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WATERTOWN ARSENAL 
WATERTOWN, MASS. 

PRODUCERS COORDINATION MEETING 

TITANIUM MATERIALS FOR DAVY CROCKETT AND OTHEE WEAPON SYSTEhS 

Agenda 
lU April I960 

Fifth Floor Conference Room 
Building No. 39 - Room No. 5>'21 

Watertown Arsenal 
Watertown, Mass. 

Time 

0900 - 1000 

1030 - 10U0 

10U0 - 1200 

lOlO - 1055 

1C55 - 1115 

Subject 

Ifeeting of Ordnance Representatives 

Ordnance Weapons Coirnnand,, Ordnance Ammunition Command, 
Picatinny Arsenal, Frankford Arsenal, Watertown Arsenal^, 
and Watervliet Arsenal 

Welcome 

Brig Gen C. E. Rust, Commanding General, Watertown Arsenal 

Program of the Day 

Mr. E, N. Hegge5 Project Officer, Davy Crockettv Watertown 
Arsenal 

Ordnance Presentations 

Col R, J. Rastetter, SpeCo Asst„ to Commanding General5, 
Ordnance Weapons Command 
Mr» F, Wittber, Assto Project Officer, Industrial^ Davy Crockett 
Managerial Position of Ordnance Weapons Command - Responsibil- 
ities, urgenciess priorities and requirements of readiness of 
of special weapons. 

Mr. L, Horowitz, Deputy Director for Davy Crockett, 
Picatimv Arsenal 
MTo M. Bernstein, Staff Assistant for Industrial Transition« 
Davy Crockett 
Lightweight, High-Strength Weapon - Timetable of research and 
development of lightweight, high-strength weapon including 
phasing in of industrial engineering and initial production. 
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Agenda (Cont) 

lh April I960 

Time 

;LU5 - 1135 

1135 - 1155 

1200 " -1230 

1230 • • 1330 

1330 - - 1500 

.330 - llao 

jiilO - lli30 

Subject 

Lt Col Go H. Baxter, Project Officer,, Davy Crockett,, 
Watervliet Arsenal 
Recoilless Weapon Requirements - Yield strength^, ductility 
and toughness, configurations and sizes for metallurgical, 
processing, quantities of materialo 

Mr« E. Roof, Industrial and Maintenance Mission for 
Davy Crockett, Picatinny Arsenal 
Special Weapon Ammunition Titanium Materials - Special 
weapons ammunition titanium materials requirements5 industrial 
engineering projects in metallurgical, processing to facilitate 
production and reduce costo 

Demonstration - Bldg» 311 
Pressure Welding of High-Strength Titanium 

Lunch - Watertown Arsenal Cafeteria 

Engineering Data, Hot-Working and Specifications 

Mr0 R. MO Golton, Watertown Arsenal. Laboratories 
Engineering Data, Specification MIL-T-U6038(0RD) 
Mechanical properties, forging techniques, and heat-treatment 
cycles as related to alpha-beta type titanium alloys 
processed to meet the general requirements of specification 
MIL-T-U6038.    Emphasis will be made on effects of alloy 
composition, forging temperature, and reduction ratio in 
relation to the upset forging test procedure required in 
this specification. 

Mr. J. F. Rizzitano, Watertown Arsenal Laboratories 
Engineering Data, Specification MIL-T-U6035(0RD) 
Mechanical properties, forging techniques, and heat-treatment 
cycles as related to alpha-beta type titanium alloys 
processed to meet the general and specific requirements 
of specification MIL-T-i|6035o    Emphasis will be made on 
choice of alloy, forging technique and heat-treatment cycles 
necessary to meet various mechanical and physical require- 
ments stipulated in specification. 

■M« 

n 

h^L Miiac. 
mUrnM 



mi 

Time 

1U30 - iUli5 

1UU5 - 1500 

1^00 - 1530 

1530 - 1600 

Agenda (Cont) 

lU April 1960 

Subject 

Mr. E. N. Kinas, Water town Arsenal Laboratories 
Hot-Working of Titanium Alloys - Die design and life, 
lubrication variables, power requirementss temperature 
control, and forging techniques practiced and evaluated 
to assure proper component hot-working« Major emphasis 
will be placed on comparison of these variables on 
titanium and steel component hot working and of critical areas 
to be considered c 

Mr. J. F. Coulter, Watertown Arsenal Laboratories 
Specifications - Review of specification MIL=T-l46038(ORD), 
Titanium Alloy, Wrought, Rods, Bars, and Billets (For 
Critical Applications) and MIL-T-i46035(ORD), Titanium 
Alloy, High-Strength, Wrought (For Critical Applications) 

Mr. E. N. Hegge 
Summary and Discussion 

Demonstration - Bldg. 39 
Contour Turning and Billet Trepanning of High-Strength 
Titanium 
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ORDNANCE   CORPS 

WATERTOWN   ARSENAL 
WATERTOWN   72,   MASSACHUSETTS 

2h April I960 

REPRESENTATIVES OF TITANIUM INDUSTRY AND ORDNANCE CORPS PERSONNEL: 

The military specifications being discussed here today reflect, in 
part, the major advances being made in Ordnance application of alpha-beta 
type titanium alloy materials.    For example, the Ordnance Corps is 
currently using titanium alloys having a yield strength to density ratio 
of 850,000, because steel alloys are limited to a ratio of about 700,000 
in the sizes required.    Industrial procurement of even higher strength 
titanium alloys having a yield strength to density ratio of 1,000,000 
has been scheduled for the Davy Crockett weapons system. 

The requirement of critical components for demonstrated toughness 
and ductility at the specified yield-strength level has led to the 
development and use of an upset-forging test in the titanium specifica- 
tion for wrought bar and billets.    Because forging practice is an 
important factor affecting solution-treated and aged properties of 
titanium alloys, it is necessary to follow a prescribed procedure in 
preparing the upset blank tr. be used in determination of heat-treatment 
response.    Extensive metallurgical processing of actual Ordnance com- 
ponents have been carried out by means of open- and closed-die forgings 
and forward and backward extrusions.    The mechanical properties realized 
by these various methods of fabrication successfully met the requirements 
of the new specifications. 

The tabulated data upon which these specifications are based 
represent several years of cooperative effort between the titanium 
industry and the Ordnance Corps in development and application of 
moderately high-strength alloys (120,000 - ±59,999 psi yield strength) 
and an accelerated program during the past two years to employ higher 
strength alloys (160,000 - 189,999 psi yield strength) for the Davy 
Crockett program.    The data include typical results from approximately 
22^,000 lbs, of moderate strength and 55>000 lbs.  of high-strength 
titanium alloys evaluated by upset forgings and processed into Ordnance 
components with many of the latter subsequently subjected to experimental 
stress-analysis studies as well as ballistic firings. 

The establishment of a separate specification for wrought forgings 
and extrusions indicates, of course, that the Ordnance Corps plans to 
procure high-strength forgings and extrusions in hot-worked and heat-treated 
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condition as well as continuing to procure bar and billet for subsequent 
experimental processing of prototype components.   Development of this 
industrial fabrication capability has been an important feature of the 
Davy Crockett program.   Tomorrow at Watervliet Arsenal the data and 
information given here today are going to be presented to industrial 
fabricators, and of course, titanium producers who wish to process 
the material are invited to attend this meeting.    Today, however, we 
wish to report to the titanium industrial producers who have been so 
cooperative in this development in order that we may arrive at a 
common understanding of our plans and objectives. 

We wish at this time to acknowledge and express our gratitude for 
the substantial contributions made by the titanium producers in this 
effort. 

a s *v 

C. E. RUST 
Brig Gen, USA 
Commanding 
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SECTION B 

Agenda and Abstracts - Watervliet ArsenaI, WatervIiet, 

New York, 15 April I960 - Fabricators Coordination 

Meeting, "Titanium Materials for Davy Crockett and Other 

Weapon Systems" 

Introduction - Col Walter M. Tisdale, Commanding Officer, 

Watervliet Arsenal 
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WATERVLIET ARSENAL 
WATERVLIET, NEW YORK 

PROCESSORS COORDINATION MEETING 

TITANIUM MATEklAIS FOR DAVY CROCKETT AND OTHER WEAPON SYSTEMS 

Agenda 
15 April I960 

Third Floor Conference Room Watervliet Arsenal 
Building No. 10 Watervliet, New York 

Time Subject 

1000 - 1010 Welcome 
Colonel W. M. Tisdale, Commanding Officer, Watervliet Arsenal 

Program of the Day 
Lt Col J. H. Baxter, Project Officer, Davy Crockett, 
Watervliet Arsenal 

1010 - 11^5 Ordnance Presentations 

1010 - 1025 Colonel R. J. Ras tetter. Spec. Asst. to Commanding General, 
Ordnance Weapons Command 
Mr. F. Wittber, Assistant Project Officer, Industrial, 
Davy Crockett 
Managerial Position of Ordnance Weapons Command - Responsi- 
bilities and requirements of readiness of special weapons. 

1025 - IOUO Mr. L. Horowitz, Deputy Director for Davy Crockett, 
Picatinny Arsenal 
Mr. M. Bornstein, Staff Assistant for Industrial Transition, 
Davy Crockett 
Lightweight High-Strength Weapon - Timetable of research 
ana development of lightweight, high-strength weapons 
including phasing in of industrial engineering and initial 
production. 

IOUO - 1055 Lt Col R. Barth, Project Officer, Davy Crockett, Frankford 
Arsenal 
Development background - Development background of Davy 
Crockett weapon systems including history of material 
and design. 

ihJ .^^^^L*^:,.-^..^.. 
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Agenda (Cent) 

15 April I960 

1105 - 1120 

1120 - Uh$ 

131*5 - 12145 

22US - 11425 

12U5 - 1305 

1305 - 13U5 

Subject 

Lt Col Go Ho Baxter, Project Officer^, Davy Crockett, 
Watervliet Arsenal 
Recollless Weapon Requirements - Yield strength, 
ductility and toughness|  configuration and sizes for 
metallurgical processing, quantities of material« 

MTo E, Roof, Industrial and Maintenance Mission, 
Davy Crockett, Picatinny Arsenal 
Special Weapon Ammunition Titanium Materials - Special 
weapon ammunition titanium material requirements, indus- 
trial engineering projects in metallurgical processing 
to facilitate production and reduce cost» 

MTo M. Cohen, Frankford Arsenal 
Environmental Firing Performance of Davy Crockett Weapons 
Strength requirements, ballistic testing and environment 
conditions of recoilless rifles. 

Lunch - Watervliet Arsenal Cafeteria 

Engineering Data, Specifications and Fabrication 

Mr. R. M. Colton, Watertown Arsenal Laboratories 
Engineering Data - Specification MIL-T-U6038(ORD) - Mechanical 
properties, forging techniques, and heat-treatment cycles 
as related to alpha-beta type titanium alloys processed to 
meet the general requirements of specification MIL-T-I46038. 
Emphasis will be made on effects of alloy composition, 
forging temperature and reduction ratio in relation to the 
upset forging test procedure required in this specification. 

Mr. F, Jo Rizzitano, Watertown Arsenal Laboratories 
Engineering Data - Specification MIL-T-ii6035(ORD) - Mechanical 
properties, forging techniques, and heat-treatment cycles 
as related to alpha-beta type titanium alloys processed to 
meet the general and specific requirements of specification 
MIL-T-li6035.    Emphasis will be made on choice of alloy, forg- 
ing technique and heat-treatment cycles necessary to meet 
various mechanical and physical requirements stipulated in 
specification» 
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Agenda (Cont) 

15 April I960 

Time 

13U5 - liiOO 

iltoo - 1I425 

mitf - 1600 

Subject 

Mr. J, F. Coulter5 Watertown Arsenal Laboratories 
Specifications - Review of specification MIL-'T-li6038(ORD), 
Titanium Alloy, Wrought, Rods, Bars, and Billets (For 
Critical Applications) and MIL-T-i;6035(ORD), Titanium 
Alloy; High=Strength, Wrought (For Critical Applications) 

Mr. Fo Kirwin, Watervliet Arsenal 
Titanium Machining Experience at Watervliet Arsenal 

Lt Col G. Ho Baxter 
Summary and Discussion 

Tour of Arsenal Facilities 

1 
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OHONANCI    COKP'S 

WATERVLrET   AWSENAl. 
WAtl.HVMI  r,  N.   Y. 

IS April 1060 

: 

RRPREnWATIVRS OF  INDUSTRTAI, FAPRJCATORS AN1") ORWANOK CORPS PRR.JOMNF.LI 

Army Ordnance is praatly Interestej in the iwa of high-strength titanium 
alloys for use wher« weight is an Important factor such as An the current 
Davy Crockett system.     Of the presently available constructional materials 
which are suitably workable for manufacturing system components, the titanium 
alloys provide a strenp,th-to-weight ratio sufficiently superior to the other 
materials to insure the achievement of minimum weight of a system. 

A wiie range of strength levels in combination with varying degrees 
of toughness is available in alpha-beta typo titanium alloys.    Oood 9n|*ineer- 
Ing Judgment will dictate tha optimum combination of strength and toughness. 
As with any newly developed material,  the background of experience in actual 
applications is limited.    However, this limited experience has been obtained 
from the application of titanium alloys in systems subjected to sonu of 
the most rievore operating conditions to which OrJnanco materials are subjected, 
i.e.,  recoille.äs guns and ammunition components.    This experience has sub- 
stantiated without question the feasibility of utilizing titanium alloys for 
many Ordnance applications. 

Alloy titanium, which on a strength-weight basis is equivalent to i^teol 
at a yield strength of about 300,000 psi,  has been selected as the material 
for both the man-transportable rocoiHess rifle and the ammunition launching 
pistons of the Davy Crockett weapons system.    This ultimate goal of the 
lightweight {system was realizecl by virtue of the higli strength-to-weight 
ratio in conjunction with the adequate mo lulus-to-weight ratio an! thfl suit- 
able toughness available in alpha-beta typo titanium alloys.    Furthermore, 
these properties are retained over a wide range of temperatures, 

Tn the thin-willed titanium recoilloss gun designed for the Davy Crockett 
system, the material   is subjectei to high rates of loading to high strain 
levels,  toraporature ranging from -'V,0F to ^00oF,  exposure to the erosive 
effects of hot gase:! at high velocities,  ami »'xposuro to the elements. 
Threads, holes and other such dlscontlnuitlea are machined into th« gun. 
The diametrical tolerances needed require a high order of flVin.<n!jiona.l 
stability and good machineablllty in th« high-strength condition.    Surpris- 
ingly, protection of the titanium material from the high-temperature 
propellant gases hau been founl to bo necessary only in the throat and 
adjacent rearward sections of the noy.vAo of the gun. 

iäüia^ii 
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As pointed out yesterday at a meeting held at Watertown Arsenal with 
representatives of the titanium industry^ development of industrial 
fabrication capability for the hot-working of alpha-beta types of titanium 
alloys has been an important feature of the Davy Crockett program. The 
high-strength titanium alloy materials processing data being presented 
here today were developed for this program under the technical supervision 
of the Ordnance Corps ferrous metallurgical research laboratories at 
Watertown Arsenal, and I would like to express to the Watertown Arsenal 
Laboratories the appreciation of Frankford Arsenal, Picatlnny Arsenal, 
and Watervliet Arsenal where the various high-strength titanium components 
were designed and to Join in expressing our thanks to the participating 
industrial organizations. 

Perhaps those of you here today who have not had the opportunity to 
process these materials or to examine as yet the data being furnished are 
skeptical of the coromerclal feasibility of processing these high-strength 
titanium materials. At the outset of the Davy Crockett program two years 
ago the recoilless rifle and ammunition designers were also skeptical, I can 
assure you, of the possibility of using materials for critical components 
with a yield strength-to-density ratio of 1,000,000. Just as the extensive 
ballistic test data accumulated to date has demonstrated to the designer 
the excellent behavior of the high-strength titanium material, the process- 
ing data being presented here today, I believe, demonstrate that connnerclal 
processing of these high-strength titanium materials is virtually assured. 

On behalf of Watervliet Arsenal I wish to thank you for the courtesy 
of attending this meeting and also to thank the various Ordnance Corps 
representatives for their presentations here today. 

/s/ WALTER M. TISDALE 
Colonel, Ord Corps 
Commanding 
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SECTION C 

Titanium Alloys For Critical Ordnance Components 

Military Specification MlL-T-U6038(0RD) 

Military Specification MIL-T-U6035(0RD) 
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TITANIUM ALLOYS FOR CRITICAL ORDNAUCE COMPONENTS 

MILITARY SPECIFICATION MIL-T-l46O38(0RD) WROUGHT3 RODS3 BARS, AND BILLETS 

AND 

MILITARY SPECIFICATION MIL-T"l;6035(ORD) HIGH-STRENGTH, WROUCMT 

INTRODUCTION 

The increasing need for lighter weapons has led    to the accelerated 
^ , development and application of higher strength materials.   Wrought titanium 

^ alloys have been of particular interest because of their superior strength- 
i to-weight ratio o   The requirement for man-transportable components for the 

Davy Crockett weapons system has been the impetus which forced the exploitation 
•: of alpha-beta type titanium alloys having yield strength-to-density ratios 

of at least 1,000,000 (lbs per sq in/lbs per cubic in). 
i 

4, 
While a 1,000,000 yield strength-to°density ratio per se is not too 

difficult to attain, the materials used in critical Ordnance components are 
also required to have good ductility and notch toughness over a wide range 
of temperatures.    In general, components must perform satisfactorily between 
-650F and l60oF, and in some cases, such as for recoilless rifles, at 500oF. 

The titanium metallurgical processing data contained in this report was 
derived from the processing of about 225,000 pounds of material for moderate 
strength (120,000-159,999 psi yield strength) prototype components and about 
55,000 pounds of material for higher strength (160,000 - 189,999 psi yield 
strength) experimental components. 

SUMMARY 

The metallurgical data contained in this report demonstrate that several 
titanium alloys, including Ti-7Al-UV, Ti-6|Al-liV, Ti-6A1-Uv, Ti-155A and 
Ti-6Al-6V-2Sn, meet the general requirements of the new military specifications 
for the moderate yield strength range (120^000-1595999 psi)j and two titanium 
alloys, Ti-155A and Ti-6Al-6V"2Sn meet the general requirements of the high 
yield-strength range (160^000-189^999 psi). Only alpha-beta type titanium 
alloys were investigated and the controls exercised in the selection of alloy 
composition, forging and processing procedures, and heat-treatment cycles are 
discussed. 

WATERTOWN ARSENAL PURCHASE DESCRIPTION WA-PD°76C(l) 

The two military specifications of this report, MIL-T-U6035(0RD) and MTT.- 
T-U6038(QRD), supersede Watertown Arsenal Purchase Description WA-PD-76C(1). 
This purchase description, used for the procurement of titanium alloys for the 
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past several, years,, was frequently revised as titanium x-6;.hnoiogy advancedo 
The large amount of metallurgical data accumulated to date and the need to 
incorporate the higher strength (greater than 160„000 psi yield strength) 
capabilities of new alpha-beta type titanium alloys warranted the preparation 
of formal military specifications at this tune» 

MILITARY SPECIFICATIONS MIL-T-i;6035(ORD) AMD MIL-T^U6038(ORDj 

Basicallyj, MII-T4i6038(0RD) covers the procurement of wrought rodss barss 
and billets in the mill form, and MIL-T U6035(0RD) covers the procurement of 
hot-worked forgings and extrusions <, It is evident that tne former specifica- 
tion is utilized either for the procurement of material for subsequent con- 
version into configurations covered by the latter specification,, or for general 
procurement of mill products for specialized applications» The reason for 
preparing two specifications in lieu of one (purchase description) is due 
to the increasing complexity of material requirements as related to configura- 
tion and mechanical properties» 

A question which immediately arises is that aince forgings and extrusions are 
procured in accordance with certain mechanioal-property requirements stipulated 
in one specification (MIL''T-l;6035)s wby does this same specification require 
that the mill products used in the conversion process meet specified mechanical 
properties stipulated under a second specification (MI]>T'jU6038)? The answer 
is very brief, Watertown Arsenal Laboratories experience has shown that the 
requirements specified in MIL-T~i;6035 can only be met by utilizing mill, products 
capable of meeting the equivalent yield-strength range requirements stipulated 
in MIL=T=li6038o Thus^ in specification MIL-T-ii6038 the impact requirement 
serves as a method of quality control as well as a measure of toughness„ 

It should be noted that both specificacions require that the density or 
the alloy supplied shall not exceed U,70 ^/cm3. This step is necessary in 
order U) maintain a narrow band of strength-density ratios for a particular 
strength range All alloys designated in the data presented meet tms density 
requiremento In some cases an elevated-temperature requirement is specified 
(See Par» Uo5«2c2ol of MIL-T~U6035) <> Again this is necessary where the 
components are subjected to special performance cycles« 

KLiitary specification MIL-T-u6030i,0RD) , Titanium Alloys Wrought, Rods,, 
Bars and Billets,, is discussed in Section A which follows- while MIL-T-U6035(0RI>) 
Titanium Alloy» High-Strengtho Wroughtq is discussed in Section B, Copies 
of these specifications are attached to this report0 

SECTION A - MILITARY SPECIFICATION KILrr-U6038(jjRD) 

INDUSTRIAL ALLOY DEVELOPMENT 

The distinguishing feature and basic requirement of MH-T-1*60 38 is centered 
around the upset' forging test utilized for mechanical-property evaluation (See 
Figure Uio The actual test procedure is outlined in the specification,, but a 

^g^^^j^jto^^^gu^jyi utttj 
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1 
brief description is presented here for increased clarity, Essentiallyi, the 
test consists of upsetting a billet axially at a stipulated temperature from 
a 5-inch height to the prescribed thickness shown in the specification (See 
Table II, Page 6, MIL-T-U6038) „ The test specimens are taken from locations 
which can be best described as tangential to a series ol concentrxc circles 
within the upset disc (See Page 19  MIL-T-U6038) c For small diameT.e:r bars or 
rods the tests are longitudinal (See Par« lu5o20lolc, MIL-T'li6038; r and for 
large diameter billets (See Par» UoS^loU) the bars are again tangential; 
however, the sampling procedure is slightly modifiedc In this case a 2-inch 
disc is cut from the end of the billet, quartered and sectioned intc U-.inch 
high rectangular-shaped platess and upset parailei to the U inch dimansion 
at the prescribed temperature and to the prescribed thickness. 

The four sheets of tabulated results designated under Table I c jntaxn 
test data obtained from material purchased to requirements similar to those 
stipulated in specification MIL-T=-U6038» However, it should be noted that 
whereas the original billet height before upset is k  inches for the test 
lata shown in these tables, the new requirements in MH-T U6038 designate 
a 5-inch billet height» This modification increases the amount of hot work 
during upset and correspondingly increases the ease in meeting tne desired 
mechanical properties» 

Basically5, the table is divided into two sections, one covering yield 
strength ranges of 120,000-159$>999 T^i  and ^be second covering yield- strength 
ranges of l605000-l89t,999 psi» The range is designated at the top of each 
page. In all cases data covering only alpha-beta type alloys is presented» 
The particular alloy and its actual composition is shown in columns C through L> 
the alloy heat number is shown in column B^ and the producer which is shown in 
column A is indicated by an alphabetical codes except for proprietary alloys« 
Column M shows the facility conducting the chemical analysis evaluation 
("Gov't" for Government testing and '•Ind" for industrial testing by the 
producer designated under column A). The size of the billets obtained and 
the weights of each size are shown in columns N and 0o respectively« The 
upset forging procedure is shown in column P9 and the heat treatment and 
type of  quench     are shown in columns Q, R, and S„ The mechanical- 
property results are tabulated in columns T, IK V, W, and X. and the facility 
performing the mechanical-property tes+ing is designated under column Y« 

YIELD-STRENGTH REQUIREMENT 120.,000 - 159*999 PSI 

At this point is is desirable to more closely evaluate the alloys^, 
processing procedures, and test results obtained^ which correspond to tne 
designated yield-strength range requirements« 

The data tabulated in sheets 1 and 2  of Table I represent approximately 
225^000 lbs» of titanium purchased by Watertown Arsenal over the last three 
years« It should be noted that approximately 90^ of all the material tested 
in Table 1^, sheets 1 and 2 meet all of th« requirements specified in  MIL T 
ii6038o Improvement of this figure to approxtaatejr 100^ will result from the 
use of the 5~inch nigh test billet and improved processing procedures and 
heat treatments« 
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Only the nominal analysis of each alloy is listed.     The exact analysis is 
in accordance with commercial tolerances.    It should be noted under Par. 3.1 
of MI]>T-I;6038 that only maxluium interstitial contents are specified^ and that 
the actual compositions are left up to the discretion   of the producer. 

In general, specific alloys, forging procedures and heat---treatment cycles 
are related to the individual strength-range requirements.    The following 
chart sximmarizes the recommended alloys and corresponding processing procedures 
necessary to meet those requirements.    The data in this chart is taken directly 
from the tabulated results shown in Table I, Sheets 1 and 2, 

CHART I 

Strength Range 
cl^ Offset 

120-129,999 

130-139,999 
it 

n 

ii 

ii 

Alloy 

Ti-6Al-UV 
Ti-6^Al-liV 
Ti-7Al4iV 

Ti-6Al-l;V 
Ti-6|Al-UV 
Ti-7Al-ltV 
Ti-155A 
Ti-6Al-6V-2Sn 

Upset Temp, 

1750 - WQ 
1750 - WQ 
1775 - W3 

1750 - WQ 
1750 - WQ 
1775 - WQ 
1675 - WQ 
1675 - W2 

Thickness Heat Treatment 
(In.)      Sol. "F Age "F 

2 
11 

1-1 
it 

n 

11 

n 

None 
n 
!l 

1700-lhr-W3 
1700-lhr-WQ 
1725-lhr~WQ 
1650-lhr-WQ 
1630-lhr-WQ 

1300-lihr-AC 
11 

1350-ühr-AC 

1200-Uhr-AC 
1200-lihr-AC 
1250-lihr-AC 
1300-lihr-AC 
1300-lihr-AC 

lU0-lli9,999 
11 

il 

(I 

150-159,999 
II 

II 

Ti-6^Al-UV 
Ti-7Al-UV 
Ti-155A 
Ti-6Al-6V-2Sn 

Ti-7Al-UV 
Ti-155A 
Ti-6Al-6V-2Sn 

1700 - WQ 
1725 - WQ 
1675 - WQ 
1675 - WQ 

1725 - WQ 
1675 - WQ 
1*75 - WQ 

11 

11 

11 

1 
n 

1700~lhr-WQ 
1725-lhr-WQ 
1650-lhr-WQ 
l630-lhr~WQ 

1725-lhr-WQ 
1650-lhr-WQ 
1630-lhr-WQ 

llOO-1150-lihr-AC 
1150-lihr-AC 
1250-lihr-AC 
1250-lihr-AC 

1100-iihr-AC 
1200-lhr-AC 
1200-ühr-AC 

YIELD-STRENGTH REQUIREMENT 160,000 - 189,999 PSI 

It is quite understandable thatdLosB allcyirg and processing control must be held 
in order to meet the high-strength requirements designated under this section.   The 
data tabulated in sheets 3 and li of Table I represent the testing and evaluation 
of approximately 30,000 lbs. of Ti-6Al-6V-2Sn and 25,000 lbs. of Ti-l55Ao    It 
should be noted that approximately 75^ of the material tested in Table I, sheets 
3 and k meets all of the requirements specified in MIL-T-1|6038.    It should be» 
noted that this 75^ acceptance figure includes material which was not 

■    iiiifititiiriiiltlHiÜiir .iüüai 



opt~ chemical analysis and/or was experimentally processed and heat treated 
to establish optimwn procedures. This acceptance rate can approach 100% if 
the optimum chemical analysis,processing procedures and heat treatments are 
utilized as recamnended in this report. In addition, the use of the new 5-inch 
high test billet will greatly aid in establishing an all acceptable material. 

The nominal analysis and the exact analysis of all heats of the Ti-6Al-6V-2Sn 
alloy are shown because of the close control required on this material for 
proper mechanical-property response. Only the nominal analysis is presented 
for the Ti-155A alloy and more exact information can be obtained from Titanium 
~tals Corporation of America. 

ALLOY COMPOSITION 

The effect of high N2 and ~ contents on mechanical properties is con
vincingly shown in lines 37-42 of Table I, sheet 4. Although the strength 
is markedly increased, there is a decided drop in ductility and toughness to 
levels below that of the specification requirement. By lowering these contents 
to those shown in lines 5-8 of Table I, sheet 4, the strength is slightly 
lowered, but the ductility and toughness are raised to acceptable levels. 
The recommended analysis for the Ti-6Al-6V-2Sn alloy is presented below: 

Al - 5.2-5.8% 
v - 5.2-5.8% 
Sn - 1. 7-2.3% 
Fe - 0.5-0.9% 
Cu - 0.5-0.9% 
C - .05% Max. 
0 - .12- .19% Hax. 
H - .012% Max. 
N - .a?5 - .05% Max. 

Although suggested ranges are shown above, the specification requires the main
taining of only maximum interstitial contents with no range specified for 
substitutional alloying elements. The nominal analysis and range is left up 
to the discretion of the producer. 

MELTING PROCEDUP.-.;· 

The standard melting procedure currently employed for such alloys as 
Ti-6Al-4V is applicable to the Ti-6Al-6V-2Sn alloy . However 1 master alloy 
selection is very critical in order to obtain homogeniety in the final melt. 
MOre detailed information can be obtained from the master alloy suppliers . 

FORGING T~HNIQUES 

The most important aspects in obtaini.Dg high-strength properties with good 
ductility and toughne_ss for a particular alloy composition are forging 
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temperature and amount of hot working at this temperature,, It has been shown 
(See Figure 5) that for the Ti-6Al-6V-2Sn alloy a minimum of $0% change in 
cross-sectional area at temperatures below that of the beta-transus following 
beta-exposure is necessary in order to avoid an embrittled material o Consequentlyj 
the specified upset procedure always incorporates temperatures at least 750F 
below the beta-transus temperature and hot-working reductions in excess of 50^«  ; 
In addition, the specification requires that all rod,, bar, and billet supplied 
must exhibit a minimum elongation of 8^ when evaluated in the original mill 
product prior to upsetting» This requires finishing temperatures well below 
that of the beta-transus, and this assures a ductile material,, The following 
chart elaborates on recommended forging temperatures and required maximum 
thicknesses and he at-treatment procedures for upset tests. The data in this 
chart is taken directly from the tabulated results shown in Table I9 sheets 
3 and Uo 

r 

CHART II 
< 

Strength Range 
,1% Offset Alloy 

Ti~l55A 
Ti-6Al-6v-2Sn 

Upset Temp,, Thickness 
(In.) 

1 
1 

Heat Treatment 
Solo 0F           Age &F 

1650-lhr-WQ    1150-ljhr-AC 
1630-lhr-WQ    ll50~iair-AC 

160-169.999 1675 - WQ 
1675 - WQ 

170-179.. 999 
11 

Ti-155A 
Ti-6Al-6V-2Sn 

1675 - WQ 
1650 - WQ 

3A 
3/U 

i650-lhr-WQ 
l630"lhr"W3 

1100-l4hr-AC 
llOO-iihr-AC 

180~189S999 Ti-6Al-6V-2Sn 1650 - WQ 3A l630-lhr"Wa 1050-Uhr-AC 

HEAT TREATMENT 

In addition to practicing the proper forging techniques one must use the 
proper heat-treatment cycle in order to assure obtaining adequate mechanical 
properties. Generally^ the solution temperature should be at least 100oF 
below that of the beta-transus, and the aging temperature is bracketed by the 
1000-1150'F rangeo Recommended cycles are shown in the above table and can 
be correlated with resulba obtained in Table I,, sheets 3 and ko 

In general^raising the solution temperature while maintaimng the same 
aging temperature increases strength but decreases ductility and toughness o 
Conversely^ raising the aging temperature while maintaining the same solution 
temperature decreases the strength but increases the ductility and toughnesso 
Consequently^ it is quite obvious that the proper combination of solution and 
aging temperatures must be exercised,, 

■ 
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SECTION SIZE 

The section size of the hot-worked or rough-machined component is important 
with respect to both the amount of hot working imparted and the heat-treatment 
response,,    The effects of both these variables are shown in Table I, and the 
recommended procedures are shown in Chart 11« 

HIGH-TEMPERATURE PROPERTIES 

In specific Ordnance application minimum elevated mechanical properties 
are required (See Par. U«5o202«ls MIL-T"1|6035)»    Only the Ti-"6Al-6V-2Sn alloy- 
is capable of meeting this requirement while maintaining its high yield 
strength (170*000 psi min,) at room temperatures»    Elevated temperature properties 
for three titanium alloys are shown in Figures 1, 2^ and 3o 

SECTION B - MILITARY SPECIFICATION MIL~T"l;6035(ORD) 

INDUSTRIAL HOT-WORKING DEVELOPMENT 

The basic purpose of MII>T-1;6035 is to provide a specification for the 
procurement of backward and forward extrusions and closed- and open-die 
forgings to designated yield"strength levels for medium^ and high-strength 
titanium alloys used in critical Ordnance applications.    In general^ testing 
will be performed on transverse specimens unless the use of such is precluded« 
Such specimens will be machined from rings, in the case of extrusions, and 
from rings or discs in the case of forgings.    A sampling plan will usually be 
designated for each particular hot-worked configuration^ however, the above 
general description will be applicable in most cases.   Typical forgings arid 
extrusions are shown in Figures 6 through 15^ and the corresponding processing 
procedures and mechanical-property results are shown in Table lls sheets 1, 2, 
3, and ho    The data presented in this table were obtained from material 
processed to meet the requirements specified in MIL-T-U603f>o 

Basically the table is divided into two sectionsj one covering yield strength 
ranges of 120j,000-l69j)999 psi and the second covering yield-strength ranges of 
l60sOOO-l895999 psic    The actual yield-strength range required is designated 
under column L in each sheet.    In all cases only data on alpha-beta type alloys 
is presented.    Column A shows the hot-working facility which processed the 
particular part5 and is copied alphabetically except where processing was 
accomplished at Watertown Arsenalj Column B shows the heat number of the titanium 
alloy utilized and the producer of the alloy.    The producers are coded alpha- 
betically except in the case where proprietary alloys are employed.   A direct 
alphabetical correlation exists between the producers shown in Table I and 
Table II.    Consequently, the test results obtained from a specific heat of 
billet or bar material in Table I can be directly compared with the test results 
obtained from the forgings and obtrusions processed from the same heat of material 
In Table 11.    Column D shows the part number of the item processed, and a photo- 
graph of each part identified by number is shown in Figures X through t«    Column 
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E and F show respectively the billet diameter and weight of each individually 
processed component.    Column G shows the forging temperature and cooling 
mediaj,and the typical a^-processed section size is shown in column H»    Colmm 
I and J show the heat treatments utilized on the as-processed or rough-machined 
componentso    Columns M, N, 0, P, and Q tabulate the mechanical properties 
obtained from the heat-treated components» 

YIELD-STRENGTH REQUIREMENT 120fl000 : 169^999 PSI 

As with the previous specification it now becomes desirable to more closely 
evaluate the alloys^ processing procedures and test results obtained corres- 
ponding to the designated yield-strength range requirements 0 

The data tabulated in sheets 1 and 2 of Table II represent approximately 
225j)OOG IbSo of titanium processed by Watertown Arsenal ovp.t the last three 
years o    It should be noted that over 90^ of all the material tested in Table 11^, 
sheets 1 and 2 meet all of the requirements specified in MIL^T-U6G.35«    ^is 
percentage would closely approach 100% if data on experimental components were 
not included in the table»   Gnly the nominal analysis of each alloy is listed^, 
as the exact analysis is either in accordance with current commercial tolerances 
or is shown in Table I, sheets 1 through U»    In general,, specific alloys5 
forging procedures^ and heat-treatment cycles are related to the individual 
strength-range requirements.   The data in the following chart showing these 
effects is taken directly from the tabulated results shown in Table II,, sheets 
1 and 2 „ 

CHART III 

Strength Range 
ol% Offset 

120-12 9| 
it 

999 

Alloy 

Ti-6Al-UV 
Ti-6iAl-liV 
Ti-7Al-UV 

Forgo 
Temp. 

or Extc 
(0F) 

1675-1775 - WQ 
1675-1800 - WQ 
1675-1800 - WQ 

Heat Treatment 
Sol. 0F Age 0F 

None 
None 
None 

1300-lair-AC 
1300-iihr-AC 
1350-Uhr-AC 

130-139»999 

lJWK!it9s999 

Ti~6Al-iiV 
Ti"6|Al~UV 
Ti-7Al-UV 
Ti-155A 
Ti-6Al-6V-2Sn 

Ti~6^Al-UV 
Ti-7Al-liV 
Ti-155A 
Ti-6Al-6V-2Sn 

1675-1775 
1675-1800 
1675-1800 
1650-1725 
1650-1700 

WQ 
WQ 
WQ 
WQ 
WQ 

1675-1800 - W2 
1675-1800 - WQ 
1650-1725 - WQ 
1625-1700 - WQ 

1700-lhr-WQ 
1700".ihr-WQ 
1725-lhr-W2 
None 
None 

1700-lhr-WQ 
1725~lhr-WQ 
1650-lhr-WQ 
l630-,lhr-W3 

lP50-ljhr-AC 

i300-lihr-AC 
1300. Uhr-AC 

11.50-12 00-Uhr-AC 
1200."lair-AC 
1250-lair-AC 
1250-Uhr-AC 
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CHART III (Cont) 

Strength Fange 
el^ Offset 

150-1592999 

II 

I60"i;..;^999 

AUoy 

Ti-6iAl~UV 
Ti-TAl-UV 
Ti»i55A 
Ti-6Al-6V-2Sn 

Ti-7Al-UV 
Ti-155A 
Ti-6Al-Uv»2Sn 

Forgo or Ext, 
Tenp,   (0F) 

1675-1800 - WQ 
1675-1800 ■ WQ 
1650-1725 - WQ 
1625-1700 - WQ 

1675-1800 - WQ 
1650-1725 - WQ 
1625-1700 - WQ 

Heat Treatment 
Sol. DF Age 

1700-ihr-W,i 
1725-lhr-WQ 
1650-lhr-WQ 
löSO-lhr-WQ 

1700-lhr-WQ 
1650-lhr-WQ 
l630-lhr'-WQ 

1100-Uhr-AC 
1150-Uhr-AC 
1200-Uhr-AC 
1200-1250-Uhr-AC 

1050-llOO-Uhr-AC 
1150-Uhr-AC 
1150-12 00-l4hr-AC 

YISLD-STRSNGTH REQUIREMENT l60fl0G0 - 189^999 PSI 

As pointed out under 101-1-116038^ close processing control must be practiced 
in order to meet the high-strength requirements designated under this section. 
The data tabulated in pages 3 and k of Table II represent the processing and 
testing of approximately 30,000 lbs,, of Ti-6Al-6V-2Sn and 25^000 lbs. of Ti-155A<, 
It should be noted that approximately 95^ of the components processed and tested 
in Table II^ sheets 3 and k meet all of the requirements specified in MIL-T-li6035. 

The exact analysis of the Ti-6Al-6V-2Sn alloy utilized in Table II can be 
obtained by referring to the sane heat number listed in Table I. 

FORGING AND HEAT-TREATMENT TECHKIQUES 

As mentioned under MII>T-U6038 the most important aspects in obtaining 
high-strength properties with good ductility and toughness for a particular 
alloy composition are hot-working temperature and anovnt of working at this 
temperature 0    The following chart briefly summarizes the optimum alloy^ forging 
or extrusion temperatures, heat-treatment cycle for obtaining specified yield 
strength ranges as designated in MIL-T-U6035«    The data in this chart is taken 
directly from the tabulated results shown in Table ns sheets 3 and 1|„ 

Strength Range 
,1% Offset 

160-169,999 
n 

170-179,999 

Alloy 

Ti-7Al-UV 
Ti-155A 
Ti-6Al-6V-2Sn 

Ti-155A 
Ti"6Al-6V-2Sn 

CHART IV 

Forgo or Ext. 
Teirp,  0F 

1675-1800 - WQ 
1650-1725 - WQ 
1625-1700 - MJ 

1650-1725 - WQ 
1625-1675 -  'K 

Heat Treatment 
Sole 

1700-lhr-W3 
1650-lhr-WQ 
1630-lhr-WQ 

1650-lhr-WQ 
1630-lhr-VJQ 

I80~l89f 999       Ti-6Al-6v.'2Sn     1625-1675 - WQ       1630-lhr-WQ 

Age ?F 

1050-1100~Uhr-AC 
ll50-Uhr-AC 
1150-1200-Uhr-AC 

1050«1100-Uhr-AC 
1100-Uhr-AG 

1050-Uhr-AG 

I 
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DISCUSSION 

As with requirements for MIL-T-U6038 in order to obtain the desired yield- 
strength levels the proper combination of alloy selection^ forging, or extrusion 
temperatures 5, hot-working reduction, and heat-treatment cycle must be obtained,, 

As shown in Table II5 column Gi9 practically all components are immediately 
water quenched following forging or extrusion.    Where such water quenching is 
possible*,  it is beneficial to utilize this operation.    However, if forging 
temperatures are below that of the beta-transua, air cooling may be substituted 
if water quenching is impractical.    If forging temperatures are above that of 
the beta-transus, water quenchu „, is essential to avoid excessive grain growth 
and subsequent embrittleraent»   The effect of water quenching beta-process 
forgings is shown on lines 51i and 55, Table IIj, sheet I, 

FORWARD EXTRUSIONS 

• 

« 

For forward extrusions having room temperature,, yield-strength requirements 
of 170(,000 psi minimum and no elevated temperature requirements either Ti-l55A 
or Ti~6Al'=6V~2Sn can be utilized» Examples are shown in lines 1 through 62 
of Table H,,, sheet 3* and Table IIj, sheet i;, lines 12 through 15 and Figures 
6 and 7 for part numbers 605 and 606o It should be noted that for the Ti-6A1- 
6V"2Sn alloy the maximum permissible extrusion temperature is l675'DF (See 
Table II5 sheet 3s  lines 1 through 29) „ Although acceptable properties are 
occasionally obtained at higher temperatures (Table IIj, sheet 3« lines 30 through 
Ui) uniformity of results are not obtained above the lo750Fo For the Ti°>l55A 
alloy extrusion temperatures up to 1725°F are permissible for both the 605 and 
606 parts sind slightly higher temperatures can be used if absolutely necessary 
(See Table II., sheet 35 lines h5 through 62 and sheet kp  lines 12 through l5)o 
Acceptable properties can be obtained from either alloy utilizing the forging 
temperatures and heat treatments shown in Chart IV for the 170r000-i89<,999 
yield-strength range,, In both alloys extrusion ratios of 7 to i to 10 to 1 
give acceptable resultso 

For forward extrusions having room temperature yield^strength requirements 
of 170^,000 psi minimum and elevated-temperature requirements only the Ti-6Al-6V<-2Sn 
alloy can be used« An example is shown on Table II,, sheet U, lines 1.6 through 20 
and Figure 6« Although satisfactory properties were obtained at an extrusion 
temperature of 1750oF for this partj, it is felt that a maximum temperature of 
1675''F should be established to allow for the variance in alloy composition and 
beta^transus temperature <> An extrusion ratio of 7 to 1 is again sufficient and 
the heat-treatment cycle indicated in Chart IV, for the 170„000-189;,999 yield- 
strength range is recommended, 

BACKWARD EXTRUSIONS 

For backward extrusions having room temperature yield^strength requirements 
of 160j,000 psi minimum and no elevated temperature the Ti-l55A5 Ti-6Al-6V-2Sn 
and Ti-7A1^V alloy can be utilized. Typical examples are shown in Table II5 

I 
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sheet 4» l ines 45 through 62 and Figure 8., Extrusion t emperature ranges and 
rec0111Dl8nded heat-treatment cycles are shown in Chart IV., Reduct i on ratios of 
5 to 1 are adequate to meet the 60~000~169 ,1) 999 yield- s trength requirement when 
processed as recommended above. 

CIDSED-DIE FORG nros 
For c osed-die forgings having room temperature yiel d-str ength requirements 

of 1709 000 pEi ~um and having no elevat ed temperature properties either 
Ti-155A or Ti=6Al...6V-2Sn an be use ., A typical example i s shown in Table liD 
sheet 5 lines lihrough 11 and 41 and 42 and Figures 7 ;md 9., The forging 
temperatures and heat treatment cycles shown on these lines are : onsidered 
adequate to ob .a1n the des1red me hanical-propert.y r ange o A hot- work1ng 
r educti on of 50% l.S a so ~onsidered adequate for obtaini ne the desir ed mechanical 

' propertie . 

For ~ osed~die forgings having r oom temperature yi eld- s trength requirements 
of 1 Oj OOO psi minimum and e evated emperature requirements 9 only the Ti~Al-
6V~2SL 01 s usab ee A typical example is shown in Table II~ sheet 4» lines 
36 through 40 and Figure 0., The f or-ging temper atures and heat treatment cycles 
shown on tbe8e l ines are cons1.dered adequate t o obtain the desired mechanical
prope ~ rangeo A ho ~e ~orking reduction of 50% is also considered adequate. 

EXPANDED FORWARD EXTRUSIONS 

For expanded forward extrusions having a roam temperature yi eld-strength 
requirement of 170~000 psi m:inimum and elevated temperature requirements 
only the Ti-6ll.u6V-2Sn alloy is usabl e o A typical example is shown in Table U D 
sheet 4D lines 20 through 35 and Figure 10. The forging temperat ures and heat-
treatme y es show.n on these lines are onsider ed adequate to obtain the 
desired mechani -p oper-t:y .. ange . A hot-working reduction of 50% i s also 
considered adequate . 

OPEN-DIE FOOG liDS 

F r open-die for~~s having a oom temperature yield-strength requirement 
of 170 000 ps1. minbmm and el evat ed temperature requirements only the Ti-6Al-
6V-2Sn can be used 

ELEVATED TEMPmATURE ~UIREMENTS 

As mentioned pr eviously ertain omponents require specific e evated 
temperature minimum yield- strength properties because of special applications. 
As stated in MIL=T~ 6038 a min1mum o % offset yi eld strength of 130~ 000 psi 
is required after 1/ 2 hour exposure o As shown in Figure 1 the Ti~6Al~6v 2Sn 
alloy meets thi s equirement • howeve SJ t he T -15.5A and Ti- 6A1..,4V alloys , as 
shown in Figures 2 and 3 fall shor of t his requirement. 

SUMMARY 

The mechani al pr-operties required in MJL-T-46035 can be attained through 
proper selecti on of alloy composition forging and processing procedure ~ and 
heat~treatment cycle as discussed t hroughout this report. 

ll 
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MIL-T-ij-6038fOrd) 
18 March i960 

MILITARY SPECIFICATION 

TITMIUM ALLOY, VffiOUGIIT,  RODS,  BARS AND BILLETS 
(For Critical Applications) 

1. SCOPE 

1.1 Scope. - This specification covers wrought titanium alloy rods, bars, 
and "billets for use in high-strength components for critical applications 
(see 6,1). 

1.2 Fom, finish, and condition. - Unless otherwise specified, the titanium 
alloy shall be furnished round, rough turned and, at the option of the car»- 
tractor, in the annealed or heat-treated condition (see 6.2b). 

2. APPLICABLE DOCUMENTS 

2.1 The following documents of the issue in effect on date of invitation 
for bids, form a part of this specification: 

STANDARDS 

FEDERAL 

FED. TEST METHOD STD. NO. 151 - Metals; Test Methods 

FED-STD-181+ - Identification Marking of Aluminum, Magnesium, and Titanium 

MILITARY 

MIL-STD-129 - Marking for Shipment and Storage 

(Copies of specifications, standards, drawings, and publications required by 
contractors in connection with specific procurement functions should be obtained 
from the procuring activity or as directed by the contracting officer.) 

2.2 Other publications. - The following documents form a part of this 
specification. Unless otherwise indicated, the issue in effect on date of 
invitation for bids shall apply. 

AMERICAN SOCIETY FOR TESTING MATERIALS 

ASTM Designation: B3II-58 - Standard Method of Test for Density of 
Cemented Carbides 

FSC 9530 

 . . , ., : ^  . ...... ^__^ 
._...■  *■ ■> 



(kp;?lico:t.i or. f or co::>ic ::; ::;hould be <:.C..c:lrcssed to the iuuerl can Society for Te::;ting 
r:iu.tc:::-i o.1::; ; 1916 ~ace Street, Philadelphia 3, PcnnsylvMia..) 

3 • 'illQlJiiUJ . .iEJTS 

3.1 po3ition. - Unless othc~~ise specified in the contract or 
order, the chemical composition of the titanium alloys shall comply 'tvlth the 
ranc;c proposed b~r the contractor. The contractor shall submit a certified 
analysis of each heat to the procuring agency. The statement of analysis shall 
include all elements intentionally added as well as the amounts of carbon, 
o:cy.::;cn, bydroe:;en, and nit rogen presen·c ao impw.-ities, and in any cuse, the 
a'.:'ou.n1;s of ir-on n...'lcl copper srell be reported. Unless othe~·Tise specified, 
t he carbon conter.~.t of the :ma.teri oJ. furnished shall not exceed 0.05 percent, 
·i;he ox:ycen content shall not exceed 0.19 percent, the hydrogen content sball 
not ex~e~d 0.010 percent and. the ni troc;en content shall not exceed 0.01~ 
pc:cccnt . 

3. 2 H~o:::. treo.t ;1cnt. - 1· hen !'!latcrio.l is heat treated to meet the applicable 
mcc l.o.1 ·cal propc:..··t.y rcquirenents of this specification, the details of the 
hco.t treating procedure shall be l)l'OVided by the contractor and shall be for
wa.rd.cd Hi th each lot at the time of shipment. 

3.3 Uechanical properties . 

3.3.1 Tensile properties. 

3.3.1.1 Yield strength. - The yield strength range shall be as specified in 
the contract or order. 

3.3.1.1.1 .Haximum yield strength. - The specified yield-strength range may 
be exceeded providing the percent elonzation, percent reduction of area, and 
V-notched. Chcrpy i mpact resist~~ce do not !all below the values specified in 
table I for the upper limit of the specified yield-strength range. 

3.3.1.2 Ductility. - The reduction or area and elongation shall be as specified 
in table I !or the applicable y-leld strength range. 

3.3.2 Impact resistance. - The V-notched Charpy impact resistance shall be 
as zpecified in table I for the applicable yield strength range. 

3.3.3 Density. -The maximum density of the titanium alloy shall be 4.70 
grans per cubic centimeter. Certification of the density shall be proVided by 
the cont1·actor. 

3. 4 Dimension~ and dimen3i onal tolcra~ces. - Dimensions ru1d dimensional 
tolerances shall be a~ speciried in the contract or order. 

3.5 Identifi cation !l.B.rking . - Unless otherwize :.Jpcci!icd, identification 
marking shall be in accord:mce \vi th Stanciard FED-STD-184. 

2 
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Table I - Minimum mechanical property requirements 

Average Average V-notched 
Yield strength Average 

1/ 
reduction of Charpy impact 

(0.1^ offset) elongation area resistance at -Uo0F 

£si percent percent ft .-lbs. 

120,000 - 129^999 Ik 29 15 
130,000 - 139,999 12 26 12 
140,000 - 149,999 11 23 11 
150,000 - 159,999 10 21 10 
160,000 - 169,999 8 18 8 
170,000 - 179,999 8 18 8 
180,000 - 189,999 7 16 7 
190,000 - 199,999 Y Ik 7 
200,000 - 210,000 6 13 6 

l/Bars or billets having a diameter of greater than 2 inches shall meet the additional 
requirement that in the "as-received" (mill annealed) condition, the elongation, 
as measured on a transverse tensile specimen located at least one inch from the 
surface, shall be a minimum of 8 percent. Results of this test, including yield 
strength and tensile strength readings, shall be forwarded to the procuring activity, 

3.6 Workmanship. - The titanium alloys shall be uniform in quality and condition 
and shall be free from seams, cracks, laminations, inclusionB, hard spots, and other 
defects which would detrimentally affect the fabricability or serviceability of the 
material. 

k.     QUALITY ASSURANCE PROVISIONS 

lf.1 General quality assurance provisions. 

4.1.1 Unless otherwise specified herein, the supplier is responsible for the 
performance of all inspection requirements prior to submission for Government 
inspection and acceptance. Except as otherwise specified, the supplier may utilize 
his own facilities or any commercial laboratory acceptable to the Government. In- 
spection records of the examinations and tests shall be kept complete and available 
to the Government as specified in the contract or order. 

4.1.2 Government surveillance. - At the option of the procuring activity, the 
contractor will be subject to verification testing as prescribed in 4.5.2.1.1, 

4,5.2.1.2, 4.5.2.1.3, and 4.5.2.1.4. 

4.2 Lot. - Unless otherwise specified in the contract or order, a lot shall con- 
sist of all rods, bars, or billets submitted for inspection at the same time, of the 
same heat, the same condition, and the came diameter. When heat treated, a lot 
shall be of the some processing cycle and heat treated at the same time in a batch 
furnace, or passed consecutively through a continuous type of heat-treating process. 

4.3 Sampling. 
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^,3.1   For chemical analysis. - At least one sample for chemical analysis 
shall "be selected from each heat in accordance with method 111 or method 112 
of Fed. Test Method Std. No. 151. 

U,3.2 For mechanical properties. - Except when sampling plans for mechanical 
properties tests are specified in the contract or order, the following sampling 
procedures shall he used: 

k,3*2,1   For rods or bars having a diameter equal to or greater than l/k inch 
hut less than 1 3/4 inches, one sample of sufficient length to obtain and 
prepare specimens as described in 4.5.2.1.1 shall be selected from each 500 
pounds of material,  comprising the lot. 

4,3.2.1,1    For government verification tests.  - In addition to the sampling 
required in 4,3.2.1,  a like sample shall,  at the option of the procuring 
activity, be selected, prepared as shown in 4.5.2.1.1, and forwarded to the 
procuring activity for verification testing. 

4.3.2.2 For bars or billets having a diameter equal to or greater than 
1 3/4 inches but less than 5 inches, one  5-inch length shall be selected 
from each 500 pounds of material, comprising the lot, 

4,3,2,2,1    For government verification tests,  - In addition to the sampling 
required in 4,3,2.2, two additional samples shall, at the option of the pro- 
curing activity, be selected, prepared as shown in 4,5.2.1.2, and forwarded to 
the procuring activity for verification testing. 

4.3.2.3 For bars or billets having a diameter equal to or greater than 
5 inches but less than 10 inches, one 5-in.ch length shall be selected from 
each 1,000 pounds, comprising the lot, and prepared in accordance with 
4.5.2.1.3. 

4.3.2.4 For billets having a diameter equal to or greater than 10 Inches, 
one 2-lnch thick sample representing the entire cross section shall be 
selected from each 1,000 pounds, comprising the lot, and prepared in accord- 
ance with 4.5,2.1,4, 

4,4   Examination, 

4.4.1 Visual,  - All material shall be subject to visual examination for 
compliance with Identification marking (see 3.5) and workmanship requirements 
(see 3,6), 

4.4.2 Dimensional. - All material shall be subject to examination for 
compliance with dimensional requirements  (see 3.^). 

4.4.3 Preparation for shipment.   - Examination shall be made to determine 
compliance with the requirements for the preparation for shipment (see section 5), 

,*•, 1 
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k.5    Tests. 

^.5.1    Chemical analysis.  - Samples for chemical analysiD shall he prepared 
and tested in accordance with method 111 or method 112 of Fed. Test Method Std. 
No.  151.    In case of disputOj  the analysis by method 111 shall he the hasis 
for acceptance or rejection. 

^■.5.1.1   Determination of oxygen (and hydronen).  - Oxygen shall be determined 
using (a) Vacuum Fusion Method by the Walter (dry-crucible) technique or  (b) 
Vacuum Fusion Method by Platinum-Flux Technique  (see methods 1 and 2 in the 
appendix to this specification). 

i|-.5.1.2 Determination of oxygen. - Oxygen may be determined by separate 
analysis by methods 1 or 2 (see ^.5.1.1) or by the Inert-Gas Fusion Method 
(see method 3 in the appendix). 

U.5.I.3 Determination of hydrogen. - When hydrogen is to be determined by 
separate analysis, the Hot Extraction Method, or an equivalent method, shall 
be used (see method k in the appendix). 

h.J.l.k   Determination of nitrogen.  - Nitrogen shall be determined by 
ASTM Method E120-56,   "Chemical Analysis of Titanium and Titanium-Base Alloys", 
or any other applicable ASTM method. 

^.5.1.5   Determination of carbon.  - Carbon shall be determined by either 
the Hlßh-Frequency Furnace Combustion Method (see method 5 in the appendix) or 
the Tube Furnace Combustion Method (see method 6 of the appendix). 

4.5.2   Mechanical properties tests. 

4.5.2.1   Preparation of samples. 

4.5.2.1.1 For rods or bars of diameters from l/k inch up to 1 3/4 inches.  - 
Samples shall be heat treated to obtain the required mechanical properties, 
machined to obtain at least two longitudinal V-notched Charpy impact test 
specimens and two longitudinal tensile test specimens in accordance with 
methods 221 and 211 of Fed.  Tout Method Std. No.  151.    Tensile test specimens 
shall be type R4 for diomoters of l/4 up to 3/8 inch,   type R3 for diameters 
of 3/8 inch up to l/2 inch,  and type R2 for diameters of l/2 up to 1 3/4 
inches. 

4.5.2.1.2 For bars or billets of dLojueter;. fron 1   ^/'i   luchej up to 5 inches. 
Unless otherwise specified,  samples shall be upset forged in the longitudinal 
direction (at a temperature of 750F below the beta transus  (see 6.4.1) for the 
particular alloy being used) to u plate of thiclmeas shown in table II for the 
applicable yield strength range (ace 6.21:).    The plate shall be heat treated 
to obtain the required mechanical properties and shall be machined to obtain 

j. iü^öj^jy^^^iliatdüi, 



test specimens ~n shown in i'.i.ou·e 1. At the option o:r the procu.rint; a.ctivlty, 
a second foraed and hcut-t1·catcd pl.D.te e.nd a third fol.·c;cd but Wlheu.t•treo.ted 
plate shall be to1~1arucd to the procurine activlty tor verifi cation tcotinG. 
Teru;ile test speciLl<:n s shall be the R3 type ahmm in method. i:"?ll 0f Fed. Test 
1-lethod Std. f.Io. 151 for diameters of l."ods or bo.rs of l 3/1~ inchec UjJ to 
2 l/2 inchcn and the R2 type for diamet ers of 2 l/2 inches up to ) i nch(·n. 

Table II - Hin:i.mwn th.i.clmczs of torr:cd t e::;t :t)J.n.teo . 

For yield strcnzth 
ro.ncc 

psi 

120,000 - 129,999 
130,000 - 149,999 
150,000 - 169,999 
170,000 - 210,000 

Thiclmess of plo.t c 
( im~"e r.:) 

2 
1 1/2 
1 

3/4 

4.5.2.1.3 For baro or billeto ot diameters tran inches un to 10 inchc&. -
Samples sball e quartered. sa ot erwise upeci e , one of the <:Far"te1•s 
shall then be upset torsed to a plate ot thiclalcss shown in t able II i'or the 
applicable yield stren~h ranse (see 6. 2k), heat treated to obtP.in the l·cquil·ed 
mechanical properties, and machined to obtain test specimena a.s :-;h01m in fic;w.·e 1 . 
At the option of the procurin3 activity, a second quarte1• w·hich has been up oct 
torced and heat treated, a third quarter which bas been upset f orced but not 
heat treated, and the f~~h ~l' which has not been for£cd or neat treated 
shall be torvarded to the procuring activity for vcrirication te:::t i nc. Ten3ilc 
test specimens shall be the R2 type ahown in method 211 of Fed. Te:::t 1-iethod 
Std. No. 151. 

4.5.2.1.4 For billets of dimneters 10 inches and over. - SOlil:p1cc sho.ll be 
quartered and machined into recta.ngulnr shape 4 inchco hiGh. Unless ot herwice 
specified, one quarter sba.ll be upset :forged in a. ra.O.ial. direc·~ion to o. plo.te 
thiclmess shown in table II tor the a.pplico.b1e yield strenGth rc.n3c ( coc 6. 2k) 1 

beat trea.ted to obtain the required mechanical pro lertica1 and ilachin ·d to obtain 
test specimens as ohmm in ficurc 1. At t he opt i on of t he r>rocnrinc o.ctivity, 
a second quarte1· which has been upset 1'orced and heut t reated , a. thir d quarter 
vhich has been upset 1'o1·ced but not heo.t t:..·eat ed, o.nd t he i'om·th qu:3.rter cection 
which bo.s not been i'orccd or heo.t tr -•o.ted ::;haJ.l be fm.·lw.:rdcd to t l o proct.u•ing 
activity :for verification teztl ne;. Ten:::il c c_ ec:i.ncm; :::hn.ll be t he .. :2 t ype 
shown in method 211 ot Fed. Teot Hcthod citd. ro. 151. 
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11-.5.2.2 Teno:J.on tcs't~;: . - Unless other\<.Tise specli"i~<l, nt lc· st t Ho t~nu :i.lc 
test upccir::cilO t.;h~.~ l'e _r;:ce:r o~·ed ru.1.d tested in accorl'l.o.1 cc \!i·th n ~ t h ~l 211 o:i: 
Fed. Teat l;lethoc1 Sttl . :ro . 1.)1 . '.l'he yield stl•enc;th Gh'il.l be ti.t~·terr,ri.nc:-d by the 
offset metho.-1 by ll1tJt tina ~ ~tJ· ~a-.r:rb·a.tn dio.:;rtun. The 1iJ'It:i. tiug of fset r.h :-.11 
be 0.10 percc11·t ( o. 001 inch per :inch of GV-~13 lcn;th). The tirlirnin l'' te ob· ll 
not exceed 0.005 ir.../in ./I·lin. up to the y1cld strcnc:-th ut o . :~ 1crcc;rt off.=: ···i#. 

4.5.2.2.1 Yield ::;t.. ~· l . n'-:th. - Ii' ti: J :.:•.veru.r.c~ yiel d stl·c;1r;th fol· ull ~.- ccimctic 
tented is nboTc -~ninilim ylcl(l GtJ· :1 ··:th ;.c ~!h·m~:c.nt.a, :..n~(.: .i. i'h :i.:'l t l1c 
co~.tro.ct or orde:i:1 t .lle l •Yt r ·-.. rcc~:~1l; -: rl 1:il.l b e o.ccept'S'd n::; k-!.Yl n.:; J :t~t ·th~ 
rcquirel-:Jents for yic~. l ::;t :...-m.:;th. 

4.!).2.2.2 ~ti ,~'[· - 'fl1c :A"educt.ton o!. urea. und clon~~~t:tl)n ::;b;.;ll 'be the 
average of all det.•.::r ;;li lo.:::- t cnr,; ohtc.:tnco. i'l'Olil t esta tcio.dc .tn C1J.t mcction "~: th the 
il16peCtiOil Of U l0t 0.: l1H.'.~ ;p· ' ; :11. 

4. 5. 2. 3 ~l_)ac~; tc.~. - U. J }.t:;::~ othcl"'lds c simc:tf'icrl _, o.t l e:.l!'.it two st~ nd~xd 
Cb..."lr!'Y V•UOtCh illll1CC ~ t -:: r:;t G1' 0.Ci ::\Cl1 G sh.t1~ h~ ,Pl'Cp Dl.•cd H.tld t c::;'tetl in t:l.'::co_·<J.::UlCC 
vitb QC'tbod 22l of l"cd. Te Gt licthocl Std.. Ho. 151. Hhcn o. o'!.~aud.r~rd ~.;ize i npa.ct 
specimen can not be ob"liai11ed.1 the cont1·actor, at the option ot '!.;he coutl·::t.t:Y~inc 
oi'ticer, ~be requ:i.l·cd t o •,. c~lon; .. t;J.·a.te, by s~'ccial teiJts p.rcccribccl by the 
contl·a.ctine ottice1· and a~·cc(l to b)" the ccn'k·actol·, that tbe I:l[~ter:i.ul. he pro
poses to tu.miah ia satiafactocy insofar aa illlpaet reaiatuncc ic conce1·ned. 
The temperature ot tbc test SJ:1ecimen ut tba ti.me ot tra.cture sllo.ll be -4o•F 
± 2•F. Tbe error in the C1w.::-[ •· rrw.cbine ohall not c;,cocd ± l tt. -lb. for 
encrc;y values up to 20 rt.-lbG. or ± 5 pc~rcent fol• eneJ.•ey v:llueo ovc:-l .. 20 1'1;.-lbs. 
vbcn the JIID.Cbine is tested uslng cor !_Kirinon specimens IJrelml"t:!d by H~teJ..-tmm 
Arsenal (nee 6.3). This conr.::J:'.l"i3on nll:l.ll have been ti'L::l.d.C! v-.lthi n cue y ttr lll~ior 
to the time ot inspection t · stin.~; . 

~.5.2.3.1 Impact re:ointru1.c' ' • ·· If the average value :for all nampl es teotcd 
is equal to or o.bove the vol.u.e ~-: ·· •.rc~n in ~l.ble I opposi tc the u.ppcr liD ·(; of 
the rcc,lllired yield atrenr;th rn.ncc~ , t i:e lot lrill ' l)c a c r::c:pt ecl L: -1 ll,~vln~ 1 .t the 
requirementc i"ol· :inwo.ct l'<~~i ctv. 1c: . • 

4. !). 2.4 Dend ty tc:::tn. - Hht!.1 H~quil•c<l, ll e!u:4 ty teet~ cll.DJJ. 1) J. -l'for .1ed 
in o.ccorda.ncc vith .AS~·l Denl Gl o:t..~cou 13311-58 . Dpccimf!nr; :Cor t'li~; t ! :... t tao.y be 
taltcn tran mecbanic3l. t eet ::; ·: ,_: ..:.. ,.; .. . 

4..6 Rejecti on and rcte .... t _s -~-: .r·:: · :': 0:~· - Rejection u:.d rcr ti(.)ctr. ,_. 
resubmittol. oi" r e j ected luC~ .. .. :· . .. i t: :t il accordQilce t-rlt.h t h ; ccnc.: .1 ~~ -' ·· : 
of Fed. Test 1·1cthod. Std. r:o . .: . . , . 

5. P.REPlulATIOtr ]'OR n.:: .~I v .:.. •• . • 

5.1 Pl•escriration ·and. : . .l.r.. ... · · · 

8 
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5.1.1 Level 0.  - Cleaning,   drying,,  preservation,, and packaging ahnll te 
in accordflnce with the manufacturer11 s commercial practice. 

R.2    Packing 

5 2,1 Level C Packing shflll be in accordance with commercial practice 
pdequete to insure acceptance and safe delivery hy the carrier for the mode 
of transportation employed, 

5-3    Marking    ~ In addition to any special marking required hy the contract 
or order,   shipments shall he marked  in accordance with the requirements of 
Standard MIL-STD-129, 

6        NOTES 

6.1     Intended use This  specification covers material which is suitable for 
processing by hot forming and heat  treatment or by heat treatment  only,,  or for 
direct application to highly stressed critical components,   and it is required 
for use with Specification MIL^T-U6035. 

f: 2    Ordering data.       Procurement documents ahould   specify the following; 

(a) Title    number    and dote oi   thia specification 

(b) Form and condition    if necessary (see 1,2) 

(c) Chemical analysis when stipulated (see 3 1) 

(d) Yield  strength range (see  3,3,l0l). 

(e) Dimensions and dimensional tolerances (see  3 ^)" 

(f) Special identification marking not covered  in 3 5- 

(g) Name of inspecting agency when  Inspection shall be performed by 
other than contractor  (see  U,]LlK 

(h)    Lot  size if not as  specified in 4,2. 

(l)    When special  sampling plans for mechanical   properties are tcbe 
used  (see  H 3.2), 

( j)    Whether or not contractor  should forward material to procuring 
activity for verification testing (see U.5.2.1.1C  U.5.2.1.2,   U.5,2.1,3,  and 

11 ir^tfcM 
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(k)    V/hen miniriuun thicknocn of forged test plaLcs ,;hall differ fron 
table II (cee ^.5,2.1.2, 4.5.2.1.3.  and h,3.2.l,k). 

(l)    When density testn arc rtK;|uircd ojid frequcacy of tooting (see '4.5.2.1+). 

(in)    V/hen special rarj.-hin^-for-i.uipncnt roquiremontn are accessary (occ 5«3). 

6,3    Information rcyu-i'diiis coTnpr.rrir.on tests on Chci'jyj J."^.:ct jurvchincs rmploy- 
inz Uatcrtovii Ai'ücnal conparison s'lpoci irna can be obtained fro;n th.c locol 
Ordnance District or from the Cor^iandins Officer, Watcrtown /u'senv.!, L'atci-lioxra 
72, Marjsachuccttr.. 

G.k    Definition. 

6,4,1 Beta tranaun. - The Beta tranaus i,v, the tc;iperatui'c irhieh dcrürjnatca 
the phase boundary betucen the alpha-plus-bota and beta f.Lcldr. for a £j ven 
alloy composition, 

NOTICE: When Govcrnraent drawinGS, opecifications, or other data ai'c used for 
any purpose otiior than in connection with a definitely related Goveruv.itnt pro- 
curement operation, the United States Govonr.icut thereby incurs no responsi- 
bility nor any obligation whatsoever; and the fact that the Govcrni icnt may 
have formulated, furnished, or in any way supplied the said dravincs, sneci- 
fications, or the other data, is not to be recorded by implication or other- 
wise as in any manner licensing the holder or any other person or corporation, 
or conveyinc any richte or pemission to jn:auifacturc, use, or sell any patented 
invention that raay in any way be related thereto. 

Custodian: 

Army - Ordnance Corpt 

Preparinc Activity: 

Ai'i.iy - Ordnance Gorpt; 
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J .. lcthod 1: Determination of OX"J60ll (and hydroc;cn) uitl1 the VD.CilU1i1 .. 

li\tsion ~-~~thod by the llaltcr {cJry .. cl."Ucible) Technique. 

This mctllod io as :Jho\.'11 in In.i'Ol'lna·ioion Bulleti11 Ilo. 'l'D, l'a.l.~ II, 
isaucd by the Heto.l.lurc:Lcal. Advisory COI:I\\ittec on Tit;~nitm, on 
llPe 28- 1~3. 

1-tcthod 2: Dctcrminntion or o:cy~cn (aud }Vd1.·occn) by the I'l.4l.tinm.:.
Flu~ Technique of VacUUIJl ltusion. 

'l'hiG JUCthod ha.G been reco!rlllendcd by the Panel on Hcthods ot Analyoia 
and uill be publ1 shed by the Hetal.lur~cal Mvl.oo1oy Comud tter. on 
Ti taniwn anct the; 1\S~•I. In the interim, the method Ina.y be obtained 
:rram the llnt~·town Al·a<mnl LaboratOl~iP.s. 

'l1hi:-. l<lC:thod ha:l b•;:cn recannucntled b:t the T~o!t Force on c~~t&3<m, aud ia 
bcinc: l1l'dc0.sr.cd i'or ~ubtti.ss:ton to the l'::~.o'"'l.cl o·1 l·leth<X1.tJ o1' /mc~·ois. 
In the interim, iutOJ.·~t:lou on th~ l·lC'lillOC. ~l be cbt.~~ il'. :~li. trc.)m the 
l-ic.t~l"tOIU /u•oe......U f..abol•;.;.tm~icn 1 Ol'" 1';.·a·.l the r.lal1\.\t.:\C"t tu.•el' o1' the 
equipment., l.cl:Ol·::o.t0l7 Equil">I"tlCDt C04 .. ~Jo-.·~tio:t, st. Jo:;cph, J.Iichiga.n. 

1iethod. 4: Dc..-terillinatlCJl"l of hydroccn by the llot Ext1•c.ction HcthOd • 

. Sui t:l1>lt;; C£1l..li:)l:tCnt '".nd ]?rOCCdUl'~S lla.Ve been dCVClO"J)Cd by i!:::.tioncl. 
Rcce~·ch Co:..-r;m•a.tioll_, Co.u:lbric1r;c., HOJ.;n'.;.<" hu::;etts, u.nd J.i'.l~.Jhr!l' Scicnti~'ic 
Comp::1.~1y1 Chlc::-.~~o, IJ~~nois. oth :r c~tUl'll~nt and 1Jl'Occ1t.G.~cn !.Jn.y be 
uoed if :J..CCC:t.>td)le to the pl·ocm·inl:: ~cncy. 

Carbon 

Ucthod 5: i)ct ·:r nillO.tio!l or co.rbon 'by the Hr~ll Fl·e~tcnc;~ nu·n~!.~C 
Co:.11,~:.:tim1 l·~:::;thod. 

This r.ll}tl.o~t i:. .. ~;Oim in Iru'o:::m~:.t:i.ou Bulletin llo. TS, l\::.1··t Il, i:;:.;1t:::<l 
by th~ i ;etd.lt.~·~:i.cul 1"..-.lvluo::.·y Co·.:!.l~ttnc.: ou Tlt.::~ni1li.>1 on Ih}• J.2 .. J.9. 

llcthod 6: Detc~·t l..i.!l.;l.t icn of C~J.:I.'1mn by t~w ~\tbc :Ft.~"'ll:l.cc Cn.lbt!..;tioa 
:i i..::tlv:rl . 

i'bic Tlt<~t1l0d :i!j :::ho1m in Iru:'o:·z::atio~l Dullctiu Uo. To, llc:~-t Il, i:::znc.U. 
by the; ;.~c.t!!.lltu·c:tco.l /dvi~ory C01:mttec on T.i.t:::.niw~, U.l. ll}. 7 .. 11. 
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MIL-T-lf6035(Ord) 
1 March I960 

MILITARY SPECIFICATION 

TITANIUM ALLOY; HIGH-STRENGTH 
WROUGHT 

(Far Critical Componeutß) 

I' 

1. SCOPE 

j-.l   This specification covers high-strength wrought titanium «Tiny«, in 
annealed or heat-treated shapes, having a critical section thickness of 
one-quarter to two and one-half inches, for critical components other than 
armor,  such aa tubes, chanihers, and nozzles (see 6.2.1), 

2, APPLICABLE DOCUMENTS 

2.1   The following documents of the issue in effect cm date of invitation for 
bids form a part of this specification. 

SPECIFIGATIONS 

MILITARY 

MIL-T-46038 - Titanium Alloy; Wrought, Rods, Bars and Billeta (for Critical 
Applications) 

STANDARDS 

FEDERAL 

FED. TEST METHOD STD. NO. 151 - Metals;  Test Methods 

MILITARY 

MIL-STD-129 - Marking for Shipment and Storage 

(Copies of specifications,  standards, drawings,  and publicationa required by 
contractors in connection with specific procurement functions should be obtained 
from the procuring activity or as directed by the contracting officer). 
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2.2    Other putlicatlons. - The following documente form a part of this speci- 
fication.    Unless otherwise indicated,  the Issue in effect on date of invitation 
for "bids shall apply, 

AMERICAM SOCIETY FOR TESTIMG MATERIALS 

ASOM Designation:    B3II-58 - Standard Method of Test for Density of 
Cemented Carbides. 

ASTM Designation:    E21-58T   Tentative Recommended Practice for Short-Time 
Elevated-Temperature Tension Tests of Materials. 

(Application for copies should he addressed to the American Society for Testing 
Materials, 1916 Race Street, Philadelphia 3, Pennsylvania.) 

3.     REQUIREMENTS 

3*1 Materials. - Bars and billets used In fabricating the wrought products 
covered by this specification shall comply with the requirements of Specifi- 
cation MIL-TA6038. 

3.2 Hydrogen. - The hydrogen content of the products furnished shall not 
exceed 0.0125 percent. 

3.3 Processing controls. 

3.3.1 Welding. - Components shall not be welded, except on prolongations. All 
welds shall he so located that they will not affect the finished ooaponents or 
the test metal. 

3.3.2 Straightening. - The material shall not be straightened or worked 
after the final heat treatment operation« 

3.4 Heat treatment. - Heat treatment, (solutionizing, cooling, stress-relieving, 
and aging) shall be performed uniformly on the material being processed. Uhless 
otherwise specified, the quenching of tubular components shall he done vertically 
with the bore unobstructed, so as to permit free passage of the coolant through 
the bore. Aging shall be performed at a temperature of not less than 500*P, and 
for a sufficient time to insure uniform response throughout the section, 

3.5 Mechanical properties. 

3,5,1   Tensile properties. 

3.5,1.1 Yield strength. - The yield strength shall be as specified in the 
contract, on the order, or on the applicable drawings. 

3,5.1.1.1   Maximum yield strength. - The specified yield strength range nay 
he exceeded providing the percent elongation, percent reduction in area« and 
V-notch Charpy impact resistance do not fall below values specified in tahle I 
for the upper limit of the specified yield strength range, 

2 
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Table I - Minimum mechanical property requirements 

TraQBverse direction 
Yield strength Average Average V-notch 

incrementB elongation reduction Charpy impact 
(0.1^ offset) in area reelstance 

(at -l+O'F) 

psi percent percent ft.-lbs. 

120,000-129,999 11 2k 11 
130,000-139,999 10 20 10 
1^0,000-1^9,999 9 16 9 
150,000-159,999 8 15 8 
160,000-169,999 7 Ik 7 
170,000-179,999 6 13 6 
180,000-189,999 6 13 6 
190,000-199,999 5 12 5 

»,1.1.2    Elevated temperaturejroperties, - In addition to t^e above re 
ments, for applications requiring elevated temperature properties where room 
temperature yield strength requirements are at least 170,000 p.s.i,, the eon- 
tractor shall demonstrate, by presenting published data or conducting special 
tests, that the proposed alloy will meet a minimum transverse yield strength 
(0.1 percent offset) requirement of 130,000 p.s.i. at 500oF. 

3.5.1.2   Ductility. - The reduction in area and elongation requirements shall 
be as specified in table I for the applicable yield strength range. 

3.5.2   Impact resistance. - The V-notch Charpy impact resistance shall be 
as specified in table I for the applicable yield strength range. 

3.6 Density. - The maximum density of titanium alloy shall be 14-.70 grams per 
cubic centimeter.    Certification of the density shall be provided by the 
contractor. 

3.7 Dimensions.  - Dimensions and dimensional tolerances shall be as specified 
on the applicable dravlng,  contract or order, plus any prolongation (see 6.2.2) 
which is an integral part of the piece as heat treated. 

< Ä--^t.^dü*A.'^!i 
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3.8 Identification marking. - Unless ot herwise specified, each piece aball 
be l.eg:lbl; and indelibly marked with the piece number, beat n'llllber, ar 4881~ 
'tion, the number of this spec "fi cat ion, and the manufacturer's i4eat1ftcat1ca 
(see 6.1). . · 

3.9 Workmanship. - Tbe titanium alloys shall be uniform 1D CIIA11t7 u4 
cODdi'tion; free from seams, injurious segregations, cracks a:a4 other ~acta 
vh1cb1 due to their nature, degree or extent, would detrimen~ attect 'tbe 
suitability ot the material for the intended use • 

. 4. QUALITY ASSURANCE PROVISIONS 

4.1 General quality assurance provisions. 

4.1.1 UD.less otherwise specified herein, the supplier ia :reapoadbla tar 
the pertormance of all inspection requirements prior to aul:lllsaica tar OoNm
..ut inapectit:'n and acceptance. Except as otherwise specit1e4, tbe IIUI'Pl1• 
.._, utilize his own tacili ties or any camnercial. laborator)r acceptabla to the. 
GcmtriDieJlt. Inspection records of the examinatiODs aDd te.t1 lbal1 be UP' 
ca.pl.ete aDd available to the Government, as specified in the cart.zoaat ar Gll"CJa'. 

' 

4.1.2 Government surveillance. - Unl.ess otherwise specit1ecl1 the ccatraatar 
¥111 be subject to periodic, random checking of material arderecl \IDIS8r tbia · 
apecit1cation through comparison testing of mechallical propertiea b)~ both 
Ooftz~t and contractor (see 4.3.2.3 and 4.5.1.2.1.2). Jfot.IIIDN thaD tc 
pe:rcezrt ot the lots in the contract or order will be subJecte4 to tb:l.a c~
iaCD teating. 

4.2 Lot. -A lot shall consist of all material ot tbe s .. tne u4 81&e, 
productirtrcm the same heat, subjected to the same bot varld.D& proceaa, 11114 
heat treated at the same time in a batch fUrnace, or tbat pus oaaaeouU~ 
tllrouab a CCDtinuous type of heat-treating process. · 

4.3 Sam;Pling. 

4.3.1 · For hydrogen analysis. - Unless otherwise specified, at leut a 
aaple tor h;Ydrogen analysis shall be selected freD material repreaezrtizla each 
Jleat (aee 4.5.1.1 and 6.1k). 

4.3.2 For mechanical properties tests. 

4.3.2.1 For closed and open die forgings. - Except vben a •IIIIIIP11111 plaa bu 
beeD 8}MtCi:tied in the contract or on the order 4. at least cae aapl.e to:r 
•cbaD1cal properties tests. shall be taken trCD one piece out ot f1'IW'T P'O'Q 

· at tveDt;y-six or tl·action thereof from the same lot. The aamplea aMl1 be ot 
fUll cross-section and of sufficient length to obtain specimena 1A ac~ 
vitb 4.5.1.2 (see 6.1J). 

. . 
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l+,3.2.2 For tubing and extruded shaker,. - Except vhen a sajapling plan has 
■been specified in the contract or on the order, at least one sample for mechan- 
ical properties tests sliall be takeii from each end of each multiple length Of 
tubing or extruded shape. The samples shall bo of full cross-section and of 
sufficient length to obtain specimens in accordance with U.5.1.2. 

U.3.2.3 For Government surveillance tests. - One sample for mechanical 
properties tests shall be taken from each lot to be tested. Samples shall he 
of full cross section and of sufficient size to obtain specimens in accordance 
vith 1+.5.1.2.1.2. 

k,k   Exaxni nation. 

k,k.l   Visual. - All material shall be subject to visual examination for 
compliance with workmanship requirements (see 3.9). 

h,k,2   Preparation for shipment. - Examination shall be made to determine 
compliance with the requirements for preparation for shipment (see section 5)« 

U.5 Tests. 

1+.5.1 Test specimens. 

^.5.1.1 Hydrogen analysis specimens. - Hydrogen analysis specimens shall he 
taken from a location within the sample corresponding to the finish machined 
surface. Specimens for this purpose may be taken from mechanical test samples. 

U.5.1.2 Tension and impact specimens. 

U,5.1.2,1 Location of specimens. 

U,5.1.2.1.1 For acceptance testing. - Two tensile and two Charpy impact test 
specimens shall be taken from each sample, selected in accordance with k.^.Z 
from the locations indicated on the applicable drawing, except that when, no 
location is shown on the drawing, specimens from tubes shall be taken from 
material at least one and one half wall thicknesses from the end, or original 
end of a multiple length, so that the longitudinal center lines of the specimens 
at mid length (of the specimens) are tangent to a circle located as close to 
mldwall of the critical section as possible; or in the case of a forging, as 
close to the middle of the critical section as possible, Charpy specimens 
shall be notched on the side nearest the bore surface, 

^.5.1.2.1.1.1 For tubular compouents. - Test specimens shall, be taken from 
the 12, 6, 3 and 9 o'clock positions, consecutively, as may be necessary to 
obtain sufficient tests. Additional specimens, if required, may be taken 
from a position diametrically opposite the preceding specimen unless a speci- 
men has previously been taken from that location. 

■ 
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If.5»!• 2.1.2 For governmeat sorveillance testing. - Four tensile and ten 
Charpy V-notch impact test specimens shall be t;iken from each sample, selected 
in accordance with U.3.2.3 from the locations indicated in ^,5.1.2.1,1. IIVo 
of these tensile specimens and five of these Charpy V-notch impact specimens 
shall be tested by contractor and the remainder shall be tested by a Government 
testing facility. 

If,5.1.2,2 Type of specimens. 

If,5.1.2,2.1 Tension test specimens. - Tension test specimens shall be 
machined to the  form and dimensions of the largest obtainable round specimen 
shown in method 211 of Fed. Test Method Std. Wo. 1^1, except that at the 
option of the contractor an R2 specimen may be used, 

4,5.1.2,2,2 Impact test specimens. - Charpy V-notch impact specimens shall be 
machined to the form and dimensions shown in method 221 of Fed. Test Method 
Std, No, 151. When a standard-sized impact specimen can not be obtained, the 
contractor, at the option of the contracting officer, may be required to demon- 
strate, by special tests prescribed by the contracting officer and agreed to 
by the contractor, that the material he proposes to furnish is satisfactory 
insofar as impact resistance is concerned, 

4,5*2 Test procedures. 

If,5.2.1 Hydrogen analysis. - The hydrogen content shall be determined In 
accordance with the procedure specified in Specification MIL-T-4603Ö, 

If,5.2,2 Tension tests. - Tension tests shall be conducted in accordance 
with method 211 of Fed. Test Method Std. No. 151. The yield strength shall 
be determined by the offset method by plotting a stress-strain diagram. The 
limiting offset shall be 0.10 percent (0.001 inch per inch of gage length). 
The strain rate shall not exceed 0.005 in./in,/min. up to the yield strength 
at 0,2 percent offset. 

If.5.2.2.1 Elevated temperature tensile tests. - Tensile tests at elevated 
temperature shall be conducted in accordance with ASTM Designation: E21-58T* 
except that the test temperature and time at temperature shall be as follows: 

Test temperature : 500oF 
Time at temperature: 30 minutes 

4,5,2.2.2 Yield strength. - If the average yield strength for each sample 
is above the minimum yield strength requirements of the drawing, the piece will 
be accepted as having met the yield strength requirements. 

If.5.2.2.3 Ductility. - The average reduction-ln-area and elongation shall be 
determined for each sample. If each average Is equal to, or above the average set 
out in table I for the upper limit of the required yield strength range, the 
piece will be uccepted as having met the redact!on-in-ai'ea and elongation 
requirements. 
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1^,5.2.3 Impact tests. - Claarpy V-notch iraimct tests shall "be conducted in 
accordance with mexhod '221 of Fed. Test Method Std. No. 151, The tenperature of 
the test specimen at the time of fracture shall be -kO0? ±  20F. The error In 
the Charpy machine shall not exceed t  1 ft.-lb, for energy values up to 20 ft.-lbs.« 
or ± 5 percent for energy values over 20 ft.-lbs. when the machine is tested using 
comparison Bpecimens prepared by Watertowa Arsenal (see 6,3)» This comparison 
shall have been made within one year prior to the time of inspection testing. 

U,5.2.3.1 Impact resistance. - If the average value for each saniple is ecfual 
to or above the value given in table I opposite the upper limit of the required 
yield strength range, the piece will be accepted as having met the requirements 
for impact resistance. 

lf.5.2.U Density tests. - 
AßTM Designation: B3II-58. 

Density tests shall be performed in accordance with 

1^.6 Rejection and retests or resubmittal. - Rejection and retests or resub- 
mlttal of rejected lots ehall be in accordance with the general seotloa of 
Fed. Test Method Std. No. 151. 

5. PREPARATION FOR DELIVERY 

5.1 Preservation and packaging. 

5.1.1   Level C. - Cleaning, drying, preservation and packaging shall be In 
accordance with the manufacturers commercial practice. 

5.2 Packing. 

5.2,1 Level C. - Packing shall be in accordance with commercial practice 
adequate to insure acceptance and safe delivery by the carrier for the mode of 
transportation employed. 

5.3 Marking. - In addition to any special marking required by the contract 
or order, shipments shall be marked with the lot number, purchase order numbers, 
and in accordance with the requirements of MIL-STD-129. 

6. NOTES 

6.1   Ordering data. - Procurement documents should specify the following: 

(a) Title, number,  and date of this specification. 

(b) Applicable drawing numbers. 

(c) Quantity and dimensions of components, 

(d) Minimum yield strength or yield strength range. 

- 
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(e 

(f 

(g 

(h 

(i 

(J 

Impact requirements, if other than in table I. 

Special identification marking not covered In 3«8» 

When other than vertical quenching Is permitted (see 3.^). 

When special marking for shipment requirements are necessary (see 5»3)« 

Sampling plans when applicable. 

Location of specimens for mechanical properties tests and looatlon of 
critical section should be shown on applicable drawings. 

(k Sampling for hydrogen content if other than in 1*-,3«1» 

6.2 Definitions. 

6.2.1 Critical section. - The critical section Is the thickest section of a 
piece which must meet the mechanical property requirements of table I.   She 
properties shown in table I may not be obtainable in all thicknesses covered 
"by this specification.    Proper precautions should be taken, hy sufficient 
Investigation or tests, to establish that the materials properties can be 
attained in the required thickness. 

6.2.2 Prolongation. - A prolongation for purposes of inspection and testa 
Is defined as an extension beyond the finished component length, where the 
diameter and mass distribution of the extension are not less than those of the 
component at a point coincident with the end of the finished component fron 
which it extends. 

6.3 Information regarding comparison tests on Charpy impact machines enploy- 
ing Watertown Arsenal comparison specimens can be obtained from the local Ordnance 
District or from the Commanding Officer, Watertown Arsenal, Watertown 72, Maas, 

6,k   Copies of 00 Form 1212, Report of Treatment and Test should be Obtained 
as directed by the Contracting Officer. 

NOTICE:   When Government drawings, specifications, or other data are used for 
any purpose other than in connection with a definitely related Government 
procurement operation, the United States Government thereby,incurs no responsi- 
bility nor any obligation whatsoever; and the fact that the Government nay have 
formulated, furnished, or in any way supplied the said drawings, specifications, 
or the other data, is not to be regarded by implication or otherwise eta in any 
manner licensing the holder or any other person or corporation, or conveying 
any rights or permission to manufacture, use, or sell any patented invention 
that may in any way be related thereto. 

Custodians: 

Army - Ordnance Corps 

Preparing Activity: 

Army - Ordnance Corps 
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SECTION D 

Trepanning Machine Shop Practices 
Trepanning and Parting of Titanium Cyclinders 
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TREPAHNING MACKDJE SHOP PR/ICTICES 

INTRODUCTION 

Trepanning or trepan boring is used in such widely separated scien- 
tific fields and trades as medical surgery (sometimes referred to as 
rotary sawing in this field), geology, engineering, voodworking and metal 
cutting. In most engineering and physical sciences trepanning has been 
resorted to only when either (l) cores of material are required for exam- 
ination such as in geology or (2) recovered core material in solid bar 
form* is of much greater value than machined chips of the same material 
resulting from the normal drilling and boring methods. While trepanning 
of concrete bars has become commonplace, the application of trepanning* 
in metal cutting has been limited, not only because of the "special" 
tooling configuration and high pressures used to remove the chips gener- 
ated, but also because of the availability of the commonly used drilling 
and boring methods. 

MACHINE TOOL WORK COHSIDERATIOMS 

Assuming, for the sake of simplicity^ that both conventional drilling 
and boring equipnent and trepanning equipment are equally efficient, for 
all depths of holes the amount of work required to produce a hole is 
proportional to the volume of material removed. When conventional dril- 
ling and boring equipment is used, a k inch diameter hole requires that 
12,57 cubic inches of material be removed for each inch of depth. 
Trepanning the same size hole 
removes only 5,5 cubic inches 
per inch of depth, the differ- 
ence in volume being the result- 
ing core. In this case trepan- 
ning would require only hk^i  as 
much work as drilling and boring. 
Figure 1 shows the relation- 
ship between the volume of ma- 
terial removed by trepanning 
versus hole diameter based on a 
0,5 inch annular groove produced 
in the trepanning operation. 
For a one inch diameter hole, of 
course, 100^ of the total volume 
is removed. 
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CONVENTIONAL DRIIJJNG AND BORING 

Conventional drilling and 
boring of titanium can be done 
at approximately 30-50 feet per 
minute with feeds of about 
,003"-.005" Per revolution. 

* "Trepanning Titanium Saves Time and Material". 
S. £. Siemen and H. Rosato.   American Machinist. 
August 30, 19^» 
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In order to illustrate the machine time required to perform a typical 
deep hole drilling and boring operation, the following steps, together with 
their appropriate times, are required to produce a 4,150" diameter hole 
18" long: 

hour, 50 minutes 
hour, kO minutes 
hours 
hours, 30 minutes 
hours, 10 minutes 
hour, 20 minutes 

A. Drill - 1/2" drill - 1 
B. Drill - 1" drill - 1 
C. Drill - 2" drill - 3 
D. Drill - 3" fcMfl. - 3 
E. Drill - 4" head  - k 
F. Finish bore - V.I50"    - 1 

This time analysis, including 
the time required for tool 
changes, is demonstrated 
graphically in Figure 2. 

TREPAMDfG 

Trepanning of a 4.150" 
diameter hole can be done at 
approximately 60 r.p.m, 
(cutting speed 65 feet per 
minute) with feeds of .006" 
per revolution.   A general 
view of the trepanning oper- 
ation is shown in Figure 3. 

0 1 2 3 4 6 6 

INTERNAL  DIAMETER  IN    INCHES 

FIGURE   2 

FIGURE 3:    TREPANNING SET-UP 
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In trepanning it is necessary, 
however, to counterbore an 
annulax groove approximately 
1-1/2" deep prior to trepan- 
ning to receive the trepan 
head. An adjustable spotting 
head, utilizing the three 
step toolbit which is later 
described in detail, is used 
for thir counterboring oper- 
etion 'j.i    is shown in 
Figure hi 

Counterooring is accomplished at 
the same speed as trepanning 
but at half the feed, or ,003" 
per revolution. As an illustra- 
tion of the time required to 
trepan a hole Figure 5 shows the 
time required to counterbore and 
trepan the same 4.150" diameter 
hole cited above to a depth of 
10 inches. The counterboring 
operation takes twenty minutes 
while the trepanning operation 
takes forty-five minutes — 
or a total machine time of 
one hour and five minutes, 

COMPARISON OF DRILLÜIG AND 
BQRIHG VS TKEPMHING 

From Figure 6 it can be 
seen that considerable savings 
in machining time can be real- 
ized by the trepanning technique. 
It is also demonstrated that 
this time laving becomes markedly 
greater as the penetration depth 
increases. In addition to this 
increased efficiency of trepan- 
ning, it must be remembered 
that far more accurate holes 
are machined by this method 
with essentially no runout over 
long lengths. This lack of run- 
out eliminates the necessity of 
re-machlnlng outside surfaces 
to maintain concentricity. 

FIGURE 1: CLOSEUP OF ADJUSTABLE SPOTTING HEAD 
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TREPM DESIGM 

1,    Headj Tubej and Stem. 

A typical head for trepan- 
ning of titanium, as shown in 
Figure 7* is rough machined 
from a short solid bar of alloy 
steel.    In the rough machining 
operation the head is machined 
to within one-sixteenth of an 
inch of the finished size on all 
dimensions.    The chip groove, 
and the counterbore that will 
receive the shank upon assembly, 
are also roughed out at this 
time.    The roughed head is heat 
treated to a hardness of Re ST-^S, 
and is then finish-machined to 
the dimensions shown on drawing 
MSB kkl, (All drawings referenced 
in this report are appended). FIGURE 7:    CLOSEUP OF TREPAN HEAD 

The tube of the trepan is made of commercially available seamless 
tubing.    The optimum cross sectional thickness of the tube for a typical 
trepan head is ,090",    The inner diameter of the tube is selected to provide 
ample clearance for the titanium core to pass thru freely while the trepan 
is advanced into the rotating work piece.    The outer diameter of the tube 
is relieved to provide a passage way for the removal of chips generated by 
the tool tip, 

A stem of mild steel is machined as shown on drawing MSB kh2 with 
a shouldered flange on one end.    The flanged portion of the stem is fitted 
into one end of the tube then welded in place.    The stem is left oversize 
until after assembly of the tube to the trepan head, 

2,    Rollers and Pins, 

In early experiments on the trepanning of titanium, it was demonstrated 
that conventional trepans of the German design, which had been employed in 
the trepanning of steel, were not suited to the trepanning of titanium 
because of the severe seizing and galling characteristics of this material. 
The carbide wear fcads used on conventional trepans, when applied to titanium, 
had the tendency to fuse and gall even with oil pressures of 2000 p.s.i,. 
Substitution of bunting bronze in lieu of the carbide wear pads proved 
futile, as the rapid erosion of the bronze wear pads changed the diameter 
of the head drastically, thereby wedging the head in the titanium and pro- 
ducing a tapered hole in a short depth of penetration. 

i -Vil- .'    -Ta-- 
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It was apparent that a guidance system must be designed to overcome 
the galling and seizing prohlem while maintaining true axial alignment of 
the trepan. To solve this problem double openings were cut through the 
wall of the trepan head at two points. The head was cross drilled axially 
through the openings to support hardened tool steel pins, which would accom- 
modate hardened tool steel rollers and thrust washers. The pin holes were 
so positioned as to permit the surface of the rolls to provide a radial 
clearance of .010" over the surface of the head. 

The roller guidance system uses the chip tool pressure to force +h^ 
rolls against the bore surface and maintain axial alignment of the treron. 
(Detailed information is shown in drawing MSB kkl), 

3. Oil Pressure System . 

The oil pressure system provides constant oil pressure at the cutting 
area regardless of the depth of penetration of the trepan, and elininates 
the need for intricate and expensive packing gland or stuffing box systems. 
It provides a constant stream of oil or coolant under extremely high pressure 
which is directed upon the cutting tool. This coolant serves a thrfefold 
purpose: 

a. It provides for a film of oil or coolant between the cutting tool 
and work reducing the friction between the forming chip and tool and preventia- 
metal to metal contact between the tool and the workpiece. 

b. It provides a means of lubricating the roller bearings with oil or 
coolant under pressure in the trepan head to solve the problem of galling. 

c. It provides for the evacuation of the machined chips within the 
limits of the clearance formed between the outside of the trepan tube and 
the circumference of the bore machined in the work piece. 

Details of the high pressure oil tube and fittings are shewn in drawing 
MSB kkl,  MSB kk2  and MSB M)-3, 

The system is designed to operate at 1000 psi at approximately 12 gpm. 
The coolant presently used is "Cimcool S-2 Concentrate" in a 20:1 mixture 
with water. The pump used for the system is a ^ HP variable volume, varia- 
ble pressure, positive displacement type, capable of delivering up to 5000 
psi pressure at 20 gpm, 

TOOL BIT DESIGN 

k ■l^jg^^i^gJ^j^^U—Ä 

The three-step composite tool bit consists of a Moly-Tungsten type tool 
steel, rough machined, heat treated to a hardness RC 60-62, and finish machined 
to the dimensions shown on drawing MS0-300, A tungsten carbide tool tip is 
silver brazed to the tool steel block and ground with a three-step design at 
the forward portion of the tool bit. Tungsten carbide of a grade 883 has 
been found to be the most successful type for machining titanium. The same 
tool bit is used interchangeably amongst the trepan head, counterboring tool, 
and the parting tool, 

5 
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The composite tool carries a shank 1/4" diameter x 1" long. The 
tool bit is tightly fitted into a slotted receptacle machined into the 
face of the trepan head. It is held in place by two set screws against 
a flattened portion of the shank. The tool bit is positioned in the face 
of the trepan head so that the outer edge of the tool is offset ,015" 
over the radial surface of the head, and also protrudes approximately ,015" 
from the inside circumference of the head. The protrusion of the tool in 
the inside of the head provides the necessary clearance to allow the core 
to pass into the tube of the trepan, but will not allow chips to accumulate 
between the core and the head. 

• 

A chip breaker designed to generate the proper type chip is of extreme 
importance as the chips generated must be over-broken and small enough to 
pass with the coolant through the chip groove area of the trepan head freely 
in any disoriented fashion for further evacuation between the trepan tube 
and the bore of the workpiece to the bed of the lathe. 

1, The four items referred to above, when assembled, comprise a trepan 
tool engineered to successfully produce economical, high diameter-to-depth 
ratio bores in titanium metals,    (Patents* on this tool have been issued to 
the inventors and assignment made to the Government). 

* Patent #2,863,341 
Issued 9 December 1958, 

S, E.  Siemen 
N, Rosato 

WATEKTOWW ARSENAL LABORATORIES 
WATEKTOWM, MASSACHUSEmS 

12 April I960 
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PARTIMG OF TITAHIUM CYLINDERS 

In conjunction with develop^nt work at Watertovm Arsenal Laboratories 
on the trepanning of titanium and its alloys, considerable thought and 
effort was devoted to the problems of sectioning large cylindrical billets, 
both trepanned and solid.    Cutting off by means of a saw was inefficient 
and uneconomical and necessitated the additional operation of facing off in 
a lathe after completion of the sawing.    One solution to this problem was to 
section the billet in a lathe using a parting tool.    This method,  using con- 
ventional techniques, was found suitable for diameters up to two inches. 
However, the tool tended to wander and break on larger sizes. 

The ultimate solution again 
made use of the three step car- 
bide tipped tool bit.    It was 
inserted in a heavy duty steel 
tool holder approximately 10 
laches long,  7/l6 inch wide, and 
3 inches deep,    A coolant pipe 
was affixed eis shown in Figure 1. 
The tool holder was fastened in 
a tool block mounted on the cross 
slide of a lathe.    The coolant 
used in these parting operations 
was  "Simcool S-2 Concentrate" 
with a water to concentrate 
ratio of 25 to 1.    The use of a 
high pressure system provides 
assurance of constant coolant 
flow to the cutting tip through- 
out the operation,    A feed of 
0,003 i.p.s,  and a turning speed 
of 32 r,p,m, was found to pro- 
duce optimum results. 

FIGURE PARTING TOOL HOLDER W/TREPAN TOOL TIP AND 
OIL PRESSURE TUBE. 

When parting sections of 
long cylinders after the core 
has been removed by trepanning, 
a special mandrel,  shown in 
Figure 2^ was inserted in tne 
bore of the cylinder to provide 
rigid support during the parting 
operation and prevent breakage 
of the parting tool. 

FIGURE 2:     SPECIAL MANDREL. 

■    • " 
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PARTING OF TITANIUM CYLIHDERS (COMT) 

The support mandrel and a 
typical setup of the parting 
of a trepanned titanium 
cylinder are shown in 
Figure ^ 

For purposes of compar- 
ison the case of sawing VB 
parting can be cited for a 
Ik inch diameter solid ti- 
tanium cylinder. The saw 
cutting operatic m took more 
than 3 hours as opposed to 
hO minutes for parting. This 
was another example of the value 
and versatility of the carbide 
tipped trepanning tool bit. 

S. £. Siemen 
H. Rosato 

Watertown Arsenal 
11 April I960 

FIGURE 3:  PARTING OF TREPANNED CYLINDER. 
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NEW HIGH-STRENGTH TITANIUM ALLOY 

INTRODUCTION 

ma 
The Ordnance Corps of the U. S. Army has been actively searching for 

terials which will reduce the weight of military equipment,  A new 
titanium alloy has been developed which, on a strength-weight basis, is 
equivalent to steel at a yield strength of 325,000 psi.  In some special 
weapons, the weight limitations are so stringent that only new high-strength 
titanium alloys, such as this, provide the high strength-to-weight ratio 
and toughness which are required.  This new alloy has evolved from the 
materials research program of Watertown Arsenal Laboratories, a progi 
aimed at developing improved materials for Ordnance application. 

rram 

TYPES OF TITANIUM ALLOYS 

Titanium alloys   are  generally  separated  into  three  basic   types 
designated   (1)   alpha,   (2)   beta,   and  (3)   alpha  ♦  beta.     These  designations 
refer  to  the metallurgical   phases  which  determine  alloy behavior.     The  alpha 
alloys   (which  include   unalloyed  titanium)   possess   P   stable  single  phase 
structure   which   is   not  amenable   to strengthening  by   heat   treatment.     There- 
fore,   only  moderate   strengths  can  be  developed   in   this   type  of  alloy  by 
solid  solution  and/or  cold  work. 

The meta-stable beta type alloy can be likened to stainless steels in 
that it is relatively soft in the annealed (solution-treated condition). 
In this condition it is ductile and can be readily formed or worked at 
ambient temperatures. It can be strengthened to high levels by cold work- 
ing and/or aging the meta-stable beta structure. Considerable research is 
currently in progress under the Department of Defense Titanium Alloy Sheet 
Rolling Program  to develop  the  beta  alloys   to  full   production  status. 

The  alpha-beta   type  alloys   combine   both   phases   and  may  be  used   in   the 
annealed  condition,   if  moderate   strength  and  good  ductility are   required, 
or after   solution   treatment and  aging to  produce   higher  strengths  and  some- 
what   less,   but   adequate,   ductility.     High-strength,   alpha-beta   titanium 
alloys  are   currently  being   forged,   rolled,   and  extruded   into components   for 
a  number   of  Ordnance  Corps  applications. 

COMMERCIAL ALPHA-BETA TITANIUM ALLOYS 

There  are  currently 
commercially available a 
variety of  proven alpha- 
beta  type   titanium alloys. 
Typical  mechanical   proper- 
ties  obtainable  on  some  of 
the  more widely used alloys 
are   given   in Table   I.     On a 
strength-weight  basis   steels 
wi-,h  yield   strengths   ranging   from  230,000   psi   to   300,000  psi  would  be   re- 
quired  to  compete   with  the   titanium alloys   in Table   1. 

1  TABLE Z 
"" —1 

1             TTWCAt WOfCKTIH REMJZtD BY «HTCTTOKN «WiAL                   | 

IN FMmCATION OF CdMMIWML «LPHA-KU TITAMM ULLim.           1 

1   mm Tin 
1    MHNALCOMNtlTION to   Mi ÜL II.«. 

JJkL 
IMMCT «T-«0«r     1 mm      1 

1   *u.-*y 1^0,000   190000 15 40 14                     j 

1     Mt-«V iro.ooo   IM.OOO 12 99 10                     | 
1     MI.-l.SPfl4Crt.IHo IMjOOO     ITO.OOO 10 29 7                      1 

1                YIILD STKOWTH «T   0.1% OfFStT 
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Ti-6Al-6V-2Sn-K2Ke-ÜCu ALLOY 

EFFECT OF AGING TEMPERATURE ON 
};_ MECHANICAL PROPERTIES OF Tl,- 
~m 6AI-6V- 2Sn - ALLOY BILLETS 

To  fulfill   the   need   of   better   materials   for   critical   Ordnance   components, 
a   new   alloy   of   the   above   composition   has   been  developed.     This   alloy   is   of 
the   alpha-beta   type.      It   can   be   heat   treated   to  very  high   strength   levels, 
yet   still  maintain  good  ductility  and  toughness.     Typical   properties  obtained 
are   shown   in  Figure   1.      It   should   be   noted 
that   yield-strength   values   are   in   excess 
of   180,000  psi. 

Currently,   three   of   the   major   titanium 
producers   are   processing   this   alloy.     Up  to 
the   present   time,   some   20,000   lbs.   have   been 
procured  by  Watertown  Arsenal.     Most   of   the 
material  has   been  utilized   in   the   manufacture 
of  experimental   and   prototype   components   for 
advanced Ordnance   weapons.     Table II shows 
mechanical   properties   obtained   from  typical 
prototype  items,   from certain  extruded parts 
and  experimentally   "floturned"   samples. 

This   series   of   high-strength  alpha-beta 
type   titanium alloys   has   been   formulated 
jointly  by  metallurgists   at  New  York  Univer- 
sity   and Wattrto^r-   arsenal   Laboratories. 
These   alloys   oonUin   about   6%A1-6%V-2%Sn 
with   small   quantities   of  copper,   iron, 
zirconium,   and  chromium. 

900 IOOO IIOO ISOO 
AGING   TEMPERATURE I 'F) 

MACHINING 

The  question   of   machinabi1ity   often  arises  when   it   is   proposed   to 
manufacture   components   from   titanium alloys.     However,   actual     difficulties 
are   rare.     Carbide   tools   are   very  effective   in  machining   titanium and  slight 
modifications   in   tool   angle  and   lubrication are  advisable   in   order   to obtain 
machined  surfaces   of   optimum  quality,     tqually   important   are   rigid   setups 

TABLE H 
TYPICAL MECHANICAL PROPERTIES OF COMPONENTS FABRICATED 

FROM DEVELOPMENTAL ALLOY Ti-6AL-6V-2Sn- JF«-^Cii ALLOY 

TEMP OF FAB.      YIELD TENSILE CHARPY SECTION  MAX. 8£CT 8IH 
TYPE INITIAL   FINAL STRENGTH   STRENGTH    ELON     R A. IMPACT|-<K)»FI     Slf          

(%)       (%)     (FT-LIS) FABRICATION ££1     £IX   (Ell 'l00ü> f" LSSBi 

OPEN DIE*      1790      1600     181.2"1 188.9 9.5     29.8 

ECTION  MAX SECT SIZE 

jit ww. 
CLOSED CHE     1680      1830     172 9 ,1" 

ucnuo I>T 1790 
'rLOTURNIO'   ,, 

1700     I8M 

100       182 2'" 

181.0 

179.0 

I88.B 

100     278 

11.1       28.9 

120     92 9     (NOTED 

«4 
»s 

88 

r 

OTJ' 

2-1/»" 40 
l-l/I" 10 

l-i/f 15 

.079" I 

• DATA TAKEN  FROM ACTUAL PRODUCTION  COMPONENTI 

NOTE I-NO TeiT CONDUCTID  OUI TO THIN IICTION SIZE 

HIAT TKATMENTi III I890*F - l-l/t HR8-WQ PLUS IIOO^-AHNl-AC 

(2)1880^-1-1/2 HRS-WO PLU» llOOf-AHRS-AC 

(SlIIOO'F -4HR9-AC 

I Patent  being applied for. 
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with   positive   feeds.      Cutting   rates   equivalent   to   those   used   in   steels   of 
comparable   hardness   are   realized,   but  with   faster   feeds   and   slower   speeds. 
Even   "tapping"   and   "trepanning"2   of   titanium   is   easy,    if   simple   changes   of 
machining  procedures   and   tool   design  are   made.      For  example,   in  Figure   2 

the  standard   tap   "A"   will   seize   and   break   if 
used   in   titanium;   the   standard  spiral   tap     B 
can  be   used  wit.h   titanium,   but   requires     care   ; 
the   52°  helix   tap   "C"   is   free   cutting  and   is 
recommended   for   tapping   titanium. 

FORGING 

B 

Forging   of   titanium   not   infrequently 
evokes   some   skepticism.     The   marked  dif- 
ference   between  steel   and   titanium  is   that 
in  steel   processing  grain   refinement   can   be 
accomplished   both   by   hot   working  and   by  heat 
treatment,   whereas   in   titanium alloys   grain 
refinement  can   only   be   obtained  by  deforma- 
tion   low   in   the   hot   forming  range.     Temperature   control   has   to be   maintained 
within   about   250F.     Figure   3   shows   the   importance   of  close   temperature   con- 
trol.      If   the   alpha-beta   transus   temperature   is   exceeded,   a   coarse   brittle 
structure  will   result   as   illustrated   by   the   photomicrograph   on   the   right   of 
Figure   3.     To   obtain   the   fine   grain   structure   shown   on   the   photomicrograph 
in  the   left   of  Figure   3,   forging  must   be   conducted  approximately  50oF  below 
the   transus   temperature   (1720oF)   to  accomplish   a   reduction   in   the   order   of 
50%.     At   this   temperature   titanium  parts   require   three   to   four   times   greater 
forging  capacity   than  would   be   necessary   for   steel   parts   of   the  same   sue. 

EFFECT  OF   FORGING  TEMPERATURE ON   TITANIUM   MICROSTRUCTURE 

FORGED 8ELOW/3 TRANSUS   XIOOO     FORGED A BOVE /3  TRANSUS   XIOOO 

TOUGH DRITTLE 

■tn.   »n-lt.Hl 

2"Trp.t>anning  Titanium"  by S.  E.  Sienen and  H.  Rosato,   Uatertown Arsenal Laboratories, 
AMSRICi» HACHI1IIST,  August 30.  195U. 
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Figure 4 illustrates the effect of forging reduction on resultant 

mechamc-il properties. 

Since titanium is forged at a substantially lower temperature than 

steel, forging dies have to be pre-heated to temperatures in the order of 

500oF - 600oF to prevent chilling of the titanium parts being forged.  A 

slurry of graphite in silicone oil has been found to be a most effective 

lubricant. 

To minimize seizure between the titanium 

forging and the dies, draft angles twice 

those for comparable steel forging dies are 

necessary. 

Figure 5 illustrates a complex configura- 

tion forged in a closed die.  It was possible 

to forge this intricate shape by conducting 

four separate operations.  The first two 

blocking operations were performed above the 

beta transus temperature to obtain rough con- 

tour each at a reduction ratio of 50%.  The 
last two operations were performed below the 

beta transus temperature to refine the grain 
and insure good 
mechanical properties. 

WELDING 

#    W 

now 

F iN'SM f UWf,IN0 

AFTfB   TRiMMiNC ANC  SANP B: 4STING 

EXPERlMENTAl   TANK  TRACK GROUSER 
GORGING Of   Ti- 7ftL-4v AL.OY FORGED OM 

10.000 LB HAWER 

I; 

FFFECT OF PLASTIC REDUCHON ON 
MECHANICAL PROPERTIES OF Ti,- 

6AI- 6V- 2SI1- ALLOY BILLETS 

2P   5 

"    180 

ir 
C    ITCl— TC—TO—So    M—56    «ft 

X REDUCTIONtPLASTIC) 

Of course, when-   "■■"■ 
ever a new high- 

strength material is 
developed the question 

of weldability always 
arises.  For the new alloy in question, preliminary 

evaluations have indicated that 150,000 psi yield 

strength and 5% elongation may be realized in stress 

relieved weld bends, a significant advance in this 

important area. 

ANTI-GALLING COATINGS 

A major disadvantage of titanium alloys is the 

seizing and galling which occurs between mating 

parts.  A coating consisting of a suspension of 

colloidal graphite in a phenolic-epoxy resin elim- 

inates galling when applied to the surface of 

titanium.  The coating is applied either by spray- 

ing or brushing to a thickness of 1/2 mil and re- 

quires a 30-minute cure at 350oF.  In threaded 

connections coating of only the "male" thread is 

required. 

. 
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EROSION RESISTANT COATINGS 

Titanium  alloys   are   susceptible   to  erosion   when   high-velocity  hot  gases 
are   brought   into   intimate   contact  with   the   material.     Flame   sprayed  coatings 
of   aluminum-oxide,   zirconium-oxide,   and   stainless   steel   have   been   found  to 
practically  eliminate   erosion   in   certain  applications   involving  single   (non- 
recurring)   exposure, 

HIGH TEMPERATURE PROPERTIES 

Figure   6  shows   the   strength   of   this 
new   alloy  at   elevated   temperatures. 
Briefly,   it   is   much   better   than   the 
average   titanium alloy,   and  under  some 
conditions   it   is  exceptional.     Yield 
strength values  in excess   of  100,000 psi 
can be  obtained at   temperatures   up to 
800oF,   and at  1000oF  tensile  strength 
values  up to 100,000  psi   can  be   obtained. 

LABORATORY STAGE ALLOYS 

In  the   continuing  alloy-development 
program  slight  modifications   in   chemical 
composition  have   already   produced   new 
alloys  with  mechanical   properties   superior 
to   the  original.      In   laboratory   size   heats 
seme   titanium alloys   with   yield   strengths 
up   to  210,000  psi   and  good   toughness   have 
beeil   realized. 
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WATERTOWN ARSENAL LABORATORIES 
WATERTOWN, MASS. 
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