0.0335 C 
0.^55 Ti 0.02U5 c 
0.5^ V 0.0275 c 
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Vickers impressions at  l/u-iuch int.erva.ls  uvcr the entire  longitudinal  section. 
The hardness patterns  indicated that there was no gross segregation of the 
alloys.     Except  for a hard outer  shell  l/i,--inch thick,   zhe hardness was uni- 
form across the  ingots at any one plane  perpendicular to the longitudinal axis. 

A core 3A-inch square, symmetrical about the axis and the full length 
of the ingot, was used for besting. This core was quartered lengthwise and 
one piece was reserved for determination of hardness at room and elevated 
temperatures. Another piece was.used for chemical analysis, x-ray studies, 
and metallographic examination, care being taken to identify each sample by 
its position in the ingot so Lhat the properties could be correlated with 
chemical  composition.     The data were plotted against  composition. 

Filings   for x-ray  studies were  processed in the manner described in the 
first annual report..     Procedures for quantitative analyses of ternary molyb- 
denum-base alloys were developed as part of this investigation.     These pro- 
cedures are described  in detail in Appendix A, 
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Mo ly bag num.-Aluminum -Cobalt Alloys 

Keat Bl8l,  0.1c Al,   0-0.15* Co;   0.003$ C     Cast  in purified,   re- 
ulated argon;   heated three hours at  3000 F in hydrogen. 

Mac restrupture.     Only the  lower half of the  ingot was used   For physical 
property determinations,   because;  as is evident from the macrestructure, 
Figure  101,  a  f.'. lied -in shrink hole  occupied the upper portion of  the  ingot. 
The grain  size was the   same as that of molybdenum-cobalt alloys of similar 
cobalt  content. 

Hardness.     The hardness of these alloys was  somewhat greater than that 
of comparable binary molybdenum-cobalt alloys,  especially at 1600 F. 

lattice  Parameter.     Aluminum and  cobalt each contract the  lattice param- 
eter of molybdenum.     From the data at band,  the effects appear to be additive. 

Microstructure.     The coring  shown in Figure  100 is evidence   that three 
hours at 3000 F was insufficient for homogenization.    The microporosity that 
appears at  100X  seems   to be  closely related to the dendritic  interstices.     No 
second phase '.'as found  in the alloy concentrations covered  in the graded heat. 
Ry chemical analysis  it was determined that about 0.05^ of tne aluminum was 
present  in the  form of aluminum cxide.     This  suggests that  some of  the fine 
particles  in the  figure at  1000X were  not  voids but  rather aluminum oxide. 
The presence  of both voids and oxide was  confirmed metallographically. 

© 

- 

X100 M2906 X1000 

FIGURE 100  - MICROSTRUCTURE OF Mo-Al-Co ALLOY,  HEAT Bl8l 
0.l6£ Al,   0.15$ Co,  0.003ft C,  balance Mo, 

cast in argon 
Eleetropolished, etched in NaCH+K3Pe(CN)6 



'wllTrtVHVd    3.")U1V1 



i.JP 

Molybdenum-Aluminum-Niobium Alloys 

Heat  tillS,   0.16% Al,  0-0.55$ Nb,   0.003$ C.     Cast  in purified,   re- 
circulated argon;   heated two hours at  3nr)0 F in hydrogen. 

Macrostructure.     The data were  obtained upon the  portion of the  ingot 
below the  filled-in shrink hole,  Figure  .103 • 

Hardness.     The effect of aluminum in reducing room temperature hardness 
was evident  in the alloys containing less than 0.03$ niobium.     The hardness of 
alloys containing more than O.yt niobium was above that of binary molybdenum- 
niobium alloys.     At 500 and 1600 F the hardness of the ternary alloys was 
appreciably higher than for corresponding molybdenum-niobium alloys.     The 
haTdness versus  composition curves at  500 and 1.600 F practically coincide 
above 0.3"'  niobium,   indicating little  change  in hardness in that temperature 
range. 

Lattice   Parameter,     The  lattice  parameter of the alloys increased with 
increasing niobium content,  but not as much as in the binaiy molybdenum-niobium 
alloys,   indicating the effect of aluminum   in  contracting the  lattice parameter. 

Macrostructure.     Tne microstrunture of the alloy containing 0.5$ niobium, 
Figure  102,   shows a small amount of coring and  interdendritic porosity. 

• »' 

\     \ 

M2710 X100 

*• 

• 
• 

• 

:     • 

* ' 
* •»"••           -im- • 

M2853 X1000 

FIGURE 102 - MICR0STRUCTUR2 OF Mo-Al-Nb ALL0S, HEAT E179 
0.l6i Al, 0.5?^ Nb, 0.003$ C, balance Mo, 

cast in argon 
Electropolished, etched in NaOH+KoFe(CN)g 
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Molybdenum-Aluni num-Titanium A-lioys 

Heat 3377,   0.16% AI,   0-h.3f Ti,  0.003$  -•     Cast in purified,   re- 
circulated argon:  heated two hours at  3000 F i<i hydrogen. 

Macrost ructure.     During casting of the  lower portion of the  ingot 
(0-2.5;"  titanium]  it was difficult to control the arc:  therefore,  this por- 
tion of  the  ingot va; defective and was not used for determination of physi- 
cal properties.     The  grain size of the alloys was the  same as for conipa^bly 
molybdenum-titanium binary alloys,   Figure  105< 

Hardness.     In   the  satisfactory portion of the  graded  ingot where the 
concentration of titanium increased from 2.75   to ^.25$>   there was a small, 
gradual increase  in hardness with increasing titanium content.     The  room 
temperature hardness of the alloys  containing 0,16$ aluminum and 0-4$ ti- 
tanium was below  that of binary molybdenum-titanium alloys in this range of 
titanium contents. 

Microstructure.     The microstructu:"e of the  J>f- titanium-O.iuw aluminum 
alloy  is  shown in Figure  \Qk.     The  interdendritic  segregation  shewn in the 
figure  indicates that two hours at  3000 F was not  sufficient for homogeniza- 
tion.     The marked coring suggests that  chere had been a wide temperature 
range  of  solidification.     At hign magnification  (not  shown)  yellowish inclu- 
sions,   believed to be  titanium oxide,  were observed on unetcheu  specimens. 

fssxmh 

.'».; 

M2720 X1C M2721 X1000 

FIGUFE 104  - MICROSTRUCTURE OF Mo-Al-Ti ALLOY,  HEAT B177 
0.16- Al,   3C/' Ti,  0.003$ C,  balance Mo,   cast 

in argon 
Electropoiished,  etched  in KaOH+K:jFe(CN)6 
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Molybdenum-Aluminum-Vanadium Alleys 

Heat BI78, 0.16* Al, 0-2.1%  V, 0.003^ C.  Cast in purified, re- 
circulated argon; heated two hours at jCOO F in hydrogen. 

Macrostructure.  The grain size became markedly finer as the vai.tadium 
content increased above 2*>, Figure 107. 

Hardness,  The hardness of the graded material at room temperature was 
appreciably lover than for corresponding binary molybdenum-vanadium alloys. 
At ?O0 and 1600 F, however, the hardness of the ternary alloys was consider- 
ably above that of the binary alloys.  'The hardness'versus-composition curves 
at 500 and l600 F pracxically coincided above 0.8$ vanadium, indicating little 
change in hard.ness in that temperature range. 

lattice Parameter.  Both aluminum and vanadium contract the lattice param- 
eter of molybdenum.  In combination the effect is slightly more than that of 
vanadium alone. 

Microstrueture.  Severe coring in the ternary alloy containing 2%  vanadium 
and 0Tl6^> aluminum is shown in Figure 106.  Microporosity and aluminum oxide, 
but no intermetallic second phase, were visible in the structure at 1000X. 

'jL '  * 

* 
- 

• 

"V 

M2702 XI00 MP709 X1000 

FIGURE 106   - MICROSTR'JCTUFE OF Mo-Al-V ALLOY,   HEAT BI78 
0.16$ Al,   2% V,   0.003^ C,   balance  Mo,   cast 

in argon 
Electropolished,  etched  in teOH+K-iP8(CK)g 
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Molybdenum-.^ lu.~::i num-Zirconium Alleys 

Heat B1Q2,   0.16/; Al,   0-0.h<f-> Zr,   0.003,' C.     Cast  in purified,   re- 
circulated argon;   heated three hours- at  3000 F in hydrogen, 

Macrostructure.     The grain size  of the  ternary  alloys,   Figure  109,  was 
the  sane as that of corresponding binary molybdenum-zirconium alloys. 

Hardnesc;.     Trie  effect or aluminum ir>  reducing  room temperature hardness 
was manifested  in the   ternary alloys containing up tc 0.2f'- zirconium.     At 
500 F the iiardr.ess of the ternary alloys was  slightly higher than for the 
corresponding molybdenum-zirconium alloys without aluminum.    At 1600 F,  the 
Mo-Al-Zr alloys containing up to 0,2$ zirconium were harder than the  corres- 
ponding molybdenum-zirconium alloys,   but above  0.2$ zirconium the molybdenum 
zirconium alloys were harder. 

Microstructure.     Severe  coring and porosity,  as well as an interdehdritic 
second phase,  were observed in the raisrostructure  of the ternary alloy con- 
taining 0.35"' zirconium and 0.160 aluminum.  Figure  108.    The precipitate  shown 
in the  photomicrograph at  1000X was  interpreted to be an aluminum-Zirconium- 
oxygen compound. 

M2715 X10O M2716 X1000 

FIGURE 108 - MICR03TRUCTURE OF Mo-Al-Zr ALLOY,   HEAT B182 
0.16$ Al,  0,35$ Zr,  0.003# C,  balance Mo, 

cast in argon 
Electropolished,  etched in NaOH+K^Fe^N)^ 

. 
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Molybdenum-Cobalt -Aluminum Alloys 

Heat B213. 0.07$ Co,  0-1.3$ Al,  0.020$ C.     Cast  in purified,  re- 
circulated argon;   heated lS hours at  3000 F in hydrogen. 

Macrostr-Miti.are.     The grain  size   shown in Figure  111  is  somewhat  finer 
than that, of comparable  binary molybdenum-aluminum alloys,   cf.   first annual 
report,   page  kO. 

Hardness.      i'ue hardness of the  ternary alloys,  at both room temperature 
and elevated  teraperaturee,  was  slightly higher than that of molybdenum- 
aluminum binary alloys.    The drop in hardness with  rising temperature was 
gradual at eat.ii aluminum level. 

Microstructure.     except for a small amount of carbide,  the alloy shown 
in Figure  110 van   single  phase.     The  presence of carbide was due  to 0.02% 
carbon in the molybdenum-cobalt electrode used for making Heat B213.     Less 
microporosity was observed than in carbon-free molybdenum-aluminum alloys 
produced in the  powder machines. 

• 

M3053 XI00 M3073 X1000 

FIGURE 110  - MICROSTRUCTURE OF Mo-Co-Al ALLOY,   HEAT 321?, 
0.07$ Co,  1.25?' Al,   0.02O*; C,  balance Mo, 

cast in argon 
Electropolished,  etched  in NaOH+K.jFe(CIi)g 
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Molybdenum-Cobalt-Niobium Alloys 

Heat B210, 0.05$ Co, 0-3.5/: Nb, 0.020.;; C.  Cast in vacuum, heated 
18 hours at 3000 F in hydrogen. 

Macrostructure. The macro structure, shown in Figure 113 is similar to 
that previously observed in molybdenum-niobium binaiy alloys of comparable 
niobium content. 

Hardness The hardness of the ternary alloys dropped rapidly between 
room temperature and 500 F, but changed very little between 500 and loOO F. 
Although the hardness of the ternary alloys at room temperature was about the 
same as that of the molybdenum-niobium binary alloys, at 1600 F the ternary 
alloys were appreciably harder. 

Microstructure.  The microstructure of tne  alloy shown in Figure 112 is 
single phase, except for finely dispersed ca.rbide within the grains. 

: • •. 

- 

iSfefe ' 

M3057 

FIGURE 112 - MICROSTRUCTURE OF Mo-Co-Nb ALLOY, REAT B210 
0.05$ Co, 3$ Nb, 0.020$ C, balance Mo, cast 

in vacuum 
Electropolished, etched in NaOH+K^FeCCN)^ 
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Molybdenw.-i-Cot, aJ.;:-Titanium Alloys 

Heat  B&>".   0.06$ Co,  0-0.75$ Ti,  0.020$ C.     Cast in vacuum,   neated 
18 hours at  3000 F in hydrogen. 

Macrostrueturc.     The grain size,  Figure 115,  was the  sane as that of 
comparable molybdenum-titanium binary alloys or unalloyed molybdenum. 

Mariness.    A gradual drop in hardness of the ternary alloys occurred as 
the  temperature   rose  from room temperature to loOO F.    At room temperature 
the  ternary alloy was not as hard as a comparable molybdenum-titanium oinary 
alloy;   at  500  -   and  loOO F the ternary alloy was harder. 

Mi c rest rue burg.     The alloy whose microstructure  is  shown  ,LI
_

I Figure  114 
was  single  phase except for the presence of carbide. 

M3058 X100 M307-4 X1000 

FIGURE 11^   - MICROSTRUCTURE OF Mo-Co-Ti ALLOY,   HEAT 3200 
O.OS'fo Co,  0.70$ Ti,   0.020$ C,   balance molybdenum, 

cast in vacuum 
Electropolished,  etched  in NaOH+K-sFe(CN),;J 
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MoIybdemm-Coba.lt -VanacLi or. Alloys 

Heat  B20T,   O.O1-.' Co,  0-2.25'  V,  0.020.'  C.     Cast   in vacuum,  heated 
18 hours at 3000 F in hydrogen. 

Macrostructure.     The Grain size of the ternary alloy.   Figure  117,   is the 
same ao that of a comparable molybdenum-vanadium binary' .illoy. 

Hardness. [lie hardness of the  ternary alloya dropped   sharply from room 
temperature   to  500 F.   but only  slightly from 500 F to loOC F.     The hardness 
of the ternary alloys at room temperature was  lower than that of comparable 
molybdenum-vanadium alloys.     At 1-jQQ F,   en the  other hand,   the  ternary alloys 
had the higher hardness. 

Microstructurc.     It can be observed,   Figure   lie,  that   the microstructure 
of the  ternary alloy containing 2$ vanadium was  single  chase. 

M30*9 X100 X1000 

FIGURE lie - MICROSTRUCTURE OF Mo-Co-V ALLOY,     HEAT B207 
0.0U1 Co,   2;- V,  0.0201/; C,  balance Mo,   cast 

in vacuum 
Electropolished, etched in NaOH+KgFe^N)^ 
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Molybdenum-Cobalt-Zirconium Alloys 

Heat B209,   0.0=% Co,   0-1.5K> Zr,   0.020$ C.     Cast in vacuum,  heated 
18 hours at  3000 F in hydrogen. 

Macrostructure. The grain size of the ternary alloys, Figure 119> was 
the same as that of corresponding binary molybdenum-zirconium alloys. Zir- 
conium refines the molybdenum grains appreciably. 

Hardness.     The hardness of the ternary alloys dropped gradually as the 
testing temperature  increased from room temperature  to 500 F and 1600 F.     The 
room,-temperature  hardness was below or about the  same as  'chat of comparable 
molybdenum-zirconium binary alloys.     At 1600 F,  however,   the binary alloys 
were  somewhat harder. 

Microstructure.     Heat treatment for l8 hours at  3000 F did not eliminate 
the extreme  cor1 rig shown in Figure  118.     Some  carbide was present as a very 
fine precipitate within the grains. 

a 

M3059 X100 M307^ X1000 

FIGURE 118 -'MICROSTRUCTURE OF Mo-Co-Zr ALLOY,  HEAT B209 
0.05$ Co,  1.5$ Zr,  0.020^ C,  balance Mo,  cast 

in vacuum 
Electropolished,  etched in NaOH-fKvFetCNjg 

. 
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Molybdenum-Nioblum-Muminum Alloys 

Heat B195 •  0.75% wb>   0-1. f5£ Al,  0.033/^ £••     Cast xii pui'lfxcu,   re- 
circulated a.rgon;   heated 16 hours at  3000 F in hydrogen. 

Macrostructure, ;reasing the aluminum content above 0-5$ brought 
about refinement of the grain in the  same order of magnitude as in the binary 
molybdenum-aluminum alloys. 

Hardness.     The hardness changes  in the ternary alloys were  comparable to 
those of the binary molybdenum-aluminum alloys.     Raising the aluminum content 
from 0 to 0.5$ caused only a very  small change   in hardness at room temperature, 
vnereas at 500 F and loOO F the hardness  increased at a uniform rate as the 
aluminum content  increased from 0  to 1.75%. 

Lattice  Parameter.     The decrease   i.n   Lattice   spacing with increasing alu- 
minum content is more  rapid  in the ternary alloys than in the  corresponding 
binary molybdenum-aluminum alloys. 

Microstructure.     The microstructure  of the  ternary alloy containing 
1.55% aluminum and 0.75'^ niobium is  shown in Figure  120.     It  is single phase 
vith a fine dispersion of carbides at the grain boundaries and within the 
grains. 

M3062 xioc M3067 X1000 

fTGURE 120 - KICROSTRUCTURE OF Mo-Nb-Al ALLO*,     HSAT B195 
0.75$ rib,   1.55$ Al,  0.033%' C,  balance Mo,  cast 

in argon 
Electropolished, etched in Na0ri+KoFe(CN)6 
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Molybdenum-Niobium-Cobalt Alloys 

Heat B193, U. {%  Mb, 0-0.05^ Co, 0.033$ C 
16 hours a.z   3000 F in hydrogen. 

2ast in vacuum, heated 

Macrostructure.  The macrostructure of the ternary alloys, Figure 123, 
was the same as that of the corresponding molybdenum-cobalt binary alloys. 

Hardness.  The hardness of the ternary alloys gradually dropped as the 
testing temperature increased from room temnerature to 500 F and loOO F. 
The addition of niobium to molybdenum-cobalt alloys slightly increased the 
hardness at room temperature but raised it considerably at 500 F and loOO F. 

Lattice Farameter.  The addition of niobium to molybdenum increases the 
lattice parameter spacing of molybdenum, whereas cobalt contracts it.  The 
effect of the two alloying elements in combination is an algebraic summation 
of the effects of each element commensurate with the relative amount of each. 

Mic ro st rueturc Coring is evident at low magnification in the micro- 
structure of the ternary dlloy containing O.Ok'jo  cobalt and 0.7^$ niobium, 
Figure 122.  Carbide had precipitated at the interdendritic interstices as 
well as at the grain boundaries. What appears to be a precipitate within 
the white grain at the higher magnification is not a second phase tut rather 
etching pits similar to those found in ferrite. 

M3062 X100 M3063 

FIGURE 122 - MICROSTRUCTURE OF Mc-Nb-Co ALLOY, HEAT B193 
Q.lk<fo Nb, 0.0l+# Co, 0.033$ C, balance Mo, cast 

in \/acuum 
Electropoliehed, etched in NaOH+K^FefCN)^ 

X1000 
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Molybdenum-Niobium-Z:; rconium Alloys 

Heat B194, 0.75P Nb, 0-0.7:?$ Zr added, 0.033$ C.  Cast in vacuum. 
heated 16 hours at 3000 F in hydrogen.  A method for de- 
termining the amount of zirconium in molybdenum-base 
alloys in the presence of niobium has not yet been de- 
veloped; therefore, zirconium analysis of this heat is 
not available.  It has been determined, however, that 
zirconium added to other molybdenum-base alloys was 
fully recovered in the ingot. 

Macrestructure.  The macrostructure of the ternary alloys, shown in 
Figure 127, indicates a uniform decrease in grain size with increasing zir- 
conium addition, which implies that the zirconium content of the ingot in- 
creased uniformly.  The grain refining effect of zirconium is clearly shown. 

Ha nine s s.  The hardness of the ternary alloys gradually decreased as the 
testing temperature was increased from room temperature to 500 F and 1600 F. 

Microstx-ucture.  Figure 126 shows tne microstructure at a point one inch 
from the top of xhe ingot.  Marked interdendritic coring is shown at the lower 
magnification.  A fine dispersion of carbide within the grains, but very little 
grain-boundary carbide, is shown at higher magnification. 

M3050 XI00 M3066 X1000 

FIGURE 126 - MICR0STF.UCTUR2 OF Mo-Hb-Zr ALLOY,  HEAT Bly4 
Structure one inch below top of ingot containing 

not more than 0.75$ Zr, 0.033:£ C, 0.75", Kb 
Electropolished, etched in NaOH+K^Fe(CN)g 
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Molybdenum-Titanium-Aluminum Alloys 

liea- "•?.'• Ti .   0-0.9-'- Al,   0.C2V: C.     Cast  in purified,   re- 
'calated argon;  heated 18 hours at  3000 F  in hydrogen. 

Macrostructure,     The  combination of 0.^7$ titanium and aluminum in ex- 
cess of 0,3''- refined   the grain somewhat more than would be expected from each 
alloying element alone,  Figure  129. 

Gardners.     The  hardness of the  ternary alloys gradually dropped as the 
testing temperature was  raised  from room temperature  to  500 F and loOO F.     The 
addition of titanium increased the hardness  of the molybdenum-aluminum alloys 
slightly. 

Lattice   Barometer.     The change  in lattice  parameter of mo lybde num.-t.Itanium- 
aluminum alloys with  increasing aluminum content was practically the  same as 
for the molybdenum-aluminum binary alloys,  that  is,   It  seems to tie a function 
of aluminum content only. 

Micros true'cure.     Figure  120 shows  the micro structure  of the  ternary 
alloy containing 0.90\; aluminum and O.w,'- titanium.     It  is a  single-phase 
solid solution. 

M3047 XllX. M3065 X1000 

FIGURE 128  -  MICROoTRUCTURE OF Mc-Ti-Al ALLOY,   HEAT B20S 
0.^7",' Ti,  0.90?.'; A3.,  0.02^ C,  balance Mo, 

cast in argon 
£lectropolished,  etched in Na0H+K^Fe(CN)^ 
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Molybdenum-Titanium-Cobalt Alloys 

Heat B201,  0.1*1$ Ti,  0-0.12$ Co,  0.024$ C.     Cast in vacuum,  heated 
18 hours at 3000 F in hydrogen. 

Macrostructure.     Within the  range  of composition of this ingot,  the 
alloyins elements ^xerted no grain refining effect.    The grains tend to be 
equiayed,   Figure 131. 

Hardness.     Addition of up tc 0.05$ cobalt progressively decreased the 
hardness of the 0,41$ titanium alloy at both room and elevated temperatures. 
Cobalt additions of 0.05 to 0,12$,  however,  raised the hardness slightly at 
room temperature,   500,  and l600 F. 

lattice  Parameter.    The decrease  in lattice spacing of the molybdenum- 
titanium alloys was commensurate with amount of cobalt added. 

Mlcrostructure.     The microstructure of the ternary alloy containing 
0.41$ titanium and 0.09$ cobalt,   Figure 130,  is that of a 3ingle-phase  solid 
solution.     Carbides in vex-y fine dispersion appear at the  interdendritic 
interstices and at the grain boundaries. 

M3051 X100 M3070 X10C0 

FIGURE 131  - MICROSTRUCTURE OF Mo-Ti-Co ALLOY,     HEAT B201 
0.41$ Ti,  0.09$ Cc,  0.024$ C, balance Mo, 

cast in vacuum 
Electropolished,  etched   in Nft0H+K->Fe(CN)g 
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Wolybdenum-Titanium-Nlobium Alloys 

Heat B199,  0.27$ Ti,  Q-lk<f, Nb,  0.024$ C.    Cast in vacuum, heated 
18 hours at  3000 F in hydrogen 

Kicrostructure.    Within the portion of the ingot containing 0 to 10$ 
niobium, the  size and shape of the grains,  Figure 133,  were essentially the 
same as for unalloyed molybdenum. 

Hardness.    The hardness of the ternary alloys gradually decreased as the 
testing temperature was raised from room temperature to c>00 and l6C0 F.    The 
addition of 0.27$ titanium to the alloys containing 0 to 14$ niobium slightly 
increased the hardness at the  three testing temperatures from that of com- 
parable binary moiybdenura-ui.obium alloys. 

Microstructure.    The microstructure of the alloy containing 0.27$ titanium 
and 14% niobiun is shown in Figure 132.     It is a single-phase solid solution 
containing a very fine dispersion of carbide. 

M305V X100 

FIGURE 132  - MICROSTRUCTURE OF Mo-Ti-Nb ALLOY,  HEAT B199 
0.27$ Ti, lk$ Nb, 0.024% C, balance Mo, 

cast in vacuum 
Electropoliahed, etched in NaOH+K^t'crOg 
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Molybdenum-Tit.anium-Zirconium Alloys 

Heat 3200,   0.^2$ Ti,  0-0.9$ Zr,   0.02^ C.     Cast  in vacuum,  heated 
18 hours at 3000 F in hydrogen. 

Macrostructure.     The grain size  of the  ternary alloys,  Figure  13?,  was 
finer than that of molybdenum-zirconium binary alloys of similar zirconium 
content. 

Hardness.      ''here was a gradual decrease  in hardness of the   ternary 
alloys with increasing temperature from room temperature to 500 and loOO F. 
The hardness at 7-oom temperature and  500 F was about the   same as that of 
similar molybdenum-zirconium alloys at the   same temperatures,   but at 1600 F 
the  ternary alloys -were  not as hard as the  corresponding binary molybdenum- 
zirconium alloys. 

Microstructure.     Severe  intei-dendritic coring of the  solid solution is 
evident in Figure 136,  which shows the  structure of the ternary alloy contai*i- 
ing Q.h2:!o titan'um and 0.78$ zirconium.     Carbide  particles occur predominantly 
in the grains, 

M3060 X100 M3069 X1000 

FIGURE I36  - MICROSTRUCTURE OF Mo-Ti-Zr ALLOY,  HEAT B200 
0.42$ Ti,  0.78^ Zr,  0.02^6 C, balance Mo, 

cast in vacuum 
Electropolished,  etched in NaOK+K,Fe(CN)g 
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Molybdenun-Vanadium-Muminum Alloys 

Heat B188,  0.5^ V,  0-1.2$ Al,  0.027$ C.    Cast in purified,  re- 
circulated argon;  heated 18 hours at 3000 F in hydrogen. 

Macrostructure.    The  refinement of grain with increasing aluminum content 
is similar to the behavior of binary molybdenum-aluminum alloys. 

Hardnpq*?;     The hardness of the ternary alloys gradually dropped as the 
testing temperature was raised from room temperature to 500 and l600 F.     Addi- 
tion of up to 0.25$ aluminum produced little  change  in trie hardness of the 
0.5^$ vanadium binary alloy at  room temperature,  whereas at 500 and 1600 F the 
hardness increased with increasing aluminum content. 

Lattice  Parameter.     Both vanadium and aluminum contiact  the lattice 
spacing of molybdenum.     In combination the effects are additive. 

Mi crostx-ucture.     The microstructure of the ternary alloy containing 
0.5^$ vanadium and 1.2$ aluminum is shown in Figure 138.    It consists of a 
single-phase  solid solution with carbide clusters within the grains. 

M3056 X100 

FIGURE 138 - MICROSTRUCTURE OF Mo-V-Al ALLOY, HEAT B188 
0.5^$ V, 1.2$ Al, 0.027$ C, balance Mo, 

cast in argon 
Electropolished, etched in Na0H+K3Fe(CN)5 



172 

I       I  

O   El    XV )(;;   'yiLSNvuvii   33invi 



173 

Molybdenum-Vanadium-Cobalt Alloys 

B189 Heai 0.52$ V,  0-0.25$ Co,  0.027$ C. 
18 hours at  3000 F in hydrogen. 

Cast in vacuum,  heatod 

Macro structure.     The grain size,  Figure ]'+!, was similar to that of 
binary molybdenum-cobalt and molybdenum-vanadium alloys within the  same range 
of composition.     The addition of cobalt tends  to obliterate the columnar 
structure and tc form equiaxecl grains. 

Hardness.     The drop in hardness was greater from room t^mperatura to 
500 F~than from 500 F to 1600 F.     The addition of cobalt in amounts up to 
0.05$ to the 0.52$ vanadium alloy caused a slight drop in room temperature 
hardness.    Addition of 0.05 to 0.25$ cobalt caused a slight change in hard- 
ness a'v. voom temperature but a substantial increase in hardness at 500 and 
1600 F. 

Microstructure.    The microstructure of the ternary alloy containing 
0„52$ vanadium and 0=20$ cobalt,  Figure 1^0,  consists of a single-phase  solid 
solution containing a dispersion of coarser carbide than was found in the 
other ternary alloys.     Some micropcrosity was observed. 

M2813 X100 M281U X1000 

FIGURE lto - MICROSTRUCTURE OF Mo-V-Co ALLOY,  HEAT BI89 
0.52$ V,  0.20$ Co,  0.027$ C,  balance Mo,  cast 

in vacuum 
Eleetropolished, etched in NaOH-t-K^FeCCN)^ 
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Molybdenum-Vanadium-Titanium Alloys 

Heat B187, 0.~k\':  V, 0-0. ft  Ti, 0.027:' C.  Cast in vacuum, heated 
18 hours at 3000 F in hydrogen. 

Macrostructurc.  The grain size of the ternary alloy- was the same as 
tliat of molybdenum-titanium binary alloys of similar titanium content. 

Hardness.  The hardness of the ternary alloys dropped rapidly as the 
testing temperature was raised from room temperature to '^00 F and dropped 
slowly as the temperature was raised from p00 to 1600 F, Addition of up to 
0.7?' titanium produced a small increase in hardness of the O.'^'V-i vanadium alloy 
at room temperature and at loCO F, but at 500 F it increased, the hardness 
greatly. 

Lattice- Parameter. Titanium increases the lattice spacing of molybdenum 
and vanadium contracts it. The effect of combining the two alloying elements 
was that of algebraic addition. 

Microstructure.  The microstructure of the ternary alloy containing O.^tf. 
vanadium and O.oT.- titanium is shown in Figure ll*2.  It consists of a single- 
phase solid solution.  At lower concentrations of titanium, tlie carbide phase 
had coalesced at the grain boundaries. As the titanium content was increased, 
the carbide phase became more finely dispersed and sppeared in clusters within 
the grains, as shown in the photomicrographs below. 

X3.00 M2810 X1000 

FIGURE 1U2 - MICROSTRUCTURS OF Mo-V-Ti ALLOY, HEAT Bl8? 
O.^h-i  V, 0.57* Ti3 0,027$ C, balance Mo, cast 

in vacuum 
Electropolished, etcned in NaOII+KoFe (CN)g 
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Molybdenun-Vanadium-Zirconium Alloys 

Heat B190,  0.51$ V,   0-0.9$ Zr.   0.027$ C.     Cast  in vacuum,  heated 
16 hours at  3000 F in hydrogen. 

Macrostructure.     The  photomacrograph,   Figure  1^5 >   shoves progressive grain 
refinement with increasing zirconium content,   similar to that of the molybdenum- 
zirconium binary alloys. 

Hardness.     The hardness of the ternary alloys gradually dropped as the 
testing temperature was raioed from room temperature  to 500 and loOO F.    At 
room temperature the hardness of the  ternary alloys was essentially the   same 
as for the  corresponding binary molybdenum-zirconium alloys.     At  500 F the 
ternary alloys were  slightly lower in hardness,  and at loOO F appreciably 
lower, than the corresponding binary molybdenum-zirconium alloys.    This anom- 
alous behavior of hardness  is  probably associated  with  the  severely cored 
structure  of the  ternary alloys,   see  Figure  ikk. 

Microstructure.     The  cored  structure of the alloy containing 0,51$ 
vanadium and 0.87$ zirconium is  shown in Figure  Ikk.     Finely dispersed carbide 
occurred in clusters within the grains, as  it had  in binary molybdenum-zir- 
conium alloys containing 0.15$ or more  zirconium. 

M3048 M3071 X1000 

F1GTTOE Ikk  - MICROSTRUCTURE OF Mo-V-Zr ALLOY,  HEAT B190 
0.51$ V,  0.87$ Zr,  0.027$ C, balance Mo,  cast 

in vacuum 
Electropoliflhed, etched in NaOH+KoFte(CNi': 
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1. No difficulty attributable to the alloying elements was encountered 
during melting of the ternary molybdenum-base alleys, either in maintaining 
the arc. or in filling the mold. 

2. All the ternary alloys consisted of terminal solid solutions, except 
for a small amount of carbide phase resulting from the method, of deoxidation. 

3. The carbide phase occurred in two nhnr^cter?.stic forms.  In ternary 
molybdenum-base alloys containing any two elements of the group aluminum, cobalt, 
niobium, and vanadium, the carbides occurred as coalesced par+iclen within the 
grains and at the grain boundaries.  Addition of zirconium or titanium to these 
alloys causer' the carbide to precipitate in an extremely fine dispersion, prin- 
cipally within the grains at interdendritic interstices.  The transition of the 
carbides from the coalesced type to the fine dispersion was a function of zir- 
conium and/or titanium contents.  To produce significant transition, about 0.15$ 
zirconium or 0.50'Jv titanium is required.  The effect is similar to that observed 
in unalloyed molybdenum to which zirconium and titanium are added. 

h. All of the alloys exhibited interdendritic segregation, an indication 
that solidification had occurred over a wide range of temperature. Coring was 
most pronounced in the ternary alloys containing zirconium. Heating the cast- 
ings for 18 hours at 3000 F did net eliminate this microsegregation. 

5. The lattice parameter of a ternary molybdenum-base alloy is a function 
of the amount of alloying element present.  The effects of two alloying elements 
simultaneously present were algebraically additive. 

6. Figures 1^6-151 summarize hardness data obtained in this investigation 
at room temperature and lfoOO F for the molybdenum-base ternary alleys and for 
pertinent molybdenum-base binary alloys as a comparison. The effect of the 
third element upon the hardness of the binary alloys was erratic;,  Ternary mo- 
lybdenum-base alloys containing small amounts of aluminum or cobalt generally 
have lower hardness at room temperature than corresponding binary molybdenum- 
base alloys free from the.aluminum or cobalt.  This is similar to the effect 
of adding small amounts of aluminum or cobalt to unalloyed molybdenum. At 1600 F, 
all of the ternary alloys were harder than the corresponding binary alloys.  In 
general the hardening effects of addition of two alloying elements to molybdenum 
are additive. 

ACKNOWLEDGMENT 

The work described in this report represents the combined efforts of the 
Climax Molybdenum Company Research Laboratory personnel, with valued advice from 
its administrative and technical supervisory staff.  This indispensable coopera- 
tion is herewith acknowledged.  In particular, we wish to thank William C. Coons 
for metallographic examination, and Robert H. Maurer for chemical analysis, of 
the materials of this investigation. 

This report covers work conducted at the Detroit Research Laboratory of 
the Climax Molybdenum Company.  The developments disclosed have been or will be 
embodied in patent applications assigned to the Climax Molybdenum Company. 



L8O 

REFERENCES 

1. Arc-Cast Molybdenum-Base Alloys. First Annual Report, Ccntract N8onr-78700, 
to Office of Naval Research, Navy Department, April 1, 1950. Climax 
Molybdenum Company of Michigan 

2. The sane, Second Annual Report, 1951 

3. The same, Third Annual Report, 1952 

h.    V.   S. Patents 2,538,917 and 2,630,220.  Steel, vol 130, No. 22 (1952), 92 

5. ASM Handbook, American Society for Metals, I9U8, p 259 

6. "Progress in Metal Physics", Bruce Chalmers, Editor, Interscience Publishers, 
Inc., New York, vol 3 (1952), 266, 27^ 



L8l 

at 
a 
?r 
< 
x 

I- >- 
o 
J 
-j 
< 

UJ CD 

Si 

2:  ^ 

2 

J 
< 
Li. 
O 

h 
O 
1.1 

It. 
u 

>- 

d 
>- 
ce 
< 
z 

L. 
o 

4dA      SS3NOilVH 



132 

s 1 
;• • 

in I 

~ •              > 
Li 
a 1 
d. ' 
l4l 
0 
u 
0 

        ,  

 ___. — —. 

Ul 
a: 
_/ 
I— 
< 
a: u. 
UJ o 
a. o 

to 
2 
U! 

\ 2 
$ 

> V 8 
^v 0£ 

0 ^s^ 
0 

J > > J 
< 3 

z <M 18 
*\ in ^V               LO i>- 

V.X. 
11 V\ IV    ° • 
> S\ \ <p 

^v. \ _    \^f^V 0 
2 

R& • >^ ^S^ J 
fc    R.z 

4,0 
O     X^Ni 1 X   o 

I/) 
UJ 
UJ 
Z 
Q 

o a 
C-J 

T
 
U
P
O
N
 
T
H
E
 
H
A
 

B
A
S
E
 
A
L
L
O
Y
S
 

m Z    l 

' (f 
UJ 4 

z-i 
I 
11 

o z 
O  UJ 

Q 

s ••i5 
h < H J CQ  O < O 5 
0 O 
u >- 

n U.  K 
O < 

z 
o u 
u. 
u. u. 
u o 

IN. 

IT) 

O Ul 

 f 

o 
u. 

o o c r-* 

*T o so iM 
m n iN r\l 

8 o 

NcJA    'CS3Kai)*H 



-i Q-? 

NdA    'SS3NOUVH 



181 

o O O O © © O 
*T o U> C\J 00 •«• o m rn c r-j r— r ' 

NdA    'SS3NOUVH 



185 

'SS3NQNVH 



187 

APPENDIX 

PACE 

A. PROCEDURES FOR CHEMICAL ANALYSIS OF MOLYBDENUM-BASE ALLOYS 190 

Rare .Earth Metals 1QO 
Al and Co in Mo-Al-Co Alloys 192 
Al and Hi in Mo-Al-Hi Alloys 192 
Al and lib in Mo-Al-Nb Alloys 19U 
Al and Ti in Mo-Al-Ti Alloys I96 
Al and V in Mo-Al-V Alloys 197 
Al and Zr in Mo-Al-Zr Alloys 197 
Cc and Kb in ffo-Co-Kb /Hoys 199 
Cc and Ti in Mo-Cc-Ti Alloys 200 
Co and V in Mo-Co-V Alloys 201 
Co and Zr in Mo-Co-Zr Alloys 202 
Kb and Ti in Mo-IIb-Ti Alloys 202 
Ti and V in Mo-Ti-V Alloys 204 
Ti and Zr in Mc-T:-Zr Alloys 205 
V and Zr in Mo-V-Zr Alloys 207 

B. DYNAMIC HARDNESS TESTS 208 

C. MECHANICAL PR0FSRTIES OF MOTYP.DETTUM AND MOLYBDENUM-BASE ALLOYS 225 

Tensile Properties at Room, and Elevated Temperatures of 
Rolled Molybdemua-Base Alloys, Table Cl 225 

C re :?p-Rupture Data on Arc-Cast Molybdenum-Base Alloys in 
Strecs-Relie/ed and Recrystallized Conditions at loCO, 
1800, and 2000 F, Table C2 239 

Hot Hardness of Molybdenum and Molybdenum-Base Alloys as Cast 248 
Molybdenum deoxidized with rare earth metals; Mo-Mi, and 

Mo-Si Alleys 248 
Mo-Al Alloys 2^9 
Mo-Co Alloys 250 
Mo-Nb Alloys 2?1 
Mo-Ti Alloys 252 
Mo-V Alleys 253 
Mo-Zr Alloys 254 

Hardness vs Annealing Temperature of Molybdenum and Molybdenum- 
Base Alloy Bars 255 

Unalloyed Molybdenum 255 
Mo-Al Alleys 256 
Mo-Nb. Alloys 257 
MO-Ti Alloys 25B-25') 
Mc-V Alloys 2o0-26l 
Mo-Co and Mo-Zr Alloys 2o2 
Mo-Nb-Ti, Mo-Al-Ti, and Mc-Co-Ti Alloys 2o3 

...... 
—s=rsi±r"—- —-: •: --'r- — 



188 

APPENDIX (continued) 

HEAT    PAGE 

Efi'ect of Annealing Temperature on the Grain Size 
of Molybdenum-Base Alloys 264-205 

Hot Hardness of Wrought Molybdenum and Molybdenum-Base 
Alloys 266 

Unalloyed Molybdenum 
0.015 c 937 266 
o.o4o c 1159 267 
0.0026 C, G.005 Ce, 0.007 other rare earth metals 10^5 268 

Molybdenum-Aluminum Alloys 
0.17 Al, 0.003 C 1063 269 
0.49 .AL, 0.006 C 1058 270 
0.53 Al, 0.003 C 987 271 

Molybdenum-Cobalt Alloys 
0.074 Co, 0.020 C 1144 272 
0.11 Co, 0.18 Ti, 0.030 C 1217 273 
0.19 Co, 0.037 C 1173 274 

Molybdenum-Niobium Alloys 
0.24 Kb, 0.019 C 988 275 
0.31 Nb, 0.032 C 1082 276 
0.31 lib, 0.032 C, 0.16 Ti 1001 277 
0.52 Nb, 0.019 C 978 270 
0.75 Nb, 0.033 C 1057 279 

Molybdenum-Titanium Alloys 
0.45 Ti, 0.024 C 1132 280 
0.69 Ti, 0.0028 C, 0.12 other rare earth metals 1048 281 
0.85 Ti, 0.014 C 1133 282 
1.^2 Ti, 0.014 C 1138 283 
1.25 Ti, 0.036 C 1009 284 
3.59 Ti, 0.027 C 1174 285 

Molybdenum-Vanadium Alloys 
0.54 v, 0.027 c 1051 286 
0.56 v, 0.030 C 1021 287 
O.85 V. 0.0012 C, 0.003 Ce, 0.003 other rare 
earth metals 1049 288 

0,88 V, 0.057 C 672 289 
1.02 V, 0.029 C 1052 290 
1.25 v, 0.006 C 1151 291 
1.46 V, 0.033 C 1175 292 

Molybdenum-Zirconium Alloy 
0.09 Zr, 0.019 C 1207    293 

• 

- 



189 

APPENDIX (continued.) 

HEAT 

Tensile Strength of I" and 5/0" Diameter Bars 
Unalloyed Molybdenum 
Mo-Al Alloys 
Mo-Cc and Mo-Zr Alloys 
Mo-Nb Alloys 
Mo-Ti Alloys 
Mo-V Alloys 

Impact (V-Motch) Transition 

Unalloyed Molybdenum 
0.015 C 
0.04o C 

Molybdenum-Aluminum Alloys 
0.17 Al, 0,003 C 
0.^9 Al, 0.00b C 
0.53 Al, 0.003 C 

Molybdenum-Cobalt Alloys 
0.074 Co, 0.020 C 
0,11 Co, 0.03 C, 0.18 Ti 

Molybdenum-Niobium Alloys 
0.24 Nb, 0.019 C 
0.52 Nb, 0.019 C 
0.75 Nb, 0.033 C 

Molybdenum-Titanium Alloys 
0.45 Ti, 0.024 C 
O.69 Ti, 0.0028 C, 0.12 other rare earth metals 
0.85 Ti, 0.014 C 
1.22 Ti, 0.014 C 
1.26 Ti, 0.036 C 

Molybdenum-Vanadium Alloys 
0.54 V, 0.027 C 
0.56 V, 0.030 C 
0.85 V, 0.0012 C, 0.003 Ce, 0.003 other rare 

earth metals 
1.00 v, 0.029 c 
1.25 v., 0.006 c 

PAGE 

294 
294 
295 
296 
297 
298 
299 

300 

937 
1159 

300 
300 

IO63 
1058 
987 

301 
301 
302 

1144 
1217 

310 
309 

988 
978 

1057 

302 
303 
303 

1132 
1048 
1133 
1138 
1009 

304 
304 
305 
305 
306 

1051 
1012 

306 
307 

1049 
1052 
1151 

307 
308 
308 

Molybdenum-Zirconium Alloy 
0.09 Zr, 0.019 C 

Oxidation of Molybdenum and Molybdenum-Base Alloys 
at 1750 F 

Unalloyed Mo, Mo-Al, and Mo-Nb Alloys 
Mo-Ti, Mo-V, Mo-Co, and Mo-Zr Alloys 

1207 309 

311 
311 
312 

• • 



190 

APPENDIX    A 

PROCEDURES FOR CHEMICAL ANALYSIS 
OF MOLrBDENUM-BASE ALLOYS 

by 

Robert H.  Maurer 

Determination of Rare Earth Metals 

Outline of Method 

The combined rare earths are separated from molybdenum by repeated precip- 
itation with excess ammonium hydroxide.    The combined hydroxides of the rare 
earths are converted to oxides by ignition at 650 C.    The oxides are dissolved 
in concentrated hydrochloric acid and the  solution evaporated just to dryness. 
The i-are earth chlorides are rediesolved in a little water and then precipitated 
as oxalates with oxalic acid.    The oxalates are ignited to oxides and weighed 
as combined rare earth oxides.    The oxides are redissolved by fusion ,Tith KHS04 
and the cerium oxidized to the tetravalent state by ammonium persulphate in the 
presence of silver nitrate.    Cerium is then determined by titration with stand- 
ard ferrous ammonium sulphate solution.    The cerium is calculated to the oxide 
and this weight deducted from the total weight of combined rare earth oxides. 
No chemical methods are known for the quantitative separation of the other 
rare earths.    Spectroscopic or flame photomerer methods are usually used for 
quantitative determinations of tb.3 rare earths. 

Solutions Required 

0.0125N Fe(NRl|)2(S04)2.6H20 solution.    Dissolve 1+.902 g Pe(NHl02(sc%)2-6H20 
in 200 ml H2O containing 20 ml H2SOI+.    Cool and dilute to 1 liter.    Stand- 
ardize against 0.0125N ^C^Oy solution. 

0.0125N KoC^Of polution.    Dissolve 0.6129 g of the Bureau of Standards 
standard sample of ^C^Of in water and dilute +0 exactly 1000 ml.    This 
is a primary standard. 

Diphenylamine sulfonie acid:    Dissolve 0.32 g of barium diphenylaie'! ne 
sulfonate in IX ml H2O.    Add 3 ml E2SO4, heat to boiling and digest for 
10 minutes.    Allow the BaSOU to settle and filter through Whatman No.  k2 
paper.    Cool to room temperature. 

Silver Nitrate:    1$ solution. 
Standardize the ferroup ammonium sulphate solution as follows:    To 25 ml 
of the ferrous solution add 200 ml water, 10 ml I^SOl^ (1-5),  5 ml H3POI4. 
and 12 drops diphenylamine sulphonic acid indicator.    Titrate with the 
standard dichromate solution. 
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Procedure 

Dissolve 5 g of sample in a 500 ml beaker with 75 ml HC1 and 15 ml HWO3. 
A blank containing 5 S of pure molybdenum is carried through the entire pro- 
cedure,  When solution is complete, ad.d 100 ml H2O and h  or 5 drops of phenol 
red indicator solution (l£ in 25'io ethanol).  Neutralize with NHkOH. tnen add 
an excess of NHJ4.OH equal to about 10;J of the total volume of solution, i.e., 
about 25 ml excess NHljOfl.  Heat to boiling and boil for one minute. Allow to 
cool to room temperature, preferaoly over night.  Filter through Whatman Mo. h-2 
filter paper containing a little ashless filter paper pulp.  Wash with cold 5$ 
KHi+Cl solution containing 100 ml NHjT0H per liter.  Place the original beaker 
under the funnel and dissolve the precipitate by washing the paper at least 
three times with hot KC1 (1-3).  Wash the paper three times with hot water; 
then once with cold J,':  KK..0K.  Reserve the filter paper. Repeat the NH^OH 
precipitation exactly as before, cool and filter through the reserved filter 
paper.  Wash with ammoniacal IJHl;Cl solution as before.  Dry the paper and resi- 
due in a platinum crucible, then ignite at 980 C. Cool, add 2 ml H2SOI4., 5 ml 
HF and evaporate to fumes of SO3. 

Transfer the HgSO^ solution to a 250 ml beaker and dilute to 100 ml. Add 
phenol red indicator and neutralize with JNHlj.QH, then add an excess of 10$ by 
volume.  Boil for one minute, cool to room temperature and filter through 
No. kO  Whatman paper containing a little ashless filter paper pulp. Wash with 
5$ NTIi+Ol solution containing 100 ml NHLOH per liter. Dry and ignite the paper 
at 500 C.  Cool, add p nil HC1, cover and warm the crucible until the residue 
is completely dissolved. Transfer the solution to a 50 mi beaker, rinsing the 
crucible with a little water.  Evaporate just to dryness, cool, add 20 ml sat- 
urated oxalic acid solution and digest below boiling for 30 minutes.  Let stand 
over night, filter through a 9 cm Whatman No. h2  paper and wash with 0.5^ 
oxalic acid.  Ignite in a weighed platinum crucible at 98O C, cool and weigh. 
Deduct the weight of the blank and the remainder is the weight of the rare 
earth oxides. Also included in this residue is any thorium, scandium, yttrium 
and lanthanum which may have been present originally. 

Fuse the residue in 2-3 g KHSOI4. and dissolve the melt in 200 ml HgO con- 
taining 10 ml HgSOij.. Add lp ml of the silver nitrate solution and 2 g of 
ammonium persulphate crystals.  Boil gently for 10-15 minutes, then cool to 
room temperature. Add 2 drops of 0.025M ortho-phenanthroline ferrous complex 
and titrate with standard 0.0125 N ferrous ammonium sulphate solution.  One ml 
0.0125 N Fe (NRVJ2 (SO1J2.6H2O solution is equivalent to 0.0017517 g Ce or 
0.0020518 g Ce203.  Calculate the cerium to Ce20^ and deduct this weight from 
the total weight of rare earth oxides. No satisfactory wet chemical methods 
are available for the quantitative separation of the other rare earths. The 
spectroscope and the flame photometer are used for the quantitative determina- 
tion of the various rare earths, but neither of these instruments is available 
in +his laboratory. As a reasonable approximation of the total rare earth metals 
I^resent, other than cerium, a factor for the conversion of the oxide to the metal 
which is the mean of all the factors for the rare earths should be satisfactory. 
Using the mean value of 0.866, the result obtained for rare earths as metals 
would be close to the true value, regardless of the actual distribution of the 
rare earths in the mixture under consideration. 

- 
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Spectrographic Analysis 

Prior to the development of wet chemical methods of determining rare 
earth metals in molybdenum ana molybdenum-base alloys} a  number of spectro- 
graphic detenainations were made.  Specimens of alloys containing rare earth 
metals were cent to New England Spectrochemical Laboratories,   Ipswich, Massa- 
chusetts, fcr analysis. A list of the alloys, melting atmospheres, additions, 
and spectre-graphic analyses is given in Table Al. Analyses made by the method 
of wet chemistry described above are also given.  The correlation between the 
results of the two types of analysis is poor, particularly when the rare earth 
metal additions were high.  It was judged advisable to rely upon the wet chem- 
ical analyses; therefore, only these are given for the heats of the deoxida- 
tion series containing rare earth metals, Table 12. 

Determination of Aluminum and Cobalt 
in Molybdenum-Aluminum-Cobalt Alloys 

Synthetic mixtures of these metals were prepared from solutions of pure 
molybdenum and from standard solutions of cobalt and aluminum. This synthetic 
solution was equivalent to a solution of a ternary alloy containing 99-65^ mo- 
lybdenum, 0.25/J aluminum and 0.20^ cobalt. Tests with this synthetic mixture 
gave the following results: 

(a) Complete recovery of aluminum was obtained by using the method 
given in the first annual report for the determination of alu- 
minum in the binary alloy of molybdenum and aluminum. 

(b) Complete recovery of cobalt WGC also obtained by the method for 
its determination in the binary alloy of molybdenum and cobalt. 

Determination of Aluminum and Nickel 
in Molybdenum-Aluminum-Nickel Alloys 

A solution of a synthetic alloy of molybdenum, aluminum and nickel vas 
pre pared from solutions of pure molybdenum metal, pure aluminum metal and a 
standard solution of nickel prepared from reagent grade n:ckel nitrate. This 
solution was prepared to contain 5 g molybdenum, 0.0102 g nickel and 0.0125 g 
aluminum. Tests with this mixture gave the following results: 

(a) Complete recovery of aluminum was obtained by usins the method 
given in the first annual report for the determination of alu- 
minum in the binary alloy of molybdenum and aluminum. 

(b; Complete recovery of the added nickel waa also obtained by the 
dimethylglyoxime method used for its determination in the bi- 
nary molybdenum-nickel alloy, first annual report. 
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Determination of Aluminum and Niobium 
in Molybdenuia-MuEinuir.-Niobiu.ii Alloys 

Outline of Method 

Aluminum and niobium are determined on separate samples.  Both elements 
are separated from molybdenum by precipitation with ammonium hydroxide. Alu- 
minum requires careful control of the pH for its complete precipitation while 
a large excess of ammonium hydroxide is necessary for all of the niobium to 
be precipitated. 

Some niobium always accompanies the aluminum hydroxide precipitate ob- 
tained by  the ammonium hydroxide precipitation.  The niobium is precipitated 
by hydrolysis in a dilute hydrochloric acid solution containing sulphurous 
acid.  The hydrolyzed niobium is removed by filtration and aluminum determined 
gravimetrically on the filtrate. 

The precipitation of niobium with excess ammonium hydroxide is contaminated 
with aluminum hydroxide. Aluminum is dissolved by boiling with 5>J HC1.  Boil- 
ing the dilute HC1 solution with sulphurous acid completely precipitates the 
niobium by hydrolysis.  The precipitate is filtered, ignited and silica removed 
with hydrofluoric acid. 

Aluminum 

Weigh a sample of such size as to contain not more than 0.05 g aluminum. 
Dissolve the chips with a mixture of coneenxrated HC1 and HNOo containing 
10 ml HC1 and 3 ml HNO3 for each gram of sample.  Heat gently until the sample 
is decomposed. Add 100 ml KpO and 5 or 6 drops of phenol red indicator (0.1 g 
dissolved in 100 ml of 2$p  ethanol). Add concentrated NH4OH from a burette 
until the first permanent red color of the indicator appears; then adri o.7 nil 
excess. Add a little ashless filter paper pulp and heat the solution to boil- 
ing.  Boil for one minute, remove from the hot plate and let stand until the 
solution is cool, or better, overnight.  Filter through No. 42 Whatman paper 
or its equivalent, rinsing the beaker several times with cold 2$ NHl^Cl, pour- 
ing the rinsings through the filter paper. Wash the precipitate on the filter 
paper four times with cold 2%  NH^d solution. 

Place the original beaker under the funnel and, using a wash bottle, wash 
the paper and precipitate thoroughly with hot HC1 (l-l).  At least three wash- 
ings are required to dissolve all of the soluble matter on the filter. Wash 
the paper twice with hot water and then once with cold 3)» NHl^OH solution. Re- 
serve the filter paper. Dilute the filtrate to 100 ml, add phenol red in- 
dicator and add NHJ4OH until neutral, then add 0.7 ml excess. Add a little 
ashless filter paper pulp, heat to boiling and boil for one minute. Remove 
from the hot plate, let settle and then filter through the reserved filter 
paper. Wash with hot 2$  NH4CI. Place the paper and precipitate in a platinum 
crucible and ignite until the paper is destroyed. PVse the residue with k  or 
5 g KHS02+*.  Dissolve the melt in 100 ml HC1 (l-l) in a 250 ml beaker. Remove 
the crucible and rinse with water. Transfer the solution to a 600 ml beaker, 

* See Note 1 
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dilute to 250 ml with water, and add 5 drops phenol red indicator.  Neutralize 
with NH4OH and add 0.7 nil excess.  Add a little at'hless filter paper pulp and 
heat to boiling for one minute.  Let settle, iiJter through a No. ho  Whatman 
paper and wash with hot 2'.- i!Ii!|Cl.  Transfer the washed paper and residue to 
the original beaker and add 100 ml yh  HC1 and 25 ml 6$ II2SO3.  Macerate the 
paper to a pulp and boil for three minutes.  Digest just below boiling for 
fifteen minutes. Filter through a 12.5 cm Whatman No. U2 paper and wash with 
hot 2b HC1.  Discard the paper and any insoluble residue. To the filtrate 
add phenol red indicator and neutralize with NHi.OH, then add 0.7 ml excess. 
Add a little ashless paper pulp and boil one minute.  Let settle, then filter 
through No. to Whatman paper and wash with hot 2Ljo  NH24.CI.  Dry and ignite the 
paper and residue in a weighed platinum crucible until all organic matter is 
decomposed.  Add 3 or h  drops of IIQSOIJ. (l-l) and 5 ml HF.  Evaporate to dry- 
r.ess, then ignite at l800 F for 20 minutes.  Cool and weigh. 

A blank must be carried through the entire procedure, using a weight of 
pure molybdenum equal to the weight of sample used. The weight of the blank 
obtained is deducted from the weight of the oxide obtained in the sample. 

Niobium 

Dissolve a sample containing not more than 0.02 g Nb in a mixture of 
concentrated HC1 and HNO3 containing 10 ml HC1 and 3 ml HNCb for each gram 
of sample.  Heat gently until the  sample is decomposed, add~200 ml HoO and 
k  or 5 drops of phenol red indicator. Neutralize with NK^OH and add 10 ml 
in excess,  boil for 15 minutes, add a little ashless filter paper pulp and 
cool to room temperature.  Digest at least one hour at room temperature. 
Filter through No. k-2  Whaxman paper or its equivalent, containing a little 
ashless pulp.  Wash with hot 2?'- NHl+Cl containing 1 ml NHl+OH per liter of 
solution.  Place the paper and precipitate in a platinum crucible and ignite 
until all the paper is destroyed*. Fuse the ignited residue with h  or 5 6 
KHS0i| and dissolve the melt in a 250 ml beaker with 100 ml HC1 (l-l). Re- 
move the crucible and rinse it with water. Transfer the solut.'.on to a 600 ml 
beaker, dilute to about 250 ml and add 5 drops phenol red indi axor.  Neutral- 
ize with NH^OH, then add 10 ml excess.  Boil for 15 minutes, add a little ash- 
less filter paper pulp and digest at room temperature for one hour. Filter 
through a No. k2 Whatman paper containing a little ashless pulp. Wash with 
hot 2cp  NHi',Cl containing 1 ml NH^OH per liter of solution. 

Transfer the paper and precipitate to the original, beaker and add 100 ml 
of 5$ HC1 and 25 ml of 6$ H2SO3. Macerate the paper to pulp and boil for 3 
minutes.  Digest just below the boiling point for 15 minutes.  Filter through 
a 12.5 cm Whatman No. k-2  paper containing a little ashless pulp and wash with 
hot 2$ HC1.  ignite in a weighed platinum crucible, first at a low temperature 
to burn off the paper and finally for 15 minutes at 1800 F. Cool, add 2 ml 
H^SOlj. (l-l) and 2 ml HF. Evaporate to dryness on the hot plate, then ignite 
at 1800 F for 30 minutes.  Cool and weigh the Ift^Oj. 

* See Note 2 

—• -i^.---.. — - 
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Note 1.  Some samples contain AI2O3 as nonmetallie inclusions.  This AI2O3 
remains insoluble during the attack with HCI-HIJO3.  If precautions were not 
taken to insure the solution of all the aluminum in tat- s^iple, the undis- 
solved AI2O3 would remain wltn the NboO^ precipitate and yield apparently 
high values for niobium.  Similarly, correspondingly low values would result 
in the aluminum determination.  If the initial decomposition of the sample 
yields a perfectly clear solution, the ignition and fusion of the precipitate 
with KHSO4 may be eliminated from both the determination of Al and Nb. 

Note 2.  It is not necessary to carry along a blank in the niobium determina- 
tion. In a number of tects, the blank was found to be so small as to be of 
no conseouence. 

Determination of Aluminum and Titanium 
in Molybdenum-Al1.milni..'m-Titanium Alloys 

The combined, impure AI2O3 and TiC>2 are obtained exactly as described in 
the method for the determination of aluminum or titanium in binary molybdenum- 
base alloys. A blank sample of pure molybdenum metal of the same weight as 
the sample to be analyzed is carried through the entire procedure. 

After the weight of the combined oxides has been ascertained, fuse the 
residue with 1 to 2 grams of K1ISO4.  Dissolve the melt in 200 ml of 10$ (by 
volume) sulphuric acid. Add a little ashless filter paper pulp to the: solu- 
tion and cool to 5 to 10 C.  Precipitate the titanium by the addition of 
15 ml of a cold, freshly prepared solution of 6 g Cupferron in 100 ml water. 
Add the reagent by allowing it to run slowly down J< he side of the beaker and 
stirring continuously during the addition.  Let settle 2 or 3 minutes, then 
check for completeness of precipitation by adding a little more reagent. The 
formation of a white, crystalline precipitate indicates complete precipitation. 
The  titanium precipitate of Cupferron is yellow. 

Filter through No. 40 Whatman paper containing a little ashless filter 
paper pulp. Wash the paper and precipitate five times with cold 10$ H2SO4 
solution containing 25 ml of the 6$ Cupferron reagent per liter of solution. 
Transfer the paper and precipitate to a weighed platinum crucible and dry for 
two hours at 110 C. Char the paper on an asbestos pad over a Fisher or Meker 
burner. Ignite carefully until organic matter is destroyed, then finally ig- 
nite at 1800 F for 30 minutes> Cool and weigh the ignited residues. Deduct 
the weight of the blank residue and the remainder is pure Ti02 of which 59.95$ 
is titanium. 

Aluminum is determined by difference. Deduct the weight of blank orig- 
inally obtained from the weight of combined, impure AI2O3 and TiOg. The weight 
obtained is pure AI2O3 + Ti02. Now deduct the weight of TiOo obtained by the 
Cupferron method and the remainder is pure AI2C3 of which 52.91$ is aluminum. 
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Determination of Aluminum and Vanadium 
in Molybdenum-Aliuninum-Vanadium Alloys 

A synthetic mixture of molybdenum, aluminum and vanadium was prepared 
from a solution of pure molybdenum metal and from standard solutions of 
aluminum and vanadiu;,..  This synthetic solution vas equivalent to a solution 
of a ternary alloy containing 995" molybdenum, 0.75$ vanadium and 0.25$ alu- 
minum.  Tests with this synthetic mixture gave the following results: 

(a) The method given in the firot annual report for the deter- 
mination of vanadium in a binary molybdenum-vanadium alloy 
was equally satisfactory for the ternary alloy containing 
aluminum. 

(b) Complete recovery of aluminum was obtained by using the 
method given in the first annual report for the determina- 
tion of aluminum in the binary alloy of molybdenum and 
aluminum. When vanadium was present, a very dark colored 
solution was obtained as the neutral point approaches with 
the addition of ammonium hydroxide, Tne appearance of a 
purplish color was assumed to be the neutral point to the 
phenol red indicator. This \~as the point taken for the 
addition of the excess ammonium hydroxide. Boiling, fol- 
lowed by digestion below boiling caused the dark color to 
disappear and the normal red color of the indicator 
appeared. No dark color was observed in the subsequent 
precipitations with ammonium hydroxide. 

Determination of Aluminum and Zirconium 
in Molybdenum-Aluminum-Zirconium Alloys 

Outline of Method 

The combined hydroxides of aluminum and zirconium are separated from the 
bulk of the molybdenum by repeated precipitation with NHI4.OH. The hydroxides 
are ignited to the oxides in a platinum crucible. These oxides are redis- 
solved by fusion witn KHSOij. and the melt dissolved in dilute E^SOl^. Zirconium 
is then separated from aluminum by precipitation as phosphate. Zirconium is 
separated from phosphate by fusion with r^COj and is then precipitated by 
NH4OH and finally weighed as the oxide. Aluminum is determined in the fil- 
trate from the zirconium phosphate precipitate. The solution is partially 
neutralized, an acetic acid solution of 8-hydroxyquinoline added, and aluminum 
oxyquinolate precipitated by making the solution ammoniacal. After filtration, 
the organic matter is destroyed by evaporation with HgSOi,. and HNO3. Aluminum 
is then precipitated with NH4OK and finally ignited and weighed as AI2O3. 

• 
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Procedure 

Dissolve a suitable weight of sample with HC1 and HNCb, using 10 ml HC1 
and 3 ml HNO3 for each gram of sample. A blank containing'an equal weight of 
pure molybdenum is carried through the entire procedure. When solution is 
complete, heat gently until most of the oxides of nitrogen are driven off, 
Add 100 ml HgO, a little ashless filter paper pulp and five or six drops of 
phenol red indicator. Add N3IU0H until the first permanent red color of the 
indicator appears, then add a 0.7 ml excess. Heat to boiling and boil for 
one minute, remove from the hot plate and let stand until the solution is at 
room temperature. Filter through No. '*2 Whatman paper and wash the precipi- 
tate with ccld 2 or %  NHI4JIO3. Discard the filtrate and washings. 

Place the original beaker under the funnel and dissolve the precipitate 
by washing with hot 1-1 HC1. Wash the paper twice with hot water and finally, 
once with cold yp  NIfyOH. Reserve the filter paper. Dilute the filtrate and 
washings to 100 ml and repeat the precipitation with NH4OH.  Boil one minute, 
let settle a few minutes,.then filter through the reserved paper. Wash the 
precipitate with box, dilute NH4NO3. Discard the fiDtrate and washings. 
Place the original beaker under the funnel, redissolve the precipitate with 
HC1 and make a third separation with NF)j.0H. Dry and ignite the final pre- 
cipitate at l8C0 F in a platinum crucible. 

Fuse the residue with k  or 5 g KHSO4 and dissolve the cooled melt in 
J00 ml of 10$ HgSOlj.. Cool to room temperature, add a little ashless filter 
paper pulp and 20 ml of a freshly prepared 2%  solution of (NHl4.)2HP0)+. Digest 
for two hours at UO-50 C, then filter through No. kO  Whatman paper and wash 
four or five times with hot 2 or 3^ NH4NO3. Reserve the filtrate and washings 
for the determination of aluminum. 

Ignite the zirconium phosphate precipitate very carefully until the 
paper is destroyed. Finally ignite at 1800 F. Now separate the zirconium 
from, the phosphate by fusion with NagCO'-j, and complete the zirconium deter- 
mination as described in "The Determination of Zirconium in Molybdenum-Base 
Alloys". 

Evaporate the reserved filtrate to approximately 150 ml. Add two drops 
of methyl orange indicator solution and add concentrated NH^OH until the solu- 
tion is just slightly acid to the indicator. If too much NH^OH is inadvertently 
added at this point (indicated by formation of a precipitate in the solution), 
add two or three drops of concentrated H2SOJ4.. Add 10 ml* 3-hydroxyquinoline 
solution (5 g dissolved in 100 ml 2N acetic acid), then add NH4.OH until alka- 
line, and finally an excess of 5 ml NK4OH. Warm to 50-60 C and digest at this 
temperature until the precipitate becomes dense and crystalline. Cool and 
filter through No. k-0  Whatman paper containing a little ashless paper pulp. 
Wash with a cold 3$ NH^OH containing 25 ml of the reagent previously neutral- 
ized with NH^OH in one liter. Discard the filtrate. 

* This amount of reagent is adequate to precipitate 50 mg of aluminum. An 
excess of reagent does no harm. In any event, sufficient reagent should 
be added to color the solution yellow. 

* 
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Return the paper containing the precipitate to the original beaker, add 
10 ml concentrated HgSOk and macerate the paper.  Add ly  ml HKO3, cover the 
beaker and heat until SO3 fumes are evolved.  Remove the beaker from the hot 
plate and cautiously add"an additional 1> ml HNO3. Again evaporate to SO3 
fum^s.  All organic matter should now be destroyed.  Cool, add 75 ml EgO and 
five drops of phenol red indicator. Add concentrated KHir0H until the first 
permanent red color appears, then add an excess of 0.7 ml. Add a little 
ashless paper pulp, boil for one minute and let settle,  filter through a 
No. ^+0 Whatman paper and wash with hot 3'' ITHI4IIO3 solution.  Dry and ignite 
at a low temperature until the paper is destroyed, then heat for 3(-> minutes 
at 1800 F.  Remove silica by treatment with HF and a few drops of 1-1 H2SO4. 
Again ignite and weigh as Al20^. 

Determination of Cobalt, and Niobium 
in Molybdenum-Cobalt-Niobium Alloys 

Outline of Method 

Cobalt and niobium are determined on separate samples. Cobalt, together 
with at least part of the niobium is separated from molybdenum a.; the sulfide 
in an ammoniacal solution. After filtration, the cobalt and niobium sulfides 
are decomposed with acid and the niobium precipitated by hydrolysis with sul- 
furous acid. The niobium is removed by filtration and cobalt determined in 
the filxrate by electroplating. 

Cobalt 

Transfer a 2 gram sample to a UOO ml beaker and add 25 ml HC1 and 10 ml 
HIIO^. Heat gently 'until decomposition is complete.  Dilute the solution to 
100 ml, neutralize with NH^OH and add 15 ml excess.  Now add 25 ml of dark 
ammonium sulfide solution and digest below boiling for one hour. Filter 
through a No. ^0 Whatman paper containing a little ashless paper pulp. Wash 
with a 2\j  solution of NH4CI containing 10 ml of the ammonium sulfide solu- 
tion per liter. Discard the filtrate and washings.  Transfer the paper and 
the insoluble residue to the original beaker, add 20 ml KC1 (l-l) .and 5 ml 
HNO3 (8p.Gr.-1.20).  Digest beluw boiling until the sulfides are decomposed. 
Dilute to 200 ml with water, add 25 ml ^^03 (6$) and boil 3 minutes. Digest 
below boiling for 15 minutes.  Filter through No. k2  Whatman paper and wash 
with 2$ HC1. Discard the paper and any insoluble matter. Add 10 ml K^SOjj. 
(l-l) to the filtrate and evaporate to strong fumes of SO3. Cool slightly, 
add 5 ml HNO3 and again evaporate to strong fumes.  Cool, transfer the solu- 
tion to a £50 ml beaker, rinsing the larger beaker thoroughly with water. 
Adjust the volume to about 75 ml, neutralize with NHl^OH, then add an excess 
of 35 ml. Add 2 g NaHS03 and cool tne solution, in running water. 

. - 
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Electrolyse for 1-1/2 hours using a current of 1 ampere. The electrodes 
should be made from platinum gauze and the solution stirred continuously 
during the electrolysis. Without interrupting the current, lower the beaker 
slowly while rinsing the cathode with distilled water.  Remove the beaker, 
shut off the current and disconnect the electrode. Dissolve the deposit from 
the electrode with approximately 25 ml HNO3. Add 10 ml HgSOl* (l-l) to the 
solution and evaporate to strong fumes of SO3. Cool, add 50 ml H2O, neutral- 
ize with NH40H and add an excess of 35 ml. Add 2 g NaHS03 and cool to room 
temperature.  Electrolyze for 1 hour using a current of 1 ampere. Without in- 
terrupting the current, lower the beaker slowly while rinsing the cathode with 
distilled water. Remove the beaker, shut off the current and rinse the cathode 
with absolute ethyl alcohol.  Dry at 105 C for 5 minutes, cool and weigh.  The 
increase in weight of the cathode is cobalt. 

Weight of cobalt 
Weight of sample 

100 io  Cobalt 

Niobium 

Tests with synthetic solutions show that niobium is quantitatively re- 
covered without interference from cobalt by the standard tannic acid method, 
which is used for binary molybdenum-niobium alloys. The analyst is referred 
to the first annual renort for details of the niobium determination. 

Determination of Cobalt and Titanium 
in Molybdenum-Cobalt-Titanium Alloys 

Outline of Method 

3oth titanium and cobalt are separated from molybdenum by repeated pre- 
cipitation with sodium hydroxide.  The combined cobalt and titanium are ob- 
tained in a sulfuric acid solution, and the titanium is precipitated by Cup- 
ferron. The  Cupferron precipitate is ignited and weighed as titanium dioxide. 
Organic matter is destroyed in the filtrate from the Cupferron precipitate and 
the cobalt in this solution is determined electrolytically. 

This method, applied to synthetic samples, yielded results slightly high 
for the titanium and correspondingly low for cobalt, indicating that a little 
cobalt is included with the Cupferron precipitate. The error is approximately 
5;.' of the total cobalt and titanium present.  Since other factors in the pro- 
gram are even less accurate, this discrepancy was considered acceptable. 

• 
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Procedure 

Transfer a suitable weight of sample to a 400 ml beaker and add 10 ml 
HC1 and h ml HNO3 for each gram of sample.  Heat gently until solution is 
complete, then add 100 ml II2O  Neutralize with a 25> solution of NaOH, using 
litmus indicator, then add. an excess of 5 ml.  Digest at 80-90 C for £0 
minutes, then filter through a fritted glass filtering crucible of fine 
porosity (5 micron). Wash the precipitate thoroughly with hot water.  Dis- 
card the filtrate and washings.  Dissolve the precipitate by adding 25 ml 
of a hot mixture of 20 ml HC1 (l-l) and 5 ml KNO3. After one minute apply 
suction until dry.  Repeat the treatment with another 25 ml of the acid mixture 
and finally wash thoroughly with hot water.  Transfer the solution to the orig- 
inal beaker and make two additional precipitations with 25$ NaOH, filtering 
and washing after each precipitation exactly as just described. 

Dissolve the precipitate finally obtained in the HCI-KNO3 mixture as be- 
fore.  Transfer the solution to the original beaker and add 20 ml HgSOl^. (l-l). 
Evaporate on the hot plate until dense fumes are evolved.  Cool, add 200 ml 
H2O and cool to 10 C.  Add 15 ml of a freshly prepared, cold op  aqueous solu- 
tion of Cupferron, slowly with stirring.  Add a little ashless filter paper 
pulp, let settle, then check for completeness of precipitation by adding a 
little more reagent. A white precipitate indicates complete precipitation. 
Filter through No. 40 Whatman paper and wash five times with cold 10$ H2SO4 
containing 25 ml Cupferron solution per liter. Reserve the filtrate and wash- 
ings for the cobalt determination.  Drain the precipitate as completely as 
possible and transfer the paper and precipitate to a platinum crucible. 
Cautiously dry and then heat gently until the paper begins to char. The pre- 
cipitate tends to liquefy and heating must therefore be done carefully.  Grad- 
ually increase the heat until carbon is destroyed and finally ignite at 1000 C 
for 20 minutes.  Cool and weigh as Ti02- 

Evaporate the reserved filtrate to a volume of about 100 ml. Add 25 ml 
HNO3 and continue the evaporation to SO3 fumes. Cover with a Speedy vap cover 
glass and, without cooling, cautiously add 10 ml HHO3 from a pipette. Again 
evaporate to SO3 fumes.  If the presence of organic matter is still indicated, 
repeat the HNO3 additions until all organic matter is destroyed. Cool, trans- 
fer the solution to a ^00 ml beaker and dilute to 100 ml. Neutralize with 
concentrated NHljOH, then add 35 ml excess.  Cool to room temperature, add 2 g 
NaHS03, then electrolyze for one hour at one ampere, using a weighed platinum 
gauze cathode.  Cobalt is deposited as the metal on the cathode. 

Determination of Cobalt and Vanadium 
in Molybdenum-Cobalt-Vanadium Alloys 

Synthetic mixtures were prepared containing h grams molybdenum,  0.0222 
grams vanadium and 0.0060 grams cobalt.    Tests with these  solutions indicated 
that: 

.. • 
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(a) The method for the determination of vanadium in binary molybdenum- 
vanadi'.m alloys, first annual report, is also applicable to this ternary 
sysxem. 

(b) Coraplete recovery of cobalt is obtained from this ternary alloy By 
the procedure used for tfc5 determination of cobalt in binary molybdenum-ccoalt 
alloys, also given in the first annual report.  During the first precipitation 
of cobalt with sodium hydroxide solution, a dark blue color caused by vanadium 
compounds interferes somewhat with the observation of the neutralization point. 
However, this point is not critical and if a strip of wet litmus paper is 
placed on the side of the beaker, partially submerged in the solution, the 
change in color of the paper can readily be observed.  The blue color of the 
solution disappears during the hot digestion of the solution.  Ho blue color 
develops during the subsequent precipitations. 

Determination of Cobalt and Zirconium 
in Molybdenum-Cobalt-Zirconium Alloys 

Synthetic mixtures were prepared containing 5 grams molybdenum, 0.0125 
grama zirconium and 0.0059 grams cobalt. Tests with solutions of this mix- 
ture indicated that complete recovery of both cobalt and zirconium was ob- 
tained by the procedures for the determination of these metals in binary 
molybdenum-base alloys given in the first annual report. 

Determination of Niobium and Titanium 
in Molyodenum-riiobium-Titanium Alloys* 

Outline of Method 

Titanium and niobium are separated from melybdeuua by repeated precipi- 
tation with excess NH^OH and weighed, after ignition, as the combined oxides, 
r^Oj + Ti02«  The oxides are redissolved by fusion in KHSO^ and the titanium 
is determined spectrophotometrieally. The transmittance of the yellow colored 
solution given by  Titanium in a sulfuric acid solution containing hydrogen 
perox"!':''3 is measured at ^20 millimicrons.  The niobium content is obtained by 
difference. 

Procedure 

Dissolve a 5 gram sample in a 600 ml beaker with 75 ml HC1 and. 15 ml HNO3. 
When action is coraplete, cool somewhat ana add 100 ml H^O. Add 5 drops of 
phenol red indicator (0.1 g in 100 ml 25.; ethanol), neutralize with NHl+OH and 
add 10 ml excess.  Add a little ashless paper pulp, heat to boiling and boil 

* This method is not applicable if the titanium content is over 0. ?y- • 

' 



203 

for one minute. Remove from the hot plate and allow to cool to room tempera- 
ture. Filter through an 11 cm Whatman No. k-0 filter paper and wash three or 
four times with hot 2$ NH4C1 solution. Discard the filtrate and washings. 
Place the original beaker under the funnel and dissolve the precipitate from 
the paper by- repeated washing with hot 1-1 HC1. At least three washings are 
necessary. Now wash the paper three times with hot water and once with cold 
3$  NHliOH.  Reserve the filter paper and any insoluble residue it may contain. 

Again add phenol red indicator and precipitate Nb and Ti with RH4OH 
exactly as before. Add paper pulp, boil one minute, cool to room temperature 
and filter through the reserved No. 1*0 Whatman paper. Wash with hot 2$  NE4CI 
and discard xhe  filtrate and washings.  Dry and ignite the paper and residue 
at 1800 F in a platinum crucible until all organic matter is destroyed.  Cool, 
add 2 ml HoSOli and 5 ml HF.  Evaporate to strong fumes of SO3.  Cool and trans- 
fer the H2S01+ solution to a 250 ml beaker.  Dilute to 100 ml, add phenol red 
indicator and again precipitate Nb and Ti with NH40H, using 10 ml excess. Add 
a little ashless filter paper pulp, boil for one minute, then cool to room 
temperature.  Filter through No. 4c Whatman paper and wash the precipitate 
with hot 2$ NHlfCl.  Dry and ignite the paper and residue in a weighed platinum 
crucible at P. low temperature until carbon is destroyed, then ignite for 20 
minutes at l800 F.  Cool and weigh.  A blank containing five grams of pure 
molybdenum is carried through the entire procedure thus far. Deduct the weight 
of the blank from the weight of residue obtained in the sample. The remainder 
then is the weight of combined oxides, Nbp05 + TiOg. 

Fuse the residue containing the combined oxides with three or four grams 
of KKSO4.  Dissolve the cooled melt in 100 ml of 10$ H2SO4.  Transfer this 
solution to a 250 ml volumetric flask and dilute the solution to exactly 
250 ml with 10$ H2SO4.  Transfer an aliquot portion of this solution contain- 
ing a maximum of approximately 1.0 mg of titanium to a 100 ml volumetric flask 
and dilute to the mark with 10$ KpSO^.,  Transfer a portion of this solution to 
the spectrophotometer cuvette and adjust the instrument to 100'/; transmission 
with the solution in the beam of light at a wave length of U20 millimicrons. 
Now take 10-15 ml of the solution in a pO ml beaKer and develop the yellow 
titanium color by the addition of three drops of 3$ H0O2. Measure the trans- 
mission of this solution in the spectrophotometer at 520 millimicrons* and ob- 
tain the weight of titanium present in the aliquot from the calibration curve. 

Preparation of Calibration Curve 

A standard solution of titanium containing 0.012 mg Ti/ml was prepared 
from reagent grade Ti02. Dilute 10, 20, 30, ko,   50, 75 and 100 ml of this 
solution with 10$ H^SOu to 100 ml in volumetric flasks. New measure the 
transmission of portions of these solutions exactly as described in the pro- 
cedure. The aliquots taken above contain, respectively, 0.12, 0.2^, 0.36, 
O.hS,  0.60, 0.90 and 1.2 mg Ti. Plot the percent transmission against the 
weight of titanium on coordinate paper. The relationship is linear. 

According to Miner, Proctor and Wcinberg (ind. and Eng. Chem., Anal. Ed., 
vol 17, no. 3, P 1^2), maximum absorption for the titanium complex occurs 
at this wave length and therefore the greatest sensitivity. 
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Niobium is determined by difference.  F.ind the total weight of titanium 
present in the five gram sample and multiply this weight by 1.6681 to con- 
vert it to TiO^.  How deduct the weight of TiOo from the weight of combined 
oxides, w^CK 4 Ti02, previously obtained.  rrhe difference is IlbgC^ of which 
69.90$ is niobium. 

Determination of Titanium and Vanadium 
in- Molybdenum-Titanium-Vanadium Alloys 

Outline of Method 

Vanadium and titanium are determined on separate samples.  Vanadium is 
determined by the procedure developed for the determination of vanadium in 
the binary molybdenum-vanadium alloy, see first annual reporx.  The presence 
of titanium causes no interference. 

Titanium, together with some vanadium, is separated from molybdenum by 
repeated precipitation with ammonium hydroxide, and the combined oxides 
weighed.  The vanadium in the combined oxides is then determined volumetric- 
ally and calculated to V2C5 which is deducted. 

Procedure 

Weigh a sample of such size that the titanium hydroxide precipitate can 
be conveniently handled.  In general, 0.05 g titanium is the maximum weight 
for convenient manipulation. Carry along a blank of pure molybdenum metal 
of the same weight as the sample being analyzed. Dissolve the alloy in a 
mixture of HC1 and HNO3 containing 10 ml HC1 and 3 ml HNO3 for each gram of 
sample. Heat gently until the sample is decomposed. Add 100 ml H2O and 5 
drops of ph2nol red indicator (0.1 g dissolved in 100 ml of 25$ alcohol). 
Now add concentrated NH4OH from a burette until the first permanent red color 
of the indicator appears, then add 0.7 ml excess NH4OH. Add a little ashless 
filter paper pulp and heat to boiling.  Boil for one minute, then remove the 
solution from the hot plate and cool to room temperature. Filter through a 
No. U-2 Whatman paper or its equivalent. Rinse the beaker several times with 
cold 2$ NHl+Cl and pour the rinsings through the filter. Wash the paper and 
precipitate four times with cold 2$ NH4CI. Discard the filtrate and washings. 

Place the original beaker under the funnel and dissolve the precipitate 
by washing at least three times with hot 1-1 HC1. Wash tht paper twice with 
hot water, then ence with cold yf>  NH2.OH. Reserve the filter paper. Dilute 
the filtrate and washings to 100 ml, add phenol red indicator, then add NH1+0H 
until the solution is neutral to the indicator. Add 0.7 ml excess NH^OH, a 
lit Lie ashless filter paper pulp and heat to toiling. Boil for one minute, 
remove from the hot plate and allow the precipitate to settle. Filter through 
the reserved filter paper and wash four times with hot 2$  NHljCl. 
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Transfer the paper and precipitate to a platinum crucible.  Dry, then 
ignite at a low temperature until the paper is destroyed.  Then ignite for 
ten minutes at 1800 F.  Cool, add 2 ml HgSO^ and 5 nil HF. Evaporate on an 
asbestos pad on the hot plate until fumes of SOo are freely evolved. Cool, 
transfer the H0SO4 solution to a 250 ml beaker, rinsing the crucible 
thoroughly with water.  Dilute the solution in the beaker to 100 ml with 10$ 
H^^SO^, add 5-6 drops phenol red indicator and neutral "> sw with concentrated 
NHi,0H.  Add an excess of 0.7 ml NHl).0H, a little ashless filter paper pulp 
and heat to boiling.  Boil for one minute, allow the precipitate to settle, 
then filter through No. ho  "Whatman filter paper.  Carefully police the beaker, 
then wash the precipitate on the paper four times with hot 2c,i NHl^Cl. Trans- 
fer the paper and precipitate to a weighed platinum crucible, dry, then ig- 
nite at a low temperature until the carbon is destroyed. Finally, ignite 
for 30 minutes at 1800 F.  Cool and weigh.  The residue obtained at this 
point contains all of the titanium as Ti02 plus part of the vanadium which 
is present as V2O5.  Deduct iue weight of the blank and the resulting; weight 
is the combined weight of T1O2 plus V2O5. 

Fuse the combined oxides with 5 g ^SpOy and- dissolve the melt in 100 ml 
of solution containing 25 ml H2SO4 (l-l). Rinse and remove the crucible and 
transfer the solution to a 500 ml Soxhlet flask.  Dilute to about 200 ml and 
cool the solution to room temperature. Add 10 ml of approximately 0.03N 
ferrous sulfate solution to reduce the vanadium. Now add 15 ml of a freshly 
prepared solution of 10$ (NHV/2S20£ solution and sliake for at least one 
minute. Titrate the vanadium with standard 0.01 normal KMn0l|. Calculate 
the vanadium to vVjOr; and deduct this weight from the weight of combined VgjOs 
and TiOp.  The remainder is Ti02» 

Factors:  1 ml 0.01 normal KMnOi; = 0.0009095 g V2O5 
Ti02       Ti = 0.5995 

Determination of Titanium and Zirconium 
in Molybdenum-Titanium-Zirconium Alloys 

Outline of Method 

Titanium and zirconium are determined on separace samples.  In the ti- 
tanium determination the titanium, together with the zirconium is separated 
from molybdenum by repeated precipitation with ammonium hydroxide. Titanium 
is then determined colorimetrically. 

Zirconium is separated from molybdenum and most of the titanium by pre- 
cipitation as phosphate from sulfaric acid solution. The phosphate is con- 
verted to carbonate by sodium carbonate fusion and the zirconium finally pre- 
cipitated with ammonium hydroxide. A small amount of titanium which always 
accompanies the zirconium is determined colorimetrically and the weight of 
impure zirconium dioxide is corrected for the tits, lum. 

—  ; ' -• 
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Titanium 

Dissolve a sample containing not more than 0.02 g titanium in a mixture 
of HC1 and HNO3, using 10 ml HC1 and 4 tfl IINO- for each gram of sample. 
When action is complete, cool somewhat and add 100 ml H/3O,  Add 5 drops of 
phenol red indicator (0.1 g in 100 ml ?5i;-'  et.hanol), neutralize with NH^OH 
and add 0.7 ml excess. Add a little ashless filter paper pulp, heat to boil- 
ing and boil for one minute.  Remove from the hot plate and allow to cool to 
room temperature. Filter through an 11 cm Whatman No. 42 filter paper and 
wash three times with cold Jp  NHij.N03 solution.  Discard the filtrate and 
washings.  Place the original bearer under the funnel and dissolve the pre- 
cipitate from the paper by repeated washing with hot 1-1 HCi.  At least 
three washings are necessary.  Now wash the paper three times with hot water, 
then once with cold 3/'" NHl/OH.  Reserve the filter paper and any insoluble 
residue it may contain. 

Again add phenol red indicator and precipitate the titanium together 
with the zirconium by addition of an excess of NH2j.0H.  Add a little ashless 
filter paper pulp, heat to boiling, let settle and filter while hot through 
the reserved filter paper.  Wash as before, then redissolve with HCI, catch- 
ing the filtrate in the original beaker.  Wash with hot water, place the 
paper and any insoluble residue in a platinum crucible and reserve.  Add phenol 
red indicator to the filtrate and make a  third precipitation with NHi+OH exactly 
as before. Filter through No. 40 Whatman paper and wash with hot 3$ NH14.N03 
solution.  Place the paper and precipitate in the platinum crucible contain- 
ing the reserved filter paper, dry, then ignite at 1800 F until all carbon is 
destroyed. 

Fuse the residue containing the combined oxides with three or four grams 
of KHSOk.  Dissolve the cooled melt in 100 ml of 10'. S H2S01+.  Transfer this 
solution to a 250 ml volumetric flask and dilute the solution to exactly 250 ml 
with 10}J HpSOlj..  Transfer an aliquot portion of this solution containing a max- 
imum of approximately 1.2 mg cf titanium to a 100 ml volumetric flask and di- 
lute to the mark with 10'..!- HpS0j4.  Transfer a portion of this solution to the 
spectroohotometer cuvette a!V adjust the instrument to 100$ transmission" with 
the solution in the beam of light at a wave length cf 420 millimicrons.  Now 
take 10-15 ml of the solution in D )0 nil beaker and develop the yellow ti- 
tanium color by the addition cf three drops of J,'o  HoOg.  Measure the trans- 
mission of this solution in the spectrophotometer at 420 millimicrons* and 
obtain the weight of titanium present in the aliquot from the caller?.tier?. 
c urvs. 

A standard solution of titanium containing 0,01? mg Ti/ral was prepaied 
from reagent grr.de TiOy.  Dilute 10, 20^ 30, 40, 50, 75 and 100 ml of this 
solution with 10',:' H2SOI4. to 100 ml in volumetric flasks.  Now measure the trans- 
mission of portions of these solutions exactly as described in the procedure. 
The aliquots taken above contain, respectively, 0.12, 0.24, O.36, 0.48, 0.60, 
0.90 and 1.2 mg Ti. Plot the percent transmission against the weight of ti- 
tanium on coordinate paper. The relationship is linear. 

According to Miiner, Proctor and Weinberg (Ind. and Sng. Chem., Anal. Ed., 
/ol 17, no". 3, p 142), maximum absorption for the titanium complex occurs 
at this wave length and therefore the greatest sensitivity. 



207 

Zirconium 

Zirconium is separated from molybdenum by the same procedure which is 
used for the determination of zirconium in the binary zirconium-molybdenum 
alloy.  However, some titanium always accompanies the zirconium in.this 
procedure and the final weighed precipitate must be corrected for any T.10£ 
present. 

Fuse the ignited residue containing all of the zirconium together with 
a little titanium with If to 5 grams of K2S2O7.  Dissolve the melt in 100 ml 
of 10;.'' HgSOl,..  Transfer the solution to a 200 ml volumetric flask and dilute 
to the mark with lOji HgSOh..  Mix thoroughly, take an aliquot portion contain- 
ing a maximum of one milligram of titanium and transfer it to a 100 ml volu- 
metric flask.  Dilute this solution to 100 ml with 10$ R^SO^.  Determine the 
titanium colorimetrically as described above under the method for titanium. 

Calculate the total weight of titanium found in the zirconium precipi- 
tate to T102.  The factor for converting 11 to TiOo. is 1.6681.  Deduct the 
blank plus the weight of TiOg found from the weight of impure ZrOp and the 
remainder is pure ZrOg. 

Factor:  ZrOp Zr = 0.7^03 

Determination of Vanadium and Zirconium 
in Molybdenura-Vanadium-Zirconium Alloys 

Synthetic mixtures were prepared containing 3 grams molybdenum, 0.0133 
grams vanadium and 0.0125 grams zirconium.  Tests with these solutions in- 
dicated that 

(a) The method for the determination of vanadium in binary 
molybdenum-vanadium alloys given in the first annual re- 
port is also applicable to this ternary alloy. 

(b) Complete recovery of zirconium is obtained from this 
ternary alloy by the same method used for the deter- 
mination of zirconium in the binary molybdenum-zirconium 
alloys, first annual report. The presence of vanadium 
causes no interference. 
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APPENDIX B 

DYNAMIC HARDNESS TESTS 

To evaluate the behavior of molybdenum and molybdenum-base alleys at 
elevated temperatures, a hardness test was devised for operation at tempera- 
tures up to 3000 F. as hardness was the mechanical property most easily de- 
termined and at the same time useful in the evaluation.  The basis of the 
test was the making: of an impression upon the surface of the specimen by 
dropping an indenter upon it at the desired testing temperature and measuring 
the depth of the impression.  This test has been named the dynamic hot hard- 
ness test and was described in the first annual report.  To review the opera- 
tion of the test briefly, an indenter (7 in Figure Bl) falls a distance of 
approximately 10 inches on to the specimen (8) thereby making a hardness im- 
pression.  Two flanges on the rod to which the indenter is attached guide 
the assembly through the vertical tube above the furnace to the correct 
position on the specimen.  The indenter assembly is maintained in the cocked 
position when not in use.  In this position, the indenter rests well out of 
the heated zone of the furnace, actually about two inches above the top of 
the furnace shell. 

Hardness was determined In an atmosphere of purified argon for the alloys 
prepared in the study of mechanical properties.  The data obtained are shown 
in Figures B2-38.  Some useful and some anomalous data were obtained from this 
test. For example, unalloyed molybdenum and all of the alloys except the alu- 
minum alloys exhibited a rise in dynamic hardness number in the temperature 
range 2200-2800 F.  The hardness of the aluminum alloys increased slightly with 
increasing temj>erature in. the range 1500-2000 F.  These increases in hardness 
with rising temperature are not readily explained. Ti\c-  curves for the families 
of alloys indicate that there is no consistent correlation of dynamic hardness 
number with alloy content. 

The hardness of unalloyed molybdenum at 3000 F was lower than that of al.l 
of the alloys studied except those containing up to O.y'o  aluminum.  On the 
whole, the vanadium alloys were not so hard as the other alloys. 

Because of these discrepancies and inconsistencies, it was desired to 
ascertain the validity of the results obtained with the dynamic hardness test- 
ing apparatus. 

Nonuniform behavior of the test equipment as the testing temperature was 
varied was thought to be a factor responsible for the anomalous hardness.  It 
is obvious that if there were any increase in the friction between the flanges 
and the vertical tube, the vertical acceleration of the indenter would be de- 
creased, the size of the impression would be small, and the indicated hardness 
would be high.  It was postulated that at the temperatures at which the ques- 
tionable increase in dynamic hardness number occurred, the lower guide became 
hot and expanded against the vertical tube, increasing the friction component 
of the system. To investigate this possibility, a movable shield was so 
placed within the furnace shell that the withdrawn indenter assembly was not 
subjected to direct radiation from the element or the specimen. A run was 
made with the indenter shielded after each impression. The results, Figure B9, 
indicate no significant difference between tests made with and without the 
shield. 
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1 - COCKING    WIRE 
2 - ARGON    INLET 

3 - TRIGGER 
MERCURY   CONTACT 
SOLENOID 
HEATING   ELEMENT 

INDE^TER 
8-SPECIMEN    (TEST) 

9 - MOLYBDENUM     B«SE 

10-M0LY6DENUM     LEGS 

II - HOUSING 
;2 - TucpKjnr.ni !P' r 

13-GROUND    JOINT 

14-SOLDERED     BRASS    INSERT 

15-WATER   COOLED   COPPER 
IK- ARGCN    OUTLET 

17-RETAINING    SPRING 
18 -RETAINING    PLATE 

<§> 

FIGURE   B1   -   DYNAMIC   HOT   HARDNESS   TtSTER 
*P739) 
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In a second experiment, designed to measure the energy delivered by the 
apparatus at various temperatures, an electronic timer was incorporated into 
the system so that the time between the release of the trigger and contact 
with the specimen could be dexermined accurately.  Results of the test are 
tabulated in Table 31. 

TABLE Bi 

DURATION OF FALL OF INBENTER AT ELEVATED TEMPERATURES 

Testing 
Temp, F 

78 
1800 
2200 
2^00 
2600 

Uuraber of Average Time of 
Readings Droc.   Sec, 

23 0.271 
14 0.2-+3 
16 0.2^-0 
1? 0.236 
16 0.230 

The increase in dynamic hardness did net appear to bo a function of 
movement of the i.ndenter, in fact, the indenter traveled more rapidly at 
2o00 F than at room temperature, thereby delivering slightly more energy to 
the specimen at the higher temperature.  It was concluded from these experi- 
ments that mechanical operation of the apparatus did not change with tempera- 
ture. 

The anomalous rise in hardness noted at elevated temperatures might be 
attributed to chemical and structural changes in the specimen.  All of the 
alloys were single-phase solid solutions except for small amounts of excess 
carbide.  If the rise in hardness with rising temperature were an act\ial. 
property of the material,, it must have been due to increased solubility of 
the carbide nhase in the matrix,  Experiments were designed to determine the 
solubility of the carbide at temperatures of the dynamic hardness test. 
Specimens were held for short times at temperatures up to 3000 F—times and 
temperatures comparable to those encountered in the hardness tost—«and dras- 
tically quenched,  T-fetallographic examination and hardness determinations at 
room temperature indicated that no significant solution of carbide had 
occurred. 

As to the matter of chemical changes of the specimen, it was possible 
that oxidation of the surface of the specimen was responsible for the anomalous 
hardness.  In addition, it was noted that the room-temperature Vickers hardness 
of many specimens was significantly higher after dynamic hardness testing than 
before.  There data are itemized in Table E2 fur virtually all of the alloys 
tested under the present contract. 

In order to study further tne surface oxidation of hardness test speci- 
mens, a sample of O.po^ vanadium alloy (1015) as cast was chosen, as it had 
exhibited the characteristic increase in dynamic hardness number above about 
2000 F as well as an increase of 76 VP~; in room-temperature hardness after the 
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TABLE B2 

ROW-TEMPERATURE HARDNESS OF DYNAMIC HARDNESS SPECIMENS 

Alloy C orvtent 
Average Hardness, VPN 

After Dynamic 
Heat 

J 

As Cast. 

187 

Hardness Testing 

178 

Change 

1159 0.040 C - 9 

1063 0.17 Al 169 198 +29 
1058 0.49 Al 198 232 +34 
987 0.53 Al 19? 268 +76 
1059 0.81 Al 240 i, -, 

983 0.88 Al 229 304 +75 
1155 1.25 Al* 231 251 +20 
1154 1.36 A3.* 255 269 +34 

1144 0.074 Co 169 152 -17 
1145 0.123 Co 170 156 -14 
1146 0.16; 5 Co 185 179 - 6 

1153 0.044 Ni 160 158 - 2 

988 0 24 Nb 180 196 +16 
978 0.52 :ib 189 206 +17 

1057 0.75 Nb 197 210 +13 
1147 1.10 lib 190 207 +17 
1148 1.36 lib 204 219 +15 

1152 0.088 Si 178 222 +44 

1132 0.45 Ti 195 24l +46 
1133 0.85 Ti 206 243 +37 
1134 1.05 Ti 204 256 +52 
1009 1.26 Ti 212 285 +73 
1143 1.66 Ti 209 232 +23 

1051 0.54 V 203 221 +18 
1012 0.56 V 192 270 +78 
1052 1.00 V 200 203 + 3 
1053 1.24 V 208 235 +«• 1 

1151 1.25 V 190 206 +16 

1062 0.11 Zr 189 264 +75 
1149 0.22 Zr 186 276 +90 
1150 0.43 Zr 194 342 +148 

* added 
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dynamic jjarvin-ssa test.  To ascertain the change in room temperature hardness 
of the specimen after exposure to elevated temperatures in  the range 1600- 
3000 F, an interrupted test was made; that is, the dynamic hardness was deter- 
mined at a given temperature, the specimen vas allowed tc cool to room tempera- 
ture, and its room-temperature hardness was determined.  Testing was continued 
alternately at progressively higher temperatures and at room temperature; the 
results of the 'test are plotted in Figure BIO.  The dynamic hardness data of 
this experiment closely paralleled those of the original standard dynamic hard- 
ness test for Ingot 101?.  It is evident from Figure BIO that -the room-tempera- 
ture hardness increased and decreased in approximately the same manner as the 
dynamic hot hardness.  It will be noted that the net increase in room-tempera- 
ture Vickers harness of the interrupted samples was 15 compared to 78 for the 
original sample from. Heat 1012.  This difference may have resulted from dif- 
ferences in the purity of the atmosphere or differences in the speed of test- 
ing, which would result in different depths of oxide penetration. 

A sample was cut-from the original dynamic hardness specimen from Heat 
1012 and prepared for a microhardness survey on a plane perpendicular to the 
surface employed for the dynamic test.  Results of the survey, Figure Bll, 
indicated a very high hardness near the surface, but an affected depth of only 
about 0.00^1 inch. 

In order to confirm the postulate that oxidation of the surface of the 
specimen took place in spite of the use of a protective atmosphere of purified 
argon, the dynamic hardness was determined on the same specimen in a reducing 
atmosphere, namely, hydrogen.  The results of this experiment, Figure B12, 
were of imprest in that no increase in room temperature hardness, and there- 
fore insignificant oxidation, was noted after testing; yet the dynamic hardness 
exhibited the characteristic increase between 2000 and 2600 F, although it was 
of less magnitude than the increase obtained in argon.  It must be assumed 
from these data that at least a portion of the rise in dynamic hardness near 
2500 F was caused by factors other than oxidation of the surface. 
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CLIMAX    MOLYBDENUM    CO.   40 7 SEPTEMBER   3.   1B3J 

200 
1600 1800 2000       2200       2400 

TESTING     TEMPERATURE,     F 

2600 

FIGURE  B12-   DYNAMIC   HARDNESS   TESTS CONDUCTED   IN 
ARGON   AND   IN   HYDROGEN   ATMOSPHERES 

HEAT     1012,    O.SS'15    VANADIUM 
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TABLE; Cl 

TENSILE PROPERTIES AT ROOM AND ELEVATED TEMPERATURES 
OF ROLLED MOLYBDENUM-BASE ALLOYS 

Bar 
Dia 
In, 

(1) 
Condition 

Testing 
Temp. F 

Bar 937 - 

Yield Str. 
psi 

Tensile 
Strength 

osi 

(2) 
Elongation 

* 

Reduction 
of Area 

r 

Unalloyed Mo, 0.015$ c 

5/8 as rolled 81 
750 

120C 
1600 

78,800* 
53,400* 
49,800* 
37,000* 

102,200 
79,300 
69,600 
52,000 

40 
20 
18 
24 

61.1 
82.4 
84.2 
ftfi.6 

str. relieved 81 
750 

1200 
1600 

62,900* 
57,200* 
43,100* 
33,400* 

97,200 
62,'+00 
65,200 
52, '+00 

42 
20 
22 
24 

69.O 
81.2 
86.1 
88.6 

recrystallized 
(2150 F) 

81 
750 

1200 
1600 

Bar 1159 - 

55,900 
21,000 
11,000 
7^600* 

Unalloyed Mo 

68,200 
39,200 
33.600 
25,100 

, 0.040<£ C 

42 
60 
S7 
6C 

37.8 
84.7 
84.8 
84.6 

1 as rolled 72 
750 

1200 
1600 

72,POO* 

57,900* 
41,900* 

92,400 
65,700 
72,500 
51,100 

30.5 
20 
16 
21 

35.5 
79.0 
79.0 
85.4 

str. relieved 81 
750 

1200 
1600 

75,400 
29,200 

43,200* 

89,600 
63,600 
59,800 
51,000 

29 
19.5 
17.5 
20 

37.9 
77.9 
80.2 
83.6 

recrystallized 
(2250 F) 

74    48,100 
750    l6,60u 

1200     10,300 
1600 

by heating i nr at 1.800 
.cated temperature 

69,200      45 
53,600     51 
34,300      48 
27,400      49 

F, fully recrystallized 

32.8 
83.2 
87.5 

(1) Stress relieved 
1 hr at the indi 

by heatin 

(2) Percent elongatl .on in 1 in, , for specimens from 5/8 in. dia bars 
percent elongation in 2 in. for specimens -from 1 in. dia bars 

0.1$ offset yield strength taken from stress-strain plot; all ether yield 
strength values from drop in load 
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TABLE Cl (continued) 

TENSILE PROPERTIES AT ROOM AND ELEVATED TEMPERATURES 
OF ROLLED MOLYBDENUM-BASE ALLOYS 

Bar Tensile Reduction 
Dia 
In. Condition 

Testing 
Temp, F 

Unalloyed 

Yield Str. Strength 
psi 

with Rare 

Elongation of Area 

Bar 10^5 - Mo Deoxidized Earth Metals 

5/8 as rolled 78 
1600 

83,300* 
45,800* 

105,300 
55,000 

25 
11 

3-.5 
51.3 

str. relieved 78 
1600 

8i,500* 
43,400* 

100,900 
55,000 

9 
19 

13-8 
82,8 

recrystallized 
(2400 F) 

78 
1600 

46,600 
11,300* 

62,500 
25,600 

2 
55 

12.3 
86.4 

Bar 1063 - 0.17$ Al 

5/8 as rolled 78 
750 

1200 
1600 

75,200* 
59,400* 
56,100* 
40,700 

96,300 
76,400 
68,900 
58,700 

36 
19 
16 
20 

57.1 
70.6 
77.1 
76.1 

str. relieved 78 
750 

1200 
loOO 

72,400* 
54,600* 
54,900* 
45,200* 

94,700 
74,100 
66,400 
60,600 

40 
oL C-r 

16 
18 

63.1 
7^.7 
71-3 
74.1 

recrystallized 
(2200 F) 

78 
750 

1200 
1600 

41,300 
21,900 
15,800 
10,800 

66,700 
43,500 
39,800 
29,100 

18 
58 
50 
49 

14.U 
81.1 
79.8 
80.9 

I as rolled 78 
750 

1200 
1600 

53,600* 

39,400* 

75,600 
6i,400 
55,600 
47,200 

2 
20 
17.5 
21.5 

1.7 
75.1 
76.1 
81.0 

str.. relieved 78 
750 

1200 
1600 

64,500 74,600 
58,900 
55,200 
48,200 

1.5 
20.5 
19 
18.5 

1.1 
76,8 
75.0 
79.3 

recrystallized 
(2250 F) 

79 
780 

1200 
loOO 

34,200 
10,700 
10,300 
12,500 

65,200 
39,300 
36,900 
25,900 

21.5 
56 
1*6.5 
56.5 

18.8 
80.3 
79.* 
86.7 
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TABLE Cl (continued) 

TENSILE PROPERTIES AT ROOM AND ELEVATED TEMPERATURES 
OF ROLLED MOLYBDENUM-BASE ALLOYS 

Bar 
Dla 
In.    Condition 

Testing 
Temp, F 

Bar 

Yield Str. 
psi 

Tensile 
Strength 

psi 
Elongation 

Reduction 
of Area 

1058 - 0.49$ 1 Al 

1    as rolled 78 
750 

1200 
1600 

82,200* 

66,300* 
55,300 

89,200 
75,700 
71,700 
61,500 

1.5 
18.5 
17 
17.5 

0.6 
71.8 
71.9 
76.0 

str. relieved 78 
750 

1200 
1600 

81,300 
67,700 
65,500 

85,500 
74,100 
70,800 
62,300 

1 

16.5 
J.8.5 

0.5 
72.3 
69.5 
78.8 

recrystal]!zed 
(2300 F) 

79 
750 

1200 
1600 

^5,900 
26,200 
25,500 
13,700 

64,000 
42,200 
46,600 
34,100 

6 
40 
41 
50.5 

5.6 
73.1 
81.4 
83.2 

Bar 987 - 0.53£ Al 

5/8  as rolled 78 
750 

1200 
1600 

102,000* 
79,600* 
74,700* 
55,400* 

121,200 
101,900 
91,400 
76,800 

O •_. 
14.5 
16 
18 

0.2 
57.5 
66.9 
63.7 

str. relieved 76 
750 

1200 
1600 

98,200 
79,000* 
66,600* 
55,300* 

105,800 
88,400 
82,900 
72,100 

3 
19 
18 
19 

2.0 
60.4 
82.1 
68.6 

recrystallized 
(2200 ?) 

78 
750 

1200 
1600 

none 
43,800 
37,900 
17,700* 

46,100 
56,200 
51,400 
38,100 

0 
42 
41 
h2 

0 
72.3 
80.0 
54.7 

Bar 1144 - 0.074$ Co 

5/8  as rolled 78 
750 

1200 
1600 

110,900 
94,300 
84,900 

113,300 
94,300 
87,000 
75,700 

35 
22 
19 
26 

70.0 
78.2 
80.0 
80.0 
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TENSILE PROPERTIES AT ROOM AND ELEVATED TEMPERATURES 
OF ROLLED MOLYBDENUM-BASE ALLOYS 

Bar 
Dia 
In.    Condition 

Tensile 
Testing  Yield Str. Strength 
Temp, F    psi      psi 

Bar 1144 - 0.074$ Co (continued 

Elongation 

) 

Reduction 
of Area 

5/8  str. relieved 
(1700 F) 

80 
750 

1200 
loOO 

111,500 
95,000 

44,600* 

111,500 
95,000 
87,80c 
68,000 

36 

25 

68.3 
77.8 
77.4 
93.6 

re c ry stall i zed 
(2000 F) 

80 
1200 
1600 

66,900 
49,100 

66,900 
53,800 
46,100 

5 
43 
62 

4.4 
82.4 
57.5 

1    as rolled 79 
750 

1200 
160C 

78,700* 
38.000* 
62,300* 
53,500* 

97.000 
75,800 
73,200 
66,900 

19.5 
20 
1 < 

23 

23.2 
73.7 
80.0 
85.3 

str. relieved 80 
750 

1200 
1600 

82,500 
68,500 
44,800* 
57,000* 

94,900 
73,900 
70,Q00 
67,400 

20.5 
18.5 
16 
24 

19.9 
74.4 
78.9 
79.3 

recrystallized 
(2150 F) 

83 
750 

1200 
loOO 

60,800 
42,200 
36,400 
14,200 

67,100 
48,500 
46,700 
41,700 

10.5 
45 
37.5 
46 

9.8 
To.? 
34.5 
91.5 

Bar 988 - 0.24^, No 

5/8  as rolled 78 
750 

1200 
i.6O0 

91,000* 
62,800* 
60,000* 
45,600* 

106,100 
84,800 
78,000 
65,900 

28 
19 
19 
16 

4l.9 
78.9 
82.0 
77.7 

str. relieved 78 
750 

1200 
1600 

90,000 
64,000* 
54,100* 
58,200* 

103,300 
83,600 
77,300 
66,500 

34 
17 
18 
20 

63.6 
71.1 
74.5 
82.1 

re crystalli zed 
(2200 F) 

78 
750 

1200 
1600 

68,700 
25,800 
15,500 
16,700* 

71,300 
39,700 
36,300 
30,100 

kO 
54 
in 
61 

28.7 
86.6 
76.6 
82.7 
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TABLE Cl  (continued) 

- 

TENSILE PROPERTIES AT ROOM AND ELEVATED TEMPERATURES 
OF ROLLED MOLYBDENUM-BASE ALLOYS 

Bar 
Dia 
In,    Condition 

Testing 
Temp, F 

Bar 988 - 

Yield Str. 
psi 

Tensile 
Strength 

Dsi 
Elongation 

4 

Reduction 
of Area 

%• 

0.24/o Nb (continued) 

1    as rolled 78 
750 

1200 
1600 

70,100* 
51,100* 
48,100* 
39,700 

80.600 
52,600 
50,700 
44,200 

1 
20 
19 
19 

0.6 
RO.O 
83.1 
84.9 

str. relieved 78 
750 

1200 
1600 

62,200 
43,800* 
ko,000* 
35,300* 

69,300 
45,600 
4l,900 
37,300 

1 
23 
21 
21-5 

0.5 
81.4 
85.9 
87-7 

recrystallized 
(2500 F) 

76 
750 

1200 
lfcOO 

40,000 
13,100 

9,300 
8,500 

55,200 
33,400 
.26,100 
25,600 

3 
57.5 
4q 
73.5 

2.5 
76.7 
84.4 
93.2 

Bar 978 - 0.52*. Nb 

5/8  as rolled 78 
750 

1200 
1600 

92,600* 
71,500* 
50,900* 
51,100* 

11^, 60C 
92,500 
80,800 
71,300 

28 
18 
16 
18 

54.8 
68.8 
78.9 
T3    O 
1 i* y 

str. relieved 78 
750 

1200 
1600 

94,300 
68,300* 
67,200* 
58,600* 

109,400 
89,400 
82,700 
72,200 

29 
17 
16 
16 

59.4 
70.7 
72.9 
72.3 

recrystallized 
(2200 F) 

78 
750 

1200 
1600 

62,800 
32,100 
17,500 

71,900 
42,600 
39,500 
34,900 

27 
60 
48 
52 

21.8 
85.3 
85.5 
88.8 

L    as rolled 78 
750 

12C0 
1600 

73,000* 
58, K>0* 
48,000* 

84.600 
59^600 
54,400 
49,400 

1 
21 
17.5 
18.5 

0,6 
83.2 
79.6 
80.4 

str. relieved 78 
750 

1200 
1600 

68,000 
50,000* 
47,400* 
40,700 

78,600 
55,100 
52,400 
44.200 

1.5 
20„5 
18 
22 

0.5 
81.8 
83.1 
79.8 
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TABLE Cl (continued) 

TENSILE PROPERTIES AT ROOM AND ELEVA2ED TEMPSRAxuRES 
OF ROLLED MOLYBDENUM-BASE ALLOYS 

Bar- 
Dia 
In. Condition 

Testing  Yield Str. 
Temp, F    pci 

Tensile 
Strength 

—£Si  

Reduction 
Elongation      of Area 

re c ry stalli zed 
(21+50 F) 

Bar 978  - 0.52$ Nb   (continued) 

80 
750 

1200 
1600 

42,300 
11.100 

8.900 
9,600* 

65,500 
36,600 
33,000 
30,000 

10 
47 
50.5 
40.5 

8.5 
78.6 
82.7 
86.9 

Bar 1057 - 0.75$ Nb 

5/8  as rolled 

str. relieved 

re crystallized 
(2250 F) 

1    ae rolled 

str. relieved 

recrystallized 
(2300 F) 

78 
750 

1200 
1600 

78 
750 

1200 
1600 

78 
750 

1200 
1600 

78 
750 

1200 
loOO 

78 
750 

1200 
1600 

80 
750 

1200 

94,1+00* 
74,200* 

41,1+00* 

96,000* 
73,700* 
67,400* 
48,700* 

66,400 
27,300 
18,900 
3 3,600 

none 

78,000 
53,400* 

none 
74,500* 
70,800* 
59,300 

55,800 
15,200 
13,600 

118,300 
96,600 
89,000 
73,100 

118,100 
96,000 
88.400 
76,700 

78.400 
46,300 
43,600 
36,000 

87,400 
83,100 
80,700 
72,100 

84,000 
82,400 
78,100 
69,100 

73, too 
43,400 
38,700 
35,100 

32 
17 
17 
12 

33 
17 
16 
17 

53 
52 
48 
61 

0.5 
19 
17 
16 

0.5 
19 
16 
18.5 

15.5 
53 
47.5 
49 

62.5 
73.8 
77.3 
71.1 

66.7 
71.2 
73.7 
67 = 6 

70.1 
81.2 
76.5 
83-6 

0.2 
78.5 
76.1 
72.9 

0.2 
75.7 
76.8 
71.0 

13.5 
83.8 
85.1 
83.7 
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TABLE Cl (continued) 

TENSILE PROPERTIES AT ROOM AND ELEVATED TEMPERATURES 
OF ROLLED MOLYBDENUM-EASE ALLOYS 

Bar Tensile Reduction 
Dia Testing Yield Str. Strength Eiongati on of Area 
In. Condition Temp,  F 

Bar 

psi psJ. 

as rolled 

1132  - Oj+5^ Ti 

29 5/8 82 96,700* 112,900 59.7 
750 78,900* 100,400 18 76.1 

1200 8O,600* 101,300 18 82.6 
1600 81,000* 86,900 17 84.0 

str.   relieved 80 99,100* 132,100 31 70.0 
750 89,000* 110,000 18 72.8 

1200 84,000* 100,500 17 74.1 
1600 76,500* 88,300 15 71.1 

recrystallized 81 60,000 75,500 35 38.0 
(ok50 P* 750 30,200 45,600 47 86,4 

1200 - 43.700 45 86,2 
1600 15,^00 39,900 h7 88.4 

1 as rolled 77 89,000* 115,100 30 46.8 
750 - 90,800 16 75-5 

1200 68,300* 84,900 IS.5 74.5 
1600 64,800* 78,400 15.5 75.0 

str.  relieved 83 87,900* 113,000 20 25.4 
750 71,300* 90,700 17 73.5 

1200 62,600* 84,700 16 71-9 
loOO 62,800* 77,700 16 75.7 

recrystallized 74 53,900 72,500 22 18.7 
(2600 F) 750 11,800 42.400 45 83.9 

1200 10,300 39,200 42.5 87-7 
loOO 14,500. 37,500 48.5 87.6 

as rolled 

Bar 1048 - 0.69$ Ti,  0 .12$ R.E. 

22 5/8 80 91,000* 110,100 38.5 
750 66,200* 84.200 20 52.3 

1200 59,800* 73,300 18 82.3 
1600 47,500* 60,300 17 77-3 

str.  relieved 80 82,400* 108,300 34 46.1 
750 61. .500* 78,103 15 73.6 

1200 62,000* 69,400 18 31.5 
loOO - 60,700 17 76.6 
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TABLE Cl (continued) 

TENSILE PROPERTIES AT ROOM AND ELEVATED TEMPERATURES 
OF ROLLED MOLYBDENUM-BASE ALLOYS 

Bar 
Dia 
In. Condition 

Testing 
Temp,  F 

1048 - Q.i 

Yield Str. 
psi 

Tensile 
Strength 

psi 

R.E.   (contj 

Elongation 

.nued.) 

Reduction 
of Area 

Bar 59> Ti,   0.12r/o 

5/8 recrystallized 
(2500 F) 

80 
750 

1200 
1600 

Bar 

53,700 
16.900 
11,400 
13,400* 

1133 - 0.85$ 

68,400 
38,300 
34,700 
33,800 

Ti 

3 
67 

4l 

6.3 
81.6 
84.9 
84.8 

5/8 as rolled 78 
750 

1200 

88,300* 
68,900* 
62,900* 
if 7,000* 

117,800 
92,700 
81,800 
69,600 

36 
20 
20 
24 

60.5 
82.7 
87.0 
90-1 

Rtr.   relieved 78 
750 

1200 

86,100* 
73,300* 
60,100* 

117,200 
89,600 
79,300 

32 
19 
22 

84.1 
79-2 

recrystallized 
(2500 F) 

82 
750 

1200 
1600 

66,800 
14,900 

11,200 

74,900 
43,300 
41,100 
36,4O0 

44 
47 
48 
50 

35.9 
90.0 
94.8 
79.7 

1 as rolled 76 
750 

120C 
1600 

75,800* 
75,000* 
58,100* 
49,200* 

103,800 
75,300 
63,900 
61,300 

19 
21 
16.5 
21.5 

19.2 
80.3 
89-9 
83.7 

str.  relieved 79 
750 

1200 
1600 

75,100* 

51,600* 
45,100* 

103,600 
75,000 
68,100 
59,600 

26.5 
19.5 
17-5 
17.5 

26.4 

85.0 
90.8 

recrystallized 
(2650 F) 

80 
750 

1200 
1600 

67,400 
19,400 
14,400 
11. MX) 

72,300 
43,000 
39,200 
39,500 

12.5 
44.5 
40.5 
45.5 

12.1 
84,9 
92.9 
87.0 
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TABLE Cl" (continued) 

TET\T3IL3 PROPERTIES AT ROOM AND ELEVATED TEMPERATURES 
OP ROLLED MOLYBDENUM-BASE ALLOYS 

Bar Ten sile Reduction 
Dia Testing YieL 1 Str. n4" ~». angth Elongation of Area 
In.    Condition Temp, P 

Bar 

psi psi . > i 

1138 - 1.22-, \  Ti 

5/8  as rolled 80 37 ,700* 114 ,100 37 66.1 
750 86 ,200* 91 ,500 18 85.6 

1200 63 ,100* 77 ,500 21 86.0 
1600 4i ,100* 56 . j;00 17 83.3 

str. relieved 19 85, ,500* 112 .900 37 65.9 
750 56,900* 8k ,400 21 82.4 

1200 56, ,100* 75, ,600 21 87.0 
1600 39 , 900* 58,400 25 83.8 

recrystallized 80 51, ,700 16 ,000 30 2'- S 
(2500 F) 750 k'5 . 300 86! 2 

1200 38. ,300 45 87.0 
160c 23. ,100* 33. .400 52 85.O 

1    as rolled 7c 75. ,000* 1 ^O ,200 35.5 46.2 
1200 50; , 500* 62' ,600 1 T C 88.3 
loOO 47, , 900* 55: ,400 19 84.1 

str. relieved 78 73; 800 99; ,000 31 33-5 
750 61, 100* 67; ,900 14 53.4 

1 nrio 100* 61.. ,300 18 89.0 
i6uu 49, 53, ,500 22 88.1 

recrystallized 32 53, 200 68, 600 6.5 6.2 
(2600 F) 750 23, 900 to, 900 46 79.3 

12C0 13, uoo* 37, 100 43 91.9 
1600 12, 100 35, 200 46 86.1 

Bar 1009 - • 1.26<s Ti 

5/8  as relied 78 109, 000* 12k, 200 k 1.6 
750 87, 200* 92, 600 19 79.8 

1200 6k, 900* 80,900 18 80.2 
1600 56,600* 69, IOC 20 82.2 

str. relieved 78 106, 300* 125, 500 20 24.6 
750 85, 500* 95, 500 18 77.8 

1200 71, 000* 81, 000 18 76.8 
1600 65,900 68,400 14 4o.2 
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TABLE Cl (continued) 

TENSILE PROPERTIES AT ROOM AND ELEVATED TEMPERATURES 
OF ROLLED MOLYBDENUM-BASE  ALLOYS 

Bar 
Dia 
In. Condition 

Testing 
Temp, F 

Bar 1009 • 

Yield Str. 
psi 

Tensile 
Strength 

psi 

(continued) 

Elcngat.i on 
Reduction 
of Area 

7° 

- 1.263& Ti 

5/8 

> V 

recrystalli zed 
(2900 F) 

76 
750 

1200 
I6OO 

61,1*00 
33,100 
22,800 
lJ+,900* 

80,600 
44,000 
43,300 
45,900 

19 
55 
42 

29 

18.2 
76.3 
91-7 
40.7 

Bar 1051 - 0.5H V 

5/8 as rolled 78 
750 

1200 
1600 

90.300* 
37,900* 

104,400 
81,000 
76,900 
60,900 

40 
18 
20 
15 

71.0 
79.0 
68.7 
72.5 

str. relieved 78 
750 

1200 
1600 

93,1*00 
1*1,1*00* 
35^800 
he ^00* 

103,600 
79,100 
75,000 
60; 600 

38 
19 
18 
21 

72.2 
78-6 
76.9 
75.4 

recrystallized 
(2100 F) 

78 
750 

1200 
1600 

70,400 
1*1,1*00 
26,300 
13,300 

74,400 
4p,pOO 
45,500 
32,400 

4c 

40 
52 

37.1 
81.6 
83.6 
79-8 

1 as relied 76 
750 

1200 
1600 

95,300 
75,200 

48,600* 

100,000 
76,100 
73,900 
57,600 

4 
15.5 
16.5 
20 

2.3 
7e.3 
75.1 
78.5 

str. relieved 78 
750 

1200 
1600 

85,100 
65,900 
64,3oo* 

92,200 
72,700 
68,200 
50,300 

3.5 
19 
17 
17 

4.0 
76.8 
75.3 
88.9 

recrvstallized 
(2500 F) 

80 
750 

1200 
1600 

56,300 
16,700 
14,100 
13,300 

69,700 
42,200 
41,800 
32,500 

20.5 
50 
32 
50 

18.1 
80.0 
86.8 
86.9 
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TABLE Cl (continued) 

TENSILE PROPERTIES AT ROOM AND ELEVATED TEMmi4TURES 
OF R0I2ED MOLYBDENUM-BASE ALLOYS 

Bar Tensile Reduction 
Dia 
In. Condition 

Testing 
Temp, F 

Bar ] 

Yield Str. 
psi 

Strength 
psi 

Elongation of Area 

.012 - 0.56' 

5/8 as rolled 78 
720 

1200 
1600 

98,000* 
81,200* 
56,800* 
1+4,800* 

121,500 
102,000 
90,100 
70,100 

i+ 
16 
18 
21 

7.4 
65.5 
73.1 
79.9 

str. relieved 78 
750 

1200 
1600 

76,600 
65,600* 

60,200 

122,200 
90,600 
83,000 
65,400 

26 
9 

16 
23 

39-2 
69.6 
74.5 
75.9 

recry stall!zed 78 
•7S.Q 

1200 
ioOO 

83,200 
34,700 
24,800 
14,400 

83.200 
45,900 
45,'tOO 
33,100 

25 
53 
39 
41 

20.4 

79.9 
80.2 
79.3 

1 as roLled 78 
750 

1.200 
luGO 

87,900 
72,3CO* 
70,300* 

96,COO 

75,600 
59,600 

-I 

13 
16 
19 

1.7 
56.5 
75.7 
80.2 

str. relieved 78 
750 

1200 
1600 

88,300 
67,800* 
60,000* 
55,500* 

92,400 
75,900 
71,900 
67,700 

1.5 

16.5 
18.5 

1,1 
72.9 
78.7 
83.0 

recryetallized 
(2200 F) 

79 
750 

1200 
1500 

61,900 
22,000 
15.300 
15,900 

70,600 
41.300 
43,500 
29,700 

19 
56.5 
34 
51 

15.9 
82.7 
85.0 
85.9 

Bar 10^9 - 0.85# V, 0.003* Ce. 0.003* R.E. 

5/8 an rolled 80 
750 

1200 
1600 

87,900* 
67,000* 

34,200* 

112,500 
90,500 
78,300 
62,600 

16 
15 
19 
19 

24.6 
71.9 
81.5 
76.7 
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TABLE Cl (continued) 

TENSILE PROPERTIES AT ROOM AND ELEVATED TEMPERATURES 
OF ROLLED MOLYBDENUM-BASE ALLOYS 

Bar Tensile Reduction 
Dia 
In.    Condition 

Tccting 

- 0.85$ V, 

Yield Str. 
psi 

Strength 
psi 

Elongation of Area 
4. 

Bar 10^9 0.003$ Co, C.003# R.E. (continued) 

2 
17 
19 
21 

s/8  str. relieved 80 
750 

.1200 
I6OO 

79,1+00* 
66,600* 
62,3.00* 
48,800* 

106,200 
85,200 
75,900 
63,100 

2,4 
«T-»    O 
1-1. . O 

77.7 
81.7 

recrystali-ised 
(2500 F) 

80 
750 

1200 
1600 

53,700 
23,300 
16,300 
11,600* 

53,700 
39,900 
38,700 
30,100 

57 
•+<+ 

13 

0 
83.1 
82,8 
16.4 

Bar 1052 - l.OOjt V 

5,/fl  as rolled 78 
750 

1200 
1600 

98,600 
72,200* 
71,600* 

111,200 
89,300 
86,400 
67,200 

32 
34 
15 
18 

57.8 
78.2 
69.5 
74.0 

str. relieved 78 
750 

1200 
1600 

95,200 
68,500* 
55.200 
47,700 

100,000 
88,900 
35,400 
71,900 

29 
13 
15 
20 

54.5 
66.4 
67.5 
74.8 

re c ry stall! zed 
(2150 F) 

80 
750 

1200 
1600 

89,700 
39,500 
37,000 
l4,600 

89,700 
50,000 
52,200 
35,500 

28 
55 
35.5 
58 

21.6 
81.6 
79.3 
83.6 

1   as rolled 78 
750 

1200 
1600 

96,500 
84,500 
79,700* 

103,600 
87,000 
85,500 
69,200 

2 
16 
13.5 
20 

1.1 
73.4 
69.I 
77.5 

str. relieved 78 
750 

1200 
1600 

94,000 
76,600* 

51,900 

98,400 
81,800 
80,700 
52,900 

1     c- 

16.5 
14,3, 
17 

1.3 
71.8 
69.1 
12.9 

recrystall!zed 
(2350 F) 

80 
750 

1200 
1600 

70,200 
35,000 
22,500 
10,600 

72,900 
46,100 
49,600 
33,900 

24 
45 
50 
43 

20.8 
78.0 
73.6 
68.0 
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TABLE Cl (continued) 

TENSILE PROPERTIES AT ROOM AND ELEVATED TEMPERATURES 
OF ROLLED MOLYBDENUM-BASE ALLOYS 

Bar 
Dia 
In. Condition 

'i^st: 
F 

:ld Str. 
Tensile 
Strength Elongation 

* 

Reduction 
of Area 
 t_ 

Bar 1151  ; 1.25ft V 

as rolled 80 
750 

1200 
1600 

105,000 
85,600* 
63,800* 
45,600* 

114,500 
92,700 
90,600 
67,600 

34 
20 
19 
16 

59.7 
Sl.O 
81.2 
92.3 

str. relieved 80 
750 

1200 
1600 

103,90-0 
59,700* 
69,400* 
64,400* 

115,200 
86,800 
84,300 
88,600 

27 
19 
15 
20 

47.0 
80,0 
82.6 
79.4 

recrystallized 
(2200 F) 

80 
750 

1200 
1600 

84,300 
46,900 
33,500 

84,300 
47,900 
53,600 
41,500 

2 
46 
35 
48 

6.2 
88.2 
84.1 
66.9 

as rolled 73 
750 

1200 
1600 

88,200 
76,400* 
63,900* 
£.1    Rry-v* 

105,700 
82,500 
81,200 

9 
15 
15 
16.5 

9.0 
73.8 
72.0 
81.7 

str. relieved 83 
750 

1200 
1600 

97,100 
75,500* 
59,100* 
60,800 

98,900 
80,900 
79,900 
68,000 

2 
15 = 5 
14 
17 

1.7 
63.6 
74.2 
30.0 

recrystallized 
(260D F; 

76 
1200 
I6OO 

54,200 
19,000 
14,900 

54,200 
47,500 
37,900 

1 
33.5 
41 

2.1 
85.9 
89.7 

Bar 1207 - 0.09ft Zr 

5/8 as rolled 82 108,200* 126,700 30 55.5 
750 - 104,900 18 78.7 

1200 68,800* 96,400 19 72.5 
l600 59,000* 74,400 15 78.1 
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TABLE Cl (continued) 

TENSILE PROPERTIES AT ROOM AKD ELEVATED TEMFERATURES 
OP ROLLED MOLYBDENUM-BASE ALLOYS 

Bar 
Dia 
In. Condition            T 

estiiie, 
emp,  F 

r 1207 • 

Yield Str. 
psi 

Tensile 
Strength 

psi 

continued) 

Elongation 
Reduction 
of Area 

Ba - 0.09?> Zr ( 

5/8 str.  relieved 82 
750 

1200 
1600 

10k,200* 
80,200* 
72,300* 
53,600* 

125,900 
102,900 

97; 300 
79,000 

29 
19 
20 
18 

1+0.0 
71.1 
85.7 
86.1 

recrystallized 
(2750 F) 

79 
750 

1200 
I6OO 

65,900 
21,100 
19,kOQ* 
18,900 

75,800 
1+8,700 
UU.700 
35,100 

kk 
1+1+ 

^3 
55 

1*3.7 
91.1 
69.3 
93.6 

1 as rolled 
str. relieved 
recrystallized 

(2900 F) 

8? 
87 
87 

92,600* 
91,600 
1+6,1+00 

110,000 
105.700 
72,300 

k.5 
18 

1+.6 
3.7 

15*0 

1/2" Dia ; 3ars Tested at Room Temperature Only 
Bar 
1082 0.31 No 

str.  relieved 
recryst  (2300 F) 

79 
80 

lh,6O0 
5U.R00 

88,700 
69,1400 

16 
1+8 

38.3 
37.1 

1001 0.31 Nb,  0.16 Ti 
str.  relieved 
recryst  (2700 F) 

81 
81 

100,600* 
59,100 

111,500 
73,500 

2 
kk 

0.1 
37.1 

672 0.88 V 
as rolled 
recryst  (2500 F) 

79 
81 

7^,100* 
k6,700 

32,100 
70,600 

I 
7 

1.0 
l+.l 

1173 0.19 Co 
recryst (2100 F) 82 69,500 77,900 5 5.6 

117* 3.59 Ti 
str. relieved 
recryst (3000 F) 

62 
79 

70,1+00* 
56,900 

92,300 
56,900 

1+ 
0 

3.2 
0 

1175 1,1+6 V 
as rolled 
recryst  (2600 F) 

79 
80 

86,100 
1+6,900 

88,000 
52,600 

1 
3 

1.0 
1.6 
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CREEP-RUPTURE DATA ON ARC-CAST MOLYBDENUM-BASE ALLOYS 
IN STRESS-RELIEVED AND RECRYSTALLIZED CONDITIONS 

AT i60C F 

Tests conducted by Battelie Memorial Institute 

Beat Stress Rupture Elong. Reduction Creep Rate 
Heat 

937 

Alloy, $ 

0.015 C 

Treatment 

SR 45,000 

Time, hr 

0.3 

% of Area, j> 

92.0 

%  per hour 

17.4 „. 

SR 37,500 8.0 17.8 92.9 1.7 
SR 30,000 206 ..3 18.0 93-4 0.012 

R2150 22,300 2.0 54.9 94.0 12.2 
R2150 22,000 2.2 64.2 93.1 10.5 
R2150 17,500 19.7_ 40.7 86.5 0.95 

< R21pC 14,000 353.5* 34.2 - 0.067 

1045 0.003 c SR 60,000 0.1 12.9 95.7 _ 
0.005 Ce SR 45,000 .18.7 18.0 91.1 0,07 
0.007 RE R2400 30,000 on loading 51.6 96.0 - 

R24C0 20,000 97.9 52.0 97.3 0.19 

1063 0.17 Al SR 60,000 on loading 13.8 79.0 - 
SR 48,000 2.4 15.6 76 = 9 0.70 
SR 35,000 163.5 16.1 86,3 0.011 
R2200 30,000 0.4 59.3 93.2 - 
R2?00 25,000 7.9 78.6 86.1 2.50 
R2200 18,000 145.3 43.2 88.8 0.012 

987 0.53 Al SR 70,000 0.2 12.5 74.4 - 
SR 60,000 4.1 13.8 75-0 0.6 
SR 4s,000 97.7 15.4 60.0 0.034 
R2200 34,000 2.5 k9.5 64.6 - 

1 
R2200 30,000 14.1 56.9 67.O - 

4 
R2200 22,500 82.5 26.5 51.4 0.12 

1144 0.074 Co SR1700 60,000 2.7 22.4 93.8 1.3 
bKl700 50,000 15.9 47.5 89.1 0.20 
bi\l700 39,000 72,6 27.6 91.1 0.044 

"2000 
^000 

fi 0,000 
35,ooo 

0.15 
10.9 

41.8 
78.6 

87.9 
92.8 3.C 

^000 25,000 106.5 91.7 92.9 0.23 

988 0.24 Nb SR 7C,000 on loading 12,3 88.7 - 
3R 6C,000 4.1 12.8 85.6 0.45 
SR 5C,000 300.Oa 3.8 - 0.0046 
R2200 3c,ooo 0.5 51.9 95.2 - 
R2200 25.000 34.0 44.8 91.4 0,70 
R2200 22,yOO 39.6 23.9 52.1 0.25 

adiscontinued 
SR - stress relieved one hour at l800 F unless otherwise indicated 
R - recrystallized, held one hour at indicated temperature 

- 
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TABLE C2  (continued) 

CREEP-RUPTURE DATA ON AP.C-CAST MOLYBDENUM-BASE ALLOYS 
IN STRESS-RELIEVED AND RFCRYSTALLIZED CONDITIONS 

AT 1600 F 

Heat Stress Rupture Elong. Reduction Creep Rate 
Heat Alloy, i 

0.52 Nb 

Treatment 

SR 

psi 

80,000 

Time,  hr 

on loading 

4. of Area,  % 

77.1 

% .pei- hour 

978 13.1 
SR 70,000 %9 13.5 86.5 0.1+7 
SR 60,000 500.0s 3.0 - O.OO65 
1*2200 1^0,000 on loading 1+2.2. 86.6 - 
R2200 3^,000 13.8 36.9 87.3 1.05 
s2200 30,000 315.oa 22.1 - 0.01+2 

1057 0.75 Kb SR 75,000 9.5 11+.8 75.5 0.31 
SR 65,000 377-2* 3.2 - 0.0056 
SR 50,000 1+21+.93, 0. yj - 0.0006 
R2250 40,000 1.1+ 1+3.2 89. k - 
B2250 37,500 76.1+ ^7.3 46.3 0.12 
R2250 32,600 J'+X. 0 13.° - 0.001+ 

1132 0.1+5 Ti SR 65,000 0.5 1I+.9 86.8 k.O 
SR 75,000 18.2 17.4 88.3 0.22 
SR 65,000 171.0 17.5 77-5 0.03 

^21*50 
^1+50 
R2i+50 

1+0,000 1.7 I+1+.8 90.1+ - 
35,000 7^.9 32.8 86.1+ 0.19 
33,500 379. l+a 15.3 - 0.027 

!Qh8 O.69 Ti SR 60 000 0.15 12.1 90.5 - 
0,12 RE SR 50,000 7.6 13.6 T8.1+ 0.21 

SR 1+0,000 51+7.6a 2.1+ - 0.0017 
^500 35,000 on loading 34.7 82.2 - 

^500 25,000 35. K 
1+11.9 

25.2 28.3 0.09 
R2500 20,000 k.l — 0.023 

1133 0,85 Ti SR 65,000 1.0 16.8 88.0 2.2 
SR 55,000 29.9 18.3 72.8 O.09I+ 
SR 50,000 82.2 10.6 86.1 0.01+1+ 

^500 37,500 0.5 i+1.6 91.4 - 

^2500 30,000 23.2 1+3.2 92.7 O.po 

^500 27,500 92.7 ^3.3 92.3 0.05 

1138 1.22 TI SR 60,000 0.8 10.1 71.0 - 
SR 1+5,000 7^.9 15.4 68.1+ 0.01+1+ 
SR 1+0,000 330.3a k.6 - 0.011 
F'2500 38,000 0.3 1+2.7 96.0 - 

^500 30,000 11.8 1+7-1 89.8 1.3 
R2500 25,000 69.5 60.6 95 = 3 0.3 

1 

discontinued 



TABLrJ C2   (continued) 

CREEP-RuTTUHE DATA CN ARC-CAST MOLYBDENUM-BASE ALLOYS 
IN STRESS-RELIEVED AND RECRYSTALLIZED CONDITIONS 

AT loOO F 

Heat Stress Rupture Elong. Reduction Creep Rate 
Heat 

1009 

Alloy, i 

1.26 Ti 

Treatment 

SR 67,000 

 j   i~ 

0.1? 

1" of Area, # 

95.0 

$ per hour 

15.0 M 

SR 60,000 2.5 15.8 95.7 0.53 
3R 50,000 91.0 22.2 91.4 0.048 
R2900 44,500 0.2 29.6 95. ° - 
R2900 
R?900 

40,000 12'C*  h 4.8 - nil 
30,000 258.6a'b - - nil 

H2yoo 50,000 on loading 28.6 95.3 - 

1051 0.54 V SR 60,000 0.15 16.8 86.9 _ 
SR 50,000 7.1 15-9 79-9 0.24 
SR ^2,000 76.2 21.9 68.0 - 

^100 30,000 2.1 48.7 88.0 10.5 
R2100 25,000 25.3 57.1 93.7 1.20 
R2100 21.000 118.5 52.8 9^.8 0.18 

10L2 0.56 V SR 60,000 0.7 I8.5 79.3 _ 
SR 45,000 47.4 18.4 89.O 0.08 
SR 1*0,000 146.6 29.i1 94.7 0.035 
^150 
P'2150 

30,000 4.0 50.4 89.4 ~ 
25,000 30.c 36.0 84.8 0.50 

^150 22,000 2^3.0 72.2 96.5 0.10 

10-19 0.85 V SR 50,0C0 0.8 13.7 74,4 1.3 
0.003 Ce SR 50,000 36.1 18.5 86.0 0.11 
0.003 RE SR 45,000 158.0 20.8 89.7 0.027 

R2500 32,500 O.05 20.0 31.8 - 
[ R25CO 25,000 6.6 17. 6 34.1 1.15 

R2500 20,000 I8.9 4,8 6.6 0.16 

1052 1.00 V 3R 65,000 1.0 13.6 64.0 2.2 
SR 55,000 25.5 14.5 84.8 0.12 
SR 50,000 81.6 16.9 86.9 0.048 

^150 35,000 4.0 45.2 83.9 4.6 
0  x 

d2150 28,000 61.7 45.2 85.3 0.33 
•a 
-•2150 25,000 220.4 53.7 85.3 0.091 

1207 0.09 Zr SR 85,000 0.05 13.6 88.4 - 
SR 75,000 t\ 13.7 87.3 O.32 
SR 60,000 305.0a 2.0 - 0.0027 

^2750 
^750 

40,000 
30,000 

0.05 
1266.2& 

5C.0 
13.6 

92.C 
0.0046 

discontinued 
-reloaded at a stress of 50,000 psi and failed vhen load wa<? applied 
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TABLE C2  (continued) 

CREEP-RUPTURE DATA ON ARC-CAST MOLYBDENUM-RASE ALLOYS 
IN STRESS-RELIEVED AND RECRYSTALLIZED CONDITIONS 

AT 1800 F 

Tests conducted  by Battelle Memorial Institute 

Heat Stress Rupture Elong. Reduction Creep Rate 
Heat Alloy, % Treatment psi Time. hr * of Area, $ Vo per hour 

937 0.015 c SR 37,500 0.25 14,9 94.0 _ 
SR 27,500 13.6. 17.1 91.0 - 
SR 21,000 144.8D 4.9 - 0.036 
R2150 20,000 0-5 48.8 95.7 - 
R2150 15,000 5-5 54.4 9^.5 7-0 
^2150 12,000 93 - 3 75.2 93.2 0.28 

1045 c.003 c SR 40,000 0 1 19.0 95.2 .. 
0.005 Ce SR 25,000 33.8.0s 4.1 - - 
0.00? RE R2400 17,500 9-5 47.1 94.9 2.2 

I » 

"2VC0 14,000 125.3 18.7 30.4 0.075 

1063 0.17 Al SR 4o,oo0 0.6 18.6 83.6 2.4 
SR 30,000 8.0 lri-.O 87.6 0.31 
SR 20,000 67.9 32.8 91.4 0.026 
R2200 25,000 0.2 52.6 88.7 - 
^2200 20,000 O   Q 67.9 92.3 8.0 
BOOQQ 12-500 148.8 62.8 97.6 0.14 

987 0 53 Al Si-, 55,000 0.4 19-7 30.4 - 
SR 45,000 3.9 18.4 A"? n 1.0 
SR 25,000 185.0 21.0 85,7 0.028 
R2200 30,000 0.4 57.3 91.7 - 
R2200 25,000 4,0 50.3 90.1 8.5 
R2200 17,500 54.9 39-6 92.1 0.34 

ll4U 0.07^ Co SR1700 50,000 0.6 25.3 62.7 '+•3 
SR.1700 30,000 10.8 37.3 83.5 0.21 
SR1700 19,000 102.3 •>9-6 80.9 0.05 
1*2000 32,500 0.5 66.9 87.7 - 
R2000 25,000 3.2 77.6 92.2 10.8 
RPOOO 15,000 110.9 30.2 79-0 0.07 

988 0.24 Nb SR 55,000 0.2 13.1 90.7 - 
SR 35,000 32.8 13.1 90.7 0.030 
SR 27,500 51.2 14.2 92.9 0.0001 
K2200 25,000 0.8 53.3 93.9 - 
1*2200 17,500 71.6 50.0 94.C 0.32 
R2200 16,000 287.6* 28.9 -• 0.086 

adi scontinued 
^teot discontinued because of furnace failure 
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TABLE C2 (continued) 

CREEP-RUPTURE DATA ON ARC-CAST MOLYBDENUM-BASE ALLOYS 
IN STRESS-RELIEVED AND RSCRYSTALLIZED CONDITIONS 

AT 1800 F 

Heat Stre s s Rupture Eloug. Reduction Craap Bat's 
Heat Alloy,  $ 

0.52 Nb 

Treatment 

bR 

psi Tiine,  hr 

0.5 

of Area,   % % per hour 

978 65,000 12.4 80.2 
SR 55,000 14.2 14.4 86.1 0.23 
SB ir0,000 176.3 7-"r Y.oc - 
R22C0 32,500 0.3 48 = 9 92 ..0 - 

^200 28,000 23.O 49.2 86.5 0.90 
Pl2200 25,000 1^5.5 51.9 91.4 0.20 

1057 0.7S  Nh SR 70,000 0.2 12.5 86.2 - 
SR 60,000 11.9 15.8 84.5 0.33 
SR 50,000 ito.5 15.6 82.7 0.03 
K2250 >+0, oco 2 min 47.6 90.4 - 
B 
'•2250 32,500 17.7 48.8 80.5 1.35 
K2250 27,500 200.2 37.0 86.1 0.048 

IIS* O.hy  TI SR 70,000 •1     r\ xo.p 83.2 3.2 
SR 60,000 27.5 18.5 88.0 0.21 
SR 50,000 227.9 16.3 61.8 0.012 
F2U50 
R2''i50 

35,000 0.35 50.5 92.3 - 
31,000 3.9 45.6 89-7 5.8 

^50 27,500 328.7s 22.4 - 0.014 

-1 rs). 0 
-l.v.'-fV-' SR 55,000 l/2 min 13.0 89.8 - 

0.12 RE SR 40,000 7.8 14.5 88.3 0.32 
SR 30,000 142.1 17.9 95.0 0.027 
R5500 30,000 0,2 36.0 95-2 - 
RoCQO 22,500 12.4 36.9 93.7 0.62 
R2500 17,500 20Q. 5 

1 -  /^ 80.8 0.016 

1133 0.85 Ti SR 52,000 2.1 18.6 91.4 1.5 
SR 40,000 42.9 li.7 90.1 0.10 
SR 35,000 148.5 15.5 85.7 0.022 

^500 35,000 0.1 4o,7 87.5 - 
R2500 25,000 8.6 45.2 90.8 1.7 
^500 21,000 52.8 52.8 92.9 0.42 

1138 1.22 Ti SR 50,000 0.7 17.4 71.1 3.1 
SR to, 000 12.0 19.1 92.3 0.27 
SR 30,000 155.9 35.2 62,9 nil 
R2500 27,500 0.9 45.1 94.5 - 
R2500 22,000 10.1 46.6 94.8 2.2 
R2500 17,000 142.7 79-2 95.7 0.25 

a-disc( 
clow •< 

jntinued 
/alues prob ably caused . by loss of "acuum for short time 
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TABLE C2  (continued) 

CREEP-RUPTURE DATA ON ARC-CAST MOLYBDENUM-EASE ALLOYS 
IN STRESS-RELIEVED AND RECRYSTALLIZED CONDITIONS 

AT 1800 F 

Heat Stress Rupture Elong. Reduction Creep Rate 
Heat Alloy, i> 

1.26 Ti 

Treatment 

SR 

Time, hr 

2.7 

°h of A-^ea, f 

94.0 

ft per hour 

1C09 50,000 18.3 11.0 
SR 35.9 26.2 92.9 0.15 
SR 35,000 56.7 00 •? O.089 
E2900 47,000 on loading 38.9 95.4 - 
R2900 40,000 57-9 24.2 94.7 0.02 

POOO 35,000 231.0 ^7-3 91.4 0.002 

1051 0.54 V SR 50,000 0.1 16.0 90.1 - 
SR 38,000 4.4 16.7 68.3 - 
SR 28,000 38.0 20.7 90.0 0.11 
R2100 30,000 0.2 62.8 91.0 - 
R2100 20,000 11.6 66.5 90.8 2.4 
R2100 15,000 108.9 58.3 90.7 0.26 

1012 0.56 V SR 4^ OOC 1.4 14. > 92.9 - 
SR 35,000 0.9 17.5 90.8 0.54 
SR 25,000 50.8 19.7 92.6 0.12 
R2150 32,000 0.1 58.1 89.4 - 

^2150 
R2150 

25,000 2,1 57.4 93-7 12.5 
1 "7 snn J. 1 , ,, ~ w 120.6 77.3 94.1 0.24 

1049 0.35 v SP. 50,000 0-3 14.4 81.8 - 
0.003 Ce SR 40,000 9.5 16.8 83.1 0.4l 
0.003 RE SR 30,000 381.la 5.5 - 0.010 

R2500 25,000 0.4 23.0 36.2 - 
R 
2500 20,000 7.1 29.1 23,5 0.23 

^500 16,000 85.6 15.1 39.6 0.11 

1052 1.00 V SR 55,000 0.2 14.5 89.1 - 
SR 45,000 4.1 15.5 88.0 0.82 

35,000 42.3 19.5 86.4 - 
R2150 
^150 
Roi en 

25,000 5.9 60.2 87.7 5.0 
20,000 43.9 ii-3 7 85.7 0.54 
17,000 197.4 48! 3 91.8 0.14 

1151 1.25 v SR 50,000 2.3 18.9 91.8 1.3 
SR 38,000 36.7 18.9 89.4 0.14 

1 /-i/-\T A no FY. SR 70.000 0.9 15.3 79.0 - 
SR 60,000 U3.8 16.8 74.9 0.13 
SR 56,000 109.8 17.2 79.5 0.05 

R2750 it0,000 on loading 46.6 91.8 - 
R2750 30,000 26.7 40.9 90.6 0.70 

R2750 27,500 102.9 35-0 82.3 0,052 

discontinued 
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TABLE C2 (continued) 

CREEP-RUPTURE DATA ON ARC-CAST MOLYBDENUM-BASE ALLOYS 
IN STRESS-RELIEVED AND RECRYSTALLIZED CONDITIONS 

AT 2000 F 

Tests conducted by Battelle Memorial Institute 

Hea-c Sxress Rupture Elor.g. i-.ect.ut; Lj.un Creep Rate 
Heat Alloy,  % 

0.015 c 

Treatment 

SR 

psi 

25,000 

Time,  hr 

-•7c 

?> of Area,   $ 

92.3 

^ per hour 

937 19.5 _ 

SR 17,500 
10«° 16.0 33-5 ~ 

SR 12/000 2'2.I2, c   1. - 0.023 

•^150 
R2150 

17,500 0.15 60.1 83.1 - 
12,000 ?.3 41.3 63.O 3.0 

lovT 0.003 c SR 35,000 1.1 13-8 84,6 2.5 
0.005  Ce SR 12,000 137.0 34.4 90.0 0.080 
0.007 RE R2400 20,000 0.1 36.7 95.0 - 

R2400 11,000 176.0 24.0 0.044 

1063 0.17 Al SR 30,000 21.6 68.2 6.0 
SR 20,000 1.0 41.6 84.0 2.0 
SR 11,000 6Q.7 25.6 15.2 0.084 

"2200 18,000 0.5 64.7 83.6 - 

^200 14,000 2.8 50.9 to.l 4.5 
R2200 9,500 85.2 46.5 82.0 0.20 

987 0.53 Al SR 35.000 0.7 25.0 83.0 2.8 
SR 14.000 37.0 38.7 84.2 0.15 
SR 11,000 136.9 S3.6 80.5 0.04 
R2200 23,000 0.5 67.8 97.1 •f 

R2200 15,000 11.2 70,2 91.9 2.0 
R2200 10,0(H) LIE.8 5 1 .' • 83.8 0.095 

988 0.2*1 Nb SR 35,000 0.9 11.5 87.5 _ 
SR 15,000 05 )i 43.9 82.9 0.13 
SR 10,000 258.8s 

12.7 - 0.045 
^2200 23,000 0.1 54.6 9-'. 3 - 
^2200 15,000 4.8 37.0 48.6 5.6 
R2200 10,000 225.8s 37.0 - 0.091 

970 0.32 NL SR 50,000 1.4 15.1 62.6 - 
SR 35,000 3.8 14.1 67.4 m 

art 15,000 139.8 39-4 72.2 0.04 
R2200 27,500 0.2 44.4 88.1 - 
^2200 17,500 32.6* - - 0.84 
^2200 15,000 109.3 44.1 86.8 0.18 

adiscor.tinuod 
cspecimen overheated,  rupture time estimated 

. 

—,—.__  



240 

PTIA T»T T7i   r%n    f ««„a. 4 —*, — .'J \ 

CREEP-RUPTURE DATA CN ARC-CAST MOLYBDENUM-BASE ALLOYS 
IN STRESS-RELIEVED AND RECRYSTALLIZED CONDITIONS 

AT 2000 F 

Heat Stress Rupture Elong. Reduction Creep Rate 
Heat Alloy,  it Treatment .E§i_ Time,  hr i of Area,  %- % per hour 

1057 0.75 Nb SR 55,000 0.3 19.7 84.9 _ 
SR 45,000 6.5 16.8 84.2 0-33 
SR 20,000 139.2 48.0 46.4 0.13 
^250 32,500 0.12 56.0 83.2 - 

^2250 25,000 7.'+ 48.4 79.3 0.40 

^250 20,000 49.9 48.0 72.2 0.46 

1132 0.45 Ti SR 70,000 0.2 12.1 79.8 - 
SR 50,000 6.7 19.2 87.6 0.52 
SR 20,000 261.6a 

•• 0.00*+ 

^450 30,000 0.3 48.3 79-7 - 

^450 
^450 

25,000 4.4 51.7 86.7 6.0 
18,000 280.oa 12.6 - 0.023 

1048 0.69 Ti SR 55,000 on loading 14.4 87.0 - 
0.12 RE SR 30,000 5.8 16.8 61.8 0,25 

SR 15, xo •3    n - - 

^2500 
^2500 

25,000 0.2 34.8 72.3 - 
17,500 4.3 12,0 45.6 1.05 

p2500 12,000 36.7 3.9 4.6 0.037 

1133 0.85 Ti SR 4p,000 0.4 16.6 92.1 - 
SR 35,000 U-5a 

If .6 88.2 0.50 
3R 18,600 214.Oa 

5.7 - 0.0012 
R250C 26,000 40.6 84.3 - 

^25 00 22,000 2.0 31.7 26.7 5.5 
K2500 14,000 228.8s 10.9 - - 

1009 1.26 Ti SR 40,000 1.4 19.5 96.0 1.3 
SR 35,000 7.5 22.6 89.2 0.60 
SR 20,000 93.3 21.6 64.0 0.044 

^2900 40,000 2.0 21.2 87.7 0.75 
R290C 
R2900 

35,000 7.2 22.8 86.i 0.18 
26,000 41.1 20.0 90.0 0.018 

1051 0.54 V SR 42,000 on loading 23.0 89.8 «• 
SR 25-000 1.3 16.0 90.0 1.70 
SR 10,000 198.5 48.0 74.0 0.072 

^100 22.000 0.2 62.6 91.6 - 

*R2100 11,000 75.0 50.0 87.2 0.21 

^100 11,000 72.3 49.5 87-9 0.21 

discontinued 
*these two specimens were tested at the same stress by mistake 
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TABLE C2 (continued) 

CREEP-RUPTURE DATA ON ARC-CAST MOLYBDENUM-BASE ALLOYS 
IN STRESS-RELIEVED AND RECRYSTALLIZED CONDITIONS 

AT 2000 F 

Heat Stress Rupture Elong. Redaction Crcet) Rate 
Heat Alloy,  f, 

0.56 V 

Treatment 

SR 

psi 

25,000 

Tinie -  hr 

2.9 

* of Area,  $> $ per hour 

1012 35.0 88.2 1.10 
SR T rr   crr\r\ 

1 | , ?<~>\J 11.6 84.8 84.3 0.70 
SR 11,000 265.0a 

10.3 - 0.018 

^2150 23,000 0.3 58.4 90,0 - 
p 
"2150 17,500 3.7 52-8 89.O 4.8 
R2150 12,000 125.0 44.8 85.5 0.002 

1049 0.85 v SR 45,000 0.12 15-9 85.I - 
0.003 Ce SF 25,000 39-8 18.4 75.0 0.018 
0.003 RS SR 20,000 111. 4 Xj,.0 JO.O 0.036 

R2S00 20,000 0.5 32.3 28.1 - 

^2500 15,000 5.1 18.5 15.1 1.50 
R2500 12,000 76.2 12.0 15.6 0.030 

1052 1.00 V SR 42,000 0.1 22.0 P.l      -7 . 
SR iO.OOO 5.0 40.0 91.0 1.10 
SR 17,500 26.8 59-3 92.0 0.14 

^150 
R2150 
R2150 

24,000 0.6 31.4 91.0 - 
T 7 nnn 8.8 32.0 82.2 1.9 
3 2.500 130.8 4?.6 79-8 0.14 

1207 0.09 Zr SR 25,000 160.8b 1.0 - 0.0028 
R2750 18,500 175-6a 4.1 - 0.006 

&.».< ... 
bfail< 

;;;tinued 
sci in specimen holder 
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