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FOREWORD 

This report of the "Symposium on Titanium" is a complete record of the 
formal talks that were presented at the meeting called by the Office of Naval Research 
on 16 December   1948.  The purpose of this meeting was to bring together those 
government agencies and industrial organizations actively engaged in the research and 
development of titanium and its alloys so as to provide, for the first time, a com- 
prehensive review of the titanium research effort and the progress thus far attained. 

Titanium and its alloys represent a potentially important metal system which 
is currently receiving much interest and attention. The Navy has a vital stake in the 
development of light, strong and corrosion-resistant metals and looks forward to the 
full exploitation and development of this most promising metal system. 

It is hoped that this report will be of value to those working in the field of 
titanium and to all potential consumers of titanium and titanium alloys.  To all those 
who took an active part in the symposium, the Office of Naval Research expresses its 
appreciation. 

T. A. Solberg 
Rear Admiral, USN 
Chief of Naval Research 

Note:   The discussions following each paper were ™™*^^£*^,£?- 
■ i-        „«^ *,, «,o intprpt;t of exDediencv were not checked witn tne discussers». 

&££££ -£2Z££Z. dJ to the summaries and «he shortcomings 
of the transcriptions. 

li 



TABLE   OF   CONTENTS 
page 

Program 1 

Welcoming Address 3 
Captain William H. Leahy, USN, Assistant Chief of Naval Research 

Introduction 4 
J. J. Harwood, Office of Naval Research 

The Bureau of Aeronautics' Titanium Program (Paper 1) 5 
N. E. Promisel, Chief, Materials Branch, Bureau of Aeronautics, Navy 
Department 

Discussion, Paper 1 11 

The Program of the Air Materiel Command on Titanium Alloys (Paper 2) 12 
Richard R. Kennedy, Wright-Patter son Air Force Base 

The Titanium Program of Army Ordnance (Paper 3) 18 
Laurence S. Foster, Watertown Arsenal Laboratory 

Discussion, Paper 3 19 

Production of Titanium Powder at Boulder City (Paper 4) 20 
F. S. Wartman, Metallurgist, Bureau of Mines, Boulder City, Nevada 

Discussion, Paper 4 25 

Fabrication of Titanium and Investigations of Titanium-Nickel Alloys in the 
Bureau of Mines Laboratories (Paper 5) 27 

J. R. Long, College Park Branch, Metallurgical Division, Bureau of Mines 

Discussion, Paper 5 '47 

Physical and Mechanical Properties of Commercially Pure Titanium (Paper 6)       49 
C. I. Bradford, J. P. Catlin and E. L. Wemple, Remington Arms Company 

Discussion, Paper 6 58 

Production and Properties of Iodide Titanium (Paper 7) 60 
Bruce W. Gonser, Research Supervisor, Battelle Memorial Institute, 
Columbus, Ohio 

Discussion, Paper 7 68 

Properties of Iodide Type Titanium (Paper 8) 70 
F. B. Litton, Foote Mineral Company 

Discussion, Paper 8 72 

Induction Melting of Titanium Metal in Graphite (Paper 9) 73 
J. B. Sutton, Pigments Department, E. I. DuPont de Nemours and Company 

- iii - 



Discussion, Paper 9 75 

The Production and Arc Melting of Titanium (Paper 10) 77 
C. T. Greenidge and L. W. Eastwood, Battelle Memorial Institute 

Discussion, Paper 10 90 

Some Preliminary Tests to Determine Applications for Titanium (Paper 11) 92 
W. Lee Williams, U. S. Naval Engineering Experiment Station, Annapolis, 
Maryland 

Discussion, Paper 11 103 

Some Preliminary Data on Alloys of Titanium (Paper 12) 105 
E. I. Larsen, E. F. Swazy, L. S. Busch and R. H. Freyer, P. R. Mallory 
and Company, Inc. 

Discussion, Paper 12 124 

Titanium-Base Alloys (Paper 13) 125 
Howard C. Cross, Battelle Memorial Institute 

Discussion, Paper 13 131 

Some Aspects of the Metallurgy of Titanium Alloys (Paper 14) 132 
P. H. Brace, Westinghouse Research Laboratories 

Discussion, Paper 14 142 

The Titanium-Base Alloys Program of the Naval Research Laboratory (Paper 
(Paper 15) 144 

E. J. Chapin, Metallurgy Division, Naval Research Laboratory 

Discussion, Paper 15 150 

The Carbon-Oxygen Relationship in Titanium Melted in Carbon Refractories 
(Paper 16) I52 

S. F. Urban and A. C. Haskell, Titanium Alloy Manufacturing Division, 
National Lead Company 

First Progress Report on Titanium-Carbon and Titanium-Nitrogen Phase 
Diagrams (Paper 17) 153 

J. P. Nielsen, College of Engineering, New York University 

Discussion, Paper 17 157 

IV 



PROGRAM 

CHAIRMEN 

I.R. Kramer and JJ. Harwood 
Office of Naval Research 

Welcoming address 

Captain William H. Leahy - Assistant Chief of Naval Research 

Introduction 

J.J. Harwood - Office of Naval Research 

Research and Development Programs on Titanium 

1. "The Bureau of Aeronautics Titanium Program" 
N.E. Promisel - Materials Branch, Bureau of Aeronautics 

Navy Department 

2. "The Program of the Air Materiel Command on Titanium Alloys" 
R.R. Kennedy - Wright-Patterson Air Force Base 

3. "Titanium Program of Army Ordnance" 
L.S. Foster - Watertown Arsenal, Office of Chief of 

Ordnance, U.S. Army 

Production and Properties of Titanium Metal 

4. "Production of Titanium Powder at Boulder City" 
F.S. Wartman - Boulder City, Nevada, Division 

Bureau of Mines 

5. "A New Method of Consolidating Titanium Powder" 
J.R. Long - College Park, Maryland, Division 

Bureau of Mines 

6. "Physical and Mechanical Properties of Commercially Pure 
Titanium" 

C.I. Bradford, J.P. Catlin and E.L. Wemple 
Remington Arms Company 

7. "Production and Properties of Iodide Titanium" 
B.W. Gonser - Battelle Memorial Institute 

8. "Properties of Iodide Type Titanium" 
F.B. Litton - Foote Mineral Company 



9. "Induction Melting of Titanium Metal in Graphite" 
J.B. Sutton - Pigments   Department, 

E.I. DuPont de Nemours and Company. 

10. "Production and Arc-Melting of Titanium" 
O.W. Simmons, C.T. Greenidge and L.W. Eastwood 

Battelle Memorial Institute 

11. "Some Preliminary Tests to Determine Applications of 
Titanium" 

W. Lee Williams - U.S. Naval Engineering 
Experimental Station 

Alloys of Titanium 

12. "Some Preliminary Data on Alloys of Titanium" 
E.I. Larsen - P.R. Mallory and Company, Inc. 

13. "Titanium Base   Alloys" 
H.C. Cross - Battelle Memorial Institute 

14. "Some Aspects of the Metallurgy of Titanium Alloys" 
P.H. Brace - Westinghouse Research Laboratories 

Physical Metallurgy of Titanium and its Alloys 

15. "Description of Apparatus for the Melting of Titanium and 
for the Study of the Titanium-Oxygen System" 

E.J. Chapin - Metallurgy Division 
Naval Research Laboratory 

16. "The Carbon-Oxygen Relationship in Titanium Melted in 
Carbon Refractories" 

S.F. Urban and A.C. Haskell - Titanium Alloy Manufacturing 
Division, National Lead Company 

17. "First Progress Report on Titanium - Carbon and Titanium - 
Nitrogen Phase Diagrams" 

John P. Nielsen - College of Engineering, 
New York University 



r  WELCOMING ADDRESS 

By CaEtoinWUliamJkJiea^ USN 
Assistant Chief of Naval Research) 

Gentlemen: 

It gives me great pleasure to welcome you to this Symposium. Admiral 
Solberg is unable to be present because he has been called to a meeting of the Naval 
Research Advisory Committee in New York and he asked me to express his regrets. 
This is one of a series of Office of Naval Research Symposia on metals aimed at pre- 
senting and discussing recent trends in metallurgical research and development.  The 
Navy is particularly interested in titanium because of its promise as a suitable struc- 
tural material.  Its high strength-weight ratio, its corrosion resistant properties, and 
its high temperature characteristics are all very attractive.  Its natural abundance in 
the United States is also an important reason for giving it careful consideration. 

During the past war the Navy, and American industry worked together as a 
team to build up the greatest naval force in all history.  It was a remarkable job which 
required the closest kind of cooperation, and it clearly indicated how much can be ac- 
complished under the American system when we all put our shoulders to the wheel. 
Even though the war is over and won, it is still important that we work closely togeth- 
er.  For this reason the Office of Naval Research particularly welcomes this meeting. 
It provides the opportunity for a review and discussion of the titanium programs under 
way and should stimulate and encourage the application and utilization of this new met- 
al.  Titanium shows great promise.  It is up to industry and the military services 
working together to solve the many problems that face us before titanium can be used 
in quantity.  The successful solution of the problem will provide good insurance for 
the future. 



(INTRODUCTION 

By L-J—flarwgod 
Office of Naval Research . 

With the announcement of the small-scale, commercial production of titan- 
ium, a new metal system joins the ranks of our dwindling supply of useful structural 
metals.  Certain characteristics of titanium bid fair to make it a potentially important 
metal system for the future - namely, it is light, strong, durable and corrosion resis- 
tant.  To these we might add one other important qualification - it is plentiful.  Ad- 
mittedly, we still speak today in terms of the potentialities of titanium and its alloys, 
but potentialities which are rapidly being transformed into realities.   Even at this 
early stage of development, titanium is assuming a prominent position and can no 
longer be categorized as a rare metal.  It is the purpose of this symposium to ac- 
quaint all of you here who are interested in the future of titanium with the recent stat- 
us of the research and development work that is currently under way. 

The papers that will be presented during today's program logically fall with- 
in four general groupings:   (a) description of the programs being conducted and/or 
sponsored by the member agencies of the National Military Establishment, (b) reports 
on the production and properties of titanium, (c) alloy development studies and (d) 
physical metallurgy studies of titanium and its alloys.  The rather large number of 
papers on the program is typical of the rapidly expanding research effort in titanium 
and was motivated by our desire to make today's presentation as comprehensive and 
as complete as possible. 



r Paper 1 

THE BUREAU OF AERONAUTICS' TITANIUM PROGRAM 

By ItJ^JPrjjmigel 
Materials Branch, Bureau of Aeronautics, Navy Department    ( 

The clear expression of interest in the metal titanium, evidenced by the at- 
tendance here today, the scope of the program and the activities indicated thereby, the 
steady progress made in the development of this interesting material within the past 
few years and the unique properties revealed to date, certainly forecast   an important 
role for titanium in the not-too-distant future, in the field of constructional materials. 

The Bureau of Aeronautics' interest and activity in this field date   back about 
two years.  The potential applications envisioned at the beginning, based primarily on 
the well-known publications of the Bureau of Mines, have been expanded, if anything, 
with increasing enthusiasm and optimism, in keeping with developments resulting not 
only from Bureau of Aeronautics' investigations but also from the cumulative data 
being generated by other Government agencies and industry.  This anticipated utiliza- 
tion is based on the already known favorable relative properties for titanium of high 
strength combined with moderate specific gravity, apparent ductility, fairly high mod- 
ulus of elasticity, high melting point, excellent corrosion resistance in chloride en- 
vironments, apparent workability and, by no means least of all, the abundant availa- 
bility of the raw material in this country. With full recognition of existing handicaps 
of the many problems yet to be solved and of the many "ifs" in the relatively limited' 
evaluations to date, it is possible to envision use of this material or its alloys in many 
types of applications such as the following: 

a.  Substitution for aluminum and magnesium alloys and steel in some types 
of aircraft construction because of improved design properties at normal tempera- 
tures.  Figure 1 shows some relative design values. 
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b. Substitution for high specific gravity materials, particularly stainless 
steel, due to its outstanding resistance to chloride and other environmental corrosion, 
and substitution for light alloys for the same reason.   To illustrate the latter, there 
may be mentioned the problem of protecting leading edges of light alloys in high-speed 
aircraft.  At speeds approaching those of sound, the customary organic protective 
coatings are abraded away by impingement of dust, various particles, rain, etc., in a 
relatively few hours, sometimes perhaps in a matter of minutes.  The result, unless 
improved coatings or materials are perfected, is susceptibility to corrosion, loss in 
airplane performance due to surface roughening, and increased maintenance time and 
costs. 

c. Substitution for steel where space is at a premium.   The advent of thin 
wings in supersonic aircraft and the increasing importance of space for the expanding 
specialized equipment being carried in military aircraft "nder some conditions neces- 
sitate designs and types of construction utilizing materials heavier than aluminum and 
magnesium which occupy a smaller volume for the same load-carrying ability.  Cur- 
rently steel is the selection, even at a sacrifice in weight.   Titanium and its alloys 
may be the happy compromise. 

d. Applications involving moderately elevated temperatures.   Temperatures 
in the order of several hundred degrees Fahrenheit are becoming more common in 
aircraft, due to higher speeds and aerodynamic heating, the use of heat in de-icing, 
the proximity of structural parts to very hot installations such as jets and after- 
burners, the need for increasing temperatures in the compressors of turbines and 
jets and other causes.   The present high-strength light alloys begin to lose their 
strength very seriously between 300 degrees Fahrenheit and 400 degrees Fahrenheit. 
There is reason to believe that titanium and its alloys lose their strength very much 
more slowly under these conditions.  Although steels are available for these tempera- 
tures, the weight penalty is very severe. 

e. There should be mentioned the marked possibility of developing superior 
alloys with high percentages of titanium for very high temperature applications.   Of 
interest in this respect are the titanium-aluminum and titanium-silicon alloys de- 
scribed in greater detail elsewhere in this symposium by this bureau's contractor, 
P. R. Mallory and Company, in which the oxidation of titanium at about 1500 degrees 
Fahrenheit is very markedly retarded by a few percent aluminum or one percent 
silicon. 

f. Finally, there is a miscellaneous assortment of special applications.  For 
example, this bureau is studying the possible use of titanium in high-speed hot-air 
heater wheels.  Its use for armor plate warrants consideration.   The electrical prop- 
erties of titanium may provide unique advantages in electronic work. 

With such a span of potential uses, the logical question of what properties are 
particularly desired in titanium and its alloys for military aircraft applications is 
very difficult to answer.  Qualitatively, we must consider and compare with our best 
existing alloys the static tensile properties, static compressive properties, static 
shear properties, various moduli, various ductility and toughness properties (includ- 
ing impact resistance; ability to deform locally; ability to be bent, rolled, forged, 
squeezed, twisted, etc.), dynamic properties, directional properties, thermal stability, 
dimensional stability, applicable fabricating techniques, specific gravity, chemical 
properties, physical constants such as expansion and conductivity coefficients, cost 
and many other factors.  Quantitatively, and purely as a general guide, we might say 
that to permit use of titanium or its alloys to advantage, at room temperature its ul- 
timate tensile strength should exceed 135,000 psi, the tensile and compressive yield 
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should exceed 110,000 psi, the elongation in two inches should not, if possible, drop 
below about 10%, the minimum impact strength should be about 10 - 15 foot pounds, 
and the modulus of elasticity should preferably exceed 16,000,000 psi and the specific 
gravity not greatly exceed 4.5. At temperatures of about 500 degrees Fahrenheit, the 
loss in strength should not drop more than about 10% of its value at room temperature, 
preferably when under stress for about 1000 hours.  Endurance strength should not be ' 
less than about one-third the static strength.  Not all these properties may be obtain- 
able in one alloy simultaneously (although even current laboratory work indicates they 
are entirely reasonable) and not all are necessary at all times, but the more these 
crude and very approximate criteria are bettered, the more valuable the material be- 
comes.  At the same time, some applications may demand additional requirements. 

The Bureau of Aeronautics' program aimed at achieving some of the above 
objectives is divided into several parts, which for convenience may be grouped as fol- 
lows: 

a. Work done in Bureau of Aeronautics' laboratories on metallurgical, fabri- 
cation and design studies of existing titanium.   This work, being done at the Naval Air 
Experimental Station in Philadelphia, utilizes as a working medium the objective of 
constructing several seaplane floats.  More will be said about this later. 

b. Corrosion studies at the above laboratory and at the Bureau of Aeronaut- 
ics' exposure sites near Norfolk, Virginia.  It might be interesting to state in passing 
that,aside from the excellent corrosion resistance to chlorides normally shown, it ap- 
pears from preliminary results that titanium in contact with cadmium, cadmium-tin 
and zinc coatings is not affected by such contacts and does not accelerate the corro- 
sion of the coatings.   This is of extreme importance in aircraft due to the presence of 
light alloys throughout. 

c. Development and evaluation of titanium alloys, and methods of producing 
them.  This work is being done under a contract with P. R. Mallory and Company and 
also in collaboration with the Bureau of Mines.  Some details of these programs will 
also be described later in this Symposium, in Malloy and Bureau of Mines reports. 

d. Special problem investigations, such as the heater wheel already men- 
tioned. 

In the short time remaining for this talk, I should like to review briefly some 
information developed under part (a) of the program above, which would otherwise 
probably not be published publicly for some time.  It is important to remember that 
these are preliminary results only, subject to change as more data become available. 
The information will be presented under the following headings: 

a. Tensile test data. 
b. Bearing strength of sheet. 
c. Bend tests to determine cold formability. 
d. Dimpling tests on sheet (for flush rivets). 
e. Upsetting tests on rods (heading rivets). 
f. Fatigue data for sheet and rod. 
g. Column data. 
h.   Spot and seam weld data. 

Expanding rather briefly on these items, tests have indicated that the average 
of longitudinal and transverse tensile properties for a variety of gages of cold-worked 
sheet were approximately: 
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97,000 psi ultimate tensile strength. 
85,000 psi yield strength. 
35,000 psi proportional limit. 
14% elongation in two inches. 
15.5 X 106 psi for modulus of elasticity. 

The working schedule for preparing the material was selected on the basis 
of retaining good workability in the sheet even at a sacrifice in strength. 
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The second figure shows a stress-strain curve for .064-inch sheet.  It should 
be noted that compared to the foregoing these properties are conservative.  Actually, 
they represent minimum values found for .064-inch sheet.  In general, however, the 
properties tend to improve with decreasing sheet thickness, the increase being at- 
tributed to a greater amount of mechanical working in the lighter gage sheets. 

The average bearing strength of titanium sheet for all gages of sheet tested 
was approximately 200,000 psi ultimate and 142,000 psi yield strength.  As would be 
expected, the bearing strength for specimens tested in the transverse direction is, in 
general, higher than for the specimens tested longitudinally.   Figure 3 represents 
minimum values obtained for .064-inch sheet.   Lighter gage sheets again exhibit some- 
what higher bearing strengths. 

The results of dimpling tests and bend tests on sheet as well as upsetting 
tests on 1/8 inch rod, all performed at room temperature, were generally unsatisfac- 
tory indicating that the cold formability of this material is poor.  Data for hot dim- 
pling and forming have not been developed as yet. 

Figure 4 shows a typical column curve for .042-inch titanium sheet.   Although 
curves for 75ST are not included, titanium as indicated by this curve has similar and 
only slightly better properties than 75ST aluminum.  Both materials break away from 
the Euler curve at about 50,000 psi.   Titanium, however, has a steeper curve there- 
after, indicating a higher column strength for the lower values of slenderness ra- 
tios. ' It should be remembered that, although in this curve the titanium shows no 
significant advantage over aluminum alloy, the material is subject to much improve- 



ment and, in any case, the advantages of titanium increase as the temperature in- 
creases. 
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The results of preliminary fatigue flexure tests on sheet are shown in Figure 
5.  It will be noted that the endurance curve is plotted for .032-inch sheet in the trans- 
verse direction, made from powder metallurgy compacts.  The endurance limit in this 
case is 25,000 psi. Data for the longitudinal direction were not available in time for 
presentation due to mechanical difficulties experienced in the test material.  The 
above value is less than one would normally expect from material having the high 
average static properties stated previously; the difference may be due to the fact that 
a transverse specimen was used.  The opposite trend is shown in additional fatigue 
data developed for titanium bars, made by melting techniques.  These bars were ob- 
tained through the courtesy of the Remington Arms Company.  Results indicate the 



endurance limit of this material to be approximately 68,000 psi.  This value approach- 
es the unusually high figure of about 70% of typical static strength.  Considerable dif- 
ficulty was experienced in these tests due to severe heating of the specimen during 
the fatigue test.  It was ultimately necessary to direct an air stream on the specimens 
during the test.  It is to be noted that the foregoing fatigue data are very preliminary 
in nature.  Considerably more information is required to establish firmly the fatigue 
strength of unalloyed titanium, and to eliminate or clarify any apparent anomalies in 
results. 
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Fig. 6 

Tests to determine the spot-welding characteristics and machine settings for 
welding several gages of titanium sheet were made, using stored energy equipment. 
Figure 6 shows single specimens representing degreased, and degreased and chemi- 
cally treated, surface conditions, spot-welded at each setting over the range of weld- 
ing heats investigated for the different sheet gages.  Specimens were tested in shear 
to establish primary current strength relationships.  Six-inch-radius dome tip and a 
constant electrode force of 880 pounds were used to weld all specimens.  This elec- 
trode force was selected so as not to exceed the mechanical strength of the offset 
electrodes required by the design and shape of certain parts of the float to be spot- 
welded.  The results of these tests indicate that metallurgically sound welds with sat- 
isfactory shear properties may be obtained using stored energy methods and fairly 
high electrode forces for spot-welding.  It is to be noted that generally higher shear 
strength at given heat settings were obtained for chemically cleaned specimens. 

In conclusion, it is emphasized again that the foregoing data are based on un- 
alloyed titanium produced about a year ago.  It is my firm belief that greatly improved 
titanium alloys already indicated by research and under progressive development will 
in all probability become available for limited evaluation and test in the near future. 
Bureau of Aeronautics' plans for development on a larger scale have been already 
formulated.  At that time it is anticipated that we will be considerably closer to a 
realization of the material requirements outlined in the early part of this paper and 
in a position to exploit more specifically and actively the advantages of this most 
promising of all new materials. 
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Grateful acknowledgment is extended to the personnel of the Naval Air Ex- 
perimental Station and to Mr. H. J. Boertzel of the Bureau of Aeronautics, for their 
valuable contributions and assistance in preparing this paper. 

DISCUSSION 

W. Lee Williams (Ü. S. Naval Engineering Experiment Station) stated 
that the endurance ratios reported by Mr. Promisel for Remington Arms Company 
titanium were surprisingly high and represented the highest values for endurance ra- 
tio, in reverse stress, thus far reported for any metal.   The endurance ratio values 
for steels, which are among the highest known, range from 45% to 50%.  Rotating 
beam (bar) tests of Bureau of Mines titanium at the Experiment Station revealed an 
endurance ratio of 1/3.  Mr. Williams suggested that considerably more work should 
be done before the very high value of 60% to 65% is accepted. 

Mr. Promisel agreed with Williams' statements and pointed out that 
lower values for the endurance limit on sheet materials were also reported in his 
paper.  The high value of 68,000 psi was only presented to show that some factors ex- 
ist which may be different for titanium than for other materials.   He also agreed that 
a much more intensive study of the endurance properties, particularly with regard to 
test details, was necessary. 

Mr. H. C. Cross (Battelle Memorial Institute) confirmed Mr, 
Promisel's figures by reporting unnotched endurance limit values of 65,000 psi (ro- 
tating beam-bar specimens) on material with a tensile strength of 100,000 psi.   For 
notched specimens the values fell to 32,000 to 33,000 psi, giving a notched to un- 
notched ratio of about 2:1. 
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r—^ Paper 2 

THE PROGRAM OF THE AIRJAATJRIEL 
 COMMAND ON TITANIUM ALLOYS 

By Richard R. Kennedy 
Wright-Patterson Air Force Base       f 

The Air Materiel Command has three projects on titanium at the present 
time.  One of these is a contract with the Battelle Memorial Institute.   The work is 
adequately described in papers presented in this Symposium by members of the staff 
of that organization. 

A second project is a contract with the Ohio State University Research Foun- 
dation.  This work is described by Dr. M. G. Fontana and Mr. D. G. McPherson of 
Ohio State University in an appendix to this report. 

The third project will be carried out by the Materials Laboratory to deter- 
mine the properties of commercial titanium, with a few tests on iodide process titani- 
um.  Some work has been accomplished on the expansion characteristics of titanium, 
using the Dilatometer.   Tension, compression, fatigue and stress-corrosion tests will 
be conducted on commercial titanium sheet in both the annealed and the cold-rolled 
conditions.   Tension tests will be performed at reduced and elevated temperatures. 
The solution potential of titanium will be determined and corrosion tests will be run 
on titanium coupled to other aircraft structural metals. 

r 
TITANIUM-CHROMIUM ALLOYS 

By D^G^ McPherson and M. G .Fontana 
 "  "  "-^ 

Introduction 

The development of methods for commercial production of titanium metal 
within the last three years has brought about the possibility of an entirely new group 
of materials for industrial use, which may supply many of the desired properties lack- 
ing in our present metals and alloys.   This group of materials consists of titanium 
metal and its alloys. 

Although exploitation of titanium has proceeded rapidly since initial produc- 
tion of the ductile material, the metal still stands in such a position as pure iron or 
pure aluminum if we assumed that the steels and aluminum alloys were unknown.  In 
other words, a great deal of development work in titanium alloys will be forthcoming. 

As a step in this direction, work was begun in March, 1947, under the spon- 
sorship of the Air Materiel Command, to make a preliminary study of the binary al- 
loys of chromium and titanium. 

Both chromium and titanium have high melting points (above 3000 degrees 
Fahrenheit).   The specific gravity of titanium is 4.5, a little more than half that of 
steel and somewhat less than twice that of aluminum.   The specific gravity of chrom- 
ium is 7.1, less than that of steel; so alloys of these two elements are lighter than the 
ferrous alloys. 
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Titanium possesses corrosion resistance similar to that of stainless steel, 
in some environments, and has a proportional limit about three times that of fully 
cold-worked stainless steel.  Chromium is particularly noted for imparting oxidation 
resistance to alloys at high temperatures, but it has been remarked that there is a 
need to develop an alloy of chromium having higher strength and lower vapor pressure 
than chromium.  It was considered that titanium, with its desirable combination of 
low specific gravity, high strength  and low vapor pressure would produce a useful 
series of alloys with chromium. 

,   lil'I'I'I'I'I'I'I'I'I'I'I'MMI1 

INDUCTION MELTED INGOT 

87%TI-I3%CR     ALLOY 
Fig. 2 

Fig. 1      Vacuum Melting Apparatus 

Induction Melting 

Exploratory melts were made in a small induction furnace, shown in Figure 
1.  Chromium and titanium are both very active elements, and in the molten state will 
absorb oxygen, nitrogen, hydrogen and carbon in amounts detrimental to ductility. 
Melting, therefore, had to be carried out in vacuum or in an inert gas atmosphere. 
The furnace was adapted to evacuation and, alternatively, to ambient rare gas atmos- 
phere.   Purified helium was used in the latter case. 

Raw materials for this work consisted of 99% quality electrolytic chromium 
from various manufacturers and the ductile titanium developed by the United States 
Bureau of Mines.   Melts were chilled in crucibles. 

The problem of finding a suitable refractory crucible is very difficult.  No 
entirely satisfactory crucible for containing molten titanium has been discovered. 
After screening the literature for possibilities, we tried crucibles of alundum, zircon, 
beryllia, stabilized zirconia and thoria.  Alundum, Zircon and commercial beryllia 
crucibles were often eroded completely through by the melts, and resulting ingots 
analyzed three to five percent of the metal whose oxide was used as refractory.  Sta- 
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bilized zirconia crucibles were slightly discolored, but little zirconium was found in 
the ingots.   Specially prepared, low-porosity beryllia and thoria crucibles were 
scarcely attacked and yielded good ingots, free from metallic contamination.  The 
crucibles used were about 7/8 inch in diameter and three inches deep.   The usual in- 
got weight was about 50 grams, permitting only limited testing.  A typical ingot is 
shown in Figure 2.   The usual determinations were made - density, hardness, chemi- 
cal analysis, hand forgeability at 1900 degrees Fahrenheit and microstructure.   Vac- 
uum fusion analysis of one vacuum-melted alloy indicated gas contents of 0.002% 
oxygen, 0.001% nitrogen and 0.0014% hydrogen by weight.  The figure for oxygen may 
be open to some question due to difficulty of completely separating this element from 
titanium. 

Most of the induction-melted alloys were hard (averaging about 40 Rockwell 
C) and brittle, tending to break up upon hand-forging.   Exceptions were the ingots pre- 
pared in low-porosity beryllia and thoria crucibles.   These averaged about 25 Rock- 
well C, and were readily forgeable at 1900 degrees Fahrenheit. 

Arc Melting 

To circumvent the crucible problem and to produce larger quantities of the 
alloys for more varied testing, it was decided to try arc-melting the alloys. In this 
part of the work, small arc-furnaces already existent at Battelle Memorial Institute 
were used at first. This type of furnace is described elsewhere in the present Sym- 
posium. 

One-pound ingots of chromium-titanium alloys were prepared in these fur- 
naces.   Three arc-melted alloys have been prepared to date, all of high titanium con- 
tent.   These were readily forgeable at 1700 - 1900 degrees Fahrenheit.   Experiments 
with high-chromium compositions have shown that a deoxidation technique will have to 
be developed for these alloys to be forgeable.  This is due to the fact that the electro- 
lytic chromium powder bears a high (0.50%) percentage of oxygen. 

The high-titanium arc-melted alloys were forged into |-inch square bars, 
about 15 inches long, and studied as to chemical and spectrographic analyses, density, 
metallographic structure and hardness in various conditions of heat treatment, room- 
temperature tensile tests, thermal analysis, high-temperature oxidation properties 
and wet corrosion resistance. 

Some of the results of these studies are as follows: 

1. The chemical quality of arc-melted alloys was better than 99.5%.   The 
major impurity was tungsten, which increases in content with gassier charges, due to 
splashing of the melt onto the tungsten electrode and alloying at that point. 

2. Density of all three alloys was less than five gm./cc. 

3. Hardness of the as-forged alloys averaged approximately 40 Rockwell C. 
The annealed material did not vary greatly from this figure.   It was not softened ap- 
preciably.  Water quenching from 2200 degress Fahrenheit gave an average hardness 
value of approximately 49 Rockwell C.   This was the greatest hardness obtained in 
arc-melted alloys by heat-treating. ■ 

4. An indication of the strength of this type of alloy is obtained from several 
room-temperature tensile tests.   An 89 Ti - 11 Cr alloy has shown an ultimate 
strength of 149,500 psi in the stress-relieved condition.   The strength-weight ratio of 
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this alloy was 31,150.   Limited stock precluded the testing of duplicate bars of each 
composition, and forging defects present in the test specimens made it impossible to 
realize the full strength potentialities of the alloys that were tested.  No reduction of 
area or elongation was observed in the specimens.  Sufficient strength is present, but 
ductility must be developed. 

5.  The 89 Ti - 11 Cr alloy shows excellent resistance to nitric acid (65% 
boiling) and saline solutions (warm and boiling) in wet corrosion tests.  Tests in sul- 
furic acid solutions yield high corrosion rates. 
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Fig. 3 

6. The scaling characteristics of the alloys were studied in still air at 1600 
degrees Fahrenheit.  A double-layer scale forms; the inner (probably chromic oxide) 
is green in color and quite dense and adherent; the outer (probably titanium oxides and 
nitride) range in color from yellow-brown through blue-violet to black, and flake off 
on cooling.  The alloy having the highest chromium content (17%) formed a denser out- 
er scale, having by far the least tendency to flake off. Also, the oxidation rate of this 
alloy was much lower than those of the other alloys.  Figure 3 indicates the type of 
oxidation curves obtained with these alloys. 

7. Metallographic studies indicate that the as-forged structure consists of 
broken-up polyhedral grains (due to the severe working in forging this type of ingot). 
Annealing this alloy at 2000 degrees Fahrenheit brings about a heavy precipitation of 
an unidentified phase, apparently along crystallographic planes, and causes large poly- 
hedral grains to be formed. Water-quenching the alloy from 2200 degrees Fahrenheit 
retains the large grains, but largely suppresses the precipitation phase.  Typical mi- 
crostructures are presented in Figures 4 to 6 inclusive. 
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Fig. 4   (upper left) lOOx 
83% Ti - 17% Cr Arc Melted Alloy 

As Forged 

Fig 5   (upper right) lOOx 
o Ti - 17% Cr Arc Melted Alloy 

Furnace Cooled from 
2000* F 

Fig. 6  (lower right) lOOx 
83% Ti - 17% Cr Arc Melted Alloy 

Water Quenched at 
2200° F 

8.  Thermal analysis tests showed no breaks in the heating or cooling curves 
of any of the alloys between room temperature and 1800 degrees Fahrenheit.  Assum- 
ing, from photomicrographic evidence, that a thermal effect should be noticed some- 
where in this range, the failure of the tests to show it is probably due to sluggishness 
of the reaction or lack of sensitivity of the instrument (designed for steels). 
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Future Work 

The work described is still in progress. An improved induction-melting unit 
(Figure 7) has been completed and an arc furnace adapted to both vacuum and inert- 
gas melting is nearing completion. Du Pont sponge titanium will be used as well as 
the Bureau of Mines material in future work, and other grades of chromium, lower in 
oxygen content, will be tried. Arc melting will be utilized for preparing one- to three- 
pound ingots of various compositions for further evaluation. At the same time, some 
induction-melting experiments will be continued, principally as a means of evaluating 
promising crucible materials. 

Fig. 7.    Induction Melting Furnace 
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Paper 3 

THE TITANIUM PROGRAM OF ARMY ORDNANCE 

BjLLaurence S-JFoster - 
Watertown Arsenal Laboratory 

Watertown Arsenal became actively engaged in the investigation of titanium 
early in 1946 when samples of cast titanium were forwarded from the Office, Chief of 
Ordnance.   These samples had been supplied by Dr. P. P. Alexander of Metal 
Hydrides, Inc., and were reported to have been produced from titanium powder, re- 
sulting from the decomposition of titanium hydride, TiH£.   The TiH2, in turn, had 
been made from pigment-grade titania, Ti02, by reduction with calcium hydride, 
CaH2, and leaching with dilute acetic acid. 

Examination of the products showed that while the particular samples were 
not ductile, it could be assumed that the lack of ductility was due to impurities.   The 
presence of these impurities appeared to be accidental and it was assumed that they 
could be avoided by adoption of better melting techniques.   The chief drawback to the 
material seemed to be the probable price.   Use of calcium hydride as the reducing 
agent and of pigment-grade titania as the source material appears ultimately to be 
more expensive than use of titanium tetrachloride, that can readily be purified, and of 
magnesium, that is much cheaper than calcium hydride, as required in the Kroll pro- 
cess. 

One factor in favor of the calcium hydride method is the ease of handling ti- 
tanium hydride. This material is stable at low temperature against oxidation and hy- 
drolysis. It is a convenient intermediate product to handle, does not have to be com- 
minuted and is readily converted to finely divided titanium metal. 

While these ideas were being considered, the Bureau of Mines developments 
were published and the Ordnance Department decided to use for further experimental 
work titanium produced by the Kroll process rather than that obtained by the calcium 
hydride method which appeared to be more costly.   It is believed, however, that ad- 
ditional work should be undertaken, preferably by Industry, to assess from a manufac- 
turing viewpoint the economic advantages of the various techniques that have been pro- 
posed.   Until titanium can compete in price with other materials of high strength- 
weight ratio it will not be used widely for structural purposes except where, regard- 
less of costs, its special properties dictate its adoption. 

To assess the potentialities of titanium as structural material the Ordnance 
Department is contributing to support of work on alloy systems in progress at the 
College Park Station of the Bureau of Mines; Watertown Arsenal represents the Ord- 
nance Department in the technical direction of that work.  Believing that satisfactory 
heat treatments of alloys of titanium can ultimately be worked out only if more funda- 
mental data about the equilibrium diagrams are available, the Ordnance Department 
through Watertown Arsenal has engaged Professor John P. Nielsen and his group at 
New York University to undertake the delineation of the titanium-carbon and the ti- 
tanium-nitrogen systems.   This work has been in progress for only a very short time 
and will be discussed later by Professor Nielsen.  Watertown Arsenal, furthermore, 
has initiated projects in its own laboratories.   These projects include studies of me- 
chanical properties at high and low temperature, resistance to shock conditions, bal- 
listic properties and welding characteristics.  Other investigations are concerned with 
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the physical metallurgy of titanium-rich alloys, such as titanium-iron alloys, to de- 
termine how the mechanical properties are affected by microstructure, temperature 
and composition. 

To visualize the potentialities of titanium alloys in Ordnance applications, 
one merely needs to remember that, in the future, armies and their equipment must 
be capable of being largely air-borne. With a metal having such promising character- 
istics as titanium, only the present high cost and the lack of information about its 
properties and those of its alloys militate against its large-scale adoption. 

DISCUSSION 

In reply to a question by W. Lurie (Naval Gun Factory) concerning the 
feasibility of electrodeposition of titanium, Dr. Foster stated that a German patent ex- 
isted for such a process, but that only a powder is obtained.   He further remarked that 
the electrodeposition of titanium from fused salts or non-aqueous solvents is certainly 
worthy of investigation. 

Concerning the explanation for the high corrosion resistance of titanium 
to chlorides, requested by Dr. J. P. Nielson (New York University), W. L. Williams 
(Naval Engineering Experimental Station) stated that the corrosion resistance is 
tentatively attributed to the presence of an oxide film, but the mechanism for its re- 
markable resistance to salt water and marine environments is not fully understood. 
Dr. M. G. Fontana (Ohio State University) remarked that his laboratories are engaged 
in studying the corrosion characteristics of titanium and may be able to contribute 
some explanations in the near future. 
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r Paper 4 

PRODUCTION OF TITANIUM POWDER AT BOULDER CITY 

By-E. S. Wartman , 
Bureau of Mines, Boulder City, Nevada 

The time allotted for this report permits only a very brief discussion of the 
process in general, description of the operation of apparatus large enough to produce 
220 pounds of titanium powder per batch, and some mention of the nature and amount 
of the major impurities.  A more detailed account of the work will be available soon 
to the public in a forthcoming Bureau of Mines Report of Investigations. 

The Metallurgical Division of the Bureau of Mines, now under the direction of 
O. C. Ralston, has been conducting an investigation dealing with the production and 
technology of titanium for several years.  That portion of the work done at the Boul- 
der City station under the general direction of C. W. Davis has as its principal objec- 
tive the production of titanium pure enough to have a considerable degree of malle- 
ability.   Nearly all elements, when added to pure titanium, decrease the ductility 
more or less, but the gases nitrogen, oxygen, and hydrogen, when dissolved in the 
metal, decrease its ductility much more effectively than the metals.   This is true to 
such an extent that ductile titanium can be defined as metal with a minimum of dis- 
solved gases.   Titanium embrittled by hydrogen may be rendered ductile by heating 
in a vacuum, but no method of restoring the ductility of titanium embrittled by oxygen 
or nitrogen is known.   It is necessary, therefore, that titanium be produced in an en- 
vironment substantially free from nitrogen and oxygen if it is to be ductile. 

After a survey of all known methods of making titanium, the Kroll process 
was selected for further experimentation and development, because it seemed more 
easily adapted to large-scale work than any of the other processes that were capable 
of producing metal of the requisite purity. 

Essentially, the process consists of reducing titanic chloride by allowing it to 
react with magnesium contained in a closed iron chamber at a temperature between 
800 and 900 degrees Centigrade.  A protective atmosphere of helium, at a pressure of 
one-half to one pound above atmospheric, is maintained in the reaction chamber dur- 
ing the time it is hot to protect the contents from oxidation. 

The principal products of the reaction are molten magnesium chloride and 
solid spongy titanium metal, with some unused magnesium.  If the supply of magnesium 
becomes depleted or inaccessible to contact with the titanic chloride for any reason, 
the titanic chloride may react with titanium already formed to yield titanous chloride 
or with the iron walls of the reaction chamber to yield a mixture of titanous and fer- 
rous chlorides.   Experience has shown that these side reactions may be held within 
reasonable limits if the quantity of titanic chloride actually used is only 90% of that 
theoretically equivalent to the weight of magnesium and if the temperature is held 
within the range mentioned. 

The reaction is exothermic, so that during reduction the supply of fuel or pow- 
er to the furnace must be curtailed sharply to avoid overheating. 

Titanium metal in relatively pure form may be recovered by either of two 
methods from the solid mixture of titanium sponge, magnesium chloride, and unused 
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magnesium that remains in the reaction chamber after the reaction has been complet- 
ed and the chamber has cooled.   The method used for most of the production work at 
Boulder City involves reducing the reaction mass to chips by mounting the open re- 
action chamber in a large lathe and boring out the reaction product.   The chips so 
formed are first leached with dilute hydrochloric acid to remove most of the magne- 
sium chloride and unused magnesium, then wet-ground in a ball mill operating in 
closed circuit with a shaking screen, to get powder of the desired grain size, leach- 
ing again in strong hydrochloric acid, followed by washing, drying, rescreening, and 
magnetic separation to give finished powder, which is stored in sealed drums for fu- 
ture use. 

The second method of purification, used at Boulder City only for small experi- 
mental batches, involves heating the opened reaction chamber and reaction product in 
a vacuum retort.   Most of the magnesium chloride and unused magnesium either melts 
and drains off or evaporates to leave relatively pure titanium in sponge form. Each 
method has certain advantages. 

In the course of the investigation, the scale of operation has been increased 
many times.   The first reduction chambers used were only about two inches in diame- 
ter by three inches in height and made only a few grams per batch.   No significant 
trend was noted in yield or quality of powder as a result of these increases in scale 
of operation, up to the latest. 

In the various increases in scale, the reaction chamber has kept very much 
the same form - a vertical cylinder of mild steel somewhat greater in height than di- 
ameter, and with a flat bottom and top. A vertical feed pipe, long enough to extend 
through the lid of the furnace used to heat the pot and having a diameter about one- 
fifth that of the pot, was attached at the center of the lid. 

When an attempt was made to increase the scale of operation from 130 pounds 
to 220 pounds of finished powder per batch, serious difficulty was encountered.  If the 
reduction in the larger chamber was attempted with about the same time schedule as 
had been used previously, the reaction chamber overheated, and the product was con- 
taminated with iron.   Experimentation showed that the difficulty could be avoided by 
adding the titanium tetrachloride at a much slower rate.   This suggested that increas- 
ing the size of the pot had altered the heat-transfer characteristics in such a way that 
the heat of reaction could not be dissipated rapidly enough, resulting in a steadily in- 
creasing temperature in the reaction chamber.  Eventually the magnesium began to 
boil.  Then the zone of reaction was shifted from the surface of the magnesium bath 
to the point where the magnesium vapor and titanium chloride met at the end of the 
feed pipe.  The heat of reaction, developed close to the lid, caused the metallic titani- 
um formed to react with the lid to form the low-melting iron-titanium eutectic, which 
dripped down into the reaction mass.   If the action continued long enough, a hole was 
made in the lid or feed pipe. 

While the reaction could be controlled satisfactorily simply by slowing down 
the feed rate, this solution of the problem was not regarded as satisfactory, because 
it meant spreading the time for the reduction over two shifts, thus virtually doubling 
the labor cost for that particular step of the process.   Further investigation showed 
two other methods of controlling the excess heat.  One was to use as slow a feed as 
possible and still complete the run in one shift, coupled with addition of part of the 
magnesium as solid ingots during the run.  In melting, the solid magnesium absorbed 
some of the heat liberated by the reaction.  The other method was to use the minimum 
feed rate consistent with single-shift operation, coupled with the use of a rotating dis- 
charge on the titanic chloride feed pipe, so that the zone of reaction was spread out 
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over a larger area and the heat generated did not have so far to travel in getting to 
the walls of the chamber. 

Feeding the titanic chloride through a rotating discharge was found easier to 
practice and has been used with satisfactory results.   It had one disadvantage.   The 
more uniformly and quietly the reaction is conducted, the greater is the tendency for 
the formation of a solid impermeable layer of titanium across the top of the bath. 
Such a layer, by preventing contact between magnesium and titanic chloride, stops re- 
duction.   Use of the swinging feed promoted formation of such crusts.  In order to 
break up such crusts and allow the reduction to proceed satisfactorily, it was neces- 
sary to insert a long bar through an opening in the top of the feed pipe at about the 
midpoint of the run and, using the bar as a prod, break a large hole in the crust. 
Entrance of air into the pot during this operation was prevented by maintaining a 
strong outward flow of helium through the hole used for inserting the bar. 

This technique has apparently solved the difficulties encountered in operating 
with 220-pound batches, and batches of this size can now be handled as easily as the 
smaller ones were previously.  It is evident, however, that in any future increase in 
the size of batch, the problem of heat dissipation will require careful consideration. 

Since the plant at Boulder City is no longer the only source of titanium metal, 
maintenance of a definite production schedule did not appear to be urgent; this has 
given an opportunity for considering various improvements.  One of these has been a 
study of the nature and amount of impurities in the product, and possible methods of 
reducing them. 

The major impurities in the titanium produced by the method described are 
magnesium, chlorine, iron, manganese, hydrogen and oxygen. 

The presence of magnesium and chlorine in the metal is presumably due to 
inclusion of metallic magnesium and magnesium chloride in the sponge during reduc- 
tion.  The magnesium content of the finished powder (leach) will range between 0.4% 
and 0.5%while the content of chlorine will vary between 0.1% and 0.15%.   The particle 
size of both magnesium and magnesium chloride must be quite small, as the quantity 
present in the minus-200-mesh fraction of the titanium powder is about the same as 
that in the minus-30-mesh plus-60-mesh fraction.  Since there is always more than 
enough magnesium in the titanium to satisfy the chlorine present, there may be some 
solubility of magnesium in titanium. 

The magnesium content of the sponge produced by vacuum purification of the 
reaction product is somewhat lower, while the chlorine content is about the same.  A 
composite lot of sponge, made up from the combined output of six small reductions 
purified by heating in a vacuum, showed a magnesium content of 0.24% and a chloride 
content of 0.09%. 

The magnesium content of standard powder may be reduced to 0.05%, or 
about one-tenth the normal amount, by heating in a vacuum for 16 hours at 1000 de- 
grees Centigrade.  The powder should be in loosely packed layers not over two inches 
thick, since the rate of diffusion is low.   The magnesium content of thin-pressed com- 
pacts' may also be reduced by vacuum sintering.   Thus, the magnesium content of 1/8- 
by 6- by 10-inch compacts may be reduced from 0.4% or 0.5% to less than 0.1%.   In 
the case of thicker compacts, the reduction in magnesium content at the surface is not 
so great and in the center there is almost no reduction.   The surface layer of a com- 
pact in the form of a 2- by 2- by 20-inch bar, sintered 20 hours at 1000 degrees Centi- 
grade, had a magnesium content of 0.14% while, beginning at a point | inch from the 
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surface and extending inward, the magnesium content was between 0.3% and 0.4%. 

The magnesium in titanium powder is almost completely volatilized by fusion, 
so that ingots formed by fusion contain only a trace of magnesium. 

In contrast to the magnesium, the chlorine content is affected very little by 
sintering at any temperature up to 1000 degrees Centigrade.  It is almost completely 
removed by fusion. 

Iron, like magnesium, is an impurity inherent in the process, and comes from 
the use of iron reaction chambers.  Iron from the chamber may enter the product 
either by direct contact between titanium and iron along the walls of the pot or by re- 
duction of volatile iron chloride formed by reaction between hot iron and titanic 
chloride.  Small amounts of iron may also be picked up from the iron balls used in 
grinding and from the magnesium used as a raw material. 

The iron content of titanium is not reduced by heating in vacuum either to the 
sintering temperature or to actual fusion.  However, it is possible to exercise a con- 
siderable degree of control over the iron content of the titanium through control of 
various factors during the reduction and processing.  During the reduction, high temp- 
eratures and high utilization of magnesium tend to produce a product with higher iron 
content.  During the turning of the reaction product to make chips for leaching, a high- 
iron and a low-iron product may be made by segregating the outer layers which lie 
adjacent to the walls of the reaction chamber.   Iron and iron-titanium alloy dissolve 
more rapidly in hydrochloric acid than titanium does, so that leaching reduces the 
iron content of the product.   This may be accentuated by prolonging the time of leach- 
ing, by leaching at a higher temperature, or by adding a small amount of sodium fluor- 
ide to the leaching acid.  Both the second and third techniques are quite effective, but 
require care on the part of the operator to prevent an uncontrollable temperature rise 
ending in a violently boiling bath and a ruined batch of powder.  A high leaching temp- 
erature or addition of fluoride to the leach acid also causes an increase in the hydro- 
gen content of the powder, and using fluorides in the leach gives a solvent for which it 
is difficult to find sufficiently resistant containers in large-scale work.   For these 
reasons, the first alternative has been adopted and a second leach on the ground and 
sized powder is run for 20 hours at 18 to 20 degrees Centigrade. 

With careful operation, the average iron content of a batch of powder will be 
under 0.1% and, usually, about two-thirds of the powder may be obtained from a 
batch with an iron content of 0.04% or less. 

The small-scale work indicated that it will be more difficult to control the iron 
content with vacuum purification, as this procedure allows no opportunity to reduce 
iron content by leaching.  The iron content of the composite of vacuum-distilled 
sponge, mentioned previously, was 0.22%. 

The hydrogen content of the standard powder results from adsorption during 
the first leaching.  If grains of such powder are embedded in lucite and then ground 
and polished to show a cross section of the interior of a grain, the hydrogen-rich lay- 
er may actually be seen on many of the grains as a thin rim, brighter than the main 
mass of the grain. 

The volume of hydrogen present in the powder depends on several variables. 
It will vary with the quantity of magnesium that remains unused after the reaction, 
with the temperature during leaching, and with the amount of titanium dissolved dur- 
ing leaching.   The hydrogen content of the powder will normally be about 0.1% by 
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weight or 11 ml. per gram of titanium, but if conditions during leaching favor ad- 
sorption, the value may be much higher. 

The volume of hydrogen in the metal may be reduced to a few thousandths of a 
percent by weight by heating for a few hours at 800 degrees Centigrade.  This may 
seem like a very small amount, but a little calculation will show that this is equiva- 
lent to one volume of hydrogen per volume of metal, which is enough to cause diffi- 
culty under certain conditions. 

Unlike the other impurities mentioned, manganese is a purely incidental im- 
purity, not in any way inherent in the process. We know of only one commercial 
source of magnesium, and the standard grade of ingot supplied contains nearly one- 
tenth percent of manganese, much of which enters the titanium.  None of the systems 
of purification used is very effective in removing manganese.  The manganese content 
is affected little either by vacuum sintering or leaching and is reduced only partly by 
vacuum fusion.   Partial control of the manganese content of the powder is possible by 
segregation, because the first titanium formed is much higher in manganese than the 
metal formed later.  This method has the weakness that for every pound of powder 
low in manganese, there will be an equivalent amount high in manganese. 

The practical method of control is to use materials free from manganese. 
For large-scale production, this would be feasible, since it is possible to produce 
magnesium free from manganese at no additional cost if there is a sufficient demand. 
For the experimental work, a special lot of magnesium has been purchased which con- 
tains less than 0.01% manganese.  It will now be possible to produce titanium which is 
quite low in manganese. 

Oxygen is the last in the list of major impurities given, and most important 
of all in its effect upon the mechanical properties of the metal under normal con- 
ditions. 

Unfortunately, we do not yet have a reliable method for estimating the oxygen 
content of titanium.  Various considerations lead us to believe that it ranges between 
0.05% and 0.1% by weight.  A study of various methods of analysis is now under way. 

Because of the spongy nature of the titanium formed by the reduction, it 
seems likely that some moisture and hydrated magnesium compounds will be retained 
in the pore structure after leaching and thereby increase the oxygen content of the 
metal. 

For this reason, titanium sponge which is produced by vacuum purification 
and is never exposed to aqueous solutions, probably has a lower oxygen content than 
titanium powder which has been subjected to leaching.   Installation of equipment for 
the production of substantial amounts of vacuum-purified sponge will be started in the 
near future in an attempt to provide metal with a lower oxygen content. 

SUMMARY 

One of the primary objectives in the titanium program the Bureau of Mines 
has been conducting is the production of metal pure enough, especially with respect 
to dissolved gases, to possess a considerable degree of malleability.  The Kroll pro- 
cess was chosen from many investigated as being one that accomplished this aim in a 
practical manner, capable of adaptation to larger-scale production.  In this process, 
titanic chloride and magnesium are allowed to react in a closed iron chamber under a 
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protective atmosphere of helium to yield crude titanium sponge.  The sponge is then 
ground and purified to yield finished titanium powder. 

Most recent progress in the production of powder has been to perfect the 
technique for operating equipment capable of producing over 200 pounds of finished 
powder per batch.  Progress has also been made in the technique of purifying the 
crude reduction product to a point such that a substantial portion of powder recently 
produced has an iron content of less than 0.04%, and the average iron content of all 
powder recently produced is less than 0.1%. 

DISCUSSION 

In response to a question from W. C. Lilliendahl (Westinghouse Elec- 
tric Company) concerning the importance of the control of manganese content and the 
effect of small amounts of manganese, Mr. Wartman replied that the aim of the work 
at Boulder City was to produce titanium for experimental purposes, and in order to 
evaluate the effect of minor impurities it was necessary to obtain a base metal as 
pure as possible.  Although 0.1% manganese probably would not harden titanium to any 
noticeable extent, it might cause precipitation in grain boundaries and adversely af- 
fect the corrosion resistance.  Practically all metals harden titanium to some extent. 
Mr. Lilliendahl further asked whether doubly distilled magnesium was being used, 
and, if not, whether commercial grades were satisfactory.  Mr. Wartman answered 
that doubly distilled magnesium was too expensive for the scale of their operations 
and that commercial grade BMI magnesium from the Basic Magnesium plant at 
Henderson, Nevada, was quite satisfactory. 

Dr. W. K. Kroll (Bureau of Mines) pointed out that commercial mag- 
nesium generally contains up to 0.02% calcium.  In the production of zirconium by the 
magnesium reduction of the chloride, the metal contained up to 8% calcium chloride. 
He felt quite certain that the calcium chloride could not be eliminated by vacuum 
treatment.  In subsequent melting operations, in crucible or in an arc, bubbles are 
formed which cause metal-splashing and other difficulties.  Therefore, attention must 
be paid to these impurities that may later cause difficulties in the processing of the 
metallic sponge or powder. 

Mr. Wartman replied that, ordinarily, no attempt is made to distinguish 
between calcium and magnesium in analytical work.  The amount of calcium in the 
original magnesium is too low to enable accurate determinations, but it is definitely 
known to be well under one percent.  In titanium itself, however, there is about one 
part of calcium to twenty of magnesium, which confirms Dr. KrolFs comments on the 
concentrating characteristics of calcium.  It is not known in what form the calcium 
exists in titanium - as calcium metal or calcium chloride. 

Mr. O. C. Ralston (Bureau of Mines) remarked that too much emphasis 
was being placed on such impurities as calcium and manganese.  Future large-scale 
titanium plants will continuously re-use the magnesium chloride to recover the mag- 
nesium and chlorine.  The chlorine losses will probably be large and will be replen- 
ished by fresh chlorine, but the magnesium losses will be low, necessitating only in- 
frequent replenishment, thus avoiding the introduction of new impurities.  The re- 
cycling process will purify the magnesium and, thus, electrolytic magnesium need not 
be used. 

- 25 - 



Mr. P. W. Brace (Westinghouse Electric Manufacturing Company) in- 
quired about the removal of gases (e. g. hydrogen), which have been causing difficul- 
ties in the preparation of sound titanium alloy castings.  Mr. F. F. Poland (Revere 
Copper and Brass Company) suggested that the gas might be eliminated by flushing 
argon through the melting furnace and recirculating the purified argon. 
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Paper 5 

^FABRICATION OF TITANIUM AND 
INVESTIGÄtTÖNS~OF TITANIUM-NICKEL ALLOYS 

IN THE BUREAU OF MINES LABORATORIES 

ByJ^J^Long 
College Park Branch, MetallüfgicaTDivision, Bureau of Mines    i 

This paper summarizes two recently completed reports concerning the fabri- 
cation of titanium and the studies of the titanium-rich alloys being conducted in the 
laboratories of the Federal Bureau of Mines.  Since these reports will shortly be dis- 
tributed by the Bureau as reports of investigations, they need not be given in detail 
at this time. 

The first of these reports deals with a new method of consolidating titanium 
powder.  This method has definite advantages over the normal powder-metallurgy 
procedures, since it will permit the preparation of almost unlimited masses of the 
metal in a single piece.   That is, the high compacting pressures and vacuum sintering 
ordinarily used do not lend themselves readily to the production of very large single 
pieces of titanium and, while investigations of melting are being conducted in many 
laboratories, a number of difficult problems have been encountered.  The second re- 
port presents data on the phase relationships of the titanium-rich alloys in the titani- 
um-nickel system.   These data allow an estimate to be made of the useful alloy com- 
position ranges and indicate that the properties of such alloys may be varied by 
suitable heat treatment. 

CONSOLIDATION OF TITANIUM 

The new method of consolidating titanium powder is a variation from the 
usual powder-metallurgy procedures and circumvents the restrictions imposed by 
high compacting pressure and vacuum sintering.  Essentially the method consists of 
sealing the titanium powder in welded metal containers and working the assembly at 
elevated temperatures.  Metal prepared in this manner is dense and sound, in distinct 
contrast to the porous compact obtained in the usual pressing and sintering opera- 
tions.   Like the standard metal, it is also ductile and is amenable to additional cold 
working and forming.  A comparison of microstructures of titanium bonded by sheath 
rolling with metal bonded by pressing and sintering is given in Figures 1 and 2, where 
the absence of voids in the sheath-rolled material is contrasted with the voids present 
in the normal metal.   The sheath-rolled material is equivalent in structure to that of 
sintered material that has been subsequently worked and annealed.   This is illustrated 
in Figure 3, which shows the microstructure of sintered titanium after cold working 
and annealing.   The voids of the sintered compact have been closed by the working and 
annealing, and there is no essential difference between the structures of Figures 1 and 
3. 

The tensile properties of titanium produced by both methods are given in 
Table 1.   These data indicate that the sheath-consolidated material compares favora- 
bly with the standard product.  It has a higher tensile and yield strength, about the 
same proportional limit, lower elongation and a slightly higher hardness.   The most 
significant of these differences is the elongation which, however, does not appear to 
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be too seriously i educed, since the metal is still capable of being cold rolled to 40% 
reduction, the same as the standard sheet.   Tensile data on cold worked material are 
given also in Table 2, where a comparison may be made with the properties obtained 
in standard compacts sintered and then cold rolled.  Again the tensile strength is 
somewhat higher, the yield strength slightly lower and the proportional limit and 
elongation considerably lower, while the hardness is a bit higher than that of the 
standard material.  The results indicate that satisfactory properties may be obtained 
in titanium consolidated by sheath rolling methods and that the properties compare 
well with those of titanium handled in the standard fashion. 
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Fig. 1   (upper left) X250 
Titanium Bonded by 
Sheath Rolling 

Fig. 2   (upper right)        X250 
Titanium Bonded by Standard 
Powder Methods of Pressing 
and Sintering 

Fig. 3   (lower right)        X250 
Sintered Titanium Cold- 
worked and Annealed 
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TABLE 1.  COMPARISON OF PHYSICAL PROPERTIES OF GREEN SHEATH-ROLLED 
AND STANDARD TITANIUM SHEET 

Pro- 
Yield portional 

Ultimate     strength      limit 
strength,     0.2% 0.01% Elongation, 
lb. per         offset         offset         percent in   Hardness 

Green compacts sheath-rolled 
at 800 degrees Centigrade 

Standard compacts sintered and 
cold-rolled and annealed at 
800 degrees Centigrade 

sq. in. 

97,600 

79,100 

lb./sq. in.   lb./sq. in.   2 inches      Rockwell G 

75.000 

64,000 

58,000 

58,800 

15.1 

24.7 

81 

76 

TABLE 2.   COMPARISON OF PHYSICAL PROPERTIES OF GREEN SHEATH-ROLLED AND 
STANDARD TITANIUM SHEET WITH 40% COLD WORK 

Pro- 
Yield portional 

Ultimate     strength      limit 
strength      0.2% 0.01% Elongation, 
lb. per         off set         off set         percent in   Hardness 
sq. in.         lb./sq.in.    lb./sq. in.   2 inches      Rockwell G 

Green compacts sheath-rolled at 
800 degrees Centigrade, 
cold-worked 40% 129,400        111,500 75,600 2.6 94 

Standard compacts sintered, cold- 
rolled 40% 122,200        113,300 84,400 7.5 91 

The metal containers for sheath rolling may be made of any suitable ma- 
terial and iron, being the most readily available, is perhaps the most desirable.  Most 
of the work so far has been conducted with common hot-rolled sheet, low-carbon steel 
bars, or pipe, and these were quite satisfactory for that purpose.  The sheaths per- 
form two primary functions; namely, they provide protection from active gases and 
other contaminating influences during the heating and working processes, and they 
also confine the powder particles during the working.  Protection from active gases 
is necessary at the working temperature because both oxygen and nitrogen react 
rapidly with titanium, forming oxides and nitrides that diffuse into the solid metal and 
cause excessive hardening and embrittlement.  The confining action of the sheath is 
likewise essential in that it brings about distortion of the individual particles of the 
powder, which tends to rupture any surface films that may be present and thus pro- 
duces good contact among the powder particles so that diffusion and welding into a 
dense coherent mass may take place.  The sheaths are readily removed from the fin- 
ished metal, by cutting the ends and sides and stripping the sheath off. It is believed 
that a thin, brittle, iron-titanium alloy layer formed at the contact surfaces makes 
easy stripping possible.  Some contamination of the titanium surface by iron does 
occur, but such contamination is very slight and is removed by simple pickling. 

The compacts were usually worked at 900 degrees Centigrade, although 
temperatures ranging from 800 to 1000 degrees Centigrade were also used. At 1000 
degrees Centigrade excessive oxidation of the sheath may take place and give rise to 
roughness of the titanium surfaces because of rolled-in scale.  The sheath walls also 
tend to be oxidized completely through when thin sections are rolled at this tempera- 
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ture.  At still higher temperatures, melting may be encountered because of the for- 
mation of iron-rich alloys that melt at 1050 to 1100 degrees Centigrade.  Consolidation 
by sheath rolling below 800 degrees Centigrade is not too satisfactory because of the 
low diffusion rates as indicated by slow recrystallization and grain growth rates at 
these temperatures. 

In packing the powder into the sheaths, consideration must be given to the 
fact that the loose titanium powder has a volume three to four times that of the con- 
solidated metal; therefore, maximum utilization of the volume of the sheath requires 
tightly packed powder.   This may be accomplished by pressing the powder directly 
into the container or by forming pressed compacts that are then inserted into a 
closely fitting sheath, as was usually done in this work.  Another factor of importance 
is the residual gas sealed in with the metal.  The air should either be replaced by an 
inert gas before the final sealing or its volume should be reduced to a negligible 
amount by the use of a closely fitting sheath to give a large metal-residual-air ratio. 
In this connection, it should be noted that the hydrogen normally present in titanium 
powder will embrittle the metal unless it is removed before consolidation.  The 
hydrogen is readily removed by pumping it out at 700 to 800 degrees Centigrade; since 
this can be carried out in small batches, it presents no difficulties.  In fact, the 
standard powder was prepared for sheath rolling in this way. 

Since the titanium particles are successfully formed into solid metal by 
sheath rolling, it follows that a number of pressed but unsintered compacts loaded into 
the same box should also weld together and roll out into a single piece of metal.  This 
was demonstrated with two compacts placed side by side and two compacts placed one 
on top of the other in the sheaths.  In each instance, the two compacts were completely 
welded together during the rolling and no evidence of the original interface between 
the blocks could be found on microscopic examination.   It is, therefore, apparent that 
large masses of solid, ductile titanium can be readily prepared by sealing any number 
of small pressed blocks in a container of suitable size and hot rolling the assembly. 
The small blocks, like the individual titanium particles, will weld together, giving a 
solid piece of titanium with no indication of the original contact faces. 

Alloys of titanium with a number of other metals also have been prepared 
by sheath rolling the mixed powders at appropriate temperatures.   Dense, homo- 
geneous alloys can be formed in this manner, with much less trouble than encountered 
with the normal pressing and sintering method.   The prolonged sintering normally re- 
quired to produce homogeneity because of the differences in the particle sizes of the 
powder, the porosity of the compact, and the surface films on the individual particles 
is not necessary.   Several examples of the microstructures of alloys prepared by 
sheath rolling and by normal pressing and sintering methods are given in Figures 4 to 
11, inclusive.   These structures emphasize the advantages to be obtained by the sheath 
rolling methods. 

Although the procedure was generally developed for titanium, it has a wide 
range of applications to all metal powder or fragments.   A number of metals have 
been consolidated by sheath rolling to demonstrate the feasibility of the process. 
Some of the metal powders bonded in this way are chromium, tantalum, tungsten, 
molybdenum, beryllium, cobalt, iron, nickel and copper.   In a similar fashion, large 
metallic fragments, such as zirconium-scrap turnings and electrolytic cathode chips 
of chromium, cobalt and manganese, have also been successfully consolidated.  Rep- 
resentative sections and microstructures of some of these metals are shown in Fig- 
ures 12 to 24, inclusive. 
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Fig. 4 X250 
Micro Structure of 75% Ti, 
25% Cu Alloy As Sintered 

Fig. 5 X250 
Micro Structure of 75% Ti, 
25% Cu Alloy Consolidated 
by Sheath Rolling 

Fig. 6 X250 
Micro Structure of 90% Ti, 
10% Cu Alloy Bonded by 
Sheath Rolling 

Fig. 7 X250 
Micro Structure of 90% Ti, 
10% Cu Alloy As Sintered 
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Fig. 8 X250 
Titanium-Iron Alloy, 2% Fe 
Sintered, Reheated for four 
hrs. at 900° C, and Water 
Quenched 

Titanium-Iron Alloy, 2% Fe 
Sheath-Rolled at 900° C, 
and Water Quenched 
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Fig. 10 X250 
Sintered Titanium-Cobalt 
Alloy Containing 5% Co 
Sintered, Reheated for four 
hrs. at 900° C, and Water 
Quenched 

Fig. 11 X250 
Sheath-Rolled Titanium- 
Cobalt Alloy Containing 5% 
Co.   Quenched from 900° C. 
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Fig. 12 Xir 
Be Fe Cr 
Co Ta Mo 
Mn Zr Ni 

Section thin end of rolled sheath and 
consolidated metal for 9 of the metals 
bonded by this method 

Fig. 13 X3 
w Ta 
Be Co 
Cr Mo 

End view of six sheath-rolled metals 
after removal from sheath 

33 - 



Fig. 14 X 3/4 
Molybdenum, cobalt, tantalum, 
beryllium, tungsten, and chromium 
consolidated by sheath-rolling 
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Fig. 15 
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X250 
Structure of Sheath-Rolled 
Chromium.  Dark constitu- 
ent due to oxide in original 
powder 

' -.   . ■ t *' 

A 

-^ 

,4\ 

-f 

«^ ^?i 

*-iS-^'fc-i-rfjr-*'' "*C    -■   f   I.A. ' 'jtor'^NBi 

Fig. 16 X250 
Micro Structure of Sheath- 
Rolled Beryllium.   Dark 
constituent due to oxide in 
original powder 
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Fig. 17 X250 
Sheath-Rolled Nickel 
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Fig. 18 
Sheath-Rolled Iron. 
Pearlite due to carbon 
absorbed from sheath 
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Fig. 19 X250 
Micro Structure of Electro- 
lytic Manganese Cathode 
Chips Bonded by Sheath- 
Rolling 

X250 Fig. 20 
Structure of Electrolytic 
Chromium Flakes Bonded 
by Sheath-Rolling 
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Fig. 21 X250 
Electrolytic Cobalt Bonded 
by Sheath-Rolling 

»•i 

Fig. 22 X250 
Zirconium Scrap Turnings 
Consolidated by Sheath- 
Rolling.   Light constituent 
probably iron present in 
scrap 

Fig. 23 X 3/4 
Zirconium Sponge and Consolidated Block 
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Fig. 24 X250 
Tantalum Powder Bonded 
by Sheath-Rolling 

Summary 

Sheath rolling of green but unsintered metal compacts, loosely packed 
powder, or mixture of powders has been shown to be a simple means of forming such 
material into solid metal.   Not all of the results of this study, mainly made on titani- 
um powders but later extended to many other metal powders and mixtures, were pre- 
dictable or even anticipated.   Excellent consolidation was realized even when packing 
of the powder was not very dense.   Voids usually encountered in sintered compacts 
were absent and the homogeneity of sheath-rolled metal was equivalent to that of the 
pressed and sintered material that had been subsequently worked.  It is believed that 
the effectiveness of the process is due to the confining action of the sheath which per- 
mits distortion of the metal particles, thus disorganizing existing crystalline struc- 
tures and rupturing any surface films on the particles and promoting metal-to-metal 
contact and hence rapid diffusion to produce homogeneous metal.   Patent applications 
based on some of the findings in this investigation will be prosecuted. 

A TENTATIVE TITANIUM-NICKEL DIAGRAM 

The titanium-nickel alloy system has been under investigation in the Fed- 
eral Bureau of Mines Laboratories to determine the range of compositions in which 
useful alloys might be found.   Major interest has centered on the properties of such 
alloys but, because of a lack of necessary information in the literature, it has been 
desirable to obtain at least a rough outline of the phase relationships of these alloys. 
This report concerns the data obtained in this study. 

The alloys were prepared by normal powder metallurgy methods and also 
by the sheath-rolling method previously reported. In general, phase boundaries and 
phases were determined largely from metallographic data, although the identities of 
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the microscopic constituents were checked by X-ray diffraction data and supple- 
mentary data were obtained by thermal analysis and hardness determinations.   To in- 
sure rapid approach toward equilibrium, all alloys were studied in the wrought con- 
dition after working at the temperature level under investigation.   That is, to deter- 
mine the constitution of the alloys at a given temperature, they were enclosed in iron 
sheaths to protect them from active gases, hot worked at that temperature, returned 
to the furnace for recrystallization and to permit diffusion to take place, and then 
quenched in water.   The constitutions of the alloys were then determined by study of 
the microstructures.  The results of the work have been used to construct the consti- 
tution diagram of Figure 1. 
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Early in the investigation, it was found that the impurities present in the 
titanium had a very significant effect on the alloys and that they were not behaving as 
simple binary alloys.  Oxygen, known to be present to the extent of 0.1% to 0.2%, is 
believed to play the most important role.   This was indicated by other work also 
under way on the titanium-oxygen system and by the data on several titanium-nickel 
alloys to which varying amounts of oxygen had been added.   The effect of oxygen is 
such as to make it necessary to consider the alloys as ternary rather than binary al- 
loys and Figure 1 should, therefore, be viewed as a plot of a quasi-binary section 
through the titanium-nickel oxygen system at the oxygen level of the titanium powder. 

This, however, does not detract from the usefulness of the results, since at 
the present time evaluation of nickel as an alloying element in titanium must neces- 
sarily take into account the purity of the titanium available for the work.   Although 
efforts are being made to improve the reduction process and, hence, the quality of the 
titanium powder, large-scale work on the preparation and properties of titanium al- 
loys must necessarily utilize the type of metal now available and the results should 
be interpreted in the light of the limitation imposed by the impurities in the powder. 

Although the solidus and liquidus of the system were of little interest for 
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the immediate purposes, melting was encountered in treatment of some of the alloys 
above 950 degrees Centigrade and it was, therefore, necessary to determine melting 
points.   These data were obtained by metallographic study of alloys quenched from 
successively higher temperatures.   The beginning of melting was readily observed in 
single-phase alloys and, while it was more difficult in two-phase alloys, satisfactory 
results could be obtained.  Representative microstructures are shown in Figures 2 to 
7. 

As can be seen in Figure 1, nickel lowers the melting point from 1745 de- 
grees Centigrade for titanium to 965 degrees Centigrade for the 12% alloy.   This tem- 
perature appears to correspond to a eutectic horizontal with the eutectic at about 33% 
nickel.  Some estimate of the liquidus temperature was also possible and it is shown 
as a dotted line.   These data make it quite plain that any high-temperature alloys that 
might be developed in this system will necessarily have a limited nickel content.   The 
range of six to eight percent nickel is probably the maximum useful range for inves- 
tigation of high-temperature possibilities. 

In the solid state, nickel is soluble in the high-temperature beta form of ti- 
tanium but not in the low-temperature alpha form.   The maximum solubility occurs 
at 965 degrees Centigrade and 12% nickel.  The beta solid solution is stable down to 
890 degrees Centigrade, where it breaks down, forming two- or three-phase struc- 
tures.  One of these phases is the hexagonal, alpha, titanium, containing less than 0.5% 
nickel in solution.   The other phase, designated as gamma, is a body-centered con- 
stituent containing approximately 41% nickel.  Both of these phases may coexist with 
beta down to 765 degrees Centigrade.  Decomposition of beta is complete below this 
temperature and the alloys consist entirely of gamma distributed in a ground mass of 
alpha. 

Typical microstructures of the alloys encountered are shown in Figures 8 
to 25.   The Widmanstatten structures obtained on quenching unstable beta solid solu- 
tions are shown in Figures 8, 9, 10 and 13.  In alloys with nickel contents above 5%, 
the beta can be preserved by quenching as in Figures 14 and 15.  It is quite probable 
that for the greatest response to heat treatment, useful titanium-nickel alloys should 
contain between 5% and 12% nickel.   This does not rule out the lower nickel alloys, 
since structural alteration, and hence controlled variation of physical properties, is 
still possible.   The maximum effects will, however, be found in the higher range of al- 
loy content.   Alpha-beta structures encountered are shown in Figures 11 and 12, beta- 
gamma in Figures 16 and 17, and typical three-phase structures in Figures 18 through 
21.   Heat treatment of alloys in the fields represented by these structures would not 
appear to be particularly promising but additional investigation of the properties of 
the alloys will be required before positive recommendation can be made.  Structures 
composed of alpha and gamma stable below 765 degrees Centigrade are shown in Fig- 
ures 22 through 25.   They bear considerable resemblance to the structures obtained 
in steels on tempering below the transformation point and suggest that similar prop- 
erty variation can be obtained by quenching and tempering treatments. 

A tentative titanium-nickel binary diagram is given in Figure 26.   This dia- 
gram is derived from Figure 1 on the assumption that the true titanium-nickel sys- 
tem will show the same general features.   The three-phase field must, of course, dis- 
appear and the beta phase will probably be found to break up eutectoidally.  Since oxy- 
gen raises the eutectoid temperature, it is not likely to be more than 765 degrees 
Centigrade in the binary system.  Similarly, since oxygen has probably lowered the 
eutectic horizontal, it will not be less than 960 degrees Centigrade.   This diagram, of 
course, is not exact but should be treated as a tentative diagram offered to assist in 
guiding future work on these alloys. 
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Fig. 2 X250 
Micro-Structure of 4.75% 
Ni Alloy Quenched from 
1200° C.   No melting has 
occurred at this tempera- 
ture 

Fig. 3 X250 
Micro-Structure of 7.55% 
Ni Alloy Quenched from 
1200° C.   Some melting has 
taken place 
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Fig. 4 X250 
Micro-Structure of 11.1% 
Ni Alloy Quenched from 
1000° C.   Traces of melting 
in the grain boundaries 
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Fig. 5 X250 
Micro-Structure of 13.2% 
Ni Alloy Quenched from 
1000° C.   Partial melting 
has occurred at this tem- 
perature 
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Fig. 6 X250 
Micro-Structure of 20.7% 
Ni Alloy Heated to 990° C. 
Partial melting has occurred 
and some eutectic formed on 
solidification 

Fig. 7 X250 
28.7% Ni Alloy Heated to 
990° C.   General melting has 
taken place at this tempera- 
ture 

Fig. 8 X250 
Micro-Structure of 0.40% 
Ni Alloy Water Quenched 
from 950° C.   Alloy was 
composed of beta solid 
solution at temperature 
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Fig. 9 
Micro-Structure of O.a^r/o 
Ni Alloy Water Quenched 
from 950° C.   Alloy in beta 
field at temperature, structure 
typical of decomposition of 
beta on cooling 
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Fig. 10 X250 
Micro-Structure of 1.7% Ni 
Alloy Water Quenched from 
950 C, showing the decom- 
position product of the beta 
solid solution formed on 
quenching 
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Fig. 11 X250 
Micro-Structure of 0.52% 
Ni Alloy Water Quenched 
from 900  C.   This alloy is 
in the alpha-beta field at 
temperature 
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Fig. 12 X250 
Micro-Structure of 1.7% Ni 
Alloy Quenched from 900  C. 
This alloy is also in the 
alpha-beta field at tempera- 
ture _ 42 

Fig. 13 X250 
Micro-Structure of 4.7% Ni 
Alloy Water Quenched from 
900  C.   The alloy is entirely 
beta solid solution at tem- 
perature 
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Fig. 14 X250 
Beta Solid Solution in 9.45% 
Ni Alloy As Quenched from 
950* C. 
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Fig. 15 X250 
Beta Solid Solution in a 
7.90% Ni Alloy as Quenched 
from 900° C. 
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Fig. 16 X250 
Beta and Gamma in the 9.45% 
Alloy Quenched from 900P C. 
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Fig. 17 X250 
Beta and Gamma in the 
14.2% Ni Alloy Quenched 
from 900° C. 
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Fig. 18 X250 
Three Phase Structure of a 
6.35% Ni Alloy Water 
Quenched after Rolling at 
800  C. and Soaking 24 hrs. 

Fig. 19 X250 
Three Phase Structure in a 
7.75% Ni Alloy Quenched 
after Heating 18 hrs. at 980° 
C, Furnace Cooling to and 
Soaking 48 hrs. at 800° C. 

Fig. 20 X250 
Three Phase Structure in 
5.9% Alloy Quenched after 
Heating 16 hrs. at 990° C, 
Furnace Cooling to 870° C. 
and Soaking 24 hrs. at this 
Temperature. Gamma and 
Alpha not distinguishable. 

Fig. 21 X250 
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Three Phase Structure in 
5.4% Ni Alloy Quenched 
after 18 hrs. at 990° C, 
Furnace Cooling to 820° C, 
and Soaking 24 hrs. at this 
temperature.   Alpha etched 
somewhat darker, gamma 
bright. 
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Fig. 22 X250 
Alpha-Gamma Structure in 
1.7% Ni Alloy Water Quench- 
ed after Hot Rolling and 
Soaking at 750° C. 
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Fig. 23 X250 
Alpha-Gamma Structure in 
4.7% Alloy Quenched after 
Hot Rolling and Soaking at 
750° C. 

Erase??•;•.**?-: •'.':•. ,'>»'.:">-V<?vf§,a..«l?5**'» 

Fig. 24 X250 
Alpha-Gamma Structure of 
8.15% Ni Alloy Quenched 
after Hot Rolling and Soak- 
ing at 700° C. 

Fig. 25 X250 
Alpha-Gamma Structure in 
17.05% Ni Alloy Quenched 
after Hot Rolling and Soak- 
ing at 700° C. 
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FIG.26 TENTATIVE EQUILIBRIUM DIAGRAM, TfTANIUM-NICKEL 

Summary 

A quasi-binary diagram for titanium-nickel alloys containing 0.1% to 0.2% 
oxygen has been constructed.   This diagram indicates that addition of nickel rapidly 
lowers the melting point to 965 degrees Centigrade for alloys containing more than 
12% nickel and that a eutectic melting at this temperature occurs at approximately 
33% nickel.   One constituent of the eutectic is the beta solution, the high-temperature 
form of titanium containing 12% nickel in solution.   The other is a nickel-rich consti- 
tuent designated as gamma and containing approximately 41% nickel.   The beta solu- 
tion breaks down below 890 degrees Centigrade, forming two- and three-phase alloys, 
and completely disappears below 765 degrees Centigrade, where the alloys are com- 
posed of alpha titanium containing less than 0.5% nickel in solution and the gamma 
phase. 

The diagram suggests that the useful titanium-nickel alloys will probably 
contain up to 12% nickel and that, for high-temperature use, the nickel content should 
not exceed 6% to 8%.   The alloys are subject to heat treatment and a wide variation 
of physical properties should be obtainable with proper quenching and tempering 
treatments. 

The data also permit an estimate to be made of the true titanium-nickel 
system and a tentative binary diagram is presented. 
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DISCUSSION 

In the discussion, Mr. Long pointed out that densities obtained by 
sheath-rolling techniques were essentially the same as those obtained with convention- 
ally processed sintered materials.  He further stated that all samples of Bureau of 
Mines titanium wihch had been made available to other laboratories were fabricated 
by conventional powder metallurgy techniques; however, sheath-rolled samples will 
be available in the near future. 

Prof. A. W. Schlecten (Missouri School of Mines) discussed his experi- 
ences with sheath rolling of zirconium and issued a warning about use of the method 
at high temperatures.  In rolling a series of samples of zirconium sheathed in iron, 
over a range of temperatures, the method worked nicely below about 1050 degrees 
Centigrade or 1100 degrees Centigrade.   However, when a sheathed sample, which had 
been held at that temperature, was subjected to a sizable reduction on the first pass, 
the sheath broke open and sprayed hot-burning, liquid metal.   The phenomenon was 
interpreted by Dr. Kroll as a result of an exothermic combination of zirconium and 
iron under the great pressure of the rolls and the formation of a low-melting eutectic 
which came out of the sheath and burned when exposed to the atmosphere.  Mr. Long 
agreed with the warning and emphasized the necessity for not exceeding 1000 degrees 
Centigrade for rolling titanium in iron sheets.  At 1050 degrees Centigrade, a reac- 
tion similar to that described by Prof. Schlecten occurs which is believed to be due to 
the formation of a low-melting iron-titanium alloy which may escape from the sheath. 
The usable range of temperatures for sheath-rolling depends upon the nature of the 
sheath materials. 

In discussing the physical properties of titanium-nickel alloys, Mr. 
Long stated that the data available so far is still incomplete.  With about 5% to 8% of 
nickel, the alloys have a tensile strength of 110,000 to 120,000 psi in the hot-rolled 
condition.  The data is now being interpreted and evaluated in the light of the titanium- 
nickel phase diagram which has been established and work is continuing on heat- 
treatment of these alloys. 

In reply to a question by Dr. D. S. Eppelsheimer (Missouri School of 
Mines), concerning the homogenization of titanium-copper alloys, Mr. Long stated 
that homogenization is conducted in a temperature range of 800 to 1100 degrees Fahr- 
enheit, depending upon the alloy composition.  As with nickel, there is a restricted 
solubility region and, in working outside of this range, the temperature will make 
little difference and incomplete homogenization will occur. 

Mr. Lilliendahl (Westinghouse Electric Manufacturing Company) in- 
quired about the rolling temperature for the consolidation of pure tantalum, to which 
Mr. Long replied that 2000 degrees Fahrenheit was insufficient for complete con- 
solidation of tantalum and that higher temperatures were necessary.  In subsequent 
general discussion, it was pointed out that in powder consolidation by the sheath- 
rolling method, existing organized atomic structures as well as surface films were 
broken up by the deformation in rolling, which helps speed up the diffusion processes. 
With titanium and tantalum powders, considerable growth of particle size was ob- 
served although there was incomplete consolidation. 

Dr. J. P. Nielsen (New York University) asked about the use of sheath- 
rolling for the preparation of titanium-carbon alloys, and Mr. Long replied that the 
Bureau of Mines was currently working on that problem.  Powder distribution, work- 
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ing temperatures, etc., are all important problems, but it is believed that alloys will 
be successfully prepared by this method.  Li fact, Mr. Long stated that the sheath- 
rolling process has a general application to a wide range of metals and alloys, both 
known and as yet undeveloped ones. 
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Paper 6 

m.——** 

y PHYSICAL AND MECHANICAL PROPERTIES 
OF COMMERCIALLY PURE TITANIUM 

By CJL Bradford, J. P. Qaüin and E. L. Wemple 
"Remington Arms Company* Ioc.   > 

I.  Introduction 

The Remington Arms Company, Inc., an affiliate of the E. I. du Pont de 
Nemours and Company, Inc., embarked a few years ago on a broad general program 
to diversify and expand the Company's business outside of arms and ammunition.  One 
study which received early attention in this program was the possibility of fabricating 
ductile titanium metal. 

The current overall objective of the Remington program is to produce titan- 
ium and titanium base alloys in fabricated forms at a price which will permit titanium 
to be made available on a tonnage basis for structural and engineering uses.   This 
program is directed toward the development of alloys and the development of process- 
ing techniques for producing simple fabricated forms such as rod, sheet and wire. 

Remington's program has progressed to the point where 20 - 25 pound in- 
gots are being cast and small quantities of narrow sheet and round rod are being pro- 
duced.   The majority of Remington's effort is being devoted to research on titanium- 
rich alloys. 

The unusually attractive properties of unalloyed titanium discussed in this 
paper, plus titanium's alloying potentialities, explain the basis for our optimism and 
enthusiasm regarding the development of truly outstanding titanium base alloys. Al- 
though no alloys have been developed to the point where they can be discussed in this 
paper, our alloy research has confirmed that this is a promising field of endeavor. 

II.   General Properties 

A recent popular article has referred to titanium as the "Cinderella of Met- 
als".   A more appropriate comparison to use in a technical paper of this type is to 
state that titanium possesses a combination of the properties of aluminum alloys and 
stainless steels.  In one sentence, titanium is light, strong, corrosion resistant and 
ductile.  When commercially pure titanium is compared to commercially pure alumi- 
num and iron, we find that its density is intermediate between aluminum and iron (See 
Figure 1) and its melting point and strength are higher than both aluminum and iron. 

m.  Comparative Physical Properties 

Data on the more pertinent physical properties of titanium compared with 
75ST aluminum alloy and 18-8 austenitic stainless steel are shown in the following tab- 
ulation: 
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4-5fi 15.5 x 10b 
2.8 7.9 

10.3 x 106 28 x 106 

3140 1220* 2800* 
5.0 x 10"6 12.7 x 10-6 

9.5 x 10-6 

- %I.A.C.A.                   3.2 
BTU/ft2/in/°F/hr    105 

30 2.5 
835 115 

18-8 Austenitic 
Titanium 75ST Aluminum Stainless Steel 

Density - gm./cc 
Young's Modulus - psi 
Melting point - °F 
Thermal expansion/°F 
Electrical conductivity 
Thermal conductivity - 

♦For pure aluminum or iron 

Young's modulus for titanium is intermediate between that of the aluminum 
alloys and that of steel.  This relatively high modulus makes titanium a good struc- 
tural material.   The extremely high melting point for titanium should develop into a 
considerable advantage for the metal when used in today's high-temperature mechan- 
ical devices.   The low coefficient of thermal expansion will be another advantage for 
titanium in applications that require high-temperature exposure.   This low coefficient 
reduces thermal stresses to a minimum in structures made of titanium and makes 
close tolerances practical for devices that operate over a considerable temperature 
range. 

Titanium has relatively low thermal and electrical conductivity. 

PROPERTIES OF COMMERCIALLY 
PURE ELEMENTS 

Ti Iron      Aluminum 
Wei^of 1 Square ft. VlO in. thick 

Densitij4.5 7.9        2.8 

iROFLJ MELTING p POINTS 
2790'Fl 

I220°F 

RELATIVE   STRENGTH 
i. 

.I6___ 

Fife. 1 
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IV.  Mechanical Properties 

Many of the data discussed in this paper on the physical and mechanical 
properties of commercially pure titanium were taken by the Battelle Memorial Insti- 
tute at Columbus, Ohio, on rod and sheet produced by Remington from Du Pont sponge. 
Since all of Remington's material has been produced by melting and casting, some of 
the properties do not agree completely with data published by others on titanium pro- 
duced by powder metallurgy techniques.   Furthermore, all test data in this paper 
should be regarded as preliminary and subject to revision. 

Figure 2 shows the effect of cold work on the tensile properties of Reming- 
ton commercially pure titanium.  In this Figure ultimate tensile strength, 0.2% yield 
strength, elongation, and hardness are plotted against cold work.  There are several 
points that are evident upon examination of these curves. 

A significant item is the relatively high tensile and yield strengths of the 
annealed material in combination with good elongation.   A second factor is the in- 
crease in tensile properties with only moderate amounts of cold work.   For example, 
20% cold work raises the yield strength to about 100,000 psi, which is only slightly 
less than the yield strength obtained through 50% or 60% cold work.  Moderate cold 
working by commercial forming processes will result in a considerable increase in 
the strength.  On the other hand, small amounts of cold work reduce the ductility con- 
siderably.   This is indicated by the curve showing elongation in a two-inch gage 
length plotted against cold work.   This curve drops very rapidly and is nearly hori- 
zontal after 20% cold work is attained.   At 50% cold work titanium still shows 12% 
elongation. 

It is interesting to compare the room temperature tensile properties of ti- 
tanium with its competitive materials.  The bar graph (Figure 3) shows comparative 
tensile properties for titanium, 75ST aluminum, and 18-8 stainless steel,   ultimate 
strengths and yield strengths are shown for annealed and hardened material.  No bar 
is shown for annealed 75S material since it normally is not used in this condition. 
The significance of the word "hardened" for titanium and austenitic stainless steel 
refers to hardening by means of cold work as these materials in their usual condition 
will not ordinarily respond to heat treatment to raise the physical properties. 

An important point brought out by this graph is the relatively low yield 
strength of 18-8 stainless steel in the annealed condition.   The yield strength of an- 
nealed titanium is nearly double the yield strength of annealed stainless. 

On the basis of strength-weight ratio, titanium compares very favorably 
with 75ST aluminum and stainless steel.  There are many applications where a con- 
siderable weight saving is possible through the substitution of titanium.   This is par- 
ticularly true in applications where equivalent sections of titanium can be substituted 
for stainless steel. 

The tensile properties of forged titanium bar over a considerable range of 
temperatures are shown in Figure 4.  In this figure, ultimate tensile strength, 0.2% 
yield strength, and Young's Modulus are plotted against temperature.   These data rep- 
resent short-time tensile test results where the specimen is held at temperature 
about 30 minutes prior to testing. 

These curves indicate the following interesting properties: 

1.   Titanium has usable strength up through 800 degrees Fahrenheit.   This 
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compares very favorably with the best aluminum alloys which ordinarily are not used 
to any great extent over 400 degrees Fahrenheit. 

2. Young's modulus for titanium holds up well up to 800 degrees Fahren- 
heit.   This is important in applications involving elastic stability at intermediate 
temperature. 

3. The sub-zero strength and modulus are high. 

Although it is not shown on the chart, sub-zero ductility is also good.   In 
general, the elongation of forged titanium bar is roughly constant between -75 degrees 
Fahrenheit and 800 degrees Fahrenheit, the actual value being 15% to 20% over a two- 
inch gage length. 

Although in many cases complete data are lacking at the present time, there 
are a number of physical properties which deserve mention.   For example, compres- 
sion data on sheet and forged bar show about the same values as corresponding ten- 
sile data.  The modulus of elasticity, however, in compression is slightly higher than 
in tension. 

Torsion tests on forged titanium bar indicate a modulus of rigidity of 6.6 x 
106 psi and a modulus of rupture of 101,300 psi 

Rivet shear data on titanium with comparative values for 75ST and 24ST 
aluminum are given below. 

Material Ultimate Shear Strength (1/8" Dia. Rivet) 
Titanium 82,000 psi 
75ST aluminum alloy 47,000 psi 
24ST aluminum alloy 41,000 psi 

Data on bearing strength tests on titanium sheet show the following results: 

0.5% Offset Yield Ultimate Bearing 
Material Strength - psi Stress - psi  
Annealed sheet titanium              117,000 psi 177,000 psi 
25% cold worked titanium           170,000 psi 216,000 psi 

Charpy impact test results on titanium are shown in Figure 5.   This graph 
indicates that there is no transition temperature below which impact strength is 
greatly reduced as in the case of mild steel.  At room temperature and above, titani- 
um has a higher Charpy impact value than 75ST and 24ST.   At -75 degrees Fahrenheit 
the Charpy value for titanium is approximately the same as for 24ST aluminum. 

Fatigue data obtained to date are rather meager.   An endurance limit of 
55,000 psi was obtained, however, on sheet material having an ultimate strength of 
138,000 psi.   This test was run in a Krouse Direct Repeated Stress Testing Machine. 
Rotating beam fatigue tests on several samples of bar stock indicate that the endur- 
ance limit is approximately 50% of the ultimate tensile strength.  Specimens with a V 
notch show a corresponding endurance limit of approximately 25% of the ultimate ten- 
sile strength. 

Creep data on titanium indicate negligible creep at a stress of 25,000 psi 
and at a temperature of 600 degrees Fahrenheit.  At 800 degrees Fahrenheit, at a 
stress level of 16,000 psi, an average creep rate of 0.000015% per hour was attained 
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over a period of 1,125 hours.  Stress rupture tests for a period of 100 hours indicate 
the following: 

600 degrees Fahrenheit 
800 degrees Fahrenheit 

1000 degrees Fahrenheit 

55,000 psi 
32,000 psi 
7,400 psi 

No rupture 
Stress to rupture 
Stress to rupture 

REMINGTON ARMS CO..   INC. 

WORK HARDENING CHARACTERISTICS OF COMMERCIALLY PURE TITANIUM 
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REMINGTON  ARMS COMPANY,   INC. 

COMMERCIALLY PORE  TITANIUM FORGES) BAR STOCK 
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V.  Miscellaneous Properties 

Commercially pure titanium is readily forged within the temperature range 
of 1600-1800 degrees Fahrenheit.  Preliminary work indicates that the machinability 
of titanium is similar to that of austenitic stainless steels.  In general, the same tool 
angles, cutting speeds and feeds required for 18-8 stainless steel are recommended. 
Titanium in the "as forged" condition may have a hard surface scale which will re- 
quire carbide tools to remove.  Chips from the drilling of titanium are tough and 
stringy and it is frequently necessary to clear the drill by removing it from the work. 

The General Electric Company River Works at West Lynn, Massachusetts, 
and several other companies have been conducting preliminary welding experiments 
with Remington Arms Company titanium.  These experiments indicate that titanium 
can be readily spot welded, seam welded and inert arc welded to other pieces of titan- 
ium.  Other types of welding, brazing and soldering, have not yet been developed for 
titanium and we have no experience with welding titanium to other common structural 
materials.  The Bureau of Mines published a paper on the spot welding of titanium in 
the October, 1946, issue of Metals Technology. 

Annealed titanium will take a 3-T bend radius and quarter hard titanium a 
5-T minimum bend radius.  We expect it to be completely practical to brake form 
titanium but considerable development work remains to be done on drawing, cupping, 
spinning, die forming, extruding, etc. 

REMINGTON   ARMS COMPANY    INC    , 

Bend Radius-3r 
Inert Arc and Seam Welded 

by GENERAL  ELECTRIC 

Turned Rod |?.».j 

Fig. 6 
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Exhibits of machined, formed, forged and welded titanium are shown in 
Figure 6. 

Exposure of titanium, 18-8 stainless and an aluminum alloy to a 2200- 
degree-Fahrenheit gas flame burned the aluminum alloy in thirty seconds, but did not 
affect the strength of the titanium or the stainless steel after thirty minutes exposure. 
These samples are shown in Figure 7. 

Samples of Remington Arms Company titanium have been exposed to air at 
temperatures from 600 degrees Fahrenheit to 1500 degrees Fahrenheit for 1000 hour 
periods.  Weight and strength measurements after these exposures indicate that titan- 
ium is suitable for long-term exposure to air up to temperatures of 1300 degrees 
Fahrenheit.   Above this temperature, appreciable embrittlement occurs. 

Samples of Remington Arms Company titanium have been exposed to the 
following tests at the International Nickel Company Test Station at Kure Beach, North 
Carolina, for periods up to four months: 

Jet Aspirator 
Basin Immersion 
Flowing sea water immersion 
Shore rack exposure (100 yards from water) 
Lot rack exposure (1000 yards from water) 

Titanium was completely resistant to attack under all of these conditions of exposure. 
This indicates that titanium is in the same class as platinum and Hastelloy C in its 
resistance to marine corrosion.   Figure 8 shows a comparison of attack on various 
metals when immersed in sea water for four months. 

Laboratory tests on titanium's chemical corrosion resistance indicate that 
titanium is resistant to the following: 

Nitric acid 
Relatively dilute warm hydrochloric and sulphuric acids 
Aqua regia 
Chlorine 
Sodium hydroxide 

VI.  Conclusions 

To summarize, commercially pure titanium fills a gap between aluminum 
alloys and stainless steel insofar as modulus, density and strength at intermediate 
temperatures are concerned.  Its strength-weight ratio as compared to aluminum al- 
loys and stainless steel is favorable depending on the specific application. 

Where titanium can be substituted directly section-for-section in place of 
stainless, a 40% saving in weight will result. 

Titanium's sea water and marine atmospheric corrosion resistance are 
truly outstanding - being better than austenitic stainless, Monel, and the cupro-nickel 
alloys and as good as the best known materials - platinum and Hastelloy C. 

In consideration of these properties, it has been suggested that commercial- 
ly pure titanium might find application in the following services: 

1.  Airframe skins and structures where intermediate temperatures or 
corrosion problems are encountered. 
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2.   Aircraft power plants where temperatures between 300 and 800 degrees 
are involved. Fahrenheit are involved 

3. Naval or marine applications in which the combination of superior cor- 
rosion resistance and light weight are important. 

4. Industrial equipment in which titanium's particular corrosion resistance 
can be utilized. 

5. Miscellaneous applications in which a combination of light weight, cor- 
rosion resistance, high strength and intermediate temperature properties are required. 

Commercially pure titanium at this stage of the development should not be 
considered equivalent to another new alloy but as truly a new base metal insofar as 
engineering availability is concerned.  It is in its infancy and an enormous amount of 
work is ahead in all phases of the program.   Typical data have been developed on many 
of its common characteristics but a substantial amount of information on properties 
and on fabrication remains to be obtained. 

Through the efforts of organizations such as those represented here and the 
interest and cooperation of potential users such as the aircraft industry, there is 
every reason to believe that the problems associated with production, fabricating, 
and applying titanium can be solved and it will become an important engineering ma- 
terial of the future. 

DISCUSSION 

In answer to a question raised by Dr. S. C. Ogburn (Foote Mineral 
Company), Mr. Bradford stated that Remington Arms had produced no titanium wire 
themselves, but were having some made for them. 

Discussion of the low-temperature properties of titanium brought out 
that -75 degrees Fahrenheit was the lowest temperature at which the mechanical prop- 
erties were determined.  Mr. H. C. Cross (Battelle Memorial Institute) added that im- 
pact tests were conducted with Charpy "V" notch specimens and one series of tests 
showed practically a straight-line relationship between impact strength and tempera- 
ture in the range from well above room temperature to below -75 degrees Fahrenheit. 
No information was available on the type of fracture obtained.  Mr. Bradford further 
stated that the impact strength was about 20 foot-pounds at 100 degrees Fahrenheit 
and dropped to about 10 to 12 foot-pounds at -100 degrees Fahrenheit in a linear man- 
ner. 

Mr. F. F. Poland (Revere Copper and Brass) asked about the carbon 
content of the samples for which the data had been presented, and it was pointed out 
that the titanium had been made from DuPont sponge titanium which contained 0.01% 
to 0.02% carbon prior to consolidation of the sponge.  After consolidation, however, 
the Remington titanium contains between 0.2% and 0.3% carbon.  In discussion of the 
high-temperature tensile tests, it was stated that the specimens were held at temper- 
ature for 30 minutes, prior to testing, and then tested at temperature.  Remington has 
not conducted tests with other holding times, but Mr. Bradford added that in other 
laboratories a 1000-hour test at 600 degrees Fahrenheit on bar stock showed results 
very comparable to those obtained by Remington at 600 degrees Fahrenheit for a half- 
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hour exposure.   These tests were also conducted at temperature, and specimens, 
which were subsequently cooled to room temperature and tested, exhibited the same 
room-temperature properties as specimens which were not exposed to the elevated 
temperatures. 

In answer to Mr. Harwood's (Office of Naval Research) question, Mr. 
Bradford stated that marine exposure specimens exhibited marine growth.  Mr. 
Williams (Naval Engineering Experimental Station) pointed out that the subject of 
marine fouling would be discussed in more detail in his paper. 

Further discussion revealed that no information was yet available as to 
the form in which carbon is present in titanium or as to which of the carbides is 
present, TiC, Ti2C or Ti4C 
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Paper 7 

PRODUCTION AND PROPERTIES OF IODIDE TITANIUM 

By Bruce W. Gonser 
Research Supervisor, Battelle Memorial Institute, Columbus, Ohio 

In metallurgy, as in other fields of science, an investigator likes to work 
with the purest materials he can get. This is particularly true with titanium, since 
it is known to be extremely sensitive to slight contamination by some elements. So 
far, production of titanium by thermal decomposition of a volatilized iodide has ap- 
peared to be the most practical means of obtaining the relatively pure metal, hence 
this method has been used to secure metal for fundamental information on titanium 
and its alloys. 

Interest in the production of titanium by the iodide process is broader than 
merely the production of a relatively pure metal as a base for investigations, almost 
regardless of cost.  It is a method for making a high-quality metal in a compact form, 
which can be processed directly without smelting or without compacting and sintering 
into ingots by powder metallurgy.   As such, it has advantages, as well as disadvan- 
tages, over other suggested means for making titanium commercially, and continued 
development may make it fully competitive with other methods for at least part of the 
field. 

Background of the Process 

The iodide process was first described by Van Arkel and De Boer* in 1925 
as applied to the production of titanium, zirconium, hafnium and thorium.   Several 
technical articles2»3»4»5 by these investigators and by J. D. Fast in the following 
14 years gave additional information on the process and the deposited product.   The 
emphasis in subsequent commercial development of the general process by the N. V. 
Phillips Gloeilampenfabrieken in Eindhoven, Netherlands6, was on production of 
zirconium; however, sufficient work was done on titanium to generally outline some 
of the conditions and equipment for deposition, and to get metal for determining 
properties. 

Essentially, the process depends upon the formation of a volatile iodide by 
reacting crude titanium with iodine in the absence of any other reactive gas, then 
depositing the titanium on a hot filament by thermal decomposition of the iodide. 
This action is cyclic, as the gaseous product of decomposition reacts with more crude 
metal; so the action in its simplest form is one of refining in a closed container. 

The reactions involved, as described by the early investigators, depend upon 
the temperature at which the crude metal is held.   Thus, with metal held between 
room temperature and 250 degrees Centigrade, iodine reacts with the crude metal to 
form Til4, which dissociates at the hot filament, as:   TiT4 ^ Ti + 212.  At a higher 
temperature, however, the tetraiodide reacts with more metal to form iodides of lower 
valence.   These have a much lower vapor pressure than the tetraiodide, hence prac- 
tically no deposition of metal occurs until the temperature of the charge is increased 
to above 425 degrees Centigrade.   In both cases, the filament temperature for depo- 
sition is kept at 1100 to 1500 degrees Centigrade. 

Some idea of the equipment used, or that could have been used, for making 
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iodide titanium in the European work may be gained from the tubes designed by the 
Phillips Company for making zirconium.  As duplicated in early work at Battelle 
Memorial Institute, leading to commercial production of zirconium by the Foote 
Mineral Company, a Pyrex glass tube about 20 inches long and four inches in diameter 
was used.  This was equipped with a glass head containing three sealed-in tungsten 
rods for electrodes, to which were attached tungsten wire filaments so arranged that 
if one filament burned out, the run could be continued on the remaining two. A side 
arm contained the iodine supply which was refrigerated to prevent loss while the tube 
was evacuated and sealed.  The charge of crude metal lumps, formed by sodium or 
calcium reduction of the oxide, was held in place around the periphery of the tube by 
a screen of woven molybdenum wire.  Two rods of metal about 15 inches long and 
1/4 inch in diameter could be produced each run. 

During the war, some titanium was produced in Germany by reduction of ti- 
tanium tetrabromide which was carried by a stream of purified hydrogen into a quartz 
tube containing tungsten filaments heated to 1200 - 1400 degrees Centigrade'. Al- 
though reduction of the bromide is workable, it does not seem to offer any advantages, 
and has some disadvantages, over use of the iodide.  Chlorides require a much higher 
dissociation temperature and experimental work has indicated generally unsatisfac- 
tory results when using them. 

Current Production Equipment and Operation 

Fig. 1. Assembled glass unit, 7| inch 
diameter, used to produce two 24-inch 
"hairpins" oi about 300 grams each. 
Titanium or tungsten filaments are at- 
tached to the heavy tungsten sealed-in 
leads and extend nearly to the base of 
the bulb. 

Fig. 2.   Perforated molybdenum re- 
tainer used to hold the charge of 
crude metal in place.  It also acts 
as a heat shield to keep the charge 
from becoming overheated by the 
hot filaments in the center. Fig. 3.   Hairpin of ductile titanium. 

833626 0-49-5 
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The production of iodide titanium in glass equipment is under a severe handi- 
cap because of the low softening temperature of glass, its fragility and the difficulty 
of sealing-in sufficiently large electrodes to permit the building of relatively heavy 
deposits.   To a surprising extent success depends upon the glass blower who makes, 
opens, and repairs the tubes.   However, in several steps, production units for titanium 
have been increased in size to glass tubes 35 inches long and 7| inches in diameter, 
each capable of producing two 24-inch "hairpins" (300 grams each) per run at 165 
degrees Centigrade .   Their construction and operation have been described previous- 
ly* (Figures 1, 2 and 3) 

Such units have been operated successfully either at the lower temperature 
of 165 degrees Centigrade or at the comparatively high temperature of 550 degrees 
Centigrade.  Operating at the low temperature has some obvious advantages, but the 
purity of the product, as measured by hardness, has not been so satisfactory as when 
running at 550 degrees Centigrade.  The tendency consequently has been to run at the 
highest temperature that the glass equipment can safely withstand.  It is to be noted 
that in the iodide process, the reaction tube problem of heat control is largely one of 
dissipating energy, rather than supplying heat, since little energy is consumed in the 
titanium refining reactions. As the deposit builds on the starting filament, more and 
more current is required to maintain the filament temperature, until the heat dissipa- 
tion problem becomes of major importance.  This is particularly true with large glass 
equipment since the danger of cracking or collapse makes undesirable the use of a 
molten cooling bath around the tube. 

To avoid some of the weaknesses of glass, attention has been given to build- 
ing metal reaction tubes.  One currently in production is 30 inches long and 4 1/4 
inches in diameter, giving one double rod or "hairpin," 24 inches long.   Titanium 
rods 5/8 inch in diameter and weighing 700 - 750 grams have been produced in it. 
Operation is much simpler and so much more satisfactory that glass tubes may be 
considered as obsolete except for experimental work.  A temperature of 165 degrees 
Centigrade is easily maintained by immersing the metal tube in a circulating oil bath 
during deposition.  Quality of product has been entirely satisfactory.   This probably 
is partly because of the larger volume of metal deposited which would tend to dilute 
any impurities deposited at the start of deposition. 

The charge of fused lumps of crude metal amounts to 12 - 15 pounds for the 
metal tube and about 20 pounds for each of the large glass tubes currently in use. 
This is held in a | inch space between the tube wall and a perforated sheet molybde- 
num screen, as shown in Figures 1 and 2.  Several runs are made with the same 
charge, then it is thoroughly washed in water to avoid diminished activity, and the 
charge is then reused repeatedly.   Time for a run varies with conditions, usually 
being 24 to 30 hours for a high-temperature run in a glass tube to build a rod requir- 
ing up to 300 amperes to maintain filament temperature.  A minimum of 10 hours has 
been attained.  With a metal bulb, in building a rod of 5/8 inch diameter, or requir- 
ing up to 580 amperes to maintain heat, from 30 to 48 hours has been required.   Pow- 
er consumption has been as low as 40 Kwh. per pound of metal deposited, but is 
usually 60 to 75 Kwh. 

Iodide Titanium Metal 

The metal as deposited is coarsely crystalline, the type of deposit depending 
upon the temperature of the operation.  That from a run with the charge at 550 degrees 
Centigrade tends to be finer grained but rough; deposits from low temperature runs 
are larger grained but each grain tends to be smooth (Figure 5).  Both types are 
bright and attractive in appearance unless slowly cooled so that residual iodine in 
the tube condenses on the deposit. 
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Fig. 4. (left)  General equipment for refining titanium by the 
iodide process using a metal tube.   The larr^e container in the 
center holds a circulated oil bath for maintaining the charge 
temperature.   The titanium filament shown in the center is 
weighted with tungsten. 
Fig. 5. (right)  Crystalline deposit of titanium as deposited 
from a low temperature charge. 

Purity 

Analyses for minute amounts of impurities in titanium by no means have 
been standardized. Chemical analyses show the carefully prepared soft-metal to 
contain 0.02 - 0.03 C and 0.002 - 0.003 N, with occasional products running up to 
0.009 N. Unfortunately, no oxygen analyses are available, but the oxygen content is 
believed to be lower than the nitrogen.  Spectrographic analyses show, also, less than 
0.04 Si, less than 0.04 Fe, less than 0.002 S and less than 0.05 Al. 

Hardness of the metal as deposited is commonly taken as an indication of 
purity for an operating guide.  Vickers hardness values have been found over a range 
from 60 to 115.  The normal metal from high-temperature runs in a glass unit usual- 
ly averages about 70 - 80; that from a "cold" bulb has been harder, as 80 - 100; and 
titanium from a metal bulb averages 75-85. 

Metallographic Structure 

The structure of an iodide titanium sample after arc melting, hot rolling at 
850 degrees Centigrade in air, surface grinding, and vacuum annealing for three hours 
at 850 degrees Centigrade, is shown in Figure 6. A similar specimen after the same 
treatment, then held at 950 degrees Centigrade for a half-hour and rapidly cooled 
(equivalent to air cooling), is shown in Figure 7.  This shows the plate-like Widman- 
stätten structure that results from rapid cooling through the transformation tempera- 
ture (888 degrees Centigrade).  The substructure is a coring effect that results as 
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the last of the beta titanium transforms in thin plates which have not entirely coa- 
lesced. When water-quenched,a fine needle-like martensitic structure is obtained. 

Similar treatments and their effect on commercial titanium produced by 
magnesium reduction of the chloride are shown in Figures 8 and 9 respectively.   The 
more pronounced needle structure shown in Figure 9 (as compared to Figure 7) is 
characteristic of titanium containing some nitrogen. 

Fig. 6.   Iodide titanium, after melting, hot 
rolling, and vacuum annealing. 

Fig. 7.  Same after heating to 950 degrees 
Centigrade and rapid cooling through the 
transformation temperature. 
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Fig. 8.  Commercial magnesium-reduced 
titanium.   Treatment as in Fig. 6. 

Fig. 9.  Same, treatment as in Fig. 7. 

Etchant:   2% HF, 3% HNOg by vol. 

Magnification:   100X 

65 - 



Physical Properties 

A compilation of some of the physical properties of iodide titanium is given 
in Table 1. 

TABLE 1.    PHYSICAL PROPERTIES OP IODIDE TITANIUM 

Tempera- 
Quantity Unit ture, *c. Value Reference 

Atomic number 22 Int. Union of Ohen. 1935 
Atomic weight 1*7.90 Int. Union of Ohem. 1935 
Density- g./cm.3 20 ll.507 Fast, Z. anorg. u. allgera. Chem,, 21*1, 

1|2 (1939) 
Crystal structure Angstroms Room H.O.P. 

a 2.91*6 
c I4.686 

c/a 1.591 

Unpublished data, Battelle Institute 

\ 

Angstroms Above 880 B.C.C. 
a 332 

Burgers and Jacobs, Z. Krist, 9lt, 299 
(1936)                                          — 

Melting point •c. 1725   iio de Boer, private communication to 
ran Arkel 

Boiling point •c. above 3000 Handbook,  Chemistry and Riysics 
Resistivity ohm-cm» 20 li2 X 10-6 Fast, Z« anorg, u. allgem. Chem«, 2kt 

h2  (1939) 
Temperature coeffl •c.-i not given S.I16 x 10-3 Fast, ibid. 

cient of resistivity 
Llean specific heat cal./g. 0-219 0.1291 Jaeger, et al., Proc«Acad«Sei«Amster- 

0-266 0.1316 dam, 3_9, 10*2, IgJ, ^62 (1936) 
0-320 0.1331* 
0-500 0.1336 

6.2 X 10-6 Mean linear coeffici- •c-i 20-300 Fast, Z. anorg* u. allgenu Chem., 2U1, 
ent of thermal ex- 1*2  (1939) 
pansion 

Spectral emlssivity (wave length) 
(6500 Angstroms) 

1150-K. 0.533 J. Went, in private communication to 
1250*K. 0.523 van Arkel, "Reine Metalle," 1939 
1350*K. 0.502 
Ul50'K. O.I180 
1550T. 0.1*50 
1650'K. 0.1*19 

The higher purity of iodide titanium does not result in a substantially dif- 
ferent density from that of magnesium-reduced titanium.  Likewise, the lattice con- 
stants are very similar to those reported by Griner and Ellis   for magnesium-reduced 
titanium obtained from the Bureau of Mines.  Thermal expansion characteristics are 
similar also. 

Allotropic transformation temperatures for ductile titanium have been ob- 
tained in the range of 880 to 888 degrees Centigrade.  Values reported for iodide 
titanium - Burgers (See Table 1) 880 degrees Centigrade by X-ray work, De Boer et 
al 882 degrees Centigrade by resistance, and from unpublished work at Battelle 888 
degrees Centigrade by thermal analysis - are in good agreement with the value of 
885 degrees Centigrade reported by Griner and Ellis9.  With both iodide- and mag- 
nesium-reduced titanium, quenching from the beta field does not materially affect 
the hardness. 

The most marked difference between iodide- and magnesium-reduced titan- 
ium is shown by electrical resistivity. This is not unexpected, since metals usually 
show marked increase in conductivity as the purity is increased. The resistivity of 
iodide titanium, 42 x 10-6 ohm-cm. (Table 1) compares with 55 x 10_6 ohm-cm. ob- 
tained by Griner and Ellis^; the temperature coefficients are 5.5 and 3.3 x 10-3 per 
degree Centigrade, respectively. 

- 66 



Mechanical Properties 

Iodide titanium is characterized by low hardness, ability to be drastically 
cold worked, relatively low yield and tensile strength and high elongation. A general 
comparison of some of the mechanical properties with those from commercial Du Pont 
magnesium-reduced titanium is given in Table 2. 

The rate of work hardening is about the same for both types of metal.  That 
is, with the iodide titanium the ultimate tensile strength goes from 45,000 psi to 
125,000 psi by 85% reduction, whereas the magnesium-reduced product goes from 
80,000 psi to 125,000 psi by 50% reduction, or an average increase oi about 900 psi 
for each percent reduction in each case. 

TABLE 2.    SOME MECHANICAL PROPERTIES OF TITANIUM 

Annealed Condition» 
Ultimate Strength, psi 
Yield, 0.2$ Offset, psi 
Brop, Limit, psi 
Elongation, % 
Red. in Area, % 
Mod. of Elasticity, psi 

Cold lorked, $0% Reduction 
Ultimate Strength, psi 
Yield, 0.2? Offset, psi 
Elongation, % 
Red. in Area, % 
Cold rolling before edge cracking, % 
Max. ult. strength by cold work, psi 

Iodide Mg. Reduced*» 

38-lv8,000 80,000 
20-21*, 000 72,000 

10,000 38,000 
1*0 (1") 25 (2») 
75 55 

3it-i5,5oo,ooo 16-16,500,000 

97,000 125,000 
87,000 110,000 
11 (1«) 12 (2") 
75 30 

over 95 5o-6o 
ca.130,000 ca.130,000 

*Meited, hot worked,and vacuum annealed. 
**Data largely from publications by Pigments Dept., E. I. du Pont de Nemours & Co. 

Conclusions 

At present iodide titanium production is still on a laboratory scale, since it 
is required only in minor quantities for experimental use. As experience has been 
gained many early troubles have disappeared and progress in simplifying the process 
is likely to continue.  The metal produced by this method forms an excellent base for 
alloying and for studies of fundamental properties. 
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DISCUSSION 

Mr. J. R. Long (Bureau of Mines) inquired about the relative oxygen 
content of the iodide- and magnesium-reduced titanium and whether the transforma- 
tion-temperature range is broadened by the presence of oxygen.  In magnesium-re- 
duced titanium, it is believed that the transformation occurs over a relatively wide 
temperature range.  Dr. Gonser replied that work still remains to be done to definite- 
ly establish the transformation range.   There is still no accurate method available 
for the determination of small amounts of oxygen in titanium in the range of a few 
parts per thousand, but it was estimated that iodide titanium contained about 0.001% 
to 0.002% oxygen.  The oxygen content would be expected to be low, since oxygen does 
not transfer in the iodide process.  This is known because titanium oxide can be added 
to the charge with no trace apparent in the purified metal.  In fact, Dr. Gonser added, 
in order to speed up the process, the tube is evacuated roughly and heated up with the 
charge present; the charge then acts as its own getter for any remaining nitrogen and 
oxygen and removes these gases without particular difficulty. 

In further discussion of the reason for the existence of a transforma- 
tion temperature range, Mr. Long brought out that it may be due to the presence of 
impurities, of which oxygen is believed to be a principal one at this time.  Iodide ti- 
tanium may exhibit similar characteristics.  Although no data are available, Mr. Long 
did not think that isothermal transformation would occur in material that is now avail- 
able.   In answer to Dr. P. A. Beck (University of Notre Dame), Dr. Gonser thought 
that the transformation was of a martensite nature.  Dr. W. Finley (Remington Arms 
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Company) added that an article by W. G. Burgers, published by Phillips-Eindhoven in 
1936, contained information on the effect of impurities in titanium.  Measurement of 
the electrical resistance of the titanium filament, after removal from the iodide tube, 
as a function of temperature revealed a very sharp break at the transition tempera- 
ture, and then the curve rose sharply again for the high-temperature beta phase. 
When small amounts of oxygen were introduced, the curve rose linearly with tempera- 
ture but then curved off.  This was interpreted to mean that oxygen and perhaps other 
impurities cause the transformation to occur over a range of temperatures, whereas, 
with pure titanium, the transition occurs quite sharply. 

In answer to Mr. Linsmayer (Air Materiel Command), Dr. Gonser 
stated that although tungsten filaments were used in the earlier work on the iodide 
process, filaments of titanium rods of square cross section are now being used.  By 
changing the temperature of the filament, some control over the grain (or crystal) 
size can be obtained. At high temperatures, the tendency is for the crystals to be 
closely packed, like buttons on a string. 

In reply to Mr. F. G. Brockman (Phillips Laboratories), Dr. Gonser 
pointed out that the di-iodide would also decompose if the reaction took place at high 
temperatures in the metal tube.  It is more convenient, however, to operate at lower 
temperatures, and the hardness and purity obtained have been satisfactory. With 
glass tubes, a better product is obtained by the use of higher temperatures, but other 
factors enter into the picture with the metal tube.  A much larger diameter is possible 
and, as the initial impurities are diluted during the reaction, the subsequent metal 
deposited has a "normal" hardness. 

Dr. W. J. Kroll (Bureau of Mines) pointed out that the iodide process 
is essentially a refining process - impure metal is converted to pure metal by pass- 
age through an iodide phase. As to the transfer of oxygen, he added that if carbon and 
oxygen are present, they may combine to form carbon monoxide which may then trans- 
fer oxygen to the filament.   The question that then (logically) follows is if more carbon 
is present in raw zirconium (or titanium), does the deposited filament contain greater 
percentages of oxygen?  Since zirconium and titanium contain nitrogen, Dr. Kroll 
wondered about the transfer and decomposition of the nitrides on the filament in the 
presence of chlorine or iodine.  He suspected that this reaction would be a function of 
temperature and that the nitride would be decomposed on the filament with the libera- 
tion of nitrogen.  Other types of impurities, such as aluminum or iron, may be trans- 
ferred and the raw material used must, therefore, be closely controlled. 

In reply, Dr. Gonser stated that the operating temperature was import- 
ant and that, at higher temperatures than he had used, a greater transfer of non- 
metallics would occur.  At some temperatures, the charge may retain the impurities 
and a fairly impure charge may be used.   The charge is generally extremely brittle 
and is easily broken up.  Silicon will also transfer, in addition to the metals mentioned 
by Dr. Kroll. Although the possibility exists for transfer, from charge to filament, of 
numerous metals, only little contamination actually occurs.  He presumed that if 
spectroscopically pure metal was used for the charge, the filament hardness might 
run as low as 50 VPN, whereas the hardness of the titanium filaments now being ob- 
tained runs between 60 and 85 VPN. 
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Paper 8 

PROPERTIES. OF IODIDE TYPE TITANIUM 

By F. B. Litton 
Foote Mineral Company    | 

The iodide process for preparing high purity metals was developed in 1925 
by Van Arkel and De Boerl.   Preliminary to this, experiments were carried out in an 
attempt to prepare zirconium by passing a mixture of zirconium tetrachloride and 
hydrogen over a heated filament.   Since they observed that zirconium tetraiodide was 
less stable than the tetrachloride at the filament temperature, subsequent work re- 
sulted in development of the iodide process.   They used the process for preparing 
zirconium, titanium, hafnium and thorium metals, and several of their alloys. 

The Foote Mineral Company in 1942 purchased the iodide process for duc- 
tile zirconium production from the N. V. Philips Company.   Immediately thereafter, 
a project was initiated by the Foote Mineral Company at Battelle Memorial Institute 
to prepare zirconium by this process.   On successful completion, the apparatus was 
moved to Foote's Laboratory and adapted to a more commercial operation by Mr. C. 
L. Scheer, of Foote's Research and Development staff. 

Titanium preparation by the iodide process has been adequately reported by 
Dr. Bruce Gonser2.   It is a simple process:   crude titanium is reacted with iodine in 
an evacuated bulb at such temperature to form volatile titanium iodides which are de- 
composed on a heated titanium filament.   It is a purification process in which crude 
titanium is separated from embrittling elements, such as oxygen, hydrogen, nitrogen 
and carbon.  Also, it is a consolidating process in that the resulting mass can be 
drastically cold fabricated into desired shape. 

The manufacture of iodide titanium as produced by Foote is not currently 
operated for large-scale production.   The average rate of metal deposition is approx- 
imately 0.8 gram per hour per square inch surface area.   That is equivalent to 
approximately 250 grams of metal per bulb per 16-hour day.   Obviously, this rate of 
metal production is not comparable to the magnesium reduction method of Dr. Kroll3 
and as developed by the Metallurgical section of the Bureau of Mines4. 

The iodide process, however, is probably the most satisfactory means for 
producing high purity titanium for studying the properties of the metal and its alloys. 
The ductility of iodide titanium is as much as 55% elongation in two inches on stand- 
ard tensile test specimens.   Also, the metal can be cold reduced at least 95% without 
intermediate anneal. 

The physical properties of iodide titanium depend primarily on the impuri- 
ties in the raw material, and the ease with which those impurities are transferred to 
the growing rod.   The common elements that are either co-deposited with titanium or 
have a harmful effect on metal transfer are silicon, aluminum, iron, magnesium, 
calcium and hydrogen.   Oxygen, nitrogen and carbon do not appear to be transferred. 
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Typical spectrographic analysis of Foote's iodide deposited titanium is as 
follows: 

Element Composition, percent 

Silicon 0.01 - 0.05 
Iron 0.01 - 0.05 
Nickel 0.001 
Magnesium 0.005 
Manganese 0.005 - 0.01 
Aluminum 0.05 - 0.1 
Calcium 0.01 - 0.05 
Copper 0.001 - 0.005 
Molybdenum 0.05 - 0.10 
Zinc Trace 
Tin Not Detected 
Zirconium Not Detected 

follows 
The average tensile properties of sheet iodide titanium may be recorded as 

Annealed* Cold Rolled i** 

32,000 107,000 
17,500 9 0,000 

55 2.5 
60 30 

11,200,000 16,200,000 

Ultimate strength, psi. 
Yield strength, 0.2% offset, psi. 
Elongation, percent 2-in. 
Reduction of area, percent. 
Modulus of Elasticity, psi. 

*    Vacuum, f hour at 750 degrees Centigrade 
** Cold rolled from rod. 

The average hardness of "as deposited" rod is Rockwell B 38 (equivalent to 
Brinell Hardness Number 73). 

It will be noted that these tensile properties are approximately one-third those 
reported for titanium produced by DuPontS, and the elongation is twice as great. This 
difference is attributed to impurities in the magnesium-reduced product. 
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DISCUSSION 

In discussion, Dr. Litton remarked that the spectrographic analysis 
presented in his paper was for iodide titanium produced in a metal bulb.   Mr. P. H. 
Brace (Westinghouse Research Laboratories) commented upon the large difference in 
the elastic modulus between the annealed and cold-rolled material, and inquired 
whether it was due to a preferred orientation effect.   The modulus measurements 
were taken from stress-strain curves (measurements made at the University of 
Pennsylvania) and although the reason for the difference is not known, Mr. Litton re- 
plied that there is evidence that preferred orientation may be a responsible factor. 
In reply to Mr. I. R. Kramer (Office of Naval Research), Mr. Litton stated that densi- 
ty comparisons of annealed and cold-rolled samples had not been made, but that they 
were believed to be similar.  It was not thought that the modulus difference could be 
attributed to density differences. 

Mr. C. H. Moore (National Lead Company) commented that most of the 
differences in ductility and strength are apparently due to the effect of small indeter- 
minable amounts of oxygen which may exist in solid solution.   In connection with the 
study of these effects, he discussed the possibility of studying etched sections of known 
compositions and etched sections of pure materials by high magnification - light 
microscope or electron microscope methods.  No work has been done along these 
lines, but Mr. Litton remarked that impurity content may be satisfactorily studied by 
means of measurement of the electrical resistance changes or changes in the temper- 
ature coefficient of resistance. Mr. Lilliendahl (Westinghouse Electric Manufacturing 
Company) pointed out that they had observed a difference in photoelectric response in 
samples of zirconium sintered under different vacuum conditions, which they attribut- 
ed to the oxygen content of the material, and remarked that such a shift in spectral be- 
havior might provide a sensitive tool for the measurement of small amounts of 
oxygen. 
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Paper 9 

r 
INDUCTION MELTING OF TITANIUM METAL IN GRAPHITE 

\  

ByJ. B. Sutton, 
Pigments Department, E. I. DuPont de Nemours and Company    I 

Before any metal or alloy, which is produced in granular or sponge form, can 
be used in the fabrication of bar, plate, sheet etc., it must first be consolidated.  Con- 
version to a consolidated form can be accomplished by 1) pressing and sintering using 
powder metallurgy techniques or 2) melting. 

The Bureau of Mines has done extensive work on pressing and sintering of ti- 
tanium metal powder, results of which are published in Metals Technology, February 
1946.  This method although satisfactory on a small scale has size limitations and re- 
quires expensive equipment for the pressing operation. Also, when the product is 
sponge instead of powder, a costly grinding step must be carried out before the metal 
can be pressed and sintered. 

Melting and casting of titanium presents many difficult problems; the metal 
has a high melting point and when molten reacts with virtually everything with which 
it comes in contact. All oxide refractories are reduced by contact with the molten 
metal which is then contaminated by both the oxygen and the metallic element and is 
embrittled.  Kroll (Metals Technology, February 1946) was able to melt titanium met- 
al on a small scale in a controlled atmosphere by a special arc melting procedure 
which did not permit the molten metal to come in contact with anything but titanium 
powder. 

In a later publication by the Bureau of Mines (Metals Technology, January 
1948), W. J. Kroll, C. T. Anderson and H. L. Gilbert, describe the use of a new graph- 
ite resistor vacuum furnace in the melting of zirconium and briefly mention its use in 
melting titanium.  Although some carbon was picked up during the melting opera- 
tion, the effects of this small amount of carbon on physical properties of the metal 
were found to be small. 

About a year ago, the Pigments Department of the DuPont Company started 
development work on melting and decided at that time to concentrate attention on in- 
duction heating in graphite.  A ten-pound ingot scale was selected for the first work 
and to simplify subsequent scale up to 100# and larger sizes, the melting and casting 
operations were carried out in an atmosphere of argon instead of in vacuo.   In the be- 
ginning, the purest grades of graphite were employed as crucible materials, but diffi- 
culties with flow of the molten metal through pores in the graphite soon led to replace- 
ment with denser less pure forms.   National Carbon grade CS has been used success- 
fully for several months after a preliminary high-temperature bake (2000 degrees 
Centigrade) prior to its use. 

Equipment employed in the production of ten-pound ingots today, as shown in 
the following diagram, consists of the graphite crucible (1), carbon black insulation 
(2) between the crucible and an outside silica container (3). A pipe extension from 
the melting crucible fits tightly into the ingot mold (4) which is graphite or water- 
cooled copper.  One induction coil (5) surrounds the silica around the melting cruci- 
ble and a second (6) is located around the pipe connecting the melting crucible to the 
ingot mold. A sight glass (7) attached to a graphite pipe (8) extending through the top 
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(9) of the melting crucible is used in observing the melting operation and making tem- 
perature measurements with an optical pyrometer.  Supports (10) for the outside sili- 
ca container are fastened to a transite top on the main furnace support (11).  Argon 
during heat-up, melting and casting operations is introduced through inlets (12) and 
(13).  The ingot mold is raised and lowered by means of a mechanical jack (14).   High 
frequency power is supplied to the two coils from 20 and 5 KW Ajax spark gap con- 
verters. 

In charging the melting crucible for a 10# melt, the opening at the bottom-of 
the crucible is closed with a piece of sponge and the 10# sponge charge, consisting of 
crushed sponge particles from 1/4 inch to three inches in size, is added.   The bulking 
density of the sponge is about 1.0.   The charge is heated from room temperature to 
600 degrees Centigrade in one hour with about 6-KW input to the 20-KW spark gap 
converter.   The power is then stepped up to 18- to 20-KW input and the charge is 
molten in about 30 minutes.  The small coil around the pipe between the melting cru- 
cible and the ingot mold is turned on at this point and one to three minutes later the 
molten metal flows into the ingot mold. 

The ingots obtained by this melting 
procedure contain from 0.4% to 0.7% car- 
bon and 99.0% Ti with the remainder, 
minor impurities present in the 99.5% Ti 
sponge used in the melt.  The ingots vary 
in "as cast" hardness from slightly below 
200 to 240 on the Vickers hardness scale. 
They machine about like 18-8 stainless 
steel and can be readily forged to round or 
square bar at 1700-1900 degrees Fahren- 
heit.   Hot forged bars can be hot rolled at 
temperatures of 1200 to 1600 degrees Fah- 
renheit with about 10% reduction in thick- 
ness per pass. 

Facilities have been installed re- 
' cently for melting and casting 100-pound 
ingots by direct scale-up of the 10-pound 
operation. Operating cycles are being 
worked out for production of the large 
ingots at the present time. 

IO lb. MELTING AND CASTING UNIT 
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DISCUSSION 

In the discussion of the process and apparatus described in his paper, Dr. 
Sutton stated that some trouble with fogging of the sight tube had been experienced but 
that this difficulty had been remedied somewhat by reducing the rate of heating above 
600 degrees and by introducing argon at that time.  Fogging is quite dependent upon 
the magnesium content of the sponge.  Little trouble has been experienced with the 
formation of shrinkage cavities in the top of the ingot; a few small voids are usually 
found in the top portion of the ingot but no large hole^ or deep pipes.  The use of 
forging temperatures between 1700 and 1900 degrees Fahrenheit does result in the 
formation of a surface oxide layer which has to be removed for subsequent working of 
the forging to sheet.  With forging temperatures of 1800 degrees Fahrenheit, however, 
the surface layer contaminated with oxygen is not very deep.   The metal handles at 
that temperature as well as, or a little better than, 18-8 stainless steel at its forging 
temperature, which is a little higher than for titanium. 

Dr. Sutton further remarked that there was a definite advantage to be 
gained by using forging temperatures around 1800 degrees Fahrenheit rather than 
lower temperatures such as 1200-1400 degrees Fahrenheit.  Dr. S. F. Urban (Titanium 
Alloy Manufacturing Company) corroborated Dr. Sutton's remarks by stating that 
1200-1500 degrees Fahrenheit was impractical for large-size ingots and that they also 
used a forging temperature between 1800 and 1900 degrees Fahrenheit.   The oxygen 
penetration is not high but would be serious for titanium sheet.  Reworking of Bureau 
of Mines bar stock at temperatures of 1800-1900 degrees Fahrenheit, however, was 
unsuccessful and the samples cracked badly.  Apparently, it is essential that the 
billet be free of voids prior to heating at those high forging temperatures. 

Dr. Sutton also stated that the same graphite pot can be reused for numer- 
ous melts.  Occasional pot failure indicated that a surface layer of titanium carbide, 
which does not readily crack off, exists in the pot.  Difficulties in the pouring opera- 
tion would result if it did crack off.   The main control of carbon content in the melting 
process is in control of time and temperature.   Excess superheating is avoided.   The 
rate of heating of the charge, and of removal from the pot after the charge is complete- 
ly molten, is as rapid as possible. 

In discussing the pick-up of carbon by the melt, Dr. Urban (Titanium Alloy 
Manufacturing Company) pointed out that, at 3700 degrees Fahrenheit in a graphite 
mold, about 0.3% carbon is absorbed by the molten metal.  It also seems that the 
higher the oxygen content of the original sponge, keeping time and temperature essen- 
tially constant, the higher the carbon content of the cast material. 

Mr. Bradford (Remington Arms Company) remarked that though both Du- 
Pont and Remington start with the same sponge material, the final Remington product 
has a slightly lower carbon content, about 0.3%, than the DuPont cast titanium. 

Mr. F. F. Poland (Revere Copper and Brass) commented that, for the 
furnace design described by Dr. Sutton, if the furnace size was increased to handle 
larger charges, the melting times must of necessity increase and the carbon pick-up 
would also increase.   He described his experience with a high furnace of a radiant 
resistor type, operating in the range of 3200-3600 degrees Fahrenheit, which con- 
tained a graphite box with carbon walls and carbon bottom, and pointed out that over 
several months operation it was observed that the graphite was attacked and weht into 
solution at a much more rapid rate than carbon.   He inquired whether similar obser- 
vations had been made by others and whether information was available on the relative 
rate of solubility of carbon versus graphite and the solubility of boron carbide in titan- 
ium.  Dr. Urban replied that the relative solubility rates of carbon and graphite in 
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titanium would be difficult to obtain, since a high-density carbon was necessary for 
satisfactory pot operation.  In making such high-specific-gravity pots, however, the 
carbon transforms into graphite (graphitizes).   Mr. Poland further stated that the 
manufacture of graphite products generally depends upon the graphitization of carbon 
at high temperatures.   To obtain the denser forms of graphite, the material, after it 
has been graphitized, is given a vacuum treatment, impregnated with pitch and then 
regraphitized.   Information obtained from the National Carbon Company, however, re- 
veals that there are certain other forms of carbon, particularly lampblack, which 
hardly graphitize at all at ordinary graphitizing temperatures. 

With respect to the effect of titanium on boron carbide, Mr. S. J. Sindeband 
(American Electro Metal Company) stated that an exothermic reaction will occur with 
the formation of borides, which will probably be troublesome for subsequent working 
into sheet.   Mr. Poland remarked that he was interested in boron carbide because the 
furnace described by Dr. Sutton seemed to be the simplest form possible for a con- 
tinuous casting process and that he wondered how long such a process might operate 
successfully with the use of a graphite die.  His experience with boron carbide as a 
die material in continuous casting processes indicated its possibility for use as a 
substitute for graphite for casting of titanium.   He felt that a furnace design permit- 
ting continuous withdrawal of molten titanium would offer greater possibility for the 
production of a high-density material than the procedure of dropping the molten 
charge into a mold and chilling it. 
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Paper 10 

THE PRODUCTION AND ARC MELTING OF TITANIUM 

By QJSK,.Simmons, C.. T. Greenidge and L. W.^Ea^sjwood^ 
Battelle Memorial Institute   i 

Introduction 

It is now well known that nature has supplied titanium with many attributes 
which make it a desirable material of construction. A very substantial raw material 
supply, a relatively low specific gravity, good resistance to corrosion, and high ten- 
sile properties of titanium are all very desirable characteristics which would normal- 
ly insure its importance as a structural material.  However, nature also endowed 
titanium with many chemical characteristics which make it difficult, or at least expen- 
sive, to obtain in the form of ingots for fabrication into various wrought products.  It 
is to' be expected, therefore, that a great deal of effort will be placed on the develop- 
ment of better and cheaper production and melting techniques. 

There are at least two methods of producing titanium: the reduction of titan- 
ium tetrachloride with a metal such as magnesium, and the Van Arkel process.   The 
Van Arkel process has been described in detail by others.  It is sufficient to observe 
here that, because of the high degree of purity of the so-called iodide titanium, it has 
been very useful in experimental work.  Because of the high purity of the titanium, 
this method merits further study and development in order to reduce substantially the 
cost of the product. 

The production of titanium by the reduction of the chloride has also been de- 
scribed by others.  It is sufficient to observe that the method employed to date con- 
sists of a batch operation in which the recovery of the reaction product, and the 
separation of titanium from it, is a fairly difficult, tedious, and expensive operation. 
While the cost of producing titanium by either of the two methods undoubtedly can be 
reduced, it is quite evident that a great deal of progress is necessary if titanium is to 
be used in other than highly specialized applications. 

The production of titanium at a low cost is probably no greater problem than 
that of melting titanium in fairly large units without damaging contamination.  It is 
important to observe that titanium sponge of present-day purity may be converted with 
some contamination into ingot form and yet produce unalloyed metal with adequate 
cold ductility.   However, such contamination lowers the ductility sufficiently so that 
only a limited amount of alloying is possible if adequate cold ductility is retained. 

The metallurgist is not only faced with the very difficult problem of possible 
contamination from the atmosphere during melting, but he has no refractory which is 
suitable for retaining the titanium melt. 

A study has been made of refractories and the results are briefly reviewed. 

Refractories 

Investigations on refractories for melting titanium have been carried out by 
Kroll2'3 and Brace1, and to some extent, certain of their findings have been verified 
by similar investigations at Battelle.  Brace investigated the reaction of molten ti- 
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tanium with aluminum oxide, beryllium oxide and thorium oxide.   He found that both 
alumina and beryllia severely contaminated the titanium melt presumably through 
oxygen absorption, causing the metal to be brittle and friable.   Thorium oxide also 
produced some increase in hardness in titanium as a result of oxygen absorption; but 
of the three oxides studied, this appeared to have the most promise. 

Kroll2.3reported that Al203, Y203, Zr02, and MgO all reacted quite readily 
with titanium at its melting temperature.  Calcium oxide was also investigated and it 
appeared to offer considerable promise, though under a high vacuum there was very 
real danger of a rapid evolution of calcium vapor as a result of the violent reaction 
between the calcium oxide and titanium.   The use of refractories as a container for 
molten titanium, therefore, does not appear to be feasible.   Carbon, of course, has 
been employed as a container for molten titanium with some success.  While some 
carbon is absorbed by the melt, it may not be too serious when melting unalloyed 
titanium.   However, as pointed out before, this unavoidable absorption of carbon may 
seriously limit the amount of more useful alloying elements which can be employed 
gainfully. 

In order to circumvent the difficulties encountered in the use of refractories 
as a container for molten titanium, Battelle has developed an arc-melting furnace, 
utilizing a water-cooled crucible which is applicable to the preparation of small or 
large ingots of titanium or other refractory metals, such as chromium-, molybde- 
num-, zirconium- and tungsten-base alloys. The preliminary phase of the develop- 
ment of this type of furnace at Battelle under Project RAND has been described by 
Herres and Davis.4 

Arc Melting Titanium 

The employment of the arc furnace for melting refractory metals has re- 
ceived a great deal bf attention experimentally, and has acquired considerable suc- 
cess commercially.  W. Von Bolten5, in 1903, arc melted tantalum buttons on a water- 
cooled copper plate, employing a vacuum chamber to avoid contamination and a con- 
sumable electrode of tantalum to facilitate melting.  Kroll and co-workers5>6, have 
employed a similar   technique, with several modifications including the employment 
of a tungsten electrode, without too much success.  Consequently, they directed their 
efforts toward the successful use of a small-scale graphite-resistor furnace for melt- 
ing zirconium in a vacuum.  The use of a consumable electrode for the arc melting of 
alloy steel under a flux in a water-cooled metal crucible has been quite successful7 

commercially, and molybdenum ingots have also been successfully arc melted in a 
vacuum employing a consumable electrode and a water-cooled copper mold.8 

After considerable experimental work the arc furnace illustrated by figure 1 
was developed under Project RAND at Battelle.4   The essential elements of the fur- 
nace are quite simple.  An argon atmosphere of about 99.7% argon was employed to 
reduce atmospheric contamination of the titanium melt and to facilitate the stabiliza- 
tion of the arc.  The titanium melt does not wet the water-cooled copper crucible and, 
therefore, contamination from this source is eliminated.   The holder for the tungsten' 
tip of the electrode is water-cooled and DC current (electrode negative) is employed 
to reduce overheating of the tungsten tip and contamination of the melt with the elec- 
trode.   In order to incorporate these principles in the furnace, the tungsten electrode 
tip was nickel brazed to the end of a 3/4-inch-diameter steel pipe and a small-diame- 
ter concentric copper tube permitted the introduction of the cooling water at a point 
1/4 inch from the tungsten.  The water-cooled copper crucible was silver soldered 
and electrically insulated, the location of the electrical insulation being as shown in 
Figure 1.   The electrode, mounted with two Victor oil seals held firmly in place with 
a threaded insert, is vertically movable through the furnace cover. 
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While this furnace proved to be relatively useful, and a number of melts of 
refractory metals was successfully made in it, the operation actually was not too 
satisfactory for the following reasons: 

1.  It was necessary to reopen the batch-type furnace after each 
successive charge.  This operation was time-consuming, in- 
creased the opportunity for contamination, and led to unsatis- 
factory development of the ingot in successive layers. 

2. It was most suited for the production of rather thin cylindrical 
ingots forgeable only in one direction and at relatively low ratios 
of reduction, a forging procedure that produced sheet of inferior 
quality. 

The lower edges of the ingots furthermost from the electrode 
tip generally were inadequately melted.  Even a large amount 
of grinding of these edges did not always insure the production 
of sound sheets from the ingots. 

MATERIALS 
'CHARGING TUBE 

FIBER INSULATOR 
5.876   1.0. 
B.B03 0.0. 

BRASS 

}" O.D. TUBE 

SKETCH OF ARC FURNACE 

Another furnace developed early in the work on Project RAND is illustrated 
by Figure 2.    This furnace is quite similar to the preceding one, except that a vibrat- 
ing device was attached to provide continuous feeding of the charge to the furnace.  In 
order to provide adequate clearance between the electrode and the crucible wall, a 
minimum inside diameter of 2£ inches was necessary.  Again, this furnace was fairly 
successful and several 2i-inch-diameter ingots weighing | to 4| pounds were made. 
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51322 

MODIFIED  ARC-M.LTIH6   FURKACi 

However, the furnace was quite difficult to operate.  A fine powder was required as 
a feed material, and if alloys were desired, the vibration tended to produce non- 
uniformity in the composition of the feed.  In addition, when arcing occurred between 
the electrode and the crucible wall, a large amount of time was lost because the dam- 
age could not be quickly repaired. 

Under the sponsorship of the Wright-Patterson Air Force Base, an extensive 
alloy development program was undertaken and it became quite evident that a consi- 
derable improvement in the arc-melting furnaces was necessary.   Two furnace sizes 
were required.  The first was a i-pound- to one-pound-capacity furnace in which a 
large number of different compositions could be readily produced for exploratory pur- 
poses.  The second furnace was required to melt three- to five-pound ingots in order 
that alloy compositions of special interest could be investigated in considerably great- 
er detail.   These two furnaces naturally contained the fundamental elements of previ- 
ous designs, namely: 

1. The employment of an inert atmosphere. 

2. A water-cooled, inert tungsten electrode. 

3. A water-cooled copper crucible. 

In addition to these basic elements, the following features were also obviouslv desira- 
ble: 

1. A hemispherical crucible bottom in order to reduce the cooling 
area and minimize the heat loss from the ingot and, at the same 
time, to avoid the poor melting which previously occurred in the 
lower corners furthermost from the electrode tip. 

2. A feeding device to insure a uniform composition for each part 
of the charge when making alloys. 
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3. A more vacuum-tight crucible in order to permit more complete 
outgassing operations preparatory to melting an ingot. 

4. Provision for maintenance of a static rather than a changing ar- 
gon atmosphere in the furnace, thereby reducing the quantity of 
impurities introduced with the argon. 

5. Use of high-purity argon of about 99.92% minimum argon which, 
with the employment of a static atmosphere, would eliminate the 
nuisance and hazard of the purification train previously used to 
purify the argon. 

6. Crucibles of a design that would facilitate the replacement of the 
crucible when it was damaged by arcing from the electrode. 

7. The control of temperature of the cooling water and the incorpor- 
ation of a proper design of the water jacket around the crucible 
to permit close control of the cooling rate during the melting 
operation. 

One of the difficulties which has plagued the arc melting of titanium has been 
the spattering during the melting operation.   The Bureau of Mines acid-leached pow- 
der used in the early work, under Project RAND, contained up to about 30 volumes of 
hydrogen, the major portion of which was rapidly evolved during the melting operation. 
This rapid evolution of hydrogen caused a very large amount of spattering of the titan- 
ium over the hot tungsten electrode, producing serious tungsten contamination.  For- 
tunately, at the time of the initiation of the program under the sponsorship of the 
Wright-Patterson Air Force Base in July, 1948, "Process A" titanium became avail- 
able from E. I. du Pont de Nemours and Company.   This titanium is produced by the 
reduction of TiCl4 with magnesium, and practically all of the magnesium and mag- 
nesium chloride reaction product are removed by a vacuum-distillation process. 

Because the sponge is received in fairly large lumps, it is not suited for the 
small-scale arc-melting process without further crushing.  A method has been de- 
veloped whereby it can be crushed without contamination.  Briefly, the first step con- 
sists of the submersion of the "Process A" titanium lump sponge in a bath consisting 
of methanol and dry ice.  After the sponge has been cooled to -70 degrees Fahrenheit 
in this mixture, it is passed through a gyratory cone-type crusher having a minimum 
jaw opening of about 3/8 inch.  In this manner, the sponge is crushed to -| inch, after 
which it is washed several times in methanol to remove the last traces of magnesium 
chloride.  The methanol adhering to the titanium granules after draining is completely 
removed at room temperature by evacuating to 0.1-micron pressure in a vacuum 
chamber.   The over-all purity of the crushed product can be somewhat improved by 
removing the fine material under 0.05 inch, which comprised 10% to 12% of the total. 
The remaining granular sponge material is an ideal feed for the arc-melting furnace, 
and the two arc-melting furnaces for this alloy development program were especially 
designed to employ it as the melting stock. 

One-Pound-Capacity Furnace 

The new furnace of \- to one-pound capacity is illustrated by Figure 3.   This 
furnace contains an easily replaceable crucible, the bottom of which is a slightly modi- 
fied hemisphere.  This shape reduces the area of the ingot in contact with the crucible 
by 28% and eliminates the poor melting which previously occurred in the lower cor- 
ners of the ingot.   The one-piece crucible is spun from a copper sheet and a groove 
for an O-ring seal is incorporated in the rim so that the crucible is easily replaced 
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when damage occurs as a result of an "arc blow".  The cooling jacket closely follows 
the contour of the crucible and provides a 1/16-inch annular space for the flow of 
cooling water.  The outside of the crucible rim rests on a sponge rubber gasket which 
seals the water jacket to prevent water leakage during operation.  The positive elec- 
trical terminal, not shown on the sketch, is connected to the water jacket and thereby 
establishes an electrical connection through the rim of the crucible to the charge. 

The brass cover is water-cooled and electrically insulated from the crucible 
by a fiber insulator \ inch thick which also contains an O-ring seal. A sight glass for 
observation of the melting operation and the material charging tube are mounted in 
the cover.  The gas inlet is just below the sight glass to sweep fumes from the tube 
and to keep the sight glass clear. 

Powar ConnoetisrT'j C=£f 

Viawing Glou 

Argon Inlof 

Rubtwr Stol 

Wottr Jock*« 

P»»«r-*L_L'tT5=l 

Connection 

Rubber 
Son I 

FIGURE 3. EXPERIMENTAL WATER-COOLED ARC MELTING FURNACE 

A tungsten-tipped water-cooled electrode is introduced through the brass 
collar in the cover; a rubber sleeve, not shown in the diagram, is secured to the col- 
lar and to the electrode to provide a vacuum seal.  The electrode tube is straight, but 
the ends of the brass collar are of such an internal diameter that the tungsten tip may 
be moved to describe a circle one inch smaller in diameter than that of the ingot. 
This circular movement during operation insures that the entire charge will be 
brought into close proximity with the arc.  At the same time, it insures that the tip of 
the electrode will not approach the crucible wall too closely and cause arcing during 
the melting operation. 
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An electric vibrator is attached to the bottom of the outer brass jacket.   This 
vibrator is operated during the first part of the melting cycle in order to facilitate the 
production of a smooth ingot.  The crushed titanium and alloying additions are intro- 
duced through the material charging tube by means of a rubber tube seal which is not 
shown in the diagram.  This permits the production of a complete £- to one-pound 
ingot without opening the furnace to introduce additional charges. 

A typical heat is made in the new furnace as follows:   Approximately 0.20 
pound of titanium under i inch in size with the alloy addition, if any is to be used, is 
placed in the bottom of the crucible.  The cover is clamped on the crucible so that the 
O-rings make a tight seal.   The balance of the charge is placed in a glass bottle con- 
nected to the charge tube of the furnace with a rubber tube.   The crucible and the 
charge are evacuated by means of a mechanical pump to a pressure below 50 mm. of 
mercury, or less if desired, and held at this pressure for five minutes.  Hot water is 
circulated through the water jacket during the evacuation period to assist in the out- 
gassing of the crucible and charge.  At the end of the evacuation period, tank argon 
of 99.92% purity is introduced into the crucible and the temperature of the water in 
the water jacket is reduced to about 78 degrees Fahrenheit. 

The generator is set for 80 volts open circuit and 200 amperes.   The arc is 
struck and the electrode withdrawn to produce an arc voltage of 25 to 30 volts, at 
which the arc is maintained while the electrode tip is moved slowly around a circle 
one inch smaller than the diameter of the ingot.  This takes about one minute, after 
which the current is raised to 300 amperes for \ minute and then to 500 amperes for 
a two-minute period.   The electric vibrator which is attached to the bottom of the out- 
er brass jacket is operated during the last two-minute period, and the rate of rotation 
of the electrode is increased so that the whole charge will be maintained in a molten 
condition. 

At the end of the two-minute period at 500 amperes, the voltage is reduced, 
the arc broken, and the vibration discontinued.   The electrode is withdrawn about 
four inches and a 0.15-pound charge added from the glass container through the charg- 
ing tube.   The arc is again struck and the preceding operation repeated, employing a 
500-ampere current for 1| minutes, but the vibrator is not used.  The voltage is again 
reduced, the arc broken, and the remaining 0.15-pound charge is added to produce a 
0.5-pound ingot.   The arc is again struck, the current set at 500 amperes, which is 
maintained for 2| minutes.   The furnace is then allowed to cool from 10 to 15 minutes 
before the cover is removed and the ingot withdrawn from the crucible. 

It will be observed that the above technique not only outgasses the crucible 
chamber, but also the charge and the space occupied by it.   Furthermore, argon is 
introduced into the furnace during the melting operation to maintain a positive pres- 
sure of one to two psi in the melting chamber, but argon is not passed through the 
chamber excepting to compensate for the small leakage which occurs. 

As illustrated by Figure 4, four of those f- to one-pound-capacity furnaces 
have been built and are operated together using a single power source of two 400- 
ampere generators connected in parallel.  Figure 5 shows a close-up of a furnace 
assembled for operation and of a furnace dismantled to reveal its various parts. Al- 
though as many as sixteen ingots have been made in eight hours, a two-man crew 
operating with a single power source and the battery of four furnaces produces an 
average of ten to twelve |-pound alloy titanium ingots per day. 
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Although the arc-melting process is one which would not be expected to 
produce excellent uniformity of composition from one part of the ingot to another, 
little difficulty from this source has been encountered to date but, of course, the few 
elements whose melting points are substantially greater than that of titanium require 
special care to obtain complete fusion.  Remelting such ingots is sometimes neces- 
sary. 

The contamination which occurs during the melting operation is quite minor. 
Iodide titanium can be melted consistently in furnaces of this type with a very small 
increase in hardness.  The nitrogen content of ingots of unalloyed "Process A" titan- 
ium has been repeatedly shown to lie in the range of 0.010 and 0.015%, which is only 
slightly greater than that of the unmelted sponge. 

Figure 4.  A bat- 
tery of four £- to 
one-pound-capacity 
arc furnaces in 
various stages of 
assembly. 

A. Electrode (-) 
B. Electrode Counterbalance 
C. " Water Inlet 
D. " Water Outlet 
E. " Power Lead 
F. " Rubber Sleeve 
G. " Tungsten Tip 
H. Charging Tube 
I. "         Bottle (Titanium) 
J. "         Bottle (Alloy) 
K. Sight Glass 
L. Argon Inlet 
M.      "     Outlet and Connection to 

Vacuum Pump 
N. Argon Regulator 
O. "             "        Gage 
P. Brass Cover 
Q. "         "     Water Leads 
R. Clamps 

S.  Insulating Ring (Micarta) 
T.   O-Ring 
U.  Copper Crucible 
V.  Sponge Rubber Gasket 
W. Outer Water Jacket 
X.  Water Controls 
Y.  Water Flow Manometer 
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7. TiIngot 
8. Ti Billet 
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Figure 5.  View showing a small arc furnace assembled for operation and one dis- 
mantled to reveal its various parts. 
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Figure 6. An unassembled crucible, i-pound titanium alloy ingots, a forged billet 
and rolled sheets preparatory to alloy evaluation. ' 

Figure 6 shows a crucible, two i-pound alloy ingots, a forged billet, and two 
rolled sheets.  The ingots are fabricated by forging at 1700 degrees Fahrenheit, dur- 
ing which operation they are placed on edge and hammered to 0.250 inch. After grind- 
ing the surface, the 1/4-inch slabs are hot rolled at 1450 degrees Fahrenheit, using 
reductions of 0.060 inch per pass and reheating between each pass until a sheet thick- 
ness of about 0.064 inch is obtained. 

Five-Pound-Capacity Furnace 

As indicated previously, a large furnace is required for the production of 
alloys of special interest so that a more thorough study can be made of them.  In the 
earlier part of the alloy development work, the furnace of the type illustrated by 
Figure 1 was used to make 5-pound ingots.  The furnace was about three inches in- 
side diameter and the charge weighing several pounds was placed in a rubber charg- 
ing tube and slowly worked into the melting chamber during the melting operation. 
While this method was fairly satisfactory, a new furnace, as shown by Figure 7, is 
being constructed, the design of which incorporates the features of the smaller fur- 
nace.  The main design features are (1) an improved method of adding the melting 
charge; (2) a considerably higher degree of tightness, permitting more thorough 
outgassing of the melting chamber, the charge, and the space occupied by it; and (3) 
the employment of 99.92% argon which will be introduced into the furnace and main- 
tained at a slight positive pressure, the argon flow making up for losses only. 
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FIGURE   7. SCHEMATIC DRAWING OF A FIVE-POUND   ARC 
FURNACE OF NEW DESIGN 

Conclusions 

As now developed, the arc furnace is a useful tool for the rapid production 
of small ingots of titanium alloys or other refractory metals.  Figure 8 shows several 
ingots of a variety of refractory alloys prepared in an arc furnace of an earlier de- 
sign * While the arc furnace is particularly suited to the rapid production of small in- 
gots without contamination from the atmosphere or crucible material, it is also adapt- 
able to the production of larger ingots, such as the 19-pound ingot about six inches in 
diameter shown by Figure 9.    As a matter of fact, in many respects, the production 
of larger ingots in the water-cooled crucible is easier than small ones.  The reason 
for this is quite apparent.  The ratio of surface-to-volume of small ingots is high and 
the heat loss through the crucible wall is therefore large.  On the other hand, when 
making large ingots of some depth, melting is done on top of titanium rather than on 
top of a water-cooled copper base.  Heat losses through the bottom then become neg- 
ligible and the melting efficiency increases.  Furthermore, the larger diameter ingots 
provide greater space between the rotating electrode and the crucible wall, permitting 
the continuous addition of charging material without danger of arc blowing to the cru- 
cible   As noted previously, the titanium melt does not wet or adhere to the water- 
cooled copper wall.  This is the ideal condition which would permit the continuous 
withdrawal of the ingot from the bottom of the furnace.  Although no effort has been 

87 - 



made as yet to produce a continuous ingot wherein the ingot is withdrawn from the 
bottom, it is quite certain that this could be readily done with a relatively small 
amount of development. 

Figure 8. Small ingots of various refractory alloys melted in an arc furnace 
of an early design. 

Top Row: 20W-80MO, 40W-60MO, 60W-40MO 
Middle Row:   80Cr-20Mo, 60Cr-40Mo, 20Cr-80Mo 
Bottom Row:  99.75Cr-0.25Al, 99.5Cr-0.5Al, 99Cr-1.0Ti 
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Figure 9. A 19-pound titanium ingot melted in a six-inch-diameter arc furnace. 
Surface roughness though not deep is ground off before the ingots are 
forged. 

Summary 

An arc furnace for melting titanium and titanium alloys as well as other re- 
fractory metals has been developed incorporating the following features: 

■ 1. A water-cooled tungsten electrode. 

2. A water-cooled copper crucible. 

3. A fairly tight melting chamber and alloy addition apparatus, 
whereby outgassing operations can be carried out. 

4. A protective atmosphere consisting of 99.92% argon which 
effectively prevents contamination of the melt. 

5. A device for the continuous or semi-continuous addition of 
the melting charge for the production of small ingots. 

This furnace is ideally suited for the production of a large number of small 
titanium or other refractory alloy ingots without appreciable contamination.   It is 
also suitable for the production of large ingots, and it is believed that with relatively 
little additional work a method of producing continuous ingots of refractory alloys 
could be developed. 
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DISCUSSION 

During informal discussion of the arc-melting process, Dr. Eastwood re- 
marked that in the earlier work at Battelle, Bureau of Mines titanium powder was 
used.  Serious spattering on the electrodes occurred, however, as a result of the 
large volumes of hydrogen evolved at the melting temperature.  At room temperature 
the powder contains about 30 volumes of hydrogen.  DuPont titanium, which seems to 
be gas-free, is currently being used, and after a suitable crushing operation forms an 
ideal charge for the furnace.   The tungsten electrode can either be nickel-brazed to a 
steel pipe or silver-soldered to a copper tube.   Either method is satisfactory. 

In reply to questions concerning the pattern of the arc and the use of a mag- 
netic field to prevent arcing to the crucible, Dr. Eastwood replied that at any one time 
the arc is concentrated in a very small area.   The electrode can be moved by the 
operator through a radius about a half-inch smaller than the radius of the crucible, 
and can be applied to any portion of the charge.   The process can be observed by the 
operator by means of a sight tube.   Magnetic fields have not been employed to control 
the arc. 

Dr. W. J. Kroll (Bureau of Mines) remarked that he was happy to see the 
application of arc-melting to the production of titanium.  He indicated that with the 
melting of much larger ingots, problems might be experienced with the formation of 
skin on the outside of the ingot, sticking to the wall and burning through the thin cop- 
per crucible wall.   He cautioned about the probability of gas expansion at the moment 
of striking the arc and stated that an excape port should be present.  In his apparatus 
for melting zirconium a rubber tire was used as the escape mechanism.  Dr. East- 
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wood replied that they had not experienced any of the difficulties mentioned and believe 
that the method is adaptable to a continuous large-scale casting, since titanium does 
not stick to the copper mold.  Serious gas expansion has not been observed.  The fur- 
nace is operated under a positive pressure of argon and, in the case of leakage, more 
argon flows into the furnace to maintain the positive pressure of about two pounds 
above atmospheric pressure.  If an expansion occurs, the automatic regulator will al- 
low a reverse flow.  In addition, a mercury exhaust trap is attached to the furnace by 
a tube, and, if there is a sudden increase in pressure, the gas can flow out through the 
mercury. 
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Paper 11 

r 
SOME PRELIMINARY TESTS TO 

DETERMINE APPLICATIONS FOR TITANIUM 
By-W. Lee Williams 

U.J3^ Naval Engineering Experiment Station, Annapolis, MarylandJ 

Introduction 

Interest in titanium is becoming widespread, due to its successful manufac- 
ture in a ductile form and promise of quantity production in the noMoo-distant future. 
Successful commercial exploitation now appears to hinge primarily on the stimulation 
of demand.  In addition, the Nation's critical metal shortage lends impetus to the 
search for an understanding and utilization of titanium. 

From what little is known, titanium will stand well on its own merits as a 
constructional material in many applications.  On the other hand, a material as new as 
this tends to create over-optimism in those developing new markets, and care must be 
exercised not to consider the metal a cure-all.  Experience demonstrates that one mis- 
application will undo the favorable impressions left by a number of successful applica- 
tions. 

Until the titanium industry is standing firmly on its own, it seems appropriate 
that development work include an investigation of the basic properties and promote 
uses emphasizing the unique characteristics of titanium.  Such an attitude is being fol- 
lowed by the Naval Engineering Experiment Station.  As the Station's name implies, 
the focal point of the experiments is to find successful uses for titanium, particularly 
where it will serve better than any other material. 

Due to the practical objectives of the tests, side trips into more fundamental 
fields are made only in so far as such information is required from a practical stand- 
point.  It is evident, then, that the Station is making studies of titanium as it is now pro- 
duced.   Possibly the results will indicate a need for changes in manufacture, but such 
things are not within the scope of the Station's work. 

Method of Test 

In evaluating a new material, it is the custom of the Engineering Experiment 
Station to select a few leading experiments which quickly yield data regarding the 
more promising lines of attack for more extensive investigation.  It is in this first 
stage that the Station is now operating.   The work was begun in June of this year.   Al- 
ready some information is available which should be of interest. 

The number of tests performed was rather large.   To maintain continuity of 
thought, it is considered well to describe details of the experiments along with the ap- 
propriate test results. 

Material 

The Station's work was planned to include titanium as produced by the Bureau 
of Mines and by the Remington Arms Company (DuPont).   Up to the present, only Bur- 
eau of Mines material has been received, and that in amounts which have limited the 
number of tests.  Arrangements have been made for more material from both sources. 
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The Bureau of Mines titanium used in the tests consisted of assorted pieces 
as follows: 

6-1/16" x 0.0625" sheet, total length 99". 
7/8 " diameter bar, total length 94". 

0.1265"  diameter wire, total length 68". 

The sheet was prepared by hot rolling and finishing with 40% cold work.  The 
bar stock was prepared by hot rolling and finishing with 35% cold work as a square 
bar, followed by machining to 7/8" diameter.  The wire had been swaged and finished 
with 40% cold work. 

Tensile and Hardness Properties 

The tensile properties were determined with standard 0.505" specimens for 
the bar stock and with 0.75" full thickness specimens for the sheet.   The average val- 
ues from these tests are listed in the table below.  They are useful primarily to de- 
fine the titanium used in subsequent experiments and are not intended to represent 
precisely the properties of titanium produced in every case. 

Average Tensile Properties and Hardness 

Property Units Bar Sheet 

Tensile strength psi 97800 123000 

0.1% Yield strength psi 78800 86800 

0.2% Yield strength psi 84900 - 

Elongation in 2" % 8.5 10.0 

Reduction of area % 18.0 - 

Elas. modulus psi X 106 14.1 15.2 

Brinell hardness _ 198 240 * 

Rockwell 30-T hardness - - 82 

♦Converted from 30-T Scale 

These results are substantially in line with those of other investigators, es- 
pecially the yield and tensile strengths.  The ductility is fair; occasionally, higher 
values have been reported for material of equal strength, although none are known for 
Bureau of Mines titanium.  The elastic modulus for the bar stock is somewhat lower 
than any other previously known value for similar material. 

The results substantiate claims that the comparatively pure metal, cold 
rolled, develops useful strengths from an engineering standpoint.  The tensile strength 
is comparable to that of medium strength steel, and, of prime importance, the yield 
ratio is high.  The ductility is inferior to that of steel of equal strength, although by 
no means can the material be classed as brittle. 
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Endurance Properties 

An understanding of the behavior of titanium under cyclic stresses is most 
important in regard to machinery applications. A rather extensive fatigue program 
has been initiated.  To date, data have been obtained only with specimens tested in air. 

The three types of specimens employed are illustrated in Figure 1.   The 
sheet specimens were tested with as-rolled surfaces; the edges were cut with a cir- 
cular milling cutter and were not finished subsequently.   The other specimens were 
prepared by alternate longitudinal and transverse polishing operations sufficient to 
remove, scratches at 200 diameters magnification. 

Flexural tests of the bar stock were made at 3500 RPM with the 7.5 mm 
specimen.  Figure 2 presents the results graphically.  The endurance limit was ap- 
proximately 30,000 psi, although a minor change from this value might have been nec- 
essary had sufficient material been available for more specimens.  The endurance 
ratio (ratio of endurance limit to tensile strength) was 0.31, which value checked well 
with other investigators.  The ratio was considerably lower than the 0.45 to 0.50 found 
for heat-treated steels and places titanium among nearly all the non-ferrous metals 
and alloys, which show ratios of about 1/3.  It is understood that titanium produced by 
casting techniques sometimes produces unusually high endurance ratios; this has not 
been confirmed as yet by the Station's tests. 

Also shown on Figure 2 are the results obtained to date with notched speci- 
mens of the same dimensions.  The notches were cut 0.019" deep, with a zero flank 
angle.   The radius of curvature was 0.0092".  Calculations based on the theory of 
Neuber* indicated that the 0.019" depth would produce about the maximum possible 
stress-concentration factor for a notch of this radius in the size of specimen being 
used.   The calculated factor was 1.53, and, if this be accurate, it is of interest to 
note that the titanium specimens showed approximately complete sensitivity to the 
notch. 

Alternating torsion endurance tests, made with the 0.375" specimen, for com- 
pletely reversed stress cycles at 1450 CPM, have not been completed at this writing. 
Results obtained to date are presented in Figure 3.  Whereas the curve is not quite 
complete, the endurance limit appears to be about 17,000 psi.   Such a value would 
yield a torsional endurance ratio of 0.175.  The value is rather low compared to ra- 
tios of 0.22 to 0.27 for most non-ferrous metals and about 0.30 to 0.33 for heat-treated 
steels. 

Flexural tests of the sheet specimen were made at 1725 CPM. Results are 
indicated by the open points in Figure 4. The endurance limit was not reached at 
stresses as low as 20,000 psi. If an estimated limit of 19,000 psi is chosen, the en- 
durance ratio would be only 0.155, which value is considerably lower than for any other 
known metal or alloy. Most investigators have obtained normal values around 0.3 in 
similar tests, although one case has been heard of in which results like the Station's 
were observed. 

Obviously, it is important to learn the reason for the unusual fatigue charac- 
teristics exhibited by this sample of sheet titanium.  Since the results are not always 
abnormal, there may possibly be fabrication difficulties which must be controlled to 
insure a uniform, satisfactory product. 

*H. Neuber, "Theory of Notch Stresses: Principles for Exact Stress Cal- 
culation," David W. Taylor Model Basin Translation 74 (1945) (J. W. Edwards, Inc., 
Dec, 1946). 
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Several of the sheet fatigue specimens developed fatigue cracks away from 
the milled specimen edges.  The cracks did not appear to be associated with any visi- 
ble surface imperfection.  For these reasons, it was assumed that the sample was ab- 
normal, rather than the test procedure. 

Very careful oil-powder and fluorescent powder tests, supplemented by me- 
tallographic examination, failed to reveal any surface cracks, even when the sheet was 
flexed to open any incipient hair-line defects. 

It was considered possible, though not probable, that residual stresses from 
cold rolling were acting in a deleterious manner.  If so, a moderate temperature 
stress relief might help.  Brief experiments soon disclosed that temperatures at 
least as high as 450 degrees Fahrenehit did not lower the hardness; in fact, the hard- 
ness may have increased very slightly.  Knowing this, a set of sheet fatigue specimens 
was stress relieved for two hours at 400 degrees Fahrenheit.  The solid points in 
Figure 4 represent the results obtained with these specimens.  The endurance limit 
was not altered significantly.  A definite shift to the left in the upper portion of the 
curve was evident, although the direction of shift was opposite to that, had the heat 
treatment released undesirable stresses. 

Further experiments are now in progress to detect the cause of the abnormal 
behavior.  Bureau of Mines representatives believe the trouble may be traced to oxy- 
gen segregation in the surface layers, although this has not been confirmed as yet. 
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Corrosion Properties 

Of great importance to the Navy, for nearly any material of structural sig- 
nificance, is the corrosion behavior in salt water environments. A fairly elaborate 
array of corrosion-testing equipment has been built up through the years to subject 
specimens to a variety of corrosive conditions. The tests have been of outstanding 
assistance in screening materials for all types of service. Naturally, the best of the 
materials are subsequently tested under actual service or simulated service condi- 
tions. 

Some corrosion work is carried out at the Station using Severn River water, 
an estuary water with 1/3 to 1/6 the salinity of sea water, depending on the seasons 
and the tides.  The bulk of the work, however, is done at the Marine Testing Station, 
Kure Beach, North Carolina, where a constant source of sea water is available.  The 
corrosion work done to date with titanium is described below. 

Preliminary tests were made in Severn River water using sheet specimens 
with 9-square-inch exposed surface.  The specimens were suspended in the water, 
which was quiescent but constantly changing, for a period of 60 days. Results were 
most encouraging, as follows: 

eu Days Severn River Water Immersion 

Condition 
Weight Loss 

gm*              mg/in2       mg/in2/day 
Appearance 

Complete immersion +0.0002 _ _ No change 

>*                   JJ +0.0003 _ _ >}      a 

Partial immersion +0.0003 _ _ if          a 

>*                   >> +0.0003 - - it          ii 

♦Weight increase 
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The next corrosion test, made in sea water at Kure Beach, was considerably 
more severe. It consisted of mounting a 4.983-inch-diameter disc on the end of a 
shaft and rotating the submerged disc at a speed of 1140 RPM.  The test was made for 
60 days in water at 26 degrees Centigrade. In a setup of this nature, the water 
velocity increases along the radius toward the periphery, where the maximum water 
velocity is nearly 25 feet per second.   The titanium disc in the test lost about 0.1 gram 
in weight, and in visual inspection showed no change whatever. 

FIG. 5-PHOTOGRAPHS   (XI) OF DISCS ROTATED 
60 DAYS IN SEA WATER  AT 1140   R.PM. 
TOP: TITANIUM,    BOTTOM 70/30 Cu/Ni 

me-OCTAItS Or ROTATING DISC AND TEST SPfCMCNS 

A photograph of half the titanium disc is shown in the upper part of Figure 5. 
The lower section shows half of a 70/30 Cu/Ni (low iron content) disc run simultane- 
ously.  The copper-nickel alloy is considered one of the best commercially produced 
materials for resisting corrosion and erosion in salt water, and is commonly used 
for salt-water piping and condenser tubing.   The copper-nickel disc lost 28.3 grams, 
and the severe eroding effect can best be observed in the areas of the stencil mark- 
ings.   (It should be mentioned here that copper-nickel containing a minimum of 0.5% 
iron behaves much better in these tests than the low-iron alloy described herein. 
Whereas the iron-bearing alloy is now specified for Naval use, its service life has not 
been completely evaluated.  Even so, it does not compare as favorably in test as titan- 
ium).  On the central area of the low-iron copper-nickel, which was about 2| inches 
in diameter, the film remained intact, and corrosion amounted to little more than a 
lightly attacked surface which appeared frosted on cleaning.  The bulk of the weight 
loss occurred beyond this area.  The titanium did not show a similar behavior, and no 
visible change occurred. 

A still more severe test was made in 29 degrees Centigrade sea water for a 
period of 60 days.  The specimen and the manner of mounting on a micarta disc are 
detailed in Figure 6.   The disc was rotated to produce a peripheral velocity of 27 feet 
per second.  With this apparatus the specimen must cut its own path through the water, 
which produces turbulent action that tends to erode the piece, especially at the leading 
edges. Results of the tests were as follows: 
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60 Days in Sea Water at 27 ft./sec. 
Test 

No. 

Weight Loss 

Appearance gm mg./in.2 
9 

mg./in.Vday 

1 .0009 0.18 0.003 No change 

2 .0019 0.37 0.006 t>       >> 

Still another test, by jet impingement, was made for 30 days in sea water at 
26 degrees Centigrade. A titanium panel was placed 1/4" ahead of a 1/8" jet open- 
ing through which water was pumped at 12 ft./sec. Air at the rate of 77 cc/min. was 
introduced into the stream.  The whole jet and specimen assembly was immersed in 
sea water.  Results of duplicate tests indicated no weight change and no evidence of 
pitting.  In fact, it could not be determined from visual inspection which side was im- 
pinged by the jet. 

One corrosion test of a practical nature was made in Severn River water to 
determine the resistance of the titanium bar stock to pitting attack or contact corro- 
sion.  Specimens with machined and sanded surfaces were wrapped with a strand of 
each of four types of packing materials, as shown in Figure 7.   These were immersed 
in the river water for a period of 46 days.  Specimens of 18-8 and 13% chromium 
steel were run for comparison.  The results are presented in the table below; a photo- 
graph of the specimens is shown in Figure 8. 

Packing Material 18-8 
Spec. 46S18 

Class 1 
Type A 

13% Cr 
Spec. 46S18 

Class 3 
Type E 

Titanium 
Sample 

S89 

Water Line Pitted No change No change 
Plastic mettalic, lead base 
Symbol 1433 Spec. 33P25 No change No change No change 
Metallic flexible 
Symbol 1430 Spec. 33P17 No change No change No change 
Asbestos, braided, plain 
Symbol 1103, Spec. 33P26 Pitted 

Severely 
pitted No change 

Flax, braided 
Symbol 1260, Spec. 33P1 

Severely 
pitted 

Very severe- 
ly pitted No change 

Fouling tests, made in sea water at Wrightsville Beach, North Carolina, have 
demonstrated that titanium is not resistant to fouling organisms.    Figure 9 is a photo- 
graph of titanium panels exposed for only five weeks.  As a result, probably more care 
must be exercised in using titanium in place of high-copper alloys for equipment hand- 
ling sea water.  Continuous movement of the water, treatment with chemicals or possi- 
bly treatment with hot water would be necessary to prevent excessive fouling.   So far, 
none of the panels have shown corrosion of the metal beneath the fouling organisms. 

The Station has been conducting a number of corrosion tests on 1/8" titanium 
sheet, produced by the Bureau of Mines and submitted by the Naval Research Labora- 
tory. ' A number of the specimens were exposed to the atmosphere 40 feet and 800 feet 
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from the Kure Beach shoreline.  It may be of interest to note that rust quickly devel- 
oped on these panels.   The rust apparently resulted from iron pickup during the rol- 
ling operation; hence, care should be exercised to prevent such contamination, partic- 
ularly when stainless articles are to be manufactured. 

Certain special corrosion tests are being made on a number of materials, 
including titanium, in water and gas-water solutions at 500 degrees Fahrenheit.  Four 
pressure vessels have been constructed for the purpose, one of which is equipped to 
rotate the specimens in the water at 27 ft./sec.  Up to this writing, results are avail- 
able for titanium in only one test.   This was made for 19| days, at 27 ft./sec, in 
water saturated with oxygen at 500 degrees Fahrenheit and 700 psi.  Weight loss data 
were as follows: 

Material 
Weight change, 

grams* Appearance 
Titanium #1 +0.0023 Slight discoloration 
Titanium #2 +Ö.Ö0Ö5 >>            >> 

Zirconium +Ö.ÖÖÖ4 )>            >) 

2S Aluminum -0.16Ö3 Severely eroded 
72S Aluminum -0.1738 >>            >t 

Cast beryllium See description Failed and broke by 
intergranular attack 

* Sheet specimens, 1" X 

WATER  LINE- 

|"   SYMBOL    14 33      J? 

*     SYMBOL    ,430 ^////////^ 

&     SYMBOL    1103 Vy///////////& 

£"   SYMBOL   1260 

APPROX. 18-8 !3%Cr Tl 

FIG. 7   SPECIMEN   FOR CHECKING   PITTING   ATTACK 
UNDER   PACKING 

FIG.8-PHOTOGRAPH (XI) OF BARS  TESTED WITH PACKING 
MATERIALS   FOR 46 DAYS IN SEVERN RIVER WATER 
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Figure 9.  Fouling specimens exposed for five weeks at Wrightsville Beach, N. C. 

ipPi»»***, ■ s^p^ir^*4^       "   ™S?^ 

Other Properties 

Thermal expansion coefficients have been determined for the titanium bar 
stock.  Results were as follows: 

100 deg. - 500 deg. F. 

100 deg. - 900 deg. F. 

5.05 x 10"6 in./in./deg. F. 

5.15 x 10-6 in./in./deg. F. 

These values correspond to results of other investigators. 

As a matter of interest, attempts were made to spray-metallize with titanium 
wire.  Normal gun practices were employed.  No difficulties in melting or atomizing 
the wire were encountered.  However, as would be expected, the atomized metal was 
wasted by oxidation, and no suitable metallic deposit could be obtained. 

No machinability tests, as such, were conducted.  Shop personnel reported no 
particular difficulties in sawing, milling, turning, drilling, threading or polishing.  The 
titanium was handled about like 18-8 stainless steel. 
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Discussion 

The studies being undertaken at the Engineering Experiment Station are in a 
most preliminary stage.  Nevertheless, sufficient information is available to begin 
outlining the course of things to come. 

It is immediately evident from the tensile tests that cold-rolled titanium has 
adequate tensile properties to suit a large number of applications.   On the other hand, 
many far cheaper materials are equally strong or stronger, and titanium offers no 
advantage here.   Likewise, the fatigue resistance is not outstanding.  Already two 
facts are known about the fatigue characteristics.   First, this sample of titanium be- 
haves more as a non-ferrous material, and the high endurance ratios associated with 
heat-treated steels cannot be expected.  Second, it appears likely that some damaging 
operation can creep into the manufacture of the metal, the cause of which is yet to be 
determined and controlled.  More fatigue work, involving notch sensitivity and corro- 
sion fatigue, is now under way.  However, as much as these things must be known, it 
is doubtful that any outstanding characteristic will be found which, by itself, makes 
titanium worth its expense. 

Whereas the static and dynamic strengths of titanium are not particularly 
outstanding, it is of prime importance that they are satisfactory for many applications 
and occur simul'taneously along with a few other characteristics, the combinations of 
which are quite unique.  In competition with stainless steels, light weight can be an 
outstanding advantage.  In competition with the light metals, corrosion resistance 
stands out.  Against structural steels, corrosion resistance, lightness and possibly 
ease of surface hardening may be controlling features.   Indeed, titanium appears to 
be most important because it possesses some of nearly everything, and all in a non- 
critical material. 

However, it is the outstanding corrosion resistance in sea water which is 
most attractive from the viewpoint of the Station.  The corrosion tests made so far 
have hardly touched the metal.  In several cases very careful measurements had to 
be made to detect any effect whatever.  No pitting occurred, and erosion was extreme- 
ly slight in high-velocity water.  In fact, titanium has resisted sea water in general 
better than any other common engineering material investigated so far. 

Obviously, if further corrosion experiments bear out these happy experi- 
ences, the Navy will be eager to use titanium.  If by using a light, strong, non-stra- 
tegic material the Navy is able to multiply the life span of equipment now turning to 
rust, it is entirely possible that titanium will even compete economically with materi- 
als now produced at far less cost on a per-pound basis. 

The salt water resistance offers numerous possibilities for shipboard use. 
Condenser tubes, operating with high water velocities, are an example.   Likewise, 
titanium has good chance of application in light weight salt water piping systems, es- 
pecially those in which turbulent conditions downstream from fittings have been caus- 
ing premature erosion failure.   Troubles with monel or stainless steel urinals and 
other plumbing fixtures, particularly through pitting, might be eliminated by the use 
of titanium. 

The superior pitting resistance under packing materials would indicate that 
titanium may well serve in pump rods or rotor shafts where stainless steel leaves 
much to be desired.  Interest is high in the application to water-lubricated bearings, 
and steps have been taken by the Station to determine the possibility of using titanium, 
hardened by oxidation, in developing high load capacity, anti-friction bearings for 
operation in salt water. 
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Experiments are under way to determine the resistance to stack gases, with 
the object in mind of using titanium wire for shipboard radio aerials.  The metal may 
even be suitable for small, high-speed propellers if the hydraulic cavitation resistance 
turns out as well as expected. 

Future Work 

Further work at the Engineering Experiment Station is now in progress or 
is planned for the immediate future. A brief listing of the items may be of interest 
to those working along similar lines. 

(a) Cause of erratic fatigue behavior. 
(b) Notch sensitivity in fatigue. 
(c) Salt water corrosion fatigue. 
(d) Sea water fouling. 
(e) Sea water cavitation. 
(f) Packing corrosion test of oxidized titanium. 
(g) Corrosion when coupled to other metals, 
(h) Impact at various temperatures. 
(i) Metallographic structures, 
(j) Creep at elevated temperatures. 
(k) Corrosion in water and gas-water solutions at 500 degrees Fahrenheit. 
(1) Load carrying capacity of rollers in salt water (for anti-friction 

bearings). 

The results of these laboratory tests will serve as a basis for positive recom- 
mendations leading to actual service or simulated service trial applications. 

Abstract 

The mechanical properties have been determined on one lot of titanium bar 
and sheet stock produced by the Bureau of Mines.   The endurance properties were 
similar to most non-ferrous materials in so far as the endurance ratios were con- 
cerned, although there remains a need for determining the cause of certain erratic 
behaviors.  Among other properties investigated, the most interesting was the out- 
standing resistance to salt water corrosion under a variety of conditions. 

The Station's views are presented on the approach necessary to the success- 
ful utilization of titanium on a practical and economical basis.  Whereas the laboratory 
tests are by no means complete, certain possible applications are suggested. 

DISCUSSION 

In reply to a question concerning a corresponding variation in damping 
capacity with variation in the endurance limit, Mr. Williams remarked that no damp- 
ing tests had been conducted as yet by Naval Engineering Experimental Station because 
of a shortage of materials.  Mr. H. C. Cross (Battelle Memorial Institute) reported 
that tests of arc-melted titanium (Bureau of Mines Powder) indicate a low damping 
capacity in the order of 0.001 logarithmic decrement.   At 1200 degrees Fahrenheit, 
values of 0.002 were obtained.  Although the minimum damping capacity for engineer- 
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ing materials is considered to be about 0.01, many materials are in use with much 
lower damping capacities. It was suggested that proper design would minimize the 
low damping capacity of titanium as an engineering factor. 

It was also reported that tests are under way with Remington titanium and 
results may be available in the near future.  Dr. R. S. Dean recalled some tests 
which revealed a damping capacity as high as one percent.   He thought that the damp- 
ing capacity of titanium would be markedly affected by the method of preparation and 
composition (e.g. tantalum and zirconium containing small amounts of carbon have 
very high damping capacity).   The damping capacity of a number of samples increased 
upon cold working, which was unusual.   He believes that pure titanium has a very low 
damping capacity, but that large differences will be observed in various samples as 
a result of impurities peculiar to the method of production.   He also attributed the 
high fatique strengths to the presence of small amounts of carbon or other similar 
elements. 

Dr. E. A. Gee (E. I. DuPont de Nemours and Company) called attention to the 
fact that the variation in the reported fatigue strengths seemed to be due to the meth- 
ods of production.   Apparently, all melting methods yielded uniformly high results, 
whereas powder metallurgy methods gave uniformly low results.   Mr. Williams 
agreed that, in general, titanium produced by melting methods had superior endurance 
properties.   He remarked, however, that he had seen results on melted material 
which did not approach the 65,000 psi endurance limit.   He thought that 65,000 psi en- 
durance limit represented a surprisingly high endurance ratio, exceeding even that of 
steels, which have about j.  Since titanium is a non-ferrous material, it might be 
expected to have the normal ratio of 1/3.   Fatigue tests will be conducted shortly at 
Naval Engineering Experimental Station on Remington titanium.   Mr. J. R. Long 
(Bureau of Mines) attributed the low figures reported by Williams for Bureau of Mines 
titanium to abnormalities in the sheet.   The endurance limit of this material generally 
runs about 35,000 psi.   Mr. N. E. Promisel (Bureau of Aeronautics) remarked that in 
discussing damping capacity or fatigue strength, the type of material should be care- 
fully specified to avoid confusion.   Mr. Jerome Strauss (Vanadium Corporation of 
America) remarked that, to avoid such confusion, it would be helpful to record the 
true proportional limit of the material as well as the tensile strength and the hardness 
before and after testing.   Mr. S. J. Sindeband (American Electro Metal Corporation) 
added that density should be added to these specifications, particularly in view of the 
lower fatigue properties of powder metallurgy materials, generally attributed to the 
presence of pores.   Mr. Long replied that fatigue values obtained by the Bureau of 
Mines were on sheet material, rolled down from powder metallurgy ingots.   The sheet 
had the standard density of 4.5 and was not believed to be porous.  Mr. Long remarked 
further that he was not inclined to admit that powder metallurgy material must neces- 
sarily always be low in fatigue, ductility and strength. 
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Paper 12 

SOME  PRELIMINARY  DATA   ON   ALLOYS   OF  TITANIUM 

By E. I. Larsen, E. F. Swazy, L. S. Busch  and R. H.' Freyer 
r~ P. R. Mallory and Co.,"Inc.     , 

r— »——~™_^»  f 

Introduction 

This paper is a resume of developmental work carried out in the Metallurgi- 
cal Research Department of P. R. Mallory and Company, Inc. under Contract No. NOa 
(s) 8698 granted by the Bureau of Aeronautics of the Navy Department.   The purpose of 
this contract was to investigate titanium and titanium-rich alloys and determine wheth- 
er such alloys exhibited physical and mechanical properties superior to known metals 
and alloys.   The project has been entirely exploratory in nature and, in general, has 
been confined to alloys containing more than 90% titanium. 

The results reported herein are preliminary in nature and constitute physical 
and mechanical property data of alloys in the hot rolled, cold rolled and annealed con- 
ditions.   Observations were made on the resistance to oxidation, formation of low 
melting point alloys or phases, ease with which the alloys could be hot and cold worked, 
and other metallurgical phenomena, but little qualitative data have been obtained on 
these factors as yet. 

Because of the great affinity of titanium for oxygen, hydrogen, nitrogen and 
carbon, it was decided to fabricate all alloys in vacuum.   Preliminary results of vacu- 
um melting in a graphite crucible indicated a variable carbon "pick-up" ranging from 
about .5% to 1.5% which was further complicated by segregation of the alloying addi- 
tives.  In order to eliminate these variables, it was decided to fabricate all alloys 
(with one or two exceptions) by powder metallurgy methods. 

To date, binary alloys of titanium and hydrogen, beryllium, boron, aluminum, 
indium, carbon, silicon, zirconium, vanadium, chromium, tungsten, molybdenum, man- 
ganese, iron, cobalt and nickel have been investigated.  Spot checks have been made on 
three ternary alloys consisting of titanium-manganese-aluminum, titanium-manganese- 
silicon, and titanium-aluminum-chromium. 

Materials 

The titanium powder used in all alloys was supplied by the Bureau of Mines 
from one master lot.   This lot of powder had the following physical and chemical pro- 
perties. 

A.  Mesh 
Weight % Through Mesh 

8.0 200 
20.0 100 
41.6 60 
99.9 30 
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B.  Chemical Composition 

 Element  % By Weight 

Magnesium 0.27 
Iron 0.0S 
Aluminum 0.01 
Silicon 0.02 
Copper None 
Manganese None 
Chlorine (as chloride) 0.23 

♦Hydrogen 0.0948   -   0.1110 
* Nitrogen 0.024     -  0.035 
* Oxygen 0.058     -   0.072 

* Analyzed by Mr. Peifer of the Carnegie Institute of 
Technology. 

All of the alloying elements were of the highest purity obtainable commer- 
cially. 

Preparation of Alloys 

The following program for the fabrication of test specimens was established 
after various sintering temperatures and periods had been tried on compacts pressed 
at pressures ranging from 10 to 50 tons per square inch. 

Accurately weighed amounts of powders to be alloyed were ballmilled to ob- 
tain intimate and uniform mixing of the powders.   The blended powder mixtures were 
then pressed in hardened steel dies at a pressure of 30 tons per square inch.   The 
resulting compacts, which were in the form of small flat bars, semi-rounds or but- 
tons, were sintered for one hour at 1200 degrees Centigrade in a vacuum of less than 
one micron.   Heating from room temperature to 1200 degrees Centigrade was accom- 
plished in two hours and was more or less uniform at the rate of 10 degrees per min- 
ute.  After the sintering period of one hour, cooling required approximately two hours 
to reach room temperature. 

Sintered specimens were worked in one or two ways.   They were cold rolled 
with intermittent anneals in vacuum or encased in a steel sheath and hot rolled at 
800 degrees Centigrade.  Certain specimens received both hot and cold working. 

In general, the aim was to investigate titanium alloys containing from 1% to 
40% of a second metal but these limits were ignored in a few instances.   Usually the 
maximum of additive metal was governed by the appearance of low melting point 
phases, failure of the sample to sinter properly or the formation of a brittle, unwork- 
able alloy. 

The alloys will be discussed in the order in which the element used to make 
the alloys appears in the Periodic Table. 

Hydrogen-Titanium 

At temperatures above 500 degrees Centigrade, hydrogen combines directly 
with titanium to form the hard and brittle hydride.   Some experimental sintering of 
titanium specimens was performed in an atmosphere of hydrogen at a dewpoint of 
-80 degrees Centigrade.   This proved unsatisfactory due to the hydride formation, 
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since quenching in various media from the sintering temperature did not prevent the 
formation of the brittle hydride.   However, if specimens sintered in oxygen-free hy- 
drogen are allowed to cool in a vacuum from 1000 degrees Centigrade, ductile mater- 
ial can be produced.  All subsequent sintering was performed in vacuo. 

Beryllium-Titanium 

Titanium alloys containing .5% to 10% beryllium were investigated.  Those 
containing more than one percent beryllium showed localized melting.  An alloy con- 
taining three percent beryllium melted at 975 degrees Centigrade and the 10% beryl- 
lium melted at 950 degrees Centigrade. 

It was necessary to use -150 mesh beryllium powder and mix it intimately 
with titanium to prevent segregation and localized melting during sintering.   Sinter- 
ing at 1200 degrees Centigrade was satisfactory for the .5% alloy but higher beryllium 
contents required lower sintering temperatures and longer time; e.g., a two percent 
alloy was sintered at 1000 degrees Centigrade for three hours.  Normal shrinkage 
was obtained on properly sintered specimens.  Tables 1 and 2 show that chemical 
analyses indicate very little loss of beryllium during sintering. 

Photomicrographs 1, 2 and 3 show a 1.07% beryllium alloy as hot rolled, as 
water quenched from 1000 degrees Centigrade and as slowly cooled from 1000 degrees 
Centigrade to 400 degrees Centigrade, respectively.  The hot-rolled specimen shows 
elongated grains in the direction of rolling as did all of the rolled alloys.   The quench- 
ed specimen completely recrystallized and the cross-hatched lines probably indicate 
a second phase.   Samples slow-cooled from the same temperature showed the pres- 
ence of a second phase which completely obscured the recrystallized structure. 

Table 1 shows the physical properties of cold-rolled 0.5% and 1.0% beryl- 
lium alloys.  In general, the alloys as cold-rolled 70% to 90% reduction show tensile 
strengths higher than that of pure titanium.  The highest value recorded was 142,300 
psi.  It is noteworthy that sintered alloys up to one percent beryllium may be readily 
cold rolled.  Reductions as great as 50% may be made before annealing is necessary. 
The beryllium alloys show a definite drop in hardness when annealed either in vacuum 
or in air.  This is not true of titanium.  The tensile strength, elongation and electrical 
resistivity of the annealed alloys are approximately the same as those of pure an- 
nealed titanium. 

A hot rolled alloy, containing 1.07% beryllium after quenching in water from 
1000 degrees Centigrade, had a tensile strength of 151,000 psi with 3% elongation as 
shown in Table 2.  The resistivity also increased.  This indicates that the alloy can 
be heat-treated to produce high hardness and tensile strength while retaining some 
elongation. 

Boron-Titanium 

Boron in amounts of 0.1%, 0.5% and 5% was added to titanium, and bars 
pressed from the powder mixes were satisfactorily sintered at 1200 degrees Centi- 
grade.  A spectrographic analysis of the boron powder used indicated about 94% boron 
with about 4% magnesium as the primary impurity. 

The sintered bars of 0.1% and 0.5% boron were cold rolled to reductions in 
thickness as much as 45% before vacuum annealing and, after vacuum annealing, were 
cold rolled an additional 49% to 58%.   The 5% boron-titanium sintered bars could not 
be cold rolled to any appreciable reduction in thickness, since serious cracking re- 
sulted. 
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As shown in Table 3, the cold-rolled 0.1% and 0.5% boron alloys of titanium 
had tensile strengths of 130,000 psi and 139,000 psi with 3% elongation in two inches. 
Hardness values ranged from 59 Rockwell A to 66 Rockwell A.  Vacuum annealing 
softened the cold-rolled specimens from three to six points Rockwell A (six to 12 
points Rockwell C) and lowered the tensile strengths to 99,700 psi and 114,400 psi 
with 9.4% and 6.5% elongation in two inches. 

The electrical resistance values, both as cold-rolled and vacuum-annealed, 
were on the order of 58 x 10"   ohms - cm. and are the lowest of any values obtained 
on titanium alone or any of the various alloys of titanium.  This value (58 x 10"" ohms 
- cm.) compares favorably with the value 56 x 10"6 ohms - cm. for a very pure grade 
of metallic titanium reported by Dean, Long, Wartman and Anderson in their paper 
"Preparation and Properties of Ductile Titanium," February, 1946. 

Aluminum-Titanium 

Titanium alloys containing 1.0% to 10% aluminum were investigated.  The 
10% aluminum alloy was found to contain a considerable amount of a second phase 
high in aluminum and the aluminum contents were, therefore, held at 1.0% and 3%. 
Both of these alloys responded normally to sintering at 1200 degrees Centigrade and 
were readily hot-rolled at 800 degrees Centigrade to reductions in area of 77%.  The 
chemical analyses given in Tables 4 and 5 show .33% and 2.64% aluminum indicating 
some loss of aluminum during sintering. 

Photomicrographs 4, 5, 6 and 7 show the hot-rolled 2.64% alloy as vacuum- 
annealed one hour at 1000 degrees Centigrade, heated one hour in air at 850 degrees 
Centigrade and slowly cooled to 400 degrees Centigrade, heated one hour in air at 
800 degrees Centigrade and after heating 16 hours in air at 900 degrees Centigrade, 
respectively.  The vacuum-annealed specimen shows a typical acicular, Widman- 
statten structure.  The remaining photomicrographs show polygonal grains, a single- 
phase structure indicating complete diffusion of aluminum.  It will be noted that the 
specimen heated in air 16 hours at 800 degrees Centigrade shows little or no oxide 
penetration while the specimen heated at 900 degrees Centigrade for 16 hours shows 
dark areas between boundaries, probably oxides of titanium and aluminum. 

Table 4 shows the physical properties of the hot-rolled .33% and 2.64% alu- 
minum alloys. After annealing, little change in hardness occurred but changes oc- 
curred in the tensile strength and elongation.  For example, the .33% aluminum alloy 
as hot-rolled had a tensile strength of 106,500 psi and an elongation of 6.25% which, 
after annealing, became 91,400 psi and 12.5% respectively. As expected, the 2.64% 
aluminum alloy showed smaller changes, namely from a tensile strength of 118,000 
psi to 109,000 psi and an elongation of 6.25% to 7.8% aluminum increased the elec- 
trical resistivity indicating solid solution of aluminum in titanium. 

The cold working characteristics of the aluminum alloys are good as indi- 
cated in Table 5.  Reductions in area of 65% by swaging increased the tensile strength 
of the .33% aluminum alloy to 159,000 psi and that of the 2.64% alloy to 155,000 psi. 
The elongation was reduced to 3% and the hardness remained unchanged. 

The most noteworthy features of the aluminum-titanium alloys are their abil- 
ity to hot and cold work and their greatly increased resistance to oxidation over that 
of pure titanium. 
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Indium-Titanium 

All indium-titanium alloys were prepared by mixing a -100 mesh powder with 
the titanium powder supplied by the Bureau of Mines. If the powders used were coars- 
er than this, segregation occurred. Alloys containing up to 5% indium were prepared. 

Indium metal melts at 155 degrees Centigrade but boils at 1450 degrees Cen- 
tigrade. About two-thirds of the indium added was volatilized during sintering so that 
the 3% indium alloy actually contained .98% indium by analysis. 

Microstructures of the indium alloys indicated that they were essentially the 
same as the aluminum alloys, being single phase regardless of their heat treatment. 

Table 6 shows the properties of an alloy containing .98% indium by analysis. 
This alloy could be readily cold and hot worked.  The properties are very similar to 
those of pure titanium and the aluminum alloys. 

C arbon- Titanium 

Carbon was not added to any of the sintered alloys.  The alloys made were the 
result of melting titanium in a graphite or carbon crucible.  Such ingots contained 
.5% to 1.5% carbon. An ingot which contained 1.28% carbon was hot rolled 77% and, 
after annealing, was cold swaged an additional 19% before serious cracking occurred. 

Photomicrographs indicated that the carbon occurred as massive carbides 
in the melted ingot.  Subsequent working breaks up these massive carbide lakes into 
small inclusions.  It is possible that the ductility of the alloy depends upon how well 
these lakes are broken up during working. 

Table 7 shows the physical properties of carbon-titanium alloys containing 
1.18% and 1.28% carbon.  The properties are not greatly different from pure titanium. 
The hot-swaged alloy has 19% elongation as annealed 30 minutes at 700 degrees Cen- 
tigrade in air but could not be further reduced by cold swaging. The value for elec- 
trical resistivity is identical to that for pure titanium, varying from 61 to 66 microhm 
- cm. 

Silicon-Titanium 

Silicon in the amounts of 3% and 10% with titanium depresses the melting 
point of titanium.  The 3% and 10% silicon-titanium compositions melted during vacu- 
um sintering at 1225 degrees Centigrade and 1100 degrees Centigrade, respectively. 
The 3% silicon-titanium composition was satisfactorily (no melting occurred) sintered 
at 1200 degrees Centigrade. 

Since the 3% and 10% silicon-titanium compositions melted during sintering, 
compositions of 0.5% and 1% silicon, balance titanium, were prepared and pressed 
into bars.  The bars of 0.5% and 1.0% silicon-titanium were satisfactorily sintered 
at 1200 degrees Centigrade and cold rolled to total reductions in thickness of around 
80%. 

It was found that as the amount of silicon in titanium was increased, the al- 
loys became less amenable to cold rolling. The 1% silicon-titanium alloy was cold 
rolled to a total reduction in thickness of 79.7% by alternate reductions in thickness 
of 26% and 34% and vacuum annealing for one hour at 1000 degrees Centigrade with- 
out appreciable cracking, until the final reduction (38%). The 0.5% silicon-titanium 
alloy was readily cold rolled to reductions in thickness of 55%, both as sintered and 
as vacuum annealed, without cracking appreciably. 
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Table 8 shows the physical properties of the 0.5% and 1.0% cold rolled sili- 
con alloys are quite good.  The tensile strengths were 126,000 psi for the 0.5% alloy 
and 160,800 psi for the 1.0% alloy with 1.5% elongation in two inches.  Vacuum anneal- 
ing lowered the tensile strengths of both alloys to around 115,000 psi.  The electrical 
resistivity values were increased over that of titanium alone.  Values of 74 x 10-6 and 
102 x 10"" ohms - cm. for the 0.5% and 1.0% silicon alloys were observed. 

Zirconium-Titanium 

Zirconium-titanium alloys with compositions of 10%, 20%, 30% and 40% 
zirconium, balance titanium, were vacuum-sintered one hour at 1200 degrees Centi- 
grade and hot-rolled at 800 degrees Centigrade in steel tubes to 77% reductions in 
area. All alloy compositions sintered satisfactorily and underwent normal shrinkage. 
In some instances, small craters formed on the surfaces of the specimens when com- 
paratively large pieces of sponge zirconium were used. 

The microstructures of the hot-rolled alloys show a two-phase banded struc- 
ture indicating undiffused zirconium. 

Physical data determined on the hot-rolled alloys indicate an increase in 
hardness and resistivity and a decrease in tensile strength and ductility with increas- 
ing zirconium content. 

Zirconium appears to be soluble in titanium in proportions up to at least 
40%, and the resistivity values indicate solid solubility throughout the range studied. 

Nitrogen-Titanium 

No attempt was made specifically to form the nitride. 

Nitrogen combines with titanium to form a hard and brittle nitride, but ap- 
parently the nitride will not readily form if there is any free oxygen present in the 
atmosphere. 

Vanadium - Titanium 

A 95% grade of lump vanadium was crushed in a hardened steel mortar to 
about 30 mesh, mixed with titanium in amounts of 0.5%, 5% and 15%, pressed into 
bars and vacuum-sintered for one hour at 1200 degrees Centigrade.  No depression in 
melting point was observed. 

The 15% vanadium-titanium sintered bar could not be cold-rolled to any ap- 
preciable reduction in thickness, since considerable surface cracking resulted.  The 
0.5% and 5% vanadium alloys, however, were readily cold-rolled to reductions in 
thickness varying from 25% to 58% without serious edge cracking.  As the amount of 
vanadium increased, the alloys became more difficult to cold roll satisfactorily. 

The 0.5% and 5% vanadium alloys of titanium had no distinctive physical 
properties.  The 5% alloy showed a tensile strength of 153,000 psi as cold-worked, 
but substantially no elongation. 

Table 10 contains some data on the cold-rolled 0.5% and 5% vanadium alloys 
of titanium. 

Oxygen-Titanium 

Oxygen combines with titanium at comparatively low temperatures to form 
oxide films which destroy the ductility if the penetration is great enough.  The oxide 
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is not adherent and usually spalls off readUy from large, fully dense specimens. 

The titanium powder, as received from the U. S. Bureau of Mines, contained 
between 0.058% and 0.072% oxygen. A series of oxygen analyses made on the powder, 
sintered and hot-rolled specimens and hot-rolled specimens heated in air at 850 de- 
grees Centigrade indicated that the powder contained far more oxygen than the speci- 
mens made from it.  The prepared specimens contained oxygen in amounts varying 
from 0.0007% to 0.0079%. 

Chromium-Titanium 

A bar with the composition of 10% chromium, balance titanium, was unsatis- 
factorily vacuum-sintered at 1200 degrees Centigrade due to melting. A bar was sat- 
isfactorily sintered at 1125 degrees Centigrade and shrank 3% in thickness. 

The sintered bar was cold-rolled to a 26% reduction in thickness and vacuum- 
annealed one hour at 1000 degrees Centigrade. Annealing did not soften the bar, and 
it could be further reduced in thickness only 9%: The hardness was 62.5 Rockwell A 
(24 Rockwell C) and the resistivity was 93 microhms - cm. 

Ten percent chromium in titanium depresses the melting point to 1200 de- 
grees Centigrade. 

Chromium increases the electrical resistance of titanium, and there is pro- 
bably some solid solubility of chromium in titanium as indicated by the increase in 
electrical resistance. 

Molybdenum-Titanium 

Molybdenum-titanium alloys with compositions of 10%, 20%, 30% and 40% 
molybdenum balance titanium, were investigated.  The 10% and 20% alloys were sat- 
isfactorily vacuum-sintered one hour at 1200 degrees Centigrade with shrinkage vary- 
ing from 2% to 4%.  The 30% and 40% alloys could not be satisfactorily sintered, due 
to expansion, bending and cracking. 

A specimen with the composition of 10% molybdenum, balance titanium, was 
cold-rolled to a total reduction in thickness of 68%.  Rods of 10% and 20% molyb- 
denum-titanium were hot-rolled at 800 degrees Centigrade to 77% reductions in area 
for determination of physical data. 

The cold-rolled 10% alloy, which analyzed 5.10% molybdenum, had a tensile 
strength of 157 500 psi as cold-rolled and 140,000 psi as vacuum-annealed.   There 
was no elongation in either condition.   The hot-rolled 10.21% and 12.52% molybdenum- 
titanium alloys had no distinctive physical properties except electrical resistances, 
which were high, and did not respond to various heat treatments at 850 degrees Cen- 
tigrade and 1000 degrees Centigrade.  The resistivity measurements are consistent 
with a complete solid solubility of titanium and molybdenum showing a maximum re- 
sistance at about 20% molybdenum. 

Tungsten-Titanium 

A bar of the composition 10% tungsten, balance titanium, was satisfactorily 
vacuum-sintered one hour at 1200 degrees Centigrade.  The bar shrank 8%.  The sin- 
tered bar was cold-rolled to a 21% reduction in thickness and vacuum-annealed one 
hour at 1000 degrees Centigrade.  Annealing lowered the hardness from 67 Rockwell 
A (33 Rockwell C) to 62.5 Rockwell A (24 Rockwell C).  The annealed bar was further 
cold-rolled to a 10% reduction in thickness and the resistivity was determined as 
87 microhm-cm. 
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Small amounts of tungsten increased the electrical resistance of titanium and 
did not adversely affect the cold-rolling characteristics. 

Manganese-Titanium 

Alloys of titanium with .25% to 14.88% manganese were successfully sintered 
and worked. Alloys containing up to 40% manganese were prepared but could not be 
successfully sintered, due to expansion and warpage. As much as 50% loss of man- 
ganese occurred during sintering.  This element has a very high vapor pressure   and 
apparently volatilizes in a vacuum below its melting point. An alloy with an intended 
composition of 10% manganese and 90% titanium analyzed only .26% manganese melt- 
ing in a graphite crucible. 

The powders used for making the pressed bars segregated badly during mix- 
ing and this segregation was very noticeable in microstructures of some hot-rolled 
specimens.  Wet mixing improved this condition but did not entirely eliminate it. 

The best powders available for mixing contained as much as 1% oxygen.  How- 
ever, oxygen analyses of alloys made from such powders showed less oxygen than was 
present in the titanium powder used to make them, indicating possible combination with 
hydrogen or magnesium and removal during sintering in vacuum. 

Microstructures of sintered and worked alloys indicated a decided difference, 
due to thermal history.  The properties of the first hot-rolled samples were not con- 
sistent.  Both cooling rate during hot rolling and after annealing and segregation of 
alloying constituent affected the properties. 

Photomicrographs 8, 9, 10, and 11 show the effects of quenching from 850 
degrees Centigrade, slow cooling from 850 degrees Centigrade, quenching from 1000 
degrees Centigrade and slow cooling from 1000 degrees Centigrade on an alloy con- 
taining 5.65% manganese.  Quenched alloys were essentially single-phase and recrys- 
tallized as shown in photomicrographs 8 and 10.  The small dots and obscured struc- 
ture are also present in pure titanium, polished and etched in the same manner.  The 
slowly cooled alloys show a second phase.  The alloy slow-cooled from 1000 degrees 
Centigrade shows an almost completely obscured recrystallized grain size.  Slow- 
cooled pure titanium would show an equiaxed single-phase structure. 

These indications of change due to thermal history are confirmed by the 
changes in physical properties.  These changes are dependent upon manganese content 
also. An alloy containing 4.3% manganese had a tensile strength of 138,000 psi, while 
an alloy of 7.22% manganese had a tensile strength of 164,500 psi, both as hot-rolled. 
Quenched alloys usually were harder than the same alloys as slow-cooled, but the dif- 
ference was not always consistent, particularly in alloys containing more than 6% man- 
ganese.  The properties of the alloys as hot-rolled and fast-cooled are most readily 
compared and are given in Table 12 for several compositions.  Electrical resistivity 
can be controlled over a range of 80 to 120 microhm-cm. by controlling manganese 
content and heat treatment. 

Iron-Titanium 

A bar with a composition of 10% iron, balance titanium was sintered in 
vacuo one hour at 1200 degrees Centigrade and underwent normal shrinkage.   The 
sintered bar was cold-rolled to a 14.5% reduction in thickness and vacuum-annealed 
one hour at 1000 degrees Centigrade.   The annealed bar could be further cold-rolled 
to only a 5% reduction in thickness.  Iron in amounts of approximately 10% does not 
improve the cold-working characteristics of titanium. 
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An X-ray diffraction analysis of the sintered bar indicated that the iron 
alloyed with the titanium. 

C obalt- Titanium 

An alloy with the composition of 10% cobalt, balance titanium, was investi- 
gated.  Attempts to vacuum sinter this alloy at 1200 degrees Centigrade were unsat- 
isfactory, due to melting.  Sintering at 1125 degrees Centigrade was unsatisfactory, 
due to the formation of blisters on the specimens.  Sintering at 1050 degrees Centi- 
grade produced a satisfactory specimen which shrank approximately 3%. 

The sintered bar was cold-rolled to a 15% reduction in thickness and 
vacuum-annealed one hour at 1000 degrees Centigrade.   The annealed bar could not 
be further cold-rolled more than 1%, due to surface cracking. 

Approximately 10% cobalt depresses the melting point of such alloys to 1200 
degrees Centigrade.  Cobalt does not improve the cold-working characteristics of 
titanium. 

Nickel-Titanium 

A bar with a composition of 10% nickel, balance titanium, was vacuum-sin- 
tered one hour at 1200 degrees Centigrade, and it shrank approximately 2% in thick- 
ness. 

The sintered bar could not be cold-rolled to more than a 6% reduction in 
thickness. 

An X-ray diffraction analysis of the sintered specimen indicated that the 
nickel alloyed with the titanium. 

Nickel adversely affects the cold-working characteristics of titanium. 

Table 1 
PHYSICAL PROPERTIES 

BS9YLLIUM-TITAHIUM ALLOTS 

INTENDED COMPOSITION 
0.5$ BE - 99.5* TI 

COLD ROLLED 

PSR CENT ULTIMATE TENSILE 
inrmi wmmwq                      STBHIGTH - P.S.I.                        ELONGATION 

RESISTIVITY 
OHMS - CM 

ANNEALED                WORKED ANNEALED              WORKED           ANNEALED ANNEALED 

90 66A         310 56A                        11*2,300 86,000            Z.H in 2»      6-25* in 2" 67 x 10-6 

73 67A         330 61.5A           220          lUl.COO 

INTENDED COMPOSITION 
1* BE - 99* TI 

100,000              3* in 1»        9.5* in 2" 

COMPOSITION BT ANALYSIS 
0.37* BE - BALANCE TI 

65 1 10-6 

COLD ROLLED 

70 

71 

61*A 

66A 

27C     59A 

31c     6lA 

115,000      93.000 

I2l*,700      86,000 

3.2* in 1»        25* in 1» 

3* in 1»        12.5* in 1" 66 I 10-6 
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PHYSICAL PROPERTIES 

BERYLLIUM-TITANIUM ALLOYS 

INTENDED COMPOSITION 
0.5% BE - 99.5% TI 

HOT ROLLED 

PERCENT 
WORKED 

ROCKWELL            HEAT 
HARDNESS      TREATMENT 

ROCKWELL 
HARDNESS 

6I.5A    22C 

ULTIMATE TENSILE 
STRENGTH - PSI       ELONGATION 

AS WORKED              AS WORKED 
115,200                    7.8% In 2" 

RESISTIVITY 
OHMS - CM 

77 65A 29C     Vacuum annealed AS WORKED 
64 X 10-6 

AS ANNEALED          AS ANNEALED 
107,700                    7.8% in 2" 

AS ANNEALED 
67 X 10-6 

INTENDED COMPOSITION 
1% BE - 99% TI 

COMPOSITION BY ANALYSIS 
1.07% BE - BALANCE TI 

61A 

HOT ROLLED 

77 21C AS WORKED             AS WORKED 
96,000                      4.5% In 2" 

AS WORKED 
62 x 10-6 

1000° C. WATER 
QUENCHED 
SLOW COOLED 

69A      37C 

57A 

AS HEAT                    AS HEAT 
TREATED                 TREATED 
151,000                       3% In 1" 

82,500                        3% in 1" 

AS HEAT 
TREATED 
75 X 10-6 

67 X 10"6 

850° C. WATER 
QUENCHED 
SLOW COOLED 

61A      21C 

53A 

101,500                     6.25% in 1" 

68,500                    6.25% in 1" 

68 X 10"6 

61 x 10"6 

Composition:   1.07% Beryllium - Balance Titanium 

Hot-Rolled at 800° C. to a 77% Reduction in Area 

Fig. 1 

Longitudinal View Magnification 200 X 

Hot-Rolled Structure.  Direction of Rolling 
Indicated. 
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Table 3 

PHYSICAL PROPERTIES OF TWO BORON-TITANIUM ALLOYS 

ROCKWELL HARDNESS 

Cold Worked    Annealed 

66A      31C      60 A  19C 

67A      33C       63A   25C 

INTENDED COMPOSITION 
0.1% B - 99.9% TI 

ELONGATION 
% In 2" 

PERCENT 
WORKED 

ULTIMATE TENSILE 
STRENGTH - P.S.I. 

Cold Worked    Annealed 

130,000           99,700 

INTENDED COMPOSITION 
0.5% B - 99.5% TI 

AVERAGE 
RESISTIVITY 
OHMS - CM 

76.5 

Cold Worked    Annealed 

3                  9.4 

3                  6.5 

58 x 10"6 

72 139,000         114,400 58 x 10"6 

Composition:   1.07% Beryllium - Balance Titanium 

1 Hour at 1000° C. in Air, and Water-Quenched 

Fig. 2 

Longitudinal View Magnification 200 X 

Recrystallization.   Large Grains Have Formed. 
Acicular Structure within Grains Is Partial De- 
composition of 6 Titanium into ckTitanium Form- 
ing a Pseudomartensitic Structure. 
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Composition:   1.07% Beryllium - Balance Titanium 

1 Hour at 1000° C. in Air and Slowly Cooled in 
the Furnace to 400° C. 

Fig. 3 

Longitudinal View Magnification 200 X 

Specimen Did Not Recrystallize. 

Composition:   2.64% Aluminum - Balance Titanium 

Hot-Rolled Specimen Vacuum-Annealed 1 Hour 
at 1000° C. 

Fig. 4 

Longitudinal View Magnification 200 X 

Typical Structure Obtained upon Vacuum Annealing. 
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Table 4 

PHYSICAL PROPERTIES OF TWO ALUMINUM-TITANIUM ALLOYS 

INTENDED COMPOSITION 
1% AL - 99% TI 

COMPOSITION BY ANALYSIS 
0.33% AL - BALANCE TI 

PERCENT ULTIMATE TENSILE 
WORKED     ROCKWELL HARDNESS        STRENGTH - PSI 

77 

ELONGATION 
% in 2" 

RESISTIVITY 
OHMS - CM 

Hot Rolled      Annealed     Hot Rolled     Annealed     Hot Rolled     Annealed      Hot Rolled 

65A    29C       62A     23C 106,500 91,400 6.25 12.5 78 x 10 ■6 

77 

INTENDED COMPOSITION 
3% AL - 97% TI 

COMPOSITION BT ANALYSIS 
2.64% AL - BALANCE TI 

66A    31C       62A    23C 118,000 109,000 6.25 7.8 130 x 10-6 

Composition:   2.64% Aluminum - Balance Titanium 

1 Hour at 850° C. and Slowly Cooled to 400° C. 

Fig. 5 

Longitudinal View Magnification 200 X 

Recrystallization.   Grains Larger than Those of 
the Quenched Specimen Due to More Time at 
Temperature. 
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Table 5 

PHYSICAL PROPERTIES OF TWO ALUMINUM-TITANIUM ALLOYS 
HOT WORKED 77 PERCENT FOLLOWED BY COLD SWAGING 65 PERCENT 

INTENDED COMPOSITION 
1% AL - 99% TI 

COMPOSITION BY ANALYSIS 
0.33% AL - BALANCE TI 

ROCKWELL HARDNESS 

65A 29C 

ULTIMATE TENSILE 
STRENGTH - PSI 

159,000 

ELONGATION 
% in 2" 

RESISTIVITY 
OHMS - CM 

Cold Swaged 

77 x 10-6 

67A 

INTENDED COMPOSITION 
3% AL - 97% TI 

33C 155.000 

COMPOSITION BY ANALYSIS 
2.64% AL - BALANCE TI 

125 x 10-6 

Composition:   2.64% Aluminum - Balance Titanium 

Hot-Rolled Specimen Heated 16 Hours in Air at 
800° C. 

Fig. 6 

'<&■' - . >--v" 
</- 

f^Vc';>fec. 
: / 'L 

n- '■ 

Longitudinal View Magnification 200 X 

Hot-Rolled Specimen Recrystallized.   Polygonal 
Grains.  Single Phase Indicates Complete Diffusion 
of Aluminum. 
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Table 6 

PHYSICAL PROPERTIES OF INDIUM-TITANIUM ALLOYS 

INTENDED COMPOSITION 
3% IN - 97% TI 

COMPOSITION BY ANALYSIS 
0.98% Df - BALANCE TI 

PERCENT ULTIMATE TENSILE 
WORKED      ROCKWELL HARDNESS STRENGTH - P.S.I. 

RESISTIVITY 
ELONGATION OHMS - CM 

73 

Cold Worked      Annealed     Cold Worked    Annealed     Cold Worked   Annealed   Cold Swaged 

67A      33C       60.5A     20C       132,500 100,000 None 7.8% in 2"     99 x 10"6 

76 

Hot Worked 

63A      25C       63A        25C        110,000 106,800       4.7% in 1"    12.5% in 2"    85 x 10"6 

Composition:   2.64% Aluminum - Balance Titanium 

Hot Rolled Specimen Heated 16 Hours in Air 
at 900° Co 

Fig. 7 

:V \ 

jffi^fr*. 

K *\ 
./.    N^ 

Mn. 

Longitudinal View Magnification 200 X 

Dark Areas in between Grain Boundaries Are 
Probably Oxide Penetration. 
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Composition:   5.65% Manganese - Balance Titanium 

1 Hour at 850° C. in Air and Water Quenched 

■^'■s4.. 

., \-.'-* 

^ ~-V-'.  */ • *       -^"^w-,-^* . *'     v 

',    "--"V'.A'^- 

v ••■ . •* 

Fig. 8 

Longitudinal View Magnification 200 X 

Recrystallization Has Occurred. 
All Manganese Dissolved. 

Composition:   5.65% Manganese - Balance Titanium 

1 Hour at 850° C. in Air and Slowly Cooled to 
400° C. 

Fig. 9 
Longitudinal View Magnification 200 X 

Precipitation Has Occurred at Grain Boundaries 
Predominantly but also within Grains,, 
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Composition:   5.65% Manganese - Balance Titanium 

1 Hour at 1000° C. in Air and Water-Quenched Fig. 10 

* . 

Longitudinal View Magnification 200 X 

Recrystallization Complete.  Single-Phase 
Material. 

Composition:   5.65% Manganese - Balance Titanium 

1 Hour in Air at 1000° C. and Slowly Cooled 

Fig. 11 

Longitudinal View Magnification 200 X 

Precipitation of Second-Phase Evident. 
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Table 7 

PHYSICAL PROPERTIES OF TITANIUM VACUUM MELTED IN A GRAPHITE CRUCIBLE 

COMPOSITION BY ANALYSIS 
l.2Si C   -  BALANCE TI 

HOT ROLLED 77 PER COT AND FOLLOWED BY COLD SWAGING 19 PEE CENT 

ULTIMATE TENSILE 
ROCKWELL HARDNESS              STRENGTH - P.S.I. 

ELONGATION 
4 IN  2» 

BESISTIVITY 
OHMS - CM 

SWAGED                           SWAGED      ANNEALED 

63A                      25C              137,000    11U.500 

SWAGED      ANNEALED 

U.6           8.3 

SWAGED 

6l x 10-6 

COMPOSITION EY ANALYSIS 
1.18^ C - BALANCE TI 

HOT SWAGED 88 PEP CENT 

ioit,6oo    96,700 12.5 

PHYSICAL PROPERTIES OF TWO SILICON-TITANIUM ALLOYS 

Table 8 

INTENDED COMPOSITION 
OM SI - 99.R* TI 

PER CENT 
WORKED ROCKWELL  HARDNESS 

ULTIMATE TWSILE                             ELONGATION 
STRENGTH - P.S.I.                             4 IN 2» 

RESISTIVITY 
OHMS - CM 

COLD WORKED        ANNEALED COLD WORKED      ANNEALED        COLD WORKED      ANNEALED COLD WOHKED        ANNEALED 

INTENDED COMPOSITION 
14 SI - 9956 TI 

COMPOSITION BY  ANALYSIS 
I.OM SI - BALANCE TI 

71A UlO      SUA        27C 160,800 113,700 1.5 M 102 1 10-6        SS x 10-6 

Table 9 
PHYSICAL PROPERTIES 

HOT ROLLED ZIRCONIUM-TITANIUM ALLOYS 

INTENDED COMPOSITION 
104 ffi   -  904 TI 

PER CENT 
WORKED 

77 

ROCKWELL HARDNESS 

68A 35C 

ULTIMATE TENSILE 
STRENGTH - P.S.I. 

131,000 

ELONGATION 
4 IN 2" 

HOT ROLLED 
RESISTIVITY 

OHMS - CM 

76  X NT6 

77 69A 37C 

INTENDED COMPOSITION 
204 ZR   -   803 « 

lOU.OOO 80 * 10-6 

77 69A 37C 

INTENDED COMPOSITION 
Vi ZR   -  7C4 TI 

7U.500 1.5 91* x 10-6 

77 73A 45c 

INTENDED COMPOSITION 
MOi ZR   -  60j TI 

1)9,000 115 x 10" 
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Table 10 
PHYSICAL PROPERTIES OF TWO YANADIOM-TITASUM ALLOYS 

INTENDED COMPOSITION 
0.»$ Y   - 99.5* TI 

PER CEKT 
WORKED 

77 

ROCmm.T. HARDNESS 

CPU) WORKED    ANNEALED 

66A       310   6IA     210 

ULTIMATE TBTSILE 
STRENGTH - P.S.I■ 

OOLD WORKED    ANNEALED 

130,500 98,700 

ELONGATION 
* IN g« 

COLD WORKED    ANNEALED 

3 12-5 

RESISTIVITY 
OHMS - CM 

73 x 10-ß 

INTSBDED COMPOSITION 
5* Y - 95* TI 

COMPOSITION BY ANALYSIS 
U.06* Y - BALANCE TI 

82 6SA 350  153,000 COLD WORKED 

S7 * 10-6 

PHYSICAL PROPERTIES OF TWO MOLYBDENUM-TITANIUM ALLOYS 
Table 11 

INTENDED COMPOSITION 
10* MO - 90* TI 

COMPOSITION BY ANALYSIS 
10.21* MO -BALANCE TI 

PER CENT 
WORKED ROCKWELL HARDNESS 

ULTIMATE TENSILE              ELONOATION 
STRENGTH - P.S.I.              * IN S» 

ANNEALED                        ANNEALED 

RESISTIYITY 
OHMS - CM 

HOT WORKED            ANNEALED ANNEALED 

77 66A 3IC          62A        23C 

INTEHDED COMPOSITION 
20* MO - 80* TI 

110,000                               None 

COMPOSITION BY ANALYSIS 
12.52* MO - BALANCE TI 

80 x 10-^ 

77 68A      350        66A      31c 135,000 3.9 98 x KT 

Table 12 PHYSICAL PROPERTIES 

MANGANESE-TITANIUM ALLOYS 

COLD ROLLED 

PER CENT 
MANGANESE       PER CENT 

BY ANALYSIS        WORKED 

3-53 70.7 

ROCKWELL HARDNESS 
ULTIMATE TENSILE 
STRENGTH - P.S.I. 

70A 

D  ANNEALED WORKED      ANNEALED 

390   68A 35c        —        1U7.000 

ELONGATION 

WORKED lpMI.m 

3* in 1« 

RESISTIYM 
OHMS - OH 

ANNEALED  

88 1 Id-6 

5.62 77 69A. 37c 

HOT ROLLED 

16U.000          4.5* In 2" 116 x 10"6 

U.30 77 69A 

6.02 77 69A 

7.22 77 69A 

13.00 77 72A 

HOT ROLLED AND ANNEALED 

37c   66A 31c        —        138,000 

370   6SA 35c        —        101,000 

37C   69A 37C — l61t,500 

U-3C   6UA 27c       —       lift,000 

9.1$ In 2» 93 1 10*^ 

None 105 1 10-6 

None 118 x  10-6 

6* In 2«        
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Summary 

Of the alloy systems investigated, the following have characteristics which 
might be of practical value: 

1. Aluminum alloys containing up to 5% aluminum. 
2. Manganese alloys containing about 5% manganese. 
3. Beryllium alloys containing up to 1% beryllium. 
4. Boron alloys containing up to 1% boron. 
5'. Silicon alloys containing up to 1% silicon. 

Future Work 

Various alloys of titanium are now being made by melting in graphite either 
in vacuo or in a purified argon atmosphere.  This work is being done under Bureau 
of Aeronautics, Navy Department Contract No. NOa(s)9919. 
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DISCUSSION 

In discussing the ductility values reported, Mr. Larsen believed that 
higher values would be obtained with arc-melted or cast titanium alloys.  In addition, 
small specimens of rectangular cross sections were used which also contributed to 
low ductility.  Mr. J. R. Long (Bureau of Mines) called attention to the fact that it 
would be some time before the various melting techniques would be fully developed 
and that powder metallurgy procedures provide a means for evaluating titanium alloys 
and indicating directions for future research.  He stated that, when using powder me- 
tallurgy methods, care should be exercised to avoid the introduction of impurities as 
part of the alloying additions. 

Mr. Larsen also stated that a Globar furnace with a silica tube was 
used for sintering the alloys. 
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Paper 13 

r 
TITANIUM-BASE ALLOYS 

By HcfflgxäiLJCeess« 
Battelle Memorial Institute , 

Alloys of titanium have been investigated at Battelle, using both powder met- 
allurgy methods and an arc-melting technique for their production from titanium pow- 
der produced by the magnesium reduction method as used by the Bureau of Mines, and 
also using titanium produced by the deBoer process of hot-filament decomposition of 
titanium iodide. 

It must be kept in mind that alloy additions to titanium metal will vary in 
effect as a result of the differences in purity of the metal produced by the various 
processes. 

General statements in the literature point out that oxygen, nitrogen and hy- 
drogen are embrittling to titanium, but no quantitative measurements had ever been 
made that associate mechanical properties with the amounts of oxygen, nitrogen and 
hydrogen present.  One reason for this was the unavailability of titanium that is pure 
enough to be considered a good base-line material.  Iodide titanium produced by the 
deBoer process is very low in oxygen, nitrogen and hydrogen and serves admirably 
as a base-line. Another reason for the lack of quantitative information on the effect 
of these gases, particularly oxygen, is that there have been no reliable analytical meth- 
ods for the determination of these gases in titanium.   Iodide titanium shows impurities 
less than 0.2%, and probably less than 0.1%, principally silicon and iron. 

Alloys of titanium and oxygen, nitrogen or hydrogen were made up by the gas 
absorption and diffusion method using iodide titanium as the starting material in the 
form of specimens six inches long and about 0.080 inch square.  The general procedure 
consisted of adding known volumes of the various gases to an evacuated system within 
which the titanium, in the form of wire, was suspended.  The wire was then heated to 
700-1000 degrees Centigrade (1290-1830 degrees Fahrenheit), for the time interval 
required to obtain absorption by the metal, and then uniform diffusion of the gases 
throughout the metal. Absorption of oxygen was rapid and complete. With hydrogen, 
the specimen temperature had to be lowered to 650-700 degrees Centigrade (1200- 
1290 degrees Fahrenehit) to obtain complete absorption.  Nitrogen was absorbed so 
slowly that after complete absorption, diffusion was effected at 1100 degrees Centi- 
grade (2010 degrees Fahrenheit) in a separate treatment. 

"Zero" or base-line samples of titanium, containing no gas, were prepared 
using fresh samples of iodide titanium under similar heating cycles in an evacuated 
system.  The alloy compositions investigated were 0.25, 0.50 and one atomic percent 
additions of each of oxygen, nitrogen and hydrogen. 

Unalloyed titanium cooled from 1000 degrees Centigrade consists of large 
plates of alpha-titanium arranged in a somewhat Widmanstätten-like manner.  The 
general effect of oxygen is to refine the structure making the plates of alpha-titanium 
smaller and the Widmanstätten arrangement more regular.  The effect of nitrogen is 
to promote the formation of needles of alpha-titanium.  This needle-like structure is 
characteristic of most of the magnesium-reduced titanium that has been annealed above 
the alpha-beta transformation temperature and suggests that the needle-like structure 
in titanium of lower purity than iodide titanium is caused by nitrogen in solid solution. 
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The structures of the hydrogen alloys are not materially different from unalloyed ti- 
tanium. 

250 

~ 200 

0.' 
O 
O o 

100 
0.25 0.5 0.75 

Atomic Per Cent 

120 
< 

100 

y 

''   '-Nitrogen 

/ / 
/ .O 

/ / / Oxygen 

60 

Tens      / 1                        ^y^ 

/ / 
// / / 

„~o      I                 k.                \          —£ 

'"•- ^Hydrogen 

• 

i 

20 

Elong.        _/ ""-A 

N 

Oxygen 

 O 

0 1 ~\"""" 
^Nitrogen 

7     1 

FIGURE  I.   AVERAGE  CROSS-SECTIONAL  HARD- 
NESS VALUES  FOR  ALLOYS OF 
IODIDE  TITANIUM  WITH OXYGEN, 
NITROGEN, AND HYDROGEN 

0.25 0.5 0.75 

Atomic Per Cent 

FIGURE   2. TENSILE   STRENGTHS  AND ELONGATIONS 
OF ALLOYS  OF IODIDE   TITANIUM WITH 
OXYGEN, NITROGEN, AND HYDROGEN 

Hardness and tensile tests were made on the various alloys.   The hardness 
data are shown in Figure 1.   The data for the oxygen and nitrogen alloys are some- 
what erratic, but indicate that oxygen and nitrogen harden titanium to about the same 
extent with nitrogen possibly having a greater effect.   The hardnesses increased from 
120 Vickers to 240-260 Vickers.   Hydrogen up to one atomic percent (0.021 weight 
percent) does not increase the hardness of iodide titanium, and actually appears to de- 
crease it slightly, although the apparent decrease may have been caused by hardness 
variations in the original iodide titanium rod. 

Figure 2 shows the effect of the gaseous additions on the tensile strengths 
and elongations of iodide titanium.   Nitrogen has a considerably greater strength- 
ening effect on iodide titanium than oxygen, increasing the tensile strength almost 
threefold, while for oxygen the increase was about twofold.   Nitrogen correspondingly 
decreases the ductility to a greater extent.   Hydrogen appears to have a very slight 
strengthening effect, although this indication may be the result of variations in the 
initial material. 

Determinations of cold-rolling characteristics indicate nitrogen is more 
deleterious to cold rollability than oxygen. The work-hardening characteristics of 
titanium-hydrogen alloys were similar to those for pure titanium. 
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Similar experiments on the effect of oxygen and nitrogen additions have 
been made in arc-melted titanium prepared from powder produced either by the 
Bureau of Mines or by Batelle.  During the arc-melting process, the oxygen additions 
were made in the form of titanium dioxide and the nitrogen additions in the form of 
titanium nitride.   Table 1 shows the mechanical properties obtained. 

TABLE 1. EFFECT OF OXYGEN, NITROGEN, AND CARBON ON MECHANICAL 
PROPERTIES OF ARC-MELTED AND HOT-FORGED TITANIUM 

Tensile Yield Elongation 
Rockwell C Strength, Strength, in 1 Inch, 

Alloy Composition,    % Hardness p.s.i. p.s.i. % 

Arc-melted titanium 19 95,000 80,000 25 

O.Uj oxygen, 0.11 nitrogen, 0.3 tungsten 31 112,000 - 1.5 
0.25 oxygen, 2.23 tungsten Uo 168,000 - 0.5(a) 
0.67 oxygen, 0.16 nitrogen, 0.2U tungsten U2 160,000 - 0.5 

0.15 nitrogen, l.ltl tungsten 31 lli5,800 - 2.5 
0.29 nitrogen, 1.88 tungsten 31 169,UOO - 3.5 
0»U6 nitrogen, 1.69 tungsten li5 191,li00 - 0 

0.15 carbon, 1.5 tungsten 27 130,800 117,600 21 
0.25 carbon, 2.5 tungsten 35 1^7,000 129,800 10 
0.39 carbon, 3.8 tungsten 31 169,000 11 

(a) Defective bar may have influenced measured ductility. 

Unfortunately, the titanium powder used in preparing these melts was gassy 
and it was found that some degree of contamination resulted in every heat.  The data 
indicate substantial increases in strength and hardness for these melts with inten- 
tional additions of oxygen and nitrogen but it is not proper to ascribe the total effects 
measured to these gaseous elements because of the indeterminate effect of the tung- 
sten contents.   However, most of the strengths shown in Table 1 are considerably in 
excess of those usually associated with the small tungsten contents indicated, all of 
which are less than 4%. 

Table 1 also shows the effect of carbon additions to arc-melted titanium. 
As with oxygen and nitrogen, the effect of carbon is clouded by tungsten contamination, 
but the data do serve to indicate that a high level of strength and ductility is obtainable 
in a titanium alloy with both carbon and tungsten present.   There are no indications 
that carbon in moderate amounts is detrimental. 

Battelle is continuing the study of titanium-base alloys with additions of 
carbon, oxygen, nitrogen, and tungsten under the sponsorship of the Remington Arms 
Company. 

In a previous technical report to Project RAND (Titanium and Titanium- 
Base Alloys, RA-15080, April 2, 1948) a broad screening of titanium-base alloys pre- 
pared by powder metallurgy techniques with up to 50% of the high melting point 
metals chromium, molybdenum, tungsten, columbium, and tantalum was presented. 
These metals, along with titanium itself, are the most important and potentially plenti- 
ful metals, with higher melting points than iron, nickel, and cobalt, the metals on 
which the present commercial high-temperature alloys are based.   The results ob- 
tained at that time indicated that the compositions of interest for engineering proper- 
ties lay below the 20% addition level.  Since the initial survey work, a more intensive 
investigation of the binary alloy range from 0 to 10% additions has been made.   The 
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data obtained are summarized in Figure 3. 
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FIGURE   3. EFFECT   OF  CHROMIUM, MOLYBDENUM, TUNGSTEN, 

COLUMBIUM, AND TANTALUM ON   THE  TENSILE 
STRENGTH   AND   DUCTILITY  OF   TITANIUM. CONDITION, 
HOT  ROLLED  AT   1650 °F.   AND   FURNACE COOLED. 

ALLOYS   PREPARED BY   POWDER   METALLURGY 

METHODS. 

Molybdenum, tungsten, columbium and tantalum,in amounts up to 20%, in- 
crease the tensile and yield strengths progressively. Chromium has the same effect, 
but only in the alloys with chromium up to 10%, because of the excessive amount of 
intermetallic compound present in the 20% chromium alloy.  The metals chromium, 
molybdenum and tungsten of Group VI-A of the periodic table strengthen titanium to 
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a greater extent than columbium and tantalum, metals of Group V-A. 

The strength levels attained even at 20% additions by these alloys prepared 
by powder metallurgy methods are not so high as those shown by arc-melted alloys 
with less than four percent of tungsten and with additions of oxygen and nitrogen.  So 
while the data show strengthening effects for chromium, molybdenum and tungsten 
additions, their greatest usefulness may well be in combination with other additions. 

The tensile properties of ternary alloys of chromium, molybdenum or tung- 
sten with titanium are slightly better than those of the binary alloys with equivalent 
alloy content. 

The most ductile binary alloys, as indicated by elongation in the tensile test, 
were tested for their work-hardening characteristics and the data are shown in Figure 
4. It is apparent that the rate of work hardening of these alloys is about .the same as, 
or slightly less than, that of unalloyed titanium. Results of tensile tests carried out 
on the alloys cold rolled to 50% reduction in thickness are given in Table 2.  The tests 
on the same alloys in the original hot-rolled and furnace-cooled condition are included 
for ease of comparison.  The alloy with 2.5% chromium cold rolled to the greatest 
strength (148,000 psi), and the 2.5% tungsten and 7.5% columbium alloys to an inter- 
mediate value (140,000 psi) while the 5% tantalum alloy behaved very similarly to the 
unalloyed titanium specimen. 
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TABLE 2 

CHANGES IN TENSILE PROPERTIES OF TITANIUM-BASE ALLOYS ON 
COLD ROLLING TO 50 PERCENT REDUCTION IN THICKNESS 

(Prepared by Powder Metallurgy Methods) 

As Hot Rolled and Furnace Cooled As Cold Rolled to 50% Reduction 

Alloy 
Composition 

Ultimate 
Strength, 
p.s.i. 

Yield 
Strength 

(0.2% 
Offset), 
p.s.i. 

Elonga- 
tion in 
1 Inch, 

% 

Modulus of 
Elasticity, 

Million 
p.s.i. 

Ultimate 
Strength, 

p.s.i. 

Yield 
Strength 

(0.2% 
Offset), 

p.s.i. 

Elonga- 
tion in 
1 Inch, 

% 

Modulus c? 
Elasticity 

Million 
p.s.i. 

100 titanium 89,000 66,000 18 16.4 128,000 119,000 4 14.9 

2.5 chromium, 
97.5 titanium 

107,000 85,000 13 16.6 148,000 133,000 2 15.3 

2.5 tungsten, 
97.5 titanium 

108,000 — 14 — 140,000 133,000 1 15.3 

7.5 columbium, 
92.5 titanium 

106,000 86,000 22 15.2 139,000 120,000 3 14.6 

5.0 tantalum, 
95.0 titanium 

91,000 69,000 21 15.7 131,000 116,000 4 15.5 

Note 1.     Test specimens were taken parallel to rolling direction and were three inches in 
length with 1-inch-long by 0.25-inch-wide gage lengths. 

2.     The tensile specimen of the 7.5 molybdenum - 92.5 titanium alloy was defective. 

In the work at Battelle on arc-melted alloys, gas evolution from the titanium 
powder during melting sometimes resulted in considerable spattering with resultant 
tungsten contamination from the tungsten-tipped electrode in some alloys, and ingot 
defects in others.  Despite these difficulties which made an accurate evaluation of al- 
loy additions difficult, practically all of the elements studied produced a hardening and 
strengthening of titanium.  Some of the more interesting alloy compositions and their 
properties based on individual bar values are as follows: 

1. 0.4% carbon, 3.8% tungsten, as hot forged.   169,000 psi tensile 
strength, 11.5% elongation, hardness Rockwell C 32. 

2. 0.5% oxygen (intended analysis), 2.04% tungsten, after heating at 
1750 degrees Farhenheit and water quenching.   167,500 psi tensile 
strength, 4.5% elongation, hardness Rockwell C 43. 

3. 0.3% nitrogen, 1.88% tungsten, as hot forged.   169,500 psi tensile 
strength, 3.5% elongation, hardness Rockwell C 31. 
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4. 0.6% nitrogen, 0.13% tungsten, after heating at 1750 degrees Fahren- 
heit and water quenching.   155,000 psi tensile strength, 7% elongation, 
hardness Rockwell C 38. 

5. 4.7% tungsten (gas content not determined), as hot forged.  198,000 
psi tensile strength, 2% elongation. 

6. 5.0% chromium and 0.25% carbon (intended), also 0.01% tungsten, 
0.063% nitrogen.  171,000 psi tensile strength, 2% elongation, 
hardness Rockwell C 41. 

In these tests, the beneficial effects on physical properties of carbon, oxygen, 
nitrogen, molybdenum, tungsten and chromium were confirmed.  Much more work is 
needed to thoroughly investigate alloys of titanium with these and other interesting 
additions. 

Additional work is now in progress for Wright-Patterson Air Force Base on 
determining the effect of alloying additions to titanium of chromium, molybdenum, 
nickel, copper, lead, magnesium, silicon, manganese, vanadium, iron and cobalt. 
Hemispherical f-pound ingots two inches in diameter are being made by arc melting of 
titanium powder.  The ingots are being forged and rolled to 0.064-inch sheet.  Physi- 
cal properties to be evaluated are tensile strengths and hardness, and cold bending 
characteristics.  Response to heat treatment will also be investigated. 

Only limited data are available on the properties of titanium at elevated tem- 
peratures.  On a rough qualitative fashion, arc-melted and hot-forged titanium shows 
strengths about 400 degrees Fahrenheit better than the best aluminum- and magnesium- 
base alloys.  That is, the short-time tensile properties for titanium at 800 degrees 
Fahrenheit are similar to those of the aluminum alloys at 400 degrees Fahrenheit. 

The creep strength for titanium at 1000 degrees Fahrenheit is similar to 
that for the best aluminum-base alloy at 600 degrees Fahrenheit.  Titanium appears 
useful for service up to 1000 degrees Fahrenheit, with its most likely use for tempera- 
tures in the range 400 to 800 degrees Fahrenheit. At the lower temperatures of 300 
to 400 degrees Fahrenheit, titanium will serve at stresses many times those possible 
with magnesium- and aluminum-base alloys, while in the upper temperature ranges, 
titanium will serve satisfactorily at temperatures considerably in excess of those 
possible with magnesium- and aluminum-base alloys, since these are considered to 
have no useful engineering load-carrying ability in excess of 600 degrees Fahrenheit. 

Acknowledgment for support and permission to publish this paper is hereby 
extended to the U. S. Air Force and the RAND Corporation. 

DISCUSSION 

Mr. Cross added that, if degassed titanium powder or sponge is used, 
then no splashing occurs and contamination by the tungsten-tipped electrode is elimi- 
nated. A titanium tip does not stand up in the arc. 
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Paper 14 

SOME ASPECTS OF THE METALLURGY OF TITANIUM ALLOYS 

By P. H. Brace 
Westinghouse Research Laboratories    ) 

Most readers of this will no doubt be aware of the spectacular rise of interest 
in the metals titanium and zirconium that has followed the remarkable and extremely 
valuable results of the development work, done under the sponsorship of the U. S. Bu- 
reau of Mines, that has gone so far toward making those metals available in quantity 
in a relatively pure state and as articles of commerce.  The writer wishes here to 
pay tribute to the pioneering efforts of Kroll and to the skillful and fruitful work that 
he and his collegaues have done in recent years in association with the Bureau of 
Mines and under the able guidance of O. C. Ralston, Chief, Metallurgical Division. 
It seems to me that the advent of titanium as a commercial structural material may 
have revolutionary effects upon design, engineering and performance particularly in 
the fields of aeronautics and of rotating and reciprocating machinery, especially where 
high operating temperatures must be endured. 

For several years past the writer has been keenly interested in the develop- 
ment of titanium alloys for structural purposes and the present writing is an attempt 
to summarize what appear to be the more intriguing results of investigations that 
have been carried out at Westinghouse Research Laboratories, partly on our own in- 
itiative and partly under Government sponsorship, with particular reference to alloys 
suitable for use at elevated temperatures.  Because we were interested in high-tem- 
perature capabilities we have been more concerned with titanium alloys than with the 
metal itself because, as is now generally recognized, the high-temperature strength 
is disappointingly low, although the ductility is spectacular.  Also the high-tempera- 
ture oxidation characteristics of the pure metal are not particularly favorable. 

When an alloy program involving temperatures as high as 1800 degrees Cen- 
tigrade is undertaken it can be expected that refractories problems will be quite ser- 
ious.  In the case of titanium those problems have been very obtrusive indeed. 

Preliminary experiments quickly showed that ordinary silicate-bonded bodies 
were quite out of the question.  In the hope that some one of the pure oxides, AI2O3, 
BeO, Th02 might prove serviceable, experiments were made in the course of which 
small blocks of substantially pure titanium were melted in vacuo while in contact with 
compacted and sintered test-pieces of the respective oxides.  It was found that molten 
titanium would react exothermically with AI2O3 to produce a brittle alloy that bore no 
resemblance to either of the metals concerned.  In the case of BeO the reaction was 
less vigorous and the resultant alloy, although less fragile than that resulting from the 
reaction of Ti and AI2O3, was nevertheless quite a different substance than pure titan- 
ium. With thorium oxide the reaction was relatively slight and the properties of the 
test block after melting were enough like the original material to encourage the 
thought of using thoria crucibles for preparing a series of titanium alloys. 

Our first successful crucibles were made by plastering the inner surfaces of 
cylindrical molybdenum capsules with a paste made from ground, electrically-fused 
thorium oxide plasticised with an acid-treated slip made by wet-grinding fused thori- 
um oxide in a porcelain ball mill.   After air-drying and baking at approximately 300 
degrees Centigrade, firing was.accomplished by inductively heating the molybdenum 
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capsule in vacuo at approximately 2000 degrees Centigrade for a few hours.   Such cru- 
cibles were used for vacuum melting a number of high-titanium alloys and were fairly 
satisfactory provided the temperatures of the melts were kept within reason.   Later 
thoria crucibles were obtained from commercial sources.  Some bodies resisted at- 
tack fairly well, while others behaved toward the titanium alloy melts as a blotter to 
ink. Although we have succeeded in preparing approximately 50   titanium alloys in 
thoria crucibles it cannot be said that the refractories problem is solved, only that 
the best of the crucibles were fairly satisfactory while the worst were quite hopeless. 
It appears that the best results are to be expected from a dense body of high-purity 
thorium oxide fired at quite high temperatures, say 2000 degrees Centigrade. 

In the light of the work of Kroll some attempts were made to use graphite 
crucibles.  Under our conditions the results were so unsatisfactory that we based our 
work on thoria crucibles. 

The melting program comprised two phases.  In the first a number of explora- 
tory alloys were prepared by melting weighed charges in vacuo and simply allowing 
them to freeze in the crucible.   From hot-hardness and oxidation tests, inferences 
were drawn as to the potentialities of the various nominal compositions with respect 
to serviceability at temperatures in the neighborhood of 900 degrees Centigrade in air. 

Casting of Titanium-Base Alloys 

In order to obtain some more accurately quantitative information concerning 
the high-temperature tensile characteristics of a variety of titanium-base alloys the 
second phase of the program was undertaken and during the past few months a consi- 
derable number of tensile specimens were cast from titanium alloys by means of novel 
vacuum and controlled-atmosphere induction-melting and casting system.   The gener- 
al arrangement of the system is shown by Figure 1.  A "clam-shell" vacuum casing, 
approximately 30 inches in diameter, and arranged to rotate about a horizontal axis, 
enclosed the inductor coil, melting assembly and mold assembly.  The exhaust system 
comprised a four-inch multiple-stage metal oil-vapor high-vacuum pump, an oil-vapor 
booster pump and a two-stage Kinney mechanical fore-pump. With the vacuum casing 
clean and cold pressures below 10"° mm Hg as measured by a Philips Ion gauge could 
be obtained.  During melting and casting the pressures ranged between 1 and 30 mi- 
crons. 

With some metals, notably chromium, considerable vaporization occurred 
when "vacuum" conditions were maintained, particularly after fusion had occurred. 
By "outgassing" for a time without melting and casting under a purified argon atmos- 
phere at a pressure of a few millimeters of mercury the vaporization, with its atten- 
dant losses and uncertainties could largely be avoided without having enough gas in the 
system to cause interference with the flow of metal into the mold when casting. 

Therefore an important adjunct to the melting system was a "thermo-siphon" 
purification system for providing a supply of high-purity argon for use as a melting 
atmosphere.  In essence this system consisted of two vertical stainless steel tubes 
connected top and bottom by pipes so that the gas to be purified could circulate up 
through one tube (heated) and down the other under the aerostatic pressure difference 
between the gas in the hot tube and that in the cold.  In the hot tube calcium metal, in 
the form of chips, supported on a series of wire-mesh trays acts as a "getter" for any 
reactive gases in the argon.  The argon is held under a pressure of approximately 50 
psi while the maximum temperature of the column of calcium chips is maintained in 
the neighborhood of 700 degrees Centigrade. 
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Fig. 1 Inside of Thoria Crucible (Wrapped with Mo Sheet) after 
12 Melting Runs. 

After a fresh charge of commercial tank argon has "soaked" overnight, it 
usually shows, by mass spectrograph analysis, no detectable amounts of impurity with- 
in the mass range between approximately 12 and 90 where the sensitivity is of the 
order of 0.005%.  No hydrogen (measured as mass 2) was detected but in that case it 
must be said that the sensitivity was approximately 0.1%.  By and large it appears 
that we were able to prepare quite good argon with very litue inconvenience. 

The vacuum melting routine comprised weighing and assembly in the crucible 
of the components of the charge, mounting the crucible and charge in a silica-tube con- 
tainer and mounting within the inductor coil, assembling the mold components, evacua- 
tion of the melting chamber, out-gassing of mold, preliminary heating and out-gassing 
of the charge, heating, fusion and adjustment of the temperature of the melt and finally 
casting. 

The mechanical arrangements for vacuum casting are shown by Figure 2.  The 
mold was carried on an arm that could rotate about an axis parallel to that of the melt- 
ing assembly.  During melting the mold stood at one side leaving a clear view of the 
interior of the melting chamber by way of the sight window.  Preparatory to casting 
the furnace casing was rotated slightly and the mold under its own weight swung over 
the furnace and by means of a spring and latch was held with its opening over the pour- 
ing nozzle and bedded against an asbestos gasket that provided a metal-tight seal be- 
tween the melting chamber and mold inlet. 

Casting was then effected by a counter-rotation of the furnace through approxi- 
mately 180 degrees that inverted the whole arrangement and discharged the molten 
metal into the mold. 

The mold assembly comprised a casing that enclosed refractory thermal in- 
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sulation, a heating element of Mo wire wound on an Alundum tube and within the Alun- 
dum tube granular refractory material that surrounded and supported the mold.  See 
Figure. 

Fig. 2        Photograph Showing General Appearance of the Vacuum Casting 
Furnace and Cross-Country Pumping System as Seen from the 
Pump End. After Rehabilitation. 

The mold proper comprised a "pouring cup" and either three or four mold 
cavities formed by machining from round bars of either graphite or refractory mater- 
ial such as the "soft bodied" magnesia that we obtained from The Stupakoff Company, 
Latrobe, Pa. 

The castings thus produced were separated from the excess of metal in the 
pouring cup as a sink-head and prepared for test by grinding the fillets under the 
heads concentric with the central gauge portion by means of a three-jawed chuck and 
a three-part collet-like fixture that gripped the specimen at opposite extremities of 
the gauge length. By this means it was assured that the axis of the gauge-length was 
as nearly as possibly concentric with the ground surfaces which bore upon the split 
nuts in the grips of the tensile testing machine.  Thus was obtained a satisfactory 
approximation to axial loading. 

The majority of the tensile test data were obtained by way of the constant 
strain rate procedure using a screw driven machine developed at Westinghouse Re- 
search Laboratories by Messrs. Nadai and Manjoine.  The strain rate chosen was 0.5% 
per hour and test data so obtained are set forth by Tables 1 to 4 inclusive and Figure 
3 showing the values for 0.2% yield stress at 1750 degrees Fahrenheit for a group of 
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Ti-Cr-W-Mo alloys, together with corresponding data for a few others, and more fa- 
miliar materials.  Creep-rupture test data on some of these alloys are included in 
Tables 5 and 6.  The nominal compositions of the tension tested alloys are listed in 
Table 7. 

Fig. 3 Photograph Showing General Appearance of "Thermo-Siphon" 
Argjn Purifier with Sampling Bulb in Place. 
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Alloy 
No. 

Specimen 
Mark 

TCCo-1 
TCCo-2 

A 
A 

TCF-1 A 

TCN-5 A 

TCV-2 A 

TCTh-1 
TCTh-2 

A 
A 

TTM-1 A 

TTW-1 A 

TABLE VD (Cont'd) 

LIGHT METAL ALLOYS 
Nominal Compositions of Tension-Tested Alloys 

Ti* Cr Mo W Ni        Fe Co Others 

60 30           10            
50 30            20            

60 30 —           —        —          10            

65 30 —           —          5            

65 30             5V 

90(a) 9            1 Th 
94(a) 5            1 Th 

60 -- 10           —        —          —          ~           30 Ta 

60 -- —           10        —         ~          —           30 Ta 

*  Except as otherwise noted, Titanium Powder, Bureau of Mines. 

(a) Titanium Bar - Bureau of Mines 

(b) Titanium Alloy Manufacturing Company 

It is interesting to compare the various alloys on the basis of weight-strength 
ratios and to note their favorable standing with reference to some of the more conven- 
tional high-temperature alloys. Such a comparison is set forth by Tables 1 to 6 where 
it will be seen that some of the complex alloys based on Ti-Cr-Mo-W show up quite 
favorably at high temperatures both as to yield strength and ductility at elevated tem- 
peratures. However, they suffer from the disadvantage of brittleness at room temper- 
atures.  This may in part be due to absorption of oxygen from the refractories. 

Studies are under way to learn the oxygen contents of the alloys so far pre- 
pared and to decide whether or not oxygen may contribute to brittleness without cor- 
responding enhancement of strength. 

In conclusion the following points may be emphasized. 

(1) Some 50 alloys based on titanium have been melted by induction and cast 
into tensile test specimens in a novel type of vacuum casting furnace. 

(2) Thorium oxide was found the most satisfactory of the various refractories 
used and the only one that could be used at all under our melting routine. 

(3) Molten titanium and many titanium alloys were found to wet thorium ox- 
ide and in some cases to soak through the crucible-wall "like oil through sand" and 
it was evident that in most, if not all, cases some oxygen and thorium entered the 
melts from the crucibles. 

(4) Tensile test data at 1750 degrees Fahrenheit were obtained by means of 
a screw-driven autographic tensile test machine. 

(5) At 1750 degrees Fahrenheit the best 0.2% yield strengths found were 
shown by Ti-Cr base alloys containing molybdenum and tungsten in equi-atomic ratios. 
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(6) The results to date suggest that the use of W and Mo together give more 
favorable properties than are obtained when either metal is used alone. 

(7) The role of oxygen in determining the physical properties of the alloys 
is a subject of continued study but it is believed that oxygen is not a particularly de- 
sirable alloying element. 

(8) Certain of the alloys prepared on a base of sodium-reduced titanium ob- 
tained from Titanium Alloy Manufacturing Company yielded better physical proper- 
ties than corresponding alloys based on high-purity titanium obtained from U. S. Bur- 
eau of Mines.  The difference is attributed to the presence of small proportions of 
"impurity" elements in the Titanium Alloy Manufacturing Company product, princi- 
pally Cu, Si and V. 

(9) Remarkable improvements in the oxidation resistance of substantially 
pure titanium resulted from melting in a thoria crucible.  The titanium melting stock 
"as received" showed a weight-gain of 165 Mg/Cm^ in 64 hours of heating in air as 
compared with 7.3 Mg/Cm   for the remelted melted material.  The indications are 
that the increased oxidation resistance was due to the pick-up of thorium from the 
thoria crucible used for melting.  This question is a matter of considerable interest 
and is being studied further. 

DISCUSSION 

The thoria crucibles made by the Westinghouse Research Laboratories 
were slipcast and fired at about 2000 degrees Centigrade.   Most of the crucibles were 
received from the Norton Company and were fired at Cone 35; the other manufactur- 
ing details were not known.   The types of carbon used for the molds were the AGU or 
AGW type from National Carbon Company. 

In reply to Mr. Holger (Carnegie Illinois Steel Company) concerning nitro- 
gen absorption during testing at elevated temperature, Mr. Brace stated that the gen- 
eral appearance of the test specimens indicated the presence of superficial films. 
The specimens, however, were not analyzed for nitrogen or oxygen after testing.   Mr. 
Cross (Battelle Memorial Institute) added that in tests at 1000 degrees Fahrenheit the 
nitrogen pick-up would be superficial, since metallographic examination of specimens 
exposed at 1400 degrees Fahrenheit indicated a film about 0.002 - 0.003 inch deep. 
He remarked, however, that even if a film is not detected metallographically, a 
measurable change in surface hardness occurs after exposure at 1400 degrees Fahren- 
heit, indicating a surface reaction.   But, at 1000 degrees Fahrenheit, this has not been 
experienced.   Dr. L. W. Eastwood (Battelle Memorial Institute) added that samples 
exposed to air at 1700 degrees Fahrenheit developed a scale about 0.004 inch thick. 
Mr. I. R. Kramer (Office of Naval Research) remarked that some recent work at the 
National Physical Laboratory in England indicated that the rate of diffusion of oxygen 
in titanium at 1000 degrees Fahrenheit in an oxygen atmosphere was immeasurably 
low.  It was thought that a surface oxide formed which inhibited further diffusion. 
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Mr. M. G. Fontana (Ohio State University) emphasized the importance of 
crucible preparation.  In vacuum melting titanium-chromium alloys using beryllia 
crucibles, a marked reduction in beryllium pick-up was observed with denser, higher 
fired crucibles. 

In discussing segregation in cast titanium, Mr. Brace stated that little or 
no segregation was observed.  Dr. Eastwood added that, in general, no difficulties 
have been experienced as a result of non-uniformity in the arc-melted ingots.  For 
the addition to titanium of the refractory metals, however, particularly tungsten, 
special care must be taken to promote complete diffusion and reasonable uniformity. 
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VT 
Paper 15 

THE TITANIUM-BASE ALLOYS PROGRAM 

OF THE NAVAL RESEARCH LABORATORY 

By_K,.XJQbaßin 
Metallurgy Division, Naval Research Laboratory    / 

The program of research and development of high strength titanium base 
alloys being conducted by the Metallurgy Division of the Naval Research Laboratory 
includes the following phases: 

(1). An investigation to disc'over satisfactory materials and procedures 
for melting and casting titanium and its alloys by induction and electric arc methods. 

(2). An investigation to determine the relation between titanium and oxy- 
gen under equilibrium conditions and to construct a titanium-oxygen equilibrium dia- 
gram. 

(3).  An investigation of methods of fabrication and physical, mechanical 
and chemical properties of various titanium alloys prepared by melting and casting 
techniques. 

(4).  To construct equilibrium diagrams of those titanium alloys that ap- 
pear to warrant extensive consideration. 

Discussion of the aims: 

Problems involved in evaluating titanium and its alloys for possible en- 
gineering applications include not only development of such alloys that may have the 
most attractive mechanical and physical properties but also careful consideration of 
methods by which such alloys can be prepared and fabricated.   The manner in which 
the metal is prepared generally determines the properties it will exhibit in a finished 
state. Any large scale applications of titanium and its alloys will depend upon their 
availability in a form commensurate with the needs and at a reasonable cost.  The 
preparation of large metal shapes by powder metallurgy methods has serious size limi- 
tations.  It is more desirable from several standpoints to cast the metal and then fabri- 
cate it by forging and rolling methods.  Therefore, a part of the current effort at the 
Naval Research Laboratory is directed toward discovering and developing satisfactory 
refractory crucible materials that will not react with molten titanium.  This problem 
is not an easy one, since the high degree of reactivity of molten titanium restricts 
seriously the choice of materials that can be considered to only those which display 
great stability at high temperatures.  Other factors, such as purity, density and sur- 
face imperviousness, are also very important considerations in such a refractory ma- 
terial. 

The ready absorption of gases by titanium at elevated temperatures and 
the reactivity of the molten metal with most materials pose   difficult melting problems 
and it is necessary to employ high-vacuum techniques or purified inert atmospheres to 
prevent ready contamination of the metal with gaseous impurities.  In the research 
work being done on titanium at the Naval Research Laboratory, particular attention 
is being given to preventing, as far as possible, accidental contamination of the metal 
with oxygen or nitrogen.  These gases are believed to form solid solutions and to exert 
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potent effects on properties in extremely small amounts, resulting in increased hard- 
ness and loss of workability.  Since it is very difficult to produce ductile titanium met- 
al commercially without the introduction of small amounts of oxygen, the relationship 
between this gas content and hardness, workability and mechanical properties is of 
considerable practical importance. A proper evaluation of other alloy systems with 
titanium can only be made after the effects of small amounts of oxygen on the proper- 
ties are known. 

Progress: 

High-vacuum induction melting apparatus has been assembled and is in 
use.  This is capable of producing melts up to about three pounds with vacuums in the 
10-6 mm. mercury range while hot.  Melting experiments are being conducted on se- 
lected refractory materials to determine their value as crucibles for containing mol- 
ten titanium.   Pure materials are being given prior consideration in order to take ad- 
vantage of their maximum refractory characteristics and to study their resistance to 
molten titanium.  The prime objective is to discover a satisfactory refractory that 
wül not react with the metal and embrittle it.  Such materials as spectroscopic graph- 
ite, pure carbon, beryllia, thoria, stable carbides and borides are being studied.  No 
entirely satisfactory crucible material has yet been found. 

An arc furnace using either a high vacuum or an inert atmosphere has 
been built. 

For the purpose of sintering compacted powdered metal alloys prior to 
melting them, high-vacuum sintering apparatus has been assembled.   This apparatus 
is capable of handling samples up to one inch in diameter and 12 inches in length at 
temperatures up to 1000 degrees Centigrade in vacuums down to 10~8 mm. mercury. 

Analytical apparatus for the determination of oxygen in titanium and its 
alloys by the vacuum fusion method has been built and the method is being investigat- 
ed. Analytical standards based on pure titanium prepared by the iodide process are 
to be established. 

Facilities have been assembled for refining commercial metal by the io- 
dide process to provide very high purity titanium metal for the titanium-oxygen study. 

DESCRIPTION OF HIGH-VACUUM EQUIPMENT 
FOR MELTING TITANIUM BY INDUCTION 

In connection with the study of melting titanium by induction and the rig- 
id requirements imposed on apparatus to avoid contaminating the metal during meltjng 
with incidental gaseous impurities, it is believed that the description of the apparatus 
used might be useful to others engaged in similar work. 

The apparatus has the following desirable features: 
a.)   A high pumping speed, 
b.)   A high ultimate vacuum, 
c.)   Rapid attainment of high temperature, 
d.)   A minimum amount of insulation to facilitate degassing and 

cooling. 
e.)   A rugged construction and simple operation. 

In high temperature fusion work where there are appreciable quantities 
of material to be heated, a large amount of gas is evolved during heating.  Thus a cru- 
cible 1| inches outside diameter by 3/16 inch     wall by four inches tall made of such 

833626 0-49-11 145 



materials as beryllia, zirconia or graphite will give off several thousand liters of gas 
measured at one micron of mercury pressure upon being heated to 1000 degrees Cen- 
tigrade.  The initial rate of gas evolution falls off rapidly with time; however, it is 
absolutely essential to have a high pumping speed in the region of the heated metal if 
there is any possible reaction between the evolved gases and the metal.  Since titanium 
is a gas-sensitive metal at elevated temperatures, it is quite important that any gas 
evolved be rapidly removed from the vicinity of the heated metal. 

The precaution and techniques for the attainment and maintenance of a 
high vacuum are so many and so varied that only a summation can be offered here. 
Sound engineering, cleanliness, ruggedness, good materials and tightness are all very 
essential, and high vacuum should be attainable without the use of waxes, greases, 
lacquers, soft solders, etc.  Careful attention was paid to the design of the pumping 
system and the melting furnace so that the conductance of the line joining the diffusion 
pump and the melting chamber was such that the speed of the diffusion pump was not 
materially throttled by the line. 

The use of cold traps was considered necessary to prevent the migration 
of oil vapor from the diffusion pump to the melting chamber on the one hand and from 
the diffusion pump to the mechanical pump and vice versa on the other hand.  Refrig- 
erated traps are essential in attaining pressures at rapid rates below 0.01 micron, 
and without them the low pressures are attained only with difficulty and excessively 
long pumping periods. 

Figure 1 is a photograph of the apparatus comprising the pumping sys- 
tem and the high vacuum melting furnace.  The entire system is of metal construction 
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with the exception of the furnace body which is of "Vycor" glass.  The roughing lines 
are constructed of copper tubes two inches inside diameter with bronze packless vac- 
uum valves for cutoffs.  The cold traps and all parts on the high-vacuum side are made 
from stainless steel.  Heliarc welding was used in attaching flanges and in the fabri- 
cation of all stainless parts. 

The pumping system consists of a National Research Corp. H-6 type 104 
oü diffusion pump with a capacity of 590 liters per second measured at 0.1 micron 
using Octoil-S as a pump fluid.  This unit is backed by a Stokes model 149-F Microvac 
Mechanical pump with a capacity of 60 cubic feet of free air per minute. One cold 
trap refrigerated with dry ice and acetone, is located in the roughing line between the 
diffusion pump and mechanical pump to prevent back-streaming of oü vapors in either 
direction.  The second cold trap is refrigerated partly by dry ice and acetone and 
partly with liquid nitrogen and is placed directly above the diffusion pump and mounted 
on top of a six-inch butterfly high-vacuum valve.  This trap is joined to the water- 
cooled furnace head from which the "Vycor" furnace tube is suspended.  Soft copper 
gaskets are used to seal the flanges on the cold traps, and special butyl rubber gas- 
kets having low vapor pressure characteristics are used to seal all other joints. All 
flanged joints are made up with a torque wrench so that flange pressures against the 
gaskets are equally distributed over the entire gasket area. 

Pressures from 1000 microns down to one micron are measured with a 
National Research Corp. type 501 thermocouples gauge, while below one micron and 
down to 0.001 micron an ion gauge type 507 is used. Roughing pressures are main- 
tained between five and 10 microns except when outgassing becomes appreciable dur- 
ing heating when the forepressure rises to a maximum of about 30 microns. A pres- 
sure of 0.01 micron is attained in about 15 minutes after the diffusion pump has 
reached operating temperature on a cold system, and a pressure of 0.001 micron   in 
about another l| hours of pumping.  The cold traps are not charged with refrigerant 
until the pressure has been reduced to 0.01 micron.  The pumping system as well as 
the furnace assembly is kept under vacuum during periods of idleness. 

The furnace consists of a water-cooled furnace head and a round bottom 
"Vycor" tube.  The head is so designed that tubes of from three inches to 5g inches 
in diameter can be used interchangeably depending on the size of the melt desired. 
The "Vycor" tube is attached and sealed to the furnace head with a butyl rubber gas- 
ket of special design.  The crucible containing the metal charge with all the necessary 
insulation or radiation shields is contained in a beryllia crucible, 2g inches outside 
diameter by eight inches tall by 1/8 inch    wall.  The BeO crucible is suspended from 
the furnace head on a stirrup made up of a molybdenum disc and 0.050 inch     diame- 
ter molybdenum wire.  The assembly hangs freely inside the "Vycor" tube. 

A "LepeF' 20 KW. output high-frequency spark gap converter, supplying 
current at frequencies from 125 kc. per second to 450 kc. per second, is used to ener- 
gize the load coils for heating the charge.  The load coil and the flexible leads are 
mounted on an adjustable elevating device. 

Temperature measurements are made with a "Pyro" optical pyrometer 
by sighting at a 45-degree total reflecting prism placed over a "Pyrex" window 
sealed in the center of the furnace head top. 

The apparatus described above has been found to be very satisfactory in 
performance.  Temperatures up to 2400 degrees Centigrade have been attained with 
vacuums in the 0.001 micron range while hot. An ultimate vacuum of 0.001 micron is 
regularly obtained.  The titanium melts obtained have all appeared bright and clean 
looking. 
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EQUIPMENT FOR THE REFINING OF COMMERCIAL TITANIUM 
BY THE IODIDE PROCESS 

The refining of commercial titanium by thermal decomposition of the 
tetra-iodide requires as a preliminary step a thorough removal of contaminating ele- 
ments from the thermal decomposition cell, particularly water vapor, carbon dioxide, 
oxygen and nitrogen.   To accomplish this satisfactorily, the cell and the auxiliary 
parts must be baked out under high vacuum at a temperature sufficiently high to re- 
lease the adsorbed gases within the system. A vacuum pumping system is required 
that will remove these gases effectively, and that will attain a very low ultimate pres- 
sure, so that the residual gas content is a decided minimum.  While the use of cold 
traps is generally found necessary to attain very low pressure, it is sometimes not 
convenient to use refrigerated traps to maintain a system at low pressure for several 
days in apparatus which cannot be conveniently sealed off from the pumps.  In the sys- 
tem to be described, activated charcoal was substituted for the refrigerated traps for 
the attainment of low pressure and for protecting the cell and its contents against 
back-streaming oil molecules.   Like a refrigerated trap, a charcoal trap acts like a 
vacuum pump and removes condensible gases such as carbon dioxide, water vapor and 
others that may be liberated from the cell during the bakeout. 

Figure 2 illustrates the apparatus comprising the vacuum system and 
the furnace containing the thermal decomposition cell. 

The vacuum system is of glass construction and consists of a three- 
stage fractionating oil diffusion pump having a speed of 25 liters per second measured 
at 0.1 micron.  This is backed by a mechanical pump with a capacity of 58 liters per 
minute.  One charcoal trap is connected to the high-vacuum side of the diffusion pump 
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and consists of a glass tube 54 mm. outside diameter by 508 mm., long-necked down 
at both ends to 35 mm. outside diameter. Activated charcoal is contained in three 
nickel mesh cylinders, two of which are hollow.  The hollow cylinders measure 50 mm. 
outside diameter by 30 mm. inside diameter by 152 mm. long.  The completely en- 
closed cylinder measures 36 mm. outside diameter by 120 mm. long.  The three cyl- 
inders are arranged so that the completely enclosed one is in between the two hollow 
ones, all being spaced the correct distance apart by nickel wire spiders.  With this 
arrangement it is virtually impossible for an oil molecule to pass through the trap 
without striking the charcoal at least once.  Little resistance is offered to the passage 
of permanent gases which are not appreciably absorbed by the charcoal. A second 
trap which is a re-entrant type, is placed in the foreline; its charcoal container 
measures 50 mm. outside diameter by 24 mm. inside diameter by 203 mm. long. 

Split circular resistance wound furnaces facilitate heating the traps. 
This keeps the charcoal clean and enhances its absorptive powers. These furnaces 
can be opened and withdrawn from around the traps when desired. 

The thermal decomposition cell consists of a pyrex glass bulb 6| inches 
outside diameter and 24 inches long with a round bottom. The opposite end is necked 
down to approximately three inches in outside diameter. Four 1/4-inch tungsten 
electrodes are sealed into the top of this necked part. Many loops of 10-mil tungsten 
Wire are fastened to the ends of the electrodes within the cell to facilitate attachment 
of the titanium starter wire. 

A double-walled cylinder 16 inches tall of 10-mil molybdenum sheet per- 
forated on the inside wall provides the container for the commercial titanium metal 
to be refined. 

The cell is contained in a nichrome-wound furnace which is used to heat 
it during outgassing and also serves as an operating furnace. 

Power for operating the trap furnaces, the oil diffusion pump, the 
nichrome-wound furnace and the filament is controlled through a panel board. 

HIGH-VACUUM ANNEALING EQUIPMENT 

Figure 3 illustrates the apparatus showing the vacuum pumping system, 
the porcelain tube furnaces and the control panel. 

The vacuum pumping system consists of a six-inch National Research 
Corp. oil diffusion pump H-6 type 104 with a capacity of 590 liters per second meas- 
ured at 0.1 micron using Octoil-S as a pump fluid.  The backing pump is a Stokes mod- 
el 149-F Micro-vac with a capacity of 60 cubic feet per minute.  One cold trap using 
dry ice and acetone is located in the foreline, and the other cold trap, on the high- 
vacuum side, using both dry ice and acetone and liquid nitrogen in separate compart- 
ments, is located over the diffusion pump and bolted to a six-inch butterfly high-vac- 
uum valve. Independent roughing lines are provided for each tube so that it is not 
necessary to rough down through the diffusion pump.  The high-vacuum connection to 
the individual porcelain tubes is obtained through three-inch lines leading from the 
cold trap. Cutoff valves allow operation of the two porcelain tubes simultaneously or 
separately as desired.  Pressures down to 0.001 micron have been attained. 

The tube furnaces are heated with Globars and are pyrometer controlled. 
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Fig. 3 

The porcelain tubes are McDanel high-temperature type and are gas- 
tight up to 1000 degrees Centigrade.  The tubes are 1 3/4 inches inside diameter and 
five feet long with 16 inches of the mid-section in the heated zone of the furnace. 
Sylphon bellows are used on each end to allow for expansion and to facilitate making 
a vacuum connection from ceramic to metal. 

DISCUSSION 

Mr. P. H. Brace (Westinghouse Research Laboratories) remarked that the 
sight tubes in the Westinghouse furnace would cloud up in a few seconds, as a result 
of metal-vapor condensation, unless a little argon was introduced into the system. 
Mr. Chapin replied that fogging of the sight windows was not encountered in the Naval 
Research Laboratory apparatus, probably because of the presence of a water-cooled 
system in the furnace which may shock-cool any vapors.  In addition, their sight win- 
dows are about two feet above the melt, whereas in the Westinghouse apparatus the 
distance is about one foot. 

In discussing their crucible experiences, Mr. Chapin stated that the penetra- 
tion of the melt into the crucible, as well as the effect on the metal itself, had been 
under study.  In the case of carbon, the results have been puzzling, in that penetration 
occurred in certain dense grades of carbon where it was least expected.  Apparently, 
impurities in the carbon concentrate in regions which are susceptible to severe 
preferential attack by the molten metal.   Translucent beryllia crucibles are currently 
being used. 
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The Naval Research Laboratory arc furnace was designed so as to be used 
for vacuum or atmosphere operations or a combination of both.  It can be evacuated 
down to 10-6 mm. pressure when cold.   The anode is water-cooled and the cathode 
consists of a tungsten tip attached to a water-cooled tube.   The charge is heated in a 
crucible and bottom-tapped into a copper mold in the same chamber without opening 
the chamber or exposure to outside environments.  Bureau of Mines titanium, both in 
the powder and sintered form, has thus far been melted.  The materials are outgassed 
prior to melting, giving a blank pressure of at least 10-6mm.   The temperature is 
increased carefully and the pressure during melting never exceeds 5 x 10-6 mm. 
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Paper 16 

r 
THE CARBON-OXYGEN RELATIONSHIP IN 

TITANIUM MELTED IN CARBON REFRACTORIES 

By S. F, Urban and A. C,.Haskell 
Titanium Alloy Manufacturing Division, National Lead Company     , 

Editor's Note:  The paper originally scheduled as Paper 16, by S. F. Urban 
and A. C. Haskell, on the carbon-oxygen relationship in titanium melted in carbon 
refractories, was not presented at the Symposium.  Because of circumstances beyond 
the control of the research men who were to present the paper, necessary replacement 
parts for their vacuum fusion apparatus could not be obtained, and therefore the data 
needed for the preparation of the paper were not available at the time of the Sympo- 
sium. 

At the time this report went to press, Dr. Urban and Dr. Haskell were still 
unable to obtain their data, but were planning to submit a paper to the Office of Naval 
Research at a later date. Reprints of the paper will be made available by this Office 
to those interested. 
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Paper 17 

FIRST PROGRESS REPORT ON TITANIUM-CARBON 
AND TITANIUM-NITROGEN PHASE DIAGRAMS 

By J. P. Nielsen» 
College of Engineering^ New York University I 

The objectives of this investigation are to construct the phase diagrams for 
the titanium-carbon and titanium-nitrogen systems.   The phase diagrams are to be 
constructed from experimental data and will be confined only to the regions consid- 
ered of practical interest for structural material, namely, from pure titanium to the 
compounds TiC, and TiN, respectively, and from the liquidus to about room tempera- 
ture  the pressure being atmospheric.  Before starting the actual experimental pro- 
gram, preliminary phase diagrams were constructed from theoretical considerations 
and from information found in the literature.  The actual experimental work has not 
been started as yet, but the general program and some of the techniques have been 
planned, and some of the necessary equipment is now under construction. 

I. Preliminary Phase Diagrams 
A. Titanium-Nitrogen System 

The phase diagram characteristics justified by experimental data found in 
the literature, and by analogies with related phase diagrams, are listed in Table I. 
The second column gives the references for the information, while the fourth column 
gives some explanatory remarks.   Some of the data are not precise enough to fully 
justify the indicated characteristics, and hence the probability for their existence is 
less than one.   The probabilities were arbitrarily estimated for such cases and are 
indicated in column 3.  Analogies with related alloy systems yielded various features 
that we might look for in the titanium-nitrogen system.   For example, M2X and M4X 
type of compounds, where M is a transition metal, and X an interstitially dissolving 
element, occur in such systems with some measure of regularity, and hence might 
also be present in the Ti-N system.   Items 7, 8 and 9 of Table I are the features 
which are suggested by these analogies, but they are given only partial weight in the 
"estimated probability" column. 

These phase diagram characteristics are incorporated in the diagram 
shown in Figure I.   The real diagram may not be so complex as this preliminary one, 
since some of the features, such as the existence of the T4N phase, have a rather low 
probability.   The interesting age-hardening feature of the alpha solid solution region 
is optimistically drawn, as the evidence for low solubility of nitrogen in alpha at room 
temperature has no well established basis. 

B.  Titanium-Carbon System 

Table II gives the list of characteristics for the titanium-carbon phase di- 
agram that might be expected from the data found in the literature and from analogies 
with related systems.   There are more carbon-transition metal systems published 
than nitrogen- transition metal systems, and the estimated probability indicated for 
the characteristics from analogies with related systems should perhaps be somewhat 
more accurate than for those of the titanium-nitrogen system. 
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Figure 2 shows the preliminary TiC phase diagram consolidating the list 
of characteristics given in Table EL   The alpha and beta regions are narrower than 
those for the titanium-nitrogen system.  Also the delta region extends rather closely 
to the Ti4C compound.   The existence of a FeoC compound in the iron-carbon system 
establishes a precedence for the possibility of a Ti3C, which, however, is not shown 
in the diagram.  It is worthwhile to mention that it is possible but rather improbable 
that a graphite phase may appear, for the TiC compound is quite stable.  At any rate, 
the diagram is probably metastable with respect to one dealing with graphite and ti-' 
tanium. 

II. Experimental Program 
A. Production of the Alloys 

The titanium for the production of all the critical alloys to be investigated 
will be that produced by the iodide process with Vickers hardness below 90 or Rock- 
well "B" below 45.  Spectrographic and chemical analysis will be made on the titani- 
um to establish the particular impurities present. 

B. Titanium-Nitrogen System 

Because of the ease with which titanium reacts with nitrogen at 800°C, it is 
planned for our first attempts to produce alloy specimens in a high vacuum furnace in 
which a controlled amount of pure nitrogen will be introduced, followed by a homogen- 
ization in high vacuum.   The alloy specimens will be small 5 cm rods suitable for use 
in a Leitz dilatometer. 

The analysis for nitrogen will be attempted by the Kjeldahl method in which 
the nitrogen in the specimen will be converted to ammonia gas.   Some reports have in- 
dicated that this method is not sufficiently accurate for our purposes, and two alterna- 
tive methods are contemplated, viz, vacuum fusion, and sodium fusion in the presence 
of carbon, producing a cyanide, which is easily determined quantitatively. 

The principal technique planned for determining points on the phase dia- 
gram is dilatometry and a Leitz dilatometer has just been acquired for this.   This in- 
strument requires small specimens, and can operate to 1100 C. with specimen main- 
tained in a vacuum.   Microstructure studies will also be made of quenched and ordi- 
nary specimens.  X-ray diffraction will be used to confirm the presence of specific 
constituents indicated by other methods.   The high electrical resistivity of titanium 
suggests that electrical resistance measurements would yield accurate data, and the 
use of this technique will be considered. 

C. Titanium-Carbon System 

Because of the difficulty of melting titanium without contamination from the 
crucible material, it is planned to produce low-carbon alloys by gas carburizing small 
pure titanium specimens, followed by a homogenization treatment in vacuum.  Meth- 
ane gas will be used and the hydrogen that will enter the titanium will be driven off by 
heating in vacuum, probably in the homogenization treatment.  A vacuum furnace is 
under construction in which the titanium will be heated by its own electrical resist- 
ance.   The production of high carbon alloys will be attempted by induction melting of 
pure titanium in pure graphite crucibles.   Should these methods fail, powder metallur- 
gy will be attempted using vacuum sintering.  A possible method to be considered for 
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producing the powder is the blowing of methane gas through the arcing point of two 
pure titanium electrodes.   The carbon analysis will be made in a carbon train. 

Essentially the same techniques are planned for determining points on the 
phase diagram for this system as for the titanium-nitrogen system. 

DISCUSSION 

In discussing the atomic radii and the types of bonding existing in the 
various phases, Dr. Nielsen stated that the atomic radii for solutions of carbon (up 
to two percent) and solutions of nitrogen (up to six percent) are known and are very 
close to the atomic radius of pure titanium.  The lattic parameters that have been de- 
termined for the delta and epsilon phases, i. e. T^N, Ti2N and TIN, suggest homopolar 
bonding or ionic bonding.  Dr. A. E. Palty (New York University) added that the bond- 
ing in the alpha and beta phases is mainly metallic with a possibility of resonance. 
Pauling has suggested resonance and that about six bonds would have to be satisfied 
for a maximum titanium valence of four.  The delta structure is definitely ionic, with 
varying valence over its existence range.  In the case of carbide, the valence of titan- 
ium may become trivalent at the higher limits. 
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