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WATERTOWN ARSENAL
WATERTOWN, MASS.

PRODUCERS COORDINATION MEETING

TITANIUM MATERIALS FOR DAVY CROCKETT AND OTHER WEAPON SYSTEMS

Agenda
1l April 1960
Fifth Floor Conference Room Watertown Arsenal
Building No. 39 - Room No. 521 Watertown, Mass.
Time Subject

0900 - 1000 Meeting of Ordnance Representatives
Ordnance Weapons Command, Ordnance Ammunition Command,
Picatinny Arsenal, Frankford Arsenal, Watertown Arsenal,
and Watervliet Arsenal

1030 = 10L0 Welcome
Brig Gen C. E. Rust, Commanding General, Watertown Arsenal
Program of the Day
Mr. E. N. Hegge, Project Officer, Davy Crockett, Watertown
Arsenal

1040 -~ 1200 Ordnance Presentations

1040 - 1055 Col R. J. Rastetter, Spec., Asst. to Commanding General,
Ordnance Weapons Command
Mr, F, Wittber, Asst. Project Officer, Industrial, Davy Crockett
Managerial Position of Ordnance Weapons Command - Responsibil-
ities, urgencies, priorities and requirements of readiness of
of special weapons.
1(55 - 1115 Mr. L. Horowitz, Deputy Director for Davy Crockett,

Picatinny Arsenal

Mr. M. Barnstein, Staff Assistant for Industrial Transition,
Davy Crockett

Iightweight, High-Strength Weapon -~ Timetable of research and
development of lightweight, high-strength weapon including
phasing in of industrial engineering and initial production.




Time

1115 - 1135

1135 - 1155

120y - 1230

1230 - 1330
1330 = 1500
7330 - 1410

110 - 1430

Agenda (Cont)
14 April 1960

Subject

Lt Col G. H. Baxter, Project Officer, Davy Crockett,
Watervliet Arsenal

Recoilless Weapon Requirements - Yield strength, ductility
and toughness, configurations and sizes for metallurgical
processing, quantities of material.

Mr. E. Roof, Industrial and Maintenance Mission for

Davy Crockett, Picatinny Arsenal .
Special Weapon Ammunition Titanium Materials = Special

weapons ammunition titanium materials requirements, industrial
engineering projects in metallurgical processing to facilitate
production and reduce cost,

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

Iunch - Watertown Arsenal Cafeteria

Engineering Data, Hot-Working and Specifications

Mro R. M. Colton, Watertown Arsenal Laboratories

Engineering Data, Specification MIL-T-L6038(ORD)

Mechanical properties, forging techniques, and heat-treatment

cycles as related to alpha=beta type titanium alloys v
processed to meet the general requirements of specification
MIL~-T-L6038. Emphasis will be made on effects of alloy

composition, forging temperature, and reduction raiio in

relation to the upset forging test procedure required in

this specification.

Mr. J. F. Rizzitano, Watertown Arsenal Laboratories
Engineering Data, Specification MIL-T-L6035(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-L46035. 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.




Agenca (Cont)

1L April 1960
. Time Subject
! 1430 - 1445 Mr. E. N. Kinas, Watertown Arsenal Laboratories

i Hot-Working of Titanium Alloys - Die design and 1life,
F lubrication variables, power requirements, temperature
t 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.

1445 - 1500 Mr. J. F. Coulter, Watertown Arsenal Laboratories
Specifications - Review of specification MIL-T-L6038(ORD),
Titanium Alloy, Wrought, Rods, Bars, and Billets (For
Critical Applications) and MIL-T-46035(CRD), Titanium
Alloy, High-Strength, Wrought (For Critical Applications)

e

’.ﬂl
1500 - 1530 Mr. E. N. Hegge
2 Summary and Discussion
f 1530 = 1600 Demonstration - Bldg. 39
; Contour Turning and Billet Trepanning of High-Strength
Titanium
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ORDNANCE CORPS

WATERTOWN ARSENAL
WATERTOWN 72, MASSACHUSETTS

1L April 1960

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 t: 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 - 159,999 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
225,000 1bs, of moderate strength and 55,000 1lbs. 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

ST S iadniie. Al
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1L April 1960

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
ccoperative 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.
@ AT
. -V

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

Agenda and Abstracts - Watervliet Arsenal, Watervliet,
New York, 15 April 1860 - Fabricators Coordination
Meeting, "Titanium Materials for Davy Crockett and Other
Weapon Systems"

Introduction - Col Walter M. Tisdale, Commanding Officer,
Watervliiet Arsenal
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i WATERVLIET ARSENAL
WATERVLIET, NEW YCRK

' PROCESSORS COORDINATION MEETING

TITANTUM MATEKIALS FOR DAVY CROCKETT AND OTHER WEAPON SYSTEMS i

: Agenda ;
¥ 15 April 1960 1

B Third Floor Conference Room Watervliet Arsenal

; ; Building No. 10 Watervliet, New York

E Time Subject

] : 1000 - 1010 Welcome

9 3 Colonel W. M. Tisdale, Commanding Officer, Watervliet Arsenal

E ' Program of the Day | 4
2 Lt Col . H. Baxter, Project Officer, Davy Crockett, ;
‘ Watervliet Arsenal ‘
| 1010 -~ 1145 Ordnance Presentations :

1010 - 1025 Colonel R. J. Rastetter, Spec. Asst. to Commanding General,
. Ordnance Weapons Command

Mr. F. Wittber, Assistant Project Officer, Industrial,
Davy Crockett

' Managerial Position of Ordnance Weapons Cormand - Responsi-
Bﬂfgies and requirements of readiness of special weapons.

1025 - 1040 Mr. L. Horowitz, Deputy Director for Davy Crockett,
Picatinny Arsenal
Mr. M. Bornstein, Staff Assistant for Industrial Transition,
Davy Crockett
Lightweight High-»StrenE%h Weﬁ%on - Timetable of research
and development of lightwe s high-strength weapons
including phasing in of industrial engineering and initial
production,

1040 - 1055 Lt Col R, Barth, Project Officer, Davy Crockett, Frankford
Arsenal f
Development sackground - Development background of Davy |
Crockett weapon systems including history of material
and design.




E. . Time

1055 - 1105

1105 - 1120

i G B st

1120 - 1145

1145 - 1245
1245 - 1428
1245 - 1305

1305 - 13L5

Agenda (Ccnt)
15 April 1960

S_ul_)ject

Lt Col G. H. Baxter, Project Officer, Davy Crockett,
Watervliet Arsenal

Recollless Weapon Requirements - Yield strength,
ductility and toughness; configuration and sizes for
metallurgical processing, quantities of material,

Mr. E. Roof, Industrial and Maintenance Missionj

Davy Crockett, Picatinmy 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.

Mr., 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-L6038(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=46038.
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. J. Rizzitano, Watertown Arsenal Laboratories
Engineering Data - Specification MIL~-T-L6035(ORD) - Mechanical

i - T T Wi, RO Y Y, ey

properties, Iorging techniques, and heal-treatment cycles

as related to alpha-beta type titanium alloys processed to
meet the general and specific requirements of specification
MIL-T-06035. 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,




Agenda (Cont)
15 April 1960

i Time Subject
1345 - 1400 Mr. J. F. Coulter, Watertown Arsenal Labiratories

Specifications - Review of specification MIL-T-~L6038(ORD),
i Titanium Alloy, Wrought, Rods, Bars, and Billets (For
o Critical Applications) and MIL-T-L6035(ORD), Titanium
, Alloy; High-Strength, Wrought (For Critical Applications)

R —

Y 1400 - 1425 Mr. F, Kirwin, Watervliet Arsenal
; 3 ’ Titanium Machining Experience at Watervliet Arsenal
L 11‘25 -, lhhs Lt COl Go Ho Baxter
' Summary and Discussion
- LS - 1600 Tour of Arsenal Facilities
A; ;
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QRONANCE CONRPYS
WATERVLIET ARGENAL
WATLRVLIET, N. Y,

15 April 1960

REPRIENTATIVRES OF TNDUSTRTAT, FAPRICATORS AND ORDNANGCE CORPS PRRSOMNEL:

Army Ordnance is greatly interested in the use of high-strangth titanium
alloys for usn where welight is an important factor suth as in tha current
Davy Crockett systeme Of thao prosently available constructional materials
which are suitably workable for mamfacturing system components, the titanium
alloys provida a stranpth-to-weight ratio sufficlently superior to tha other
materinls to insure the achlevement of minimum weight of a systom.

A wide range of strenzth levels in combination with varying degrens
of toughneiss is available in alpha-beta type titanium alloys. Good enginaor-
ing Judgmant will dictnte the optimum combination of strength and toughness,
As with any nowly developed material, the background of experlence in actusl
applications is limited. However, this 1limited experience has been obtained
from the spplication of titantum alloys in systems subjected to som: of
tha most severs operating conditions to which Ordnance materials are subjected,
i.e., recoilless guns and ammnition components. This expsrience has sub-
stantiatel without question the feasibility of utilizing titanium alloys for
many Ordnanesa applications.

Alloy titanium, which on a strenzth-weight basis is equivalant to steol
at a yleld strongth of about 300,000 psi, has been selectoad as the material
for both the man-transportable recoilless rifle and the ammanition launching
pistons of the Davy Crockstt weapons system. This ultimate goal of the
lightwolght system was realized by virtue of the high strength-to-weight
ratio in conjnnction with the adequate moidnlus-to-waipht ratio ani the suft-
able toughness available in alpha-bota type titanium alloys. Furtharmore,
these properties are retained over a wide rangn of temperaturos.

Tn the thin-willed titanium recoilless gun deslipned for the Davy Crockatt
system, the material i3 subjected to high rates of loaiing to high strain
lovels, temperatura ranging from -H°°F to 500°F, exposure to the erosive
effects of hot pases at high veloclties, and o=xposure to the elsmants,
Threads, holes and other such discontinaities ars machined into the pun,

The diamytrical tolerances necdad requive a hiph order of dimsnsional
stability and good machineubility in the high-strength condition. Surpris-
ingly, protection of tha titanium material from tho highetemporature
propellant pgases bas benn founl to be necassary only in the throat and
adjacent rearwird soctlons of tha nozzle of the gun.

A
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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 todsy 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 Arsensal
Leboratories the appreciation of Frankford Arsenal, Picatinny Arsenal,
and Watervliet Arsensl where the various high-strength titanium componewnts
were designed and to join in expressing our thanks to the participating
industrial organizations.

Perhaps those of you here todasy who have not had the opportunity to
process these materials or to examine as yet the data being furnished are
skeptical of the commercial feasibility of processing these high-strength
titanium materials. At the outset of the Davy Crockett program two years
ago the recollless rifle and emmunition 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 date sccumulated 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 commercial
processing of these high-strength titenium 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
Comnanding
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SECTION C

Titanium Alloys For Critical Ordnance Components

Military Specification MIL-T-46038(ORD)
Military Specification MIL-T-46035(0RD)
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TITANIUM ALLOYS FOR CRITICAL ORDNANCE COMPONENTS

MILITARY SPECIFICATION MIL-T-L6038(ORD) WROUGHT, RODS, BARS, AND BILLETS |

AND

—

MILITARY SPECIFICATION MIL-T-L6035(0RD) HIGH-STRENGTH, WROUGHT |

i e s

INTRODUCT ION

The increasing need for lighter weapons has led to the accelerated |
development and application of higher strength materials, Wrought titanium 1
alloys have been of particular interest because of their superior strength- 3
to-weight ratio. 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 (1bs per sq in/lbs per cubic in).

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 i
of temperatures. In general, components must perform satisfactorily between
~65°F and 160°F, and in some cases, such as for recoilless rifles, at 500°F. /

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-7A1-LV, Ti-63A1-LV, Ti-6A1-LV, Ti-155A and
Ti-6A1-6V-2Sn, meet the general requirements of the new military specifications ‘
for the moderate yield strength range (120,000~159,999 psi); and two titanium
alloys, Ti-155A and Ti-6A1-6V-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(1) | §

The two military specifications of this report, MIL-T-L6035(ORD) and MIL-
T-L46038(0RD), 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 te-hnorogy advanced.
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 mlitary specifications at this tame,

MILITARY SPECIFICATIONS MIL~-T-46035(ORD) AND MIL~T-L6O3B(ORD)

Basiczally, MIL-T-L6038(ORD) covers the procurement of wrought rods, bars,
and biilets in the mill form, and MIL-T- L6035(ORD) ccvers the procurement of
hot-worked forgings and extrusions. It 1s evident that tre former specifica-
tion is utilized either for the procurement of material for subsequent cou-
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, 3

A question which immediately arises i3 that since forgings and extrusions are
procured in accordance with certain mechanical-property requirements stipulated
in one specification (MIL~T-L6035), why does this same specification require
that the mill products used in the conversion process meet. specified mechanical
properties stipulated under a second specification (MIL-T--46038)2 The answer
is very brief, Watertown Arsenal Laboratories experience has shown that the
requirements specified in MIL-T-L6035 can only be met by utilizing miil products
capable of meeting the equivalent yield-strength range requirements stipulated
in MIL=T-L6038. Thus, in specification MIL-T-46038 the impact requirement
serves as a method of quality control as well as a measure of toughness.

It should be noted that both specifications require that the density or !
the alloy supplied shall not exceed Le70 GM/cho This step is necessary in
order to maintain a narrow band of strength-density ratics for a particular
strength range. All alloys designated in the datva presented meet tnis density
requirement. In some cases an elevated-temperature requirement i1s specified
(See Par. L.5.,2.2.1 of MIL-T-L6035). Agaln this is necessary where the
zomponents are subjected to special performance cycles,

Mititary specification MIL-T-46038{O0RD}, Titanium Alioy. Wrought, Rods.
Bars and Biliets, is discussed in Section A which follows, whiie MIL-T-L6035(ORD) .
Titanium Alloy, High-Strength, Wrought, 1s discussed in Section B. Copies
of these specifications are attached to this report.

SECTION A - MILITARY SPECIFICATION MIL-T-LOO38{(CRD)

INDUSTRIAL ALLOY DEVELOPMENT

The distainguishing feature and basit requirement of MIL-T-L6038 is centered
around the upset-forging test utilized for mechanical-property evaluation (See
Figure ljj. The actual test procedure is outlined in the specification, but a
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brief description is presented here for increased clarity. Essentially, 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 i
Table II, Page 6, MIL-T-L6038). The test specimens are taken from locations ]
which can be best described as tangential to a series ol concentri: zircles i
within the upset disc (See Page 7, MIL-T-L6038). For smail diameter bars or 5

rods the tests are longitudinal (See Par., L.5.2.1.1, MIL- T L6038, and for
large diameter billets (See Par. L.5.2.l.4) the bars ave again tangential
however, the sampling procedure 1is slightly modified. In this case a Z-inch
disc is cut from the end of the bille%. quartered and sectioned int¢ 4L-inch .
high rectangular-shaped plates, and upset parailiei to the 4 1nch damsnsior

at the prescribed temperature and to the prescribed thickness,

The four sheets of tabulated results designated under Table I c¢ontain
test data obtained from material purchased to requirements similar tc those
stipulated in specification MIL-T-L6038. However, 1t should be noted that
whereas the original billet height before upset is L inches for the test
data shown in these tables,; the new requirements in MIL-T 46038 designate
2 5=-inch biliet height. This modification increases the amount of hot work
during upset and correspondingly increases the ease in meeting the desired
mechanical properties,

Basically, the table is divided into two sections, oneé covering yieid
strength ranges of 120,000-159,999 r<si and the second covering yield:strength
ranges of 160,000-189,999 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 code, except for proprietary alloys.
Colurn M shows the facility conducting the chemical analysis evaluation
("Gov't" for Govermment 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 0. respe:tiveiy. The
upset forging procedure is shown in column P, and the heat treatment and
type of quench are shown in colummns Qy; R, and S. The me-hanica.
property results are tabulated in columns T, U, V, W, and X, and the facility
performing the mechanical-property testing is designated under zolnmr Y.

YIELD-STRENGTH REQUIREMENT 120,000 - 159.999 PSI

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

The data tabulated in sheets 1 and ¢ of Table T represent apprcximately
225,000 1bs. of titanium purchased by Watertown Arsenal over the last three
years. It should be noted that approximately 90% of all the matesrial tested
in Table I, sheetsl and 2 meet all of the requirements specified 1n MIL T
46038, Improvement of this figure to gpproxinetel 1007 will resuit from the
use of the 5-inch high test billet and improved processing proiedures and
heat treatments.

dpeh v . Tt s e

i e

R

Pt s B o s

S LR,




K
{
!
1
4

{

Only the nominal analysis of each alloy is listed,
It should be noted under Par. 3.1

e

in accordance with commercial tolerances.
of MIL~-T-L6038 that only maximum interstitial contents are specified, and that
the actual compositions are left up to the diseretiom of the producer.

The exac*t analysis is

In general, specific alloys, forging procedures and heat-treatment cycles s

are related to the individual strength-range requirements,

The following

chart summarizes the recommended alloys and corresponding processing procedures

necessary to meet those requirements.

from the tabulated results shown in Table I, Sheets 1 and 2.

Strength Range

o1Z 0ffset

Alloy

120-129,999
n

130~139,999
n

1]
"
n

140-149,999
"

150-159,999
1t

YIELD~-STRENGTH REQUIREMENT 160,000 - 189.999 PSI

Ti-6A1-LV
Ti-62A1-LV
Ti-T7A1-LV

Ti-6A1-4V
Ti-63A1-LV
Ti=-7A1-LV
Ti-1554
Ti-6A1-6V-2Sn

Ti~63A1-LV
Ti~TALl-LV
Ti-1554
Ti-6A1~6V-2Sn

Ti-7A1-LV
Ti-1554
Ti-6A1-6V-2Sn

CHART I

Upset Temp.,
°F

1750 ~ WQ
1750 - WQ
1775 - W

1750 - WQ
1750 - WQ
1775 - W
1675 - WQ
1675 - WQ

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

1725 - WQ
1675 - WQ
18675 - WQ

Thickness
(In.)

The data in this chart is taken directly

Heat Treatment

Sol. °F

None
1]

"

1700=1hr-WQ
1700-1hr=WQ
1725-1hr-WQ
1650-1hr-WQ
1630~1hr-WQ

1700~1hr-WQ
1725-1hr-wQ
1650-1hr-WQ
1630~1hr-wQ

1725-1hr-WQ
1650-1hr-WQ
1630-1hr--WQ

Age °F ;
1300-Lhr=AC
1350-Lhr-AC

1200-Lhr=-AC
1200-4hr-AC
1250-Lhr-AC
1300-Lhr~AC
1300-Lhr-AC

1100-1150-khr-AC
1150-4hr-AC  °
1250-Lhr-AC
1250-L4hr-AC

1100-Lhr-AC
1200--4hr-AC
1200=Lhr-AC

It is quite understandable thatclo® allgying 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 L of Table I represent the testing and evaluation
of approximately 30,000 1bs. of Ti-6A1-6V-2Sn and 25,000 1bs, of Ti-155A. It
should be noted that approximately 75% of the material tested in Table I, sheets

3 and L meets all of the requirements specified in MII~T-L6038.
noted that this 75% acceptance figure includes material which was not
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optimm chemical analysis and/or was experimentally processed and heat treated
to establish optimum procedures. This acceptance rate can approach 100% if
the optimum chemical analysis, processing procedures and heat treatments are
utilized as recommended 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-6A1-6V-2S5n
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
Metals Corporation of America.

ALLOY COMPOSITION

The effect of high Ny and Op contents on mechanical properties is con-
vincingly shown in lines“37-L42 GOf Table I, sheet L. 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 L, the strength is slightly
lowered, but the ductility and toughness are raised to acceptable levels.
The recommended analysis tor the Ti-6A1-6V-2Sn alloy is presented below:

Al - 5.2‘5.8%
\Y

- 5.2-S¢8%
Sn - 107-203%
Fe - 005‘009%
Cu - 005-0.9%
C - .OS% Max.
O - 012'019% Max.
H - -012% Max.

N 0025 - 005% 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.L

The standard melting procedure currently employed for such alloys as
Ti-6A1-L4V is applicable to the Ti-6A1-6V-2Sn alloy. However, 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 TECHNIQUES

The most important aspects in obtaining high-strength properties with good
ductility and toughness for a particular alloy composition are forging

5
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temperature and amount of hot working at this temperature. It has been shown
(See Figure 5) that for the Ti-6A1-6V-2Sn alloy a minimum of 50% 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. Consequently,
the specified upset procedure always incorporates temperatures at least 75°F

below the beta-transus temperature and hot-working reductions in excess of 50%.

In addition, the specification requires that all rod, bar, and biliet 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 recammended forging temperatures and required maximum
thicknesses and heat-treatment procedures for upset tests. The data in this

chart is taken directly from the tabulated results shown in Table I, sheets

.3 and uo

CHART II

Strength Range Upset Temp, Thickness Heat Treatment |5

1% 0ffset loy °F (In.)  Sol, °F Age °F | 4

| 4

160-169,999  Ti~155A 1675 - WQ 1 1650=-1hr-WQ 1150=lhr-AC |

H Ti-6A1-6V-2Sn 1675 - WQ il 1630-1hr-WQ 1150-Lhr-AC i :

170-179,999  Ti-1554 1675 - WQ 3/l 1650-1hr-WQ 1100-Lhr-AC &
" Ti=-6A1=6V-25Sn 1650 - WQ 3/4 1630-1hr<WwQ 1100=-Lhr-AC
180-189,999  Ti-6A1-6V-2Sn 1650 ~ WQ 3/L 1630-1hr-WQ 1050-Lhr-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 shouid be at least 100°F i
below that of the beta-transus, and the aging temperature is bracketed by the
1000=1150°F rarge, Recommended cycles are shown in the above table and can
be correlated with results obtained in Table I, sheets 3 and L.

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

4
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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 II.

“

e

HIGH-TEMPERATURE PROPERTIES

e b

F‘ In specific Ordnance application minimum elevated mechanical properties 1
are required (See Par. Lo5¢2.201, MIL-T-46035), Only the Ti-6A1-6V-2Sn alley 1
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 3.

SECTION B = MILITARY SPECIFICATION MIL~T-U6035(ORD)

INDUSTRIAL HOT-WORKING DEVELOPMENT

‘{'. : The basic purpose of MIL-T-L6035 is to provide a specification for the
b, . procurement of backward and forward extrusions and closed- and open-die

R R 10 T T N, Ty TR

F forgings to designated yield-strength levels for medium- and high-strength

} ! titanium alloys used in critical Ordnance applications. In general, testing ‘,
E will be performed on transverse specimens unless the use of such is precluded. E

' ¢ Such specimens will be machined from rings, in the case of extrusions, and =

T 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 and
extrusions are shown in Figures 6 through 15, and the corresponding processing
procedures and mechanical-property results are shown in Table II, sheets 1, 2,
3, and 4o The data presented in this table were obtained from material
processed to meet the requirements specified in MIL~T=L6035.

Basically the table is divided into two sections; one covering yield strength
ranges of 120,000-169,999 psi and the second covering yield-strength ranges of
160,000-189,999 psi. 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 part, and is copied alphabetically except where processing was
accomplished at Watertown Arsenal; 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 evtrusions processed from the same heat of material
in Table II. 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 ¥. Column
¢ /5 4

7




RN

L e S il il gt

E and F show respectively the billet diameter and weight of each individuaily
processed component. Column G shows the forging temperature and cooling

media,and the typical as-processed section size is shown in column H. Colum

I and J show the heat treatments utilized on the as=processed or rough-machined
components, Coclumms M, N, 0, P, and Q tabulate the mechanical properties

obtained from the heat-treated components. ,

YIELD-STRENGTH REQUIREMENT 120,000 = 169,999 PSI

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

The data tabulated in sheets 1 and 2 of Table II represent approximately
225,000 1bs., of titanium processed by Watertown Arsenal ove: the last three
years, It should be noted that over 90% of all the material tested in Table II,
sheets 1 and 2 meet all of the requirements specified in MIL-T-L6035. This
percentage would closely approach 100% if data on experimental components were
not included in the table, Only 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 L. In general, specific alloys,
forging procedures, and heat-treatment cycles are related tc 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
land 2,

CHART III

Strength Range Forg. or Ext. Heat Treatment )
1% Offset Alloy Temp. (°F) Sol. °F Age °F
120-129,999  Ti-6A1-LV 1675-1775 - WQ  None 1300-Lhr~AC

" Ti-63A1-LV 1675-1800 -~ WQ  None 1300=Lhr-AC

m Ti=7Al=LV 1675-1800 - WQ  None 1350-Lhr-AC
130-139,999  Ti-6A1-LV 1675-1775 - WQ  1700-1hr-WQ 1750=lhr-AC

" Ti-62A1-LV 1675-1800 - WQ  1700-1lhr-wQ t

L Ti-TAl-LV 1675-1800 - WQ  1725-1hr-wWQ E

" Ti~-155A 1650-1725 - WQ  None £500=Lhr=AC |

" Ti-6A1-6V-25n  1650-1700 - WQ  None 1300 Lhr-AC .
140-249,999  Ti-63A1-LV 1675-1800 - W  1700-1hr-wQ 1150-1200-Lhr-AC

L Ti--7A1-LV 1675-1800 - WQ  1725-ihr-WQ 1200--lhr-AC

" Ti-155A 1650-1725 = WQ  1650-1hr-wQ 1250-Lhr-AC

' Ti-6A1-6V-2Sn  1625-1700 = WQ  1630-lhr-wQ 1250-Lhr-AC

N g )
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CHART III (Cont)

Forg. or Ext.

Heat Treatment

01% Offset Alloy Temp. (°F) Sol, °F Age °F
150-159,999 Ti-62A1-LV 1675-1800 - WQ 1700~1hr-W, 1100-Lhr-4C

U Ti=-7A1-L4V 1675-1800 - WQ 1725-1hr-WQ 1150=Lhr-AC

n Ti=155A 1650-1725 - WQ 1650-1hr-wQ 1200-4hr-AC

" Ti-6A1-6V-2Sn  1625-1700 - WQ 1630~1hr-WQ 1200-1250-Lhr-AC
160-1%.9.999 Ti=TAl=L4V 1675-1800 - WQ 1700-1hr-WQ 1050~1100-Lhr-AC

" Ti-155A 1650-1725 - WQ 1650-1hr-wWQ 1150-Uhr-AC

i Ti-6A1-4V~25Sn  1625-1700 - WQ 1630-1hr-WQ 1150-1200-Lhr-AC

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

As pointed out under MIL-T-LS5038, close processing ccntrol must be practiced
in order to meet the high-strength requirements designated under this section.
The data tabulated in pages 3 and L of Table II represent the processing and

testing of approximately 30,000 lbs. of Ti-6Al~6V-2Sn and 25,000 1bs. of Ti-155A.
It should be noted that approximately 95% of the components processed and tested
in Table II, sheets 3 and L meet all of the requirements specified in MIL-T-L6035.

The exact analysis of the Ti-6A1-6V-25n alloy utilized in Table II can be
obtained by referring to the same heat number listed in Table I.

FORGING AND HEAT=-TREATMENT TECHNIQUES

As mentioned under MIL-T-L6038 the most important aspects in obtaining
high~strength properties with good ductility and toughness for a particular
alloy composition are hot-working temperature and aricvnt of working at this

temperature.

The following chart briefly summarizes the optirum alloy, forging

or extrusion temperatures, heat-treatment cycle for obltaining specified yield
strength ranges as designated in MIL-T-L6035.
directly from the tabulated results shown in Table II, sheets 3 and L.,

Strength Range

CHART IV

Forg. or Ext,

The data in this chart is taken

Heat Treatment

.1% Offset, Alloy Temp. °F Sol., °F Age °F
160-169,999 Ti-7A1-LV 1675-1800 -~ WQ 1700-1hr-wQ 1050=-1100~Lhr-AC
" Ti-155A 1650-1725 - WQ 1650-1hr-WQ 1150=l4hr-AC
" Ti-6A1-6V-2Sn  1625-1700 - WQ 1630-1hr-wQ 1150-1200-L4hr-AC
170-179,999 Ti-155A 1650-1725 - WQ 1650-1hr-WQ 1050-1100-Lhr-AC
i Ti-6A1-6V=2Sn 1625-1675 - g 1630~1hr-ii, 1100-Lhr-AC
180-189, 999 Ti-6A1-6V-2Sn  1625-1675 - WQ 1630-1hr-WQ 1050=Lhr-AC
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DISCUSSION

As with requirements for MIL-T-46038 in order to obtain the desired yield-
strength levels the proper combination of alloy selection, forging, or extrusion
temperatures, hot-working reduction, and heat-treatment cycle must be obtained,

As shown in Table II, column G, 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-transus, air cooling may be substituted
if water quenching is impractical. If forging temperatures are above that of
the beta-transus, water quenchi:  is essential to avoid excessive grain growth
and subsequent embrittlement, ‘'i.e effect of water quenching beta-process
forgings is shown on lines 5k and 55, Table II, sheet 1. {

FORWARD EXTRUSIONS

For forward extrusions having room temperature, yield-strength requirements
of 170,000 psi minimum and no elevated temperature requirements either Ti-155A
or Ti-6A1-6V-2Sn can be utilized. Examples are shown in lines 1 through 62
of Table II, sheet 3, and Table II, sheet L4, lines 12 through 15 and Figures
6 and 7 for part numbers 605 and 606, It should be noted that for the Ti-6A1~
6V-2Sn alloy the maximum permissible extrusion temperature is 1675°F (See
Table II, sheet 3, lines 1 through 29), Although acceptabie properties are
occasionally obtained at higher temperatures (Table II, sheet 3, lines 30 through
Lly) uniformity of results are not obtained above the 1675°F, For the Ti-155A
alloy extrusion temperatures up to 1725°F are permissibie for both the 605 and
606 parts and slightly higher temperatures can be used if absolutely necessary
(See Table II, sheet 3, lines L5 through 62 and sheet L, lines 12 through 15).
Acceptable properties can be obtained from either alloy utilizing the forging U
temperatures and heat treatments shown in Chart IV for the 170.000-189,999
yield-strength range. 1In both alloys extrusion :alivs of 7 to 1 to 10 to 1
give acceptable results,

For forward extrusions having room temperature yield-strength requirements
of 170,000 psi minimum and elevated-temperature requirements only the Ti-6A1-6V~2Sn
alloy can be used. An example is shown on Table II, sheet L., lines 16 through 20
and Figure 6. Although satisfactory properties were obtained at an extrusion
temperature of 1750°F for this part, it is felt that a maximum temperature of
1675°F should be established to allow for the variance in allcy composition and
beta-iransus 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 160,000 psi minimum and no elevated temperature the Ti-155A, Ti-6A1-6V-2Sn
and Ti-7A1-LV alloy can be utilized, Typical examples are shown in Table II,

1v
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sheet Y, lines 45 through 62 and Figure 8., Extrusion temperature ranges and
recommended heat-treatment cycles are shown in Chart IV, Reduction ratios of
5 to 1 are adequate to meet the 160,000-169,999 yield-strength requirement when
processed as recommended above,

CLOSED-DIE FORGINGS

For closed-die forgings having room temperature yield-strength requirements
of 170,00C prei minimum and having no elevated temperature properties either
Ti-155A or Ti-6A1-6V-2Sn can be used. A typical example is shown in Table II,
sheet 5, lines 1 through 11 and L1 and L2, and Figures 7 and 9, The forging
temperatures and heat-treatment cycles shown on these lines are considered
adequate to chtain the desired mechanical-property range. A hot-working
reduction of 50% 1s also considered adequate for obtaining the desired mechanical
properties.

For closed-die forgings having room temperature yield-strength requirements
of 170,000 psi minimum and elevated temperature requirements, only the Ti-6Al-
6V-25u alloy is usable. A typical example is shown in Table II, sheet L, lines
36 through 40 and Figure 10, The forging temperatures and heat-treatment cycles
shown on these lines are considered adequate to obtain the desired mechanical-
property range. A hot-working reduction of 50% is also considered adequate.

EXPANDED FORWARD EXTRUSIONS

For expanded forward extrusions having a room temperature yield=-strength
requirement of 170,000 psi minimum and elevated temperature requirements
only the Ti-6A1-6V-2Sn alloy is usabie. A typical example is shown in Table II,
sheet L, lines 20 through 35 and Figure 10. The forging temperatures and heat-
treatment cycles shown on these lines are considered adequate to obtain the
desired mechanical-property range., A hot=working reduction of 50% is also
considered adequate.

OPEN-DIE FORGINGS

For open-die forgings having a room temperature yield-strength requirement
of 170,000 psi minimum and elevated temperature requirements only the Ti-6Al=-
6V-25n can be used

ELEVATED TEMPERATURE REQUIREMENTS

As mentioned previously certain components require specific elevated
temperature minimum yield-strength properties because of special applications.
As stated in MIL-T-46038 a minimum .1% offset yield strength of 130,000 psi
is required after 1/2 hour exposure. As shown in Figure 1, the Ti-6A1-6V-28n
alloy meets this requirement; however, the Ti-155A and Ti-6A1-LV alloys, as
shown in Figures 2 and 3 fall short of this requirement.

SUMMARY
The mechanical properties required in MIL-T-L6035 can be attained through

proper selection of alloy composition, forging and processing procedure; and
heat-treatment cycle as discussed throughout this report,

1L



ACKNOWLEDGEMENT

The authors wish to acknowledge the Ordnance Corps Arsenals sponsoring
development and application of the higher yield-strength titanium alloy materials
for the Davy Crockett system, namely, Picatinny, Frankford, and Watervliet
Arsenals, and to express appreciation to the members of the titanium industry
who were so cooperative in furnishing the data and material necessary for the
proper implementation of this evaluation. Particular appreciation is also
extended to the personnel of Watertown Arsenal who contributed to the formulation
of this report.

R. M. COLTON

E, N. HEGGE

F. J. RIZZITANO

WATERTOWN ARSENAL LABORATORIES

11 April 1960




— iy
- p—— I ———-
09-0%0 /10.-990-6 |
A = iy FA— . — o ol . S, . O O i (b L
e = .. LR R
I B 1 L 4 } i 3 == h
._ am o i Olavin iwim] e weer ona] G eero s [Foale o] eec Ey ” - ._‘.... =5 ar —=1-1
" i - " r: 1ttt —1—t-1+—1—1
I XL zan ¥ 1 v
b Kk ’ - ! " - i - E 1= IR
t v F— : e e
T i I L ] X L g [ = 1= m. —=
L e ﬁ ...__ 1 I G e ﬁ - “”nn. =1=]
[ oraem ” : ... P T o ol e .!.».u!..mﬂ.“.....ur uﬁ.q., e .-» = |. m” £
- H A W W | va ek - I W ] 5 —1=T1= -1=
1 e BEe | W = iw B W # =1=
W i | W L T “ " 1 = -1T=1
LTI = ¥ on [T A e | i oo Ta I - 1=-1-1 = L
P wen [ TR Bk i 1 Cl v 1 " - . S i .
Laea | i pew | e ] aETRET WhiER ire] 1Y - aun.u Em - o gaa |y G]G0 3 T ] 1 — = 2
L oen o ind ; g e =y h...q”.....“”-..m”w“ o e
L aa 1 b Fl T - = o B e e T e T Wy e (R B W i
r LR ._ w Ll u i L " L3 n = h. = =I=1= == =1=1= - £ ." =
(£ | £ e e e e e o
} - | | = { : ; R | e S b B o I S e el B - z
1 | ] \ 't . 4 - R e T R g L S, e e D T F .I-
i 1 i 4 = = : s il v t = A==t == l=F =1 fr o 3
I ' I { | J “ W 1 V S | t==1 - =T=T “ m ]
aanm | ail h ‘. LTS _.. BaEE I TR aw-wue-oor] @w- aer-ooog |Taacon] vuo.— L — — 'y .“ - u =1 =1=1=1T-=-1-1-]n=cinn= iw a
i 1 i 1 ! } . L
1 1 1 q ! — bt e L Lok - -
] il = Ly 4 : t ] 1 i g
. F =t 7 T:...“ T R .-M-.- e e N e R
1 X I il DA RE " 1 " 1 i ] i i | = = " F a
1 o 1w - - # I —1=1=] AR == " 5 a
I e I T wa oG s " 1 1 ' * [ [ = 3 1§ -T= 1 i = °
I B I Poaw LLCRTE " i o] 1 |, 1 R P T Rt e A |_. = " 1 a
1 T i I 1 En S6 me - H i " =) yorg ] Mo OYF $ = - " F a
_ T = ! D T A R 2 B LA L -
| R 1ol et Tl (R PR S =Rt [y Lo | Ty e — g t o) el u]
H i ¥ ! - . { ' + = o+t | - 1
] B Pl ww T B A aaw ke i 1 I ! u w1 I B e | H ] = - ﬁ @ "
ak T R 1 su ” sor‘sm 560 Hi alivims :.i... 1w wes our be- na d .u-_wwh.. we] dnes ] s L] ”...._i.. (rema sl o Sovje o] sbasos ST n I
i i i 'S | \ | 1 } S L “
I s ocww a8 g - 1 h T H 1 | i h = 3 a e
| i T | Boa'in 0 i == E a 8 1
b L | BN e T TR e S T T v v ] ses | p P ottt m & o |
[ e e — e T ke =
T PSS T PhimiT e, Y % Babs | 58 The oY ] N |- AW s w1008
v fin b .3..__..;._.r JsBaik BVCMIA| Ok WD n— ooy [ ™ R AL e L EE TR
” .m.h.m.wwiﬁt.._ ._-......_-.-..._Gn.wr = ——— = — ivees 934 W swivwes | d7i9iE | - .u.u in_..._:nﬁn__.-ﬁu
# 40 7 L33FHS (53118308 L5371 ﬂﬂch__..__m__mu}_.u._u.._ | 54 668 hh‘_ CO0'02¢ FONVY HIONINIS O7304
096! HOErw OfF 3ivd
SIH0L vHOEYT TTNISHY NMOLEILYE FSLFTIIE TNV SHVE "SO08 LHIN0EM)
P e R e (OMO) BE09F-L-TTIW NOILYDI14123d5 AHVLITIW
L..1| £ I.___.m Vi — A IM FINFOMNOIIF AN —
SAOTIV WNINVLIL 3dAl VIIE-VHAIY 40
S311H3d0Hd TVIITHNTIVLIIN IVIidAl
S U Sl B = N
2’ »
- ‘ P .4 -~ . - L o dh e Sl ) - Py e e S =2 o




r
F ] "
- e e — — - + — - T T T B ) D 7
. [ — ~ - - — - 1 T 11 T o
|| S — S | | o —_— 4 4+ — 0 (S A ) TS S S 62
o —~—_—— 4 — + e —— — — — o5
R = — - ik
- + — B — == - 4 -9 1411 4 o
(A= D SR SR 1 - N B (SR A SR o i R
- 1 [vs
i 1 1T T 1 - — ]ﬁ 1 I les
S u_ll —
T T - 1]
C 1 ~ 1 1 1 — - b — 4 -+ — 4+ -+ - e e o + e o 0%
—— 1 - - — — — — — — — -+ — — 1 — -+ 4+ .
S S SN . =1 T [or
- - T A | —| 1. N 1 11 1 - ]
b 41 — foe
—_ S = 4 i = e {3 JL ~+4 4
- A S —| S R — S 51 SN S <4 L = B W R - s
[ 1 — e — — - - R — 4 4 —4—— —t R ol
L —— —— e E— I S— ——— e o ks
= - - il = - — 4 4 1 + b+t a4 —f
F S S — 8 ——— —JL—— —4 B e + 44 B s e 1I_o“
— 1 - = o ———— — e ———— -+ 4+ — 4 —4 P
= +—— —t —1- — — + T — + 4+ T 1 b
! - B _ e e PN C— S U U S S S (S ) (I (. S
L 1 — — <4 e
- ~ R 4+ S g ——% e S A R I S T ) e r T ks
b || i sl e s o) R ] | (S N O e —"
C - - | et e = E— - — —— - [ || w1 =03 ] N S s
= [ — 4 4 B - ——— - — ———— — — 1 —t { i G (e 4 S
| 4 _ s 1 I N = N Ny _]'E
C S Gl eSS S W L S— = L o T T T - | o
7 = — 1 - i} S A i ] T 1.1 n e
- =N bE— Hil -+ - 4 lor
L= = RIS SR S E—— e b —+ e Bl LT () LSRR (it 28 = G =
= —~ - ~ + 4 —_ . —1- -— = -4 — —+- — 44+ +—+—+—+ + +—4 4 t |.K.q
- L: L R Rl = 4 — 4 e + =il (R Gy 1 | PN ) m
- o 4 — - — L - e . +4+ 4 4 —~ B IR
C - S (g i ST | ] (S /St (RSN (S e Y ) U 5 D e [ —
" 1 i L i gt | — - I S0 e el D . o i ) . e
- | g | . I - S U JEN A S A N R G A I ~ 2
1 — i -~ - - I — S I N Y (S (A (S S S R S S G ¢ ~ —
L R Lz | 4 . L S | | 4 44 4 4 L —or
s — =8 - e — y- o 4 44 4 L ¥ .
R e e e e, 1 o 1 e et o L S SR —
C— ] e 0 NN (SN (SN S S S A S - JR G G—
B - |
- - - - = — 4 S S N A S S - R I
- [ = D g 41 [ L L —m 1 ] - | .
b — — o 4+ +— 4 —+—9 e 4 -+ Il',
b 4 u - ,
b — — s S — + R i s B = — - L)
- - —L L . =4 - [ — —F
L. — e —— - — - Sl e - 4 - —+ = =S SR—
- XY . . . - — PR sl e el i) (P (S g A - . D)
L = y - - 4 =4 T+ Bpail) e’ Sl Sl o= Ml B ) =2, e
- — e - R CRCTI S NS A=) (5 =) bt (Sl Il ) o (o O e £ ST IS
[ -} eor | - - SIS 2 el el el ol Sl B = S8 () SNNRNCANR UL SR B
" e 5 _rox w-00u] 0001 D) — o s ) ] ) S = D o 00 ] L
L S— — RSt (i L LB S S 4 S Bt Sl Sl Sl kel Sl S S S\ Y U
— oled E | B el Rl o N el = =1 (= = [=d=J-—f-f=-0=-]1 = 1 = ] 8 P
| = o D R A LI () 5 Sl el ol ]l el el . & [ IS o
4 Svi 2 3= 2= | < | — d=j=i=l=l=g=i-d=1= = = e »
e 1T em - 1 04,9-004) a ¥e — -] === =t=1=1= . 2 [] 3
=T 0w 1 000 ZE1 o g 3 Co 5 = —=1=1=-1=-1= llllllllvHL - 1 - I
[ om | o2t 008 K& GIiVANL A¥DK | OV - un v - 008 os-wnz-08s) | Fas-ood ocos | Y& | A T T T =i =T =1T<T1T=T7 av-wwe »e . g
A8 HY - 14 % % 1Sa 1Sd-HION3HIS NOILIONCD ANIAIVIEL AIN3IMiITIEL ON1 O8O0 1 s87 SIHONG 48 ~ - ] Slegr v A Y] IUNIRON | 1V IH [83IINA08E
031531 1 0P-1¥ ¥ 038 [NOILVONOTI[HIONIMIS ITSNIL[ G114 %I 0 oNI oY NO11010S 135dN  [1m0i3m 83238y 0 Q31530 b _
1vam Adaved] 30 | {20) L3e) | - I ] |
$31143408d TVIINVHIIN 1v3I¥y1 IV3H 6 ONI9¥0F 237778 | T NO/1/SOIN03 |

# 40 2 133HS
096/ HOYVN Of “31va

(SII153J08d 1STL IVIINIONVL) I ST 666'651-000°021 IINVY HIINZYLS 01314

SIIYOLVHOAY] TYNISHY NMOLHILVM (5137718 ONV SYVE ‘SO0 “LHINOYM)

I 37871

(QYO) 809t -L-T1IW NOILVII14i03dS AHVLITIN
ve—HLIM JFONVOAY0IIV NI —-

SAOTTIV WNINVLIL 3dAl V138-VHdIV 40
S31143d0Hd IVIIO9YNTIVLIIN TVIIdAL

N
e




5 407 ¢ L33HS

096/ HOYVYW OF "31va

(STILHTIONS LSTFL TVIINIINVL)] ISI 666'68/ — 00009/

% A n 1 s ° 2 d 0 N " 1 » I m 9 1 3 a ) 8 v
FI - os 002’58 ; 3 - - e L. % N - (O z9
. 04 coz've - - E - - . - L) 19
ﬁ P o o0Zve 1 - ] ov-wee-osi | om - wki-osw =+ ] eo0o . 8 09
. e o 17 Tooctes [ - = - = + = it — %4
| v 0oo'ow B - [ - - - - T - 9 13
s “ [ 2 0o0'BL + - - R - 000 " (] 46
1,08 X 000"z 1 - - om- un {1-0Em - . 5 ] og
-1 X cos'se | - M o c - . Jss
ow | oo oot B - " InoN - 8 ve
IC - > 1 00084 | o - " -y - -] - 8 ks
1,400 io. 008 ‘24 - 5 om - wwi-ote [ fouv-gas] . T & w s
e o T oomizan ) q 3% wne o00n | awon torvsze] ovoo a w s
R M 001 - - . T - & Jos
M o . “ " - o] . ] v
¥ 0 = r . 1 . e ] I 8 o
i = ot { - [ - T N 5 -1 - e
= of i g o -] . 5 for
” ol oo | - S ) “ [ coe | s -
- Rl - o 1. G -] . 24
o oo . & - - L. Sl T 34
. 1 o0 . . 5 ) - . 1 [ (-1 I .|\\T-
o =& 0 i - v~ wMp- 0801 om- Wi 03 | FOLv-06% 002 | e ve Tl a1 - B v
0 , DSk v : ¢ —+ L e oy
. oz | = o B B -1 - 5 8 W R Rl B 8 o 5 0
o ¥ P . N B 5 5 . “ . TR -1 “ e
.- oe 1 . = - - H ! « Bk el I 1 L - T-1-1 - Jes
- 04 N - O¥- MM Y0011 w Inow -o.-ﬂw 002 . for I - H s olszooles o|2c ofos 1Jos c[oe ¢ - s
1918 =
B oo | “ e : 5 d o (T S i ) s o e B B 9%
5 & i || B0 4 -
ani 00 ] oov‘ousl S3iviNi 1vim Jv- uny 08O r om- gnf agei i ®1 E.vn.ns. 002 A.r (X1 w osi cw.vsn%v °© |09 Sh52-AS-1v 1| lnn
¥ * i i ve
. 5 ' i - 1 + i ¢ 1 et
. ! i ¢ t + i jak ‘ =
- o LT ook o D | | i A JARSDNCI A T IO S O o o v 26
0 as T ooe 039404 S¥ ov- w2 00! - Nl ! c v 4 HER N R N N i o - v e
aw: oz MY ¢ a3rvImmy - wnz-006 | 0s.v 0ss 1 00w o pooaw 1»00boooisi olticdizeooza’ e ] isslzeg - -6 v ot
. — t i — = — — — w ! 1800 H_vooToeu_a!oa:o:c sz 2jezsfens - - v HTN
! H — C oos 021 . “ t g M - RN EREN S KN s i . v s
ﬁ. ™ os { s 0os‘e ) G31vIuL v In Y- uwy - 0500 u B wn i Gie] 01w Suw; i 1 am N.. (s olzio0] 1wolwzcfze ifozsivss - | 20 v X4
o s : N - [ 1 - j iy = “ sa0o ¢ ofsicol 25 0l £ 2 o] ~n~nnnﬁo'- - - v MF«
5 oe Y ! . o ! : - o I R RS N o 2 v sz
o &0 v - - . ' 0OROOTI ¥ O(BIODIZED 07028 /856 09§ - [ - v v 2
' 4 . ' B
. fole, o 5 " 5 a “T-1-1-1-"-7T-1-1- 3 o v 3
P 1 e = ; ] e R A U Do w_ow_sw..&sf...:an c e ] v e
,, 0 Co : E 1 b Y o i S S o ) e
! Lo YN | I - . i - P S R e 3 v e
4 Aoo e MY K . ! ow wet ogs !l o 1 1 - 1m0 n.u-_oJ.nc sz0ec 2 vc s swe! o S v 6!
Ol Ol e ! ! N _ * - _. . I H “ =] - bt ! “ - v quu_
o 6o oo | ! o « 1 v oliodzro o~ow.n:_n»,-$ s 5 v ket
o oo C se i | = 1 H w 4 g 5 ¥ b H . . o v e
4 f S J } + ~
o oo LY 1 o [oov e s | o s oos tow loss wee] . 1-56 v e
os: w08 ()i ! ] | k o ! I it ﬁ f - - v
o Ojes TIL i E - [ 5 ! 3 b - i TR Ul A SRR B s
S MM, MMM 4 ”” o i - 4 o . o ! 0 Ay S i u iw__
. ! . . . " - t 1 + 4 " - -
oo o4 . - ‘W o . - w o P < . h v o
oo T owaz T oo 1 . . . 500 ve an n_uonoecf n—o.oL-.C:nr! h: & eas - €-9v v 6
£ . o Coees 0o h ! i i i ¢ i . B 7 iFo el T v s
o . ° YT e : M o8 w=s 000 H ow wwii Sz9 i “ F JarD lnomooa ° o_»noo_ nccwlck: :n" nw e - #v v |t
te 268 o€ 1 M - " - v 9
. - . } . - . . +
1,400 ve 29 ~ Y wev-060 om ywi 099 000 [ ,oow ?narooo; 0 « 0090 M:oﬁ F-n.n s = z-9% v I
o A o B B . ] s R - —
%2 (¥13 Zo . - g g - . - v y
5 R A . 2 L 5 4 X | Blak], 5T, . =
.o | s 2 262 i t o k ov- wny 00O O wnti-gi9 I i L n02 k~~oa_~oonva o ~onnco X oﬂa, LRI - L] S
Iy " wos o2 N o - - - o e - . v 2
. o o H i g g b
©iaoe se Y o 03avani avain | o wme om  wwi-099  FOiw-6290 000 | fo an !oomooan 0'c:00! -qu; €0 rar S wsz an-rve- 1) -9y v ¢
= t = ot + g £ e ¥ = o = A e uqfo.lllqln'l.ﬂ = g ————
. - . . ~ N NAL INAALT I NP - =N w - TN MON | LY 3N |830N008e
A R Im N LT SIS PN [ NS . R T T E
o g FEERS e S N 1) SO S— T i =P et B - e i e
53 k«mkot& qv.:evxuu; 4VIHL IVIH 8 INIOHOS kwf:m 2 NOILISOINOS x_l o

FINVY HIONIHYLIS GTIIA

S3YOLVHOBY T TVNISHY NMOLHILYM

] I F79V41

(5137718 ONV SYVE 'SQO0& ‘LHINOEM)
(Q40) 809V -L-TIW NOIL1VII4103dS AMVLIITIWN

m—HAIM JONVIYOIIV NI —
) SAOTTV NNINVLIL 3dALl VI3E8-VH4TV 40
3 $31143d08d 1VOI94NTIVLIIW TVIIdAL




09-0¥0/10£-990-6 |

A X - A n 3 S L] [} < [+] N " L] r 1 = 8
== S [ S S - =2 - - ] - . - = 1 -

— 9
— = L= -4 — 4 e L i = =1 L MO i (A L 4 —os
—— + - 4 —t t-— T, S— - b — =t A SR B S S G—
S A Ty S - 41— e + 4 4 1R HE = L4 + =
= - — + 4 1 ) e 4 ] =8 Borcd B2 = —— %
— == — [= = — === I[ - B! = 4 L fos ++ 4+ 4+ ++++— + 45
——— e S —— o S e s e = e e S S —
- - |ﬁ| - .f\ — | — = = L 1 4+ 4 +—4—4 34— 4 4t ~oe
- - - i - . — = L s 4 4 — 4+ 44+ + 4 - e 4

A = — 1 - + T T . — 41 4+ 41 4 ——— +——2¢
e 4 — — ] S SR E— 4 R e =1
[ S S| O | S — S C— — 4 e =1 i R S s o S S -+ s
- 4 —— S . = B! e — ] | Gl M (B —————— T —

S E— L S = - LJE 4 &= 4+ 3 e N | S| ) (i) I (D QR (S GRS 5 8 - —lor
S (S S N R S -t S — 4 -+ 4 — — +4 - —t- =
— — —y — 4 4 S— - i 3 4 44—+ 44 S e B [

B Dl B e T 1 | T T T T 1T 11 T 71 1 B 1 an

—_ - o} = L - - 4 - | == i A i - - e
. [ S S - e - 4 L =S — ! SPee L4 ,T. - o
L - T X [ cer e 6 - 6 5 ﬁ L S o RN S ER R £ BN B TR B I ) 2y
ou 18 DECTEA O i . e ; 8 ey (- 5 O = 1 v e
Ol T il B2 OO0 ARE =S| - o . O 0300 — |*€0]e0 Ojsv i 2L OIICONEIOI M. = w2l B 4
(] | [X) 0. L) . gl g =3 | - L bR Lt T 5T U L I I B SO Ll ! OO e R 2 %
== f Sy a0 | wor T g : = b 3 5 . = 5 £ =3 I3 EEN 608 TN 0N 0 108 S N
T + ey Ttz e | 007" Let [ oossec | . - - B 1_H - 1 - R R H'. -l l-1=T-1-1_ = J.. i) =) U-n

[ oo T sy | za T | 003 ‘002 Gov we: | Qaivaas ivaw| ov- wws -0Ou om- wndi 0401 | px -9-5um] 00OS Yo aw: [iwoof — [zzo[vooivofsz s z[owsor shzmmive-i] 02 ER 1Y
: - 008 LAl S eog ] SI00Z o 1% L2 BISCLE - 80 ELT S 0 L wp-ss 1 fol i asi lisooy — 1} Qs ziovs]on s e
r T — 1 e n T ~a t === = g Mo e T+ = = —T—1+% a = ] B 1= il..mn
I = I X o | " " ) ig “ o -1 7= v:|.1r| -1- " " vomL e
N Y KX " —— T W T[Tt i— W -1=1=1 = 1=1=1=1== ERN ST LELYS Y
O S T N e | - - - i = = .. S e e o B ol .1 [l ety i " viwL s
[« 1~ os EL B! W 3% - wur-000i7 om - wei .tu.LhmE.- so] ocoez | % T-1-1-1-1-1-T-1=1-1 « 1 e RELYST

- C “os XN B = . 3 " " . i . V B O B I O A H S R T L 1 7Y -
C v [ e X _ " - = & B S oos 1 . e e G g et (o ={=1-1-1-1 71 Lt VINI Rz
T o T » W w1 T " I e A A A e O I ) O _wimi @2
] " v -uwv-00u| om - wwi-osm i cos ! . QO it i W ] I I P | G LI T LTS L
F " W " W " A=T1-1- [-1-1-1 [ LELYS 4
L~ 1 e " . | T B ' “1-1-1- ol U B " 5 ELYY
I T B o ) W — . -T-1-1-= “T-1-T _« 71 = vimi|v?
[ om [ oluviws svin| v - wwz-0017[  om - wwi-gem| Joue-sis] ocos] Fo o 5T21-1T- -] -1 -1 wsei-u] o8 1 “woAig:
- - pr L = Eeel ! c2° “t ol (5 S =t e
R E . - IW <+ — 4 — o A N T = E—
RS B " r T " o " T ' Tw T uTwT e W w el a7 w | wx o oz
o T T e T — wne -0011 mn " i “ " ol nise eI W T - g a 61
w7 T » “ 1 . . " . [ wlwla . ] 0
S B - . 1 | == {as L eee 4= 1=

1.m08 o | om —wws osoif " om- wndi-o09; S 1 n sjelel =~ T -~ o

" " " d “ " o “ K 0 - a o1

L = e ~C i B, LI Y 2 D o] N e e — . —

" c7 o o “umi-Szeiliay- 00 ] -] . - i “ £ IC LS BRNCEES N (] Jﬁ_
i e _ : R ety - ST A -
" ~ N S = S =) S LI - = tn ] ) ST T R - D W

ani LEYCE STt Sy - wwy 0011 om- wui-os9i| Forvosw do¢ v an: JrEoe00d v ol voof CLCEEL I 0 b
—— - - L 1 = i £ A I LS ] 2 i atal o i e b g o
— s ﬁ 4 & S=== | T - I P — —

T [ " .. B ) P el vlelw]elalnle] w T = [ 5 o1
- 1T a3iwamev | ov - wny oc2i 3 1~ " . 8 AE AR IR0 B A8 IS CR A " B 0
- 4 CUN SETCREST ) S T 8 al =l S FlE] B ) (I8 SO C I 4 —

BC YN N . " 5 g & o sl nTalwfelwlnlw TR S AT

" 501 v2 s T 5w - ame —osil " i - L I wTel wT ol wlaTulwTw] o " 3 N
[ s 1 ez o T r s e B ro. 1 oy = e 279 et B0 i (KT (T ek ) B ER -
[ owm x..v.. s [ s 0%t T ook [T oooTozi | adiwiws i | ov - awy- Goii| om- waTic e | Jaie-ws] 6001 Yo | am 00| wi0{c0 of ve{z9 0] okzlows [oe i€ 3 s
- s BISICISY W LA LU B LU ] i OO SE - OEh TSl s 000! - =k %  Juadd e =%
= S=0 = T ol Aﬁ - UL J — p S B — i

—] e e B e e e - 1- - .

o - Lass [ Tom cosTss! LI T a0 $V = — L1Ci v v GO% T on e — 1 — 1 —[zeolczo]wz[vesfa s " zs ] 2

[T os T sez oo oovies | 0oz'vei | dasvas ivmk|  5v - wwe- 01l om— wii-058 [ Fouwtum| oco0or | e | i a5 [5200k000) zi ofce0cl ww0d O'Of w1 | o 5[ox s pesasevn-11] Oz [} '

18 sei-ts | % « 'S¢ 1Sd-HI9NINIS | WO!11GNOI INIM LT 3uL INIMIYINL | ONIOHOs | SE1 | SIHON) 8 n wlofoles{mlu|a[1w]rewmmon| 1vin [433000ua

031531 340v-1¥ v 03d [NOILTONOTI|H1ONIMIS 3VSNIL]  @1TA IO oNI9Y NOI 1NT08 135dN  [1mS 3m | 8313MY 0| Q31531
1DVgAI AduTHI| (4o} (Fi [PA] AR | L 1 [
$3/1834089 19IINVHIIAN 1VISL 1v3IN B SNI19¥07 M. 731718 | X w0I1/50am05 1

$» 30 p 133HS

0961 HOYYW Of “3iva
SIHOLVHOAYT TVNISHY NMOLNILVM

I 378V4

(S31LYIJOYS LSTL TVILNICNVL) |'Sd 66668/ -00009! FINVY “Eg.wknm. ai3i4

(5137718 ONV S¥VE ‘SA0Y ‘IHINOYMI
(QHO) 8E09 P -L-1IW NOILVDI14103dS AHVLIITIN

=K LIM JONVQHOIIV NI —-

SAOTTIV WNINVLIL 3dALl VI3IB-VHAIV 40
$31143d04d IVOIOHUNIIVLIIN TVIIdAL

s ad




09-040/802-990-6 |

%k P L

o o . r I " . i i A i i
4 oz 1 1 ow | I - T - ] - & % 1 T H
3 Ty FoSh - e . ' . s SR T | T
3 + S { . | : - £ § =] ] S .
w‘ boeee * X1 H ] 4 _. r ¥ . ! 5 [ - [ - [ “
- - BT b =1 S O L0 el I S
3 1 lﬁ v 1 br s s e - ! iva meEmTe S i i o w1 3 | BT 3 O
A i Loee ] | bl SR in i I e ALY z Y
e i ) sc . | - = l ’ : T LT " i F oeir 7 P = | =
L T s - ’ - - 1 - 1 - T - 1 -
i i f - : o ks ERaww R .._u.. g anr | beens b ommE [ P e ! L A e
- - _ . " i i T
; t H i I
] | — ¥ Ioes ooz'ss: aeaws: . [ - 1 = | ! H I B .__ . —
: . - e Sl ce o= (g S WS Gy S =T
¢ oewmi 7 cov'ss T oenees . . 1 I E I . - % ! E
inkn H B o6 it " montees | - — # 1 — 1 £ | i . i L I : ! -
i = et g e B = R o (e Sy e
— iy ] s Boaue | 3 | ] = ] - J - 3 i A : =k
I ¥ T Bov'Te e gorel | e miesn — | wemena e ane: I " ¥ i 1 h s
Y coNes e | T s 2 . I . ! - l .
| o k2 = 2. i ebbuw _' 1 T . c 1 e ] - 1 -
ﬁ o T T w i T 1) . | | i3 =t = 1 . . 1 .
[ T T i Serie: | eMEeR BeEWEs | 3w § savmaie i - e R TR I T - 1 e
—_— - “ = H Fn ] ” | T - . 1| - 1 3 | -
_. - Eg T e R R i S o s
1 - = e Vo ﬂ .u.n.u._n_..” - m | : 1 & ¥ % T .n...n 3
i I T e T e ! i = [ f| z - e | . 1 5
Y M e H e L _"_...: LR A0URAT | D eed 0] B me DRG] bectems b3 oot 1 I, fr o Am-ivigw T CUEcE
- TSl am 1 ; . v O T _ : _ £ if e o s - }
Joew D e fasewe. ! P N : . 4 o
s " = z N ' I : :
, . o s i feeeia =3 iy 2w Ll 2
Tan i ot ! i P R E o
L ﬁ 4 = | } i L1 v ! owe | . 1
. - R AR : : . e 5 T S
: bt oo T i sadl B L Ty Sl o
i I= - 3 o . % JELRE TRy i E H - + s {
_ 7 - ool 007’5 - | . H - = . . . I - 1
r - on oov'sd LR T e T : F : o T kecivega T
_ - i T osz've [ E: T Z : a1 1 + t
. i |H 1 a0 osz'ek . s . ] = - 1 - I
) s coz'i® - e = - - . ¥ 5 - T
3 A L] i Toaw con'ss > 14 H < 1 : E By : 1 T
A AM £ oo’ HE 13 - ¥ = = e . . & +
3 = T 3 o oov' i AR ORI INWHR SR A e Sen mREess B SRS [l s ae ¥ % | oEm WEEI fp T T
! ﬁ. — " 3 + I 2 1 [
& ‘ € toase owm oov'es cagow . . ' F . : } < & - . = ™
vT o vee X1 ) cov'am Gaetim 19~ mEE-DD . = Seils WG 5 i 1 T I Y osee | E . aw-a | - ..1
| / v Tsie 1 ow 1 oowo [ . = 7 = 4 P | o i S e P
K r zo) Towse ow ! o0z'z, BokcEE . . H - - - i = s . I - i
b 40t vt o st 00964 L - - - = 1 - ¥ x T F a il
[ zo MY T ca oo aogan - - 5 - K 1 - 1 = 1 . T - le
5 so T ew T oz T co'2y BOE e - I . . ; t i | s | I A | - 1z
i § s 0 L YT owl i 00wt a0u 1 sENEN - DDOEE TR ISP e T — T wz b T 1 M- v N f oemal i
i #sen=ia T e His i T T L 1 dal PiTraned inmonaw i (LR T e LY Sy ...5.._.. R .i..lu...._ L EE R
i { D.%Mx.wﬂm,nmﬂ?. v Q3 | NOIVONOTI WMiONFHLS BT %A ..._.._r. .._..“..._ i ....".”__u el pr.m_.ﬂ_.w“... ...:l.__-._u ¥ Amt i _,_ FALRNT S . i ia L)
4 A ey -4 — o — + - Ll o Ly ¥ -
J b CF/183I08S ITIIAF ST IR IPiRs JFRW TP SKIESDa IFYT
- = " L - i .
T % 407 7 133HS (SFLNFSONS 15T FSHFASNPEL) IS4 EEEES — 000G FINVY HIININLIS G134
] T 0967 71¥dV 7 3iva
E SYOLVHOBYT TYNISHY NMOLHILYM (SSFI0Yd J LHINOYM HIINIY LS-HOIW 'AOTIV WNINVLIL
(QMO0) SEO09P -1-T1IW NOILVYDI14103dS AHVIITIW
I F778vi
1 ce—HALIM FONVAYOIOIOV NI —
SAOTIV WNINVLIL 3dAl VI38—-VHJIV WOH4 @3SS3008d SNOISNHLIX3 ANV SONIO9NHO4 40
o S31143d0dd AVII9HNITIVLIN TVOIdAL

- AT e e W g T T R T e 0° ° -




3 09-0¥0/€02~990-6 |

] d [+] N ~ h n L I L1 < F] 3 a 2 [ ] w
- — 5= Bk T : ¢ L g i— it I B et i e
e Eme = - 4 = - .
— R ¥ . 4 =T - H ~+ + - — —_— —— |1 ®
| — y . + —t ﬁ 4 v e % ‘f - | IIM"
e — == e — + ———1 - - - + o —- —
—_ “+ 4+ — H # 4+ - + +— H\ o AH - ——— - jes
b 4t — + 4 = -t~ - - + + + s o [ﬂu
b + 4 = = + = —4 - + = . ——
S - H J= L — 1 4 - — ¢ |H — 4+ R ¥ ¥
[ —J_ = -H# —+ = B 4 —t- — + + = . _—_ MM
3
A e =L ~+— 4 4 —IL - . ! + S G G
3 B I | 1 T/ - : . 1 _ I IR It
1 — — et e R S — S | . #‘ ) (N SR 2s
4 | — o | S ——- | — e ¥ B =i - I — oo
= v
SSE— - == S 4+ = —— M= - ~  E - .
] iF =1 1 o
o - —4 ;- = + — —_— 4+ L e
 — . e S — T -
S [ e i e T ; i ] K
SE— — L 1 L — |- - - = 4. — - gl ue L L
R, )= =4 S + . S D e e S ull |34
— -4 S — 4 — s T I T— . — L S— . c“
s —— - -+ — — —_— — ——— — =l —— —t 4 — &
e s + - - %l - e - — I —_ = —— — l”
R S W S — r —— S ——— o
A B S I = — — T = s
T S — NS — ot
S 4 —4 — — — \H‘ A b — B
— — - e f S — i
i I A 4 T 1 ) IS N Y S SR jos
| N S E— BE=—— IR BN N S S 62
o B - 3 | B S S . B I . 1 N R 02
R | ] - 1 T B — B A SR SR S oz
3 S S_— - | 92
4 - S — — _— S S 4
| - S e 1 sz
S L ] T 71 N, - I S 2
£ = —— T | ) |- A S —— | 22
3 ! 12
4 e — -1 — — _ — =
: — o
¢ 4 —+ - + —— . —4 — + — 5
1 — M e 4+ —  » = e - S =t 7
— e 4 —_— — S S
N - . N — = —__ S E - "
! R et S H i — — S B — r— At C
&l 1 S SRSV + = S — 5 — =
ol
v ey XY e ooo'ssi  [ooo'smi| e T = ”u — 3 B oo 0 .4.‘|| e B o [T ST o g 21
G s e e cos ecr | coc'eus i COR n Ty T D ) " [ v o " 1
3 vis | csi ~ oovind 0% 121 “ 1w 1 = T o v M v 1 v m w - oo
T Siv | e®m | oeoes: 0607821 ] e v - e -0%01 =1 smov0s 30 03807 z T os T < ze1 [ €t -3 3
T TR W% T T X S G L T oos'osi " RS S = o) T I T 5 o
[ Tac | ol ~_o0%‘sw  Tacosm] [N TR S LR ) o = B W L\ v - ) L
FET X3 (X 660" ®v1 | oti'ezi| . e o] 2 o m T ko 1 I - " ™
(X1 oot s | 000"svi | oo0%'ixl]| " uwo ] oo - T - s oL sor " te-3 Is
1 Al = =l S— - = W (S OGS
N 33 1 008 s 000" s T 0 JIC ) O, o L " .o " - l»
(X1 ves 3 oo sk 660121 o ) (=) . v . ! T .!41 o - - &
XD [ 1] X T oss'ovr | 0O% &E1] T 1 " (O - .o HY o B . I O [ R » 0 z
r (XD T X7 T osTesr | 005'4Zi| 666 vvi- 0OCEEI | Ov- wer 0OF| OM- wWE-0SLI|  MOISNMAXS Gwvawdve] R ||Hy LT T lu,ﬁ KT EE s A —tvE ® B9 -3 [ Tvwseww niall
(sa1- 14) %) ) tisa . Usd) (sd) () Ca) 130008 LHONOHM (SIHINI) r VIOIN ONIT00D ® | [S87) | (SIHONI] | ON 1NV |SISATVIY TVIRmON| ON LV3IH | MOSSID0Nd
4P- LY LIVANI | ¥ Q3N | NOILYONOII HLON3HLS FNSNIL| S A %! [INSANNOIY IDNVY | ININLVINL | INBUVYI YL 40 3dAlL 3215 NOILIIS | () JUNLVHIINI L — 1HOIIM | ¥ILINVIC L]
AD¥WHD HILON-A AVALIY | (%)) SA 031413349 ELIE:AJ NOIANTOS NQISNYLIX 3 8O — ONI19¥04 AFINA0US]
{ ONISHO4 T¥IIdAL ]
53/14IS0O8d IWITINVHIIN AV3INL [VIH ONV ONIONOS _ 137778
——— g . - * L)
$ 30 g L33HS (S314Y3d0Yd L1531 FSYIASNVYYL)1'Sd 666°69/— 000031 FINVY HIINFYLS Q1314

0967 7184V 1 3iva 3

SIHOLVHOBY TYNISHY NMOLNILVM (SSIO0US ) LHINOUM HLIINIYLS-HIIH 'AOTTW MNINVLIL 1
(Q¥O) SE09+¥ -L-TIN NOILLVDI14103dS AHVLIIIIN
o 378vi

cr—HLIM JONVAYOIIV NI ——-

SAOTIV WNINVLIL 3dAL VI3IE-VHJITV NOHJ 03SS3008d SNOISNYLX3 ANV SONIOYOA 40 3
1143d0¥d IVOISYNTIVLIN TVOIdAL

o 4




3 09-0¥0/202~990-6 |
. o a [ N Al o » -~ L z " o 3 3 a E) . v
= — 72 Tot i T e T . T . . “ i " ) " e 5 T w T = r
- S— T oo v H . LI . u < " 1 “ it . o S e K3
(. € iz Ve o . 1 - - " f " ! “ w i “ " 'Y
e 1 BEERD T oe + - " n [ = 1 o] .. “ 1 “ N " ! “ H " e - )
s7s T ooz s¢ U == " ! - “ ) t “ T 08 ¢ T m ! M - ] . 'S
e 1 ._mH‘ o 1 z " = - - . i " 2 “ w o Y - = =
R 1 e [ se 14_1 - " B " . B - i 210 o “ ' " - 1 - 9
i ] T o «e H ) . " B " B “ 3 “ " T H “ «1 " & = b ——-
4 — ve T %z 20 T y " - " " " T " ' “ - o e )
v Tt e -] - Y - ' = R e et e il = % (e ) b
Y Teae e = . | e . i 5 o [Tl . s 1 e
~ois + 1z o E " - 3 o i “ Ol 0 . " - . o °
- el e “+ + T+ tT + + 4 — =
-3 I 1 Do 7 ew 7 . B I . . [ . " : Lot B % « - - ] K
.z X3 ve T " " - - " " o “ “ o - - 9
- = > o . 5 B i . A — 1= T 1
- .-n cv2 ! “n 1 E, " =] N " - o i M =y M A= 7 " - r.uw
A [ v T oe T s« f 5 “ ] g . i a 3 b oo o 4 . == S S S
I B ; 0 0007 061< f 2 -whr-00H| DA wihi Si9 " 1 0041 N 204 " vESKiL ez-vImi] )
.|| = R ') . o T 7 om wai-og s ¥ i * I T - e I | l
. os 005 ve! " “ " " " 1 - - 1
1 — v t * o= | 008 se: " ] - o i .. - . o« i T - 1
r r 1 cor 00 Ee! " 2V - e 0%11] gu!n..o-!m " ’ " i " i " b “ - e
- Teu! os ! " i S p : z : " I | | R . 1]
66 [ " - - " n » " “ “ . I
- {3 o R : . T T e -
¢ ] T 1oz w s ! 1 0 “ ; A ] - “ “ i " N “ oo . " i " - T
° i oz s 0088 " " Om- w105 8 " " " " 1 " i - T ]
= T O R eAl: P o e ¥ i E 3 o e L =l a S
= iy Rt ORE P ] O 2 a Z : - P - T
'S * i o G D - 1 u i " i - 0 ) M H— - A
) C 0 T eoz | cs 7 " Yaw - iaee - os0i ot‘.u_.en-_“ " i " ¥ u PP O N H M - T ]
W ° 4 v H sz &T " 2w .!Mo.nl_ln wi.i.w..o.-; " “ " A Yoy T " i " - 1 ]
1 e [ ooz 7 oo " ] - " i " i " N " | “ " - —I= M
T RN T 3 e : R B B (R (R [ 1Tt
T oe sec T oo T 0 9 - wer—0%00 | " 1 " 1 _. t “ P 1 .. o " - 1 ez
I ve ovz 2 0 f V- wv-0%il] Om-wH -0 _. i B . Y . ¢ " 3 - T a2z
L) ce e " o - = “ i " i " " = i " 2 o M - ) 92
“ - oe S 0 e B “ “ ", 1 “ 9 " W " - i D 5 " i O 5 l¢2
[= s t e ) H TTRIT o (- . ] “ i " . “ Y " i o« " ¥ o 1 - 5 ez
t s G ose M oo i 000 em d o B M % m v 0 " Tow o t “ # - 5 2
ﬁ X 0 ogiieh g N 000" s " u AH T - “ ¥ " . el " R “ - IEER L]
| Te T ea™ ve 005 8w " “ . N . ¥ . “ ¥ . " - " . 9 e
“ ﬁ. . 4+ . N =M, 000 oe " I 1 " 3 M = ] i w ol - s oz
. v sz ve “ " " " u i “ Wt o < « o e
| .w X 00 e ol | " “ i " . " : u e o AT - 1 s
L | f e X ’e 5 - “ T " ¥ " N " T " M " - Z-9v-v] s ju
1 T Tea [ ve ] o . 1 == " . " . D - e T e
Lx. A £ J s ﬁ ve I == " * 0 | “ ! " “ " " M i = - - o ) v
§ oy . ve - . M “ " 4 “ N " i . w i " - L R t
t e (R TN [ — ) “ B “ N " i " " " 1 “ = B « | 5 &
1 I €2 . [ — “ " “ 1 “ : " N " . “ i . - g - s 21
e 4! vz ” cor * — i " 27 we 0011 K i " . " . " s D i L) - 1 O ) I
3 LY Lv v Tue Tooitum ! " B ] " i " . B N | - ¥ " T T - 1 =] s o
4 rX) v 6l i 009 <8 0 D - " P o . | — a “ - “a o 6
t $e TR cy ! 008'102 i E:.M-”~ “ - o 1 o : N of =i = H " - 1 = | o
| I N T os ! 008" L& @ o i b 2 " o - o o = o i T - T— « | = u
W o4 v M AT} 00096 5 o t o ¥ g a @ o ° & i “ - - s W
i - o 1 st | 000" ve! N t M w o g o @ - 0 S N B - CH BRI
1 os » oz T 15 000 car o e + oy ) o 9 . @ N o ° o 1 7 - S D R
r s |H T O | 006 se “ 1 " 1 “ 1! 3 ! “ N o “ N " - - I 5 z
! [ Be Lfo oy T 00s a6t Huf.!v.ono. oawdiocs | worsnuixa ausmvos 2 L Pv-ixvmisus oez | to | sos | ¥S9 -A9 -1y v-e [ e 1
| SIS L S LA (LS S = = St st il L LU = - = f— - - L s
1587 1) %) %} 34 () 1 de) 12N008g 1RONDaM IHON vIO3A SN.00D B SR [ UL ON LHVd (SISATYNY TemNeOn' ON 1¥3INH | HOSSIIONG
40v- 1V 13VdM v O3e  NOLYINCT3 HMIONIElS IVCNIL ANINISIND 3N WNTH . INIRLTINL | INILTI ML 4C 3oe. 325 N0 1538 3.0 3800T830R 3L LnS M a3 NT i .
AHYHD HILON A %) 5403110305 OINIDV NO1LNT0S NO Shelx 3 a0 SN Se0 | ¥32000uA
L - 4 A o E—— | L ! 1 L s | on 980 Tvdiana, " L 1
53/183CHT IWIINVHIIN H 17341 IVIH OND OV TH0S VEARDY B i _y h
$F 40 g L133HS (S§F/1LYIdOYS LSTL FSYIFASNVYL) I'Sd 666'681 — 000091 IFONVY HIONIYLS TT1314
096! 7/14dV 1 31vQ
SAHOLVHOEYT TUNISHY NMOLHILYM ISSFI0OH ) LHINOYM HLONIFY LS-HIIH 'A0TTVY WNINVLIL
4 bog F790/ (QYO) SEOIH ~L~-TIW NOILVYOI14123dS AMVLIITIW
coe—HIIM FONVIHOIIY NI —
P SAOTIV WNINVLIIL 3dAL V13G~-VHAIV WOMd4 G3SS3ID0Hd SNOISNHLX3I GNV SONIOHO04 40
I S31143d0dd TVOI9YNIVLIW IVIIdAL
|
- - - - a - »
; .l ' . g " e g > dnn. Rdiadid I Eal P AR ed - ~ oot
E ; .
S N . " — 2 - - e . o L ) IRy 3 . . 5 e P _— —




T

o

09-0¥0/20£-990-6 |

1
T+

A

5818 wpiy338
RO TNELe § RO

(] L TR

: T
1 .
i T o iemmicas
veoana
L]
i 1 tamas
S e L
I ¥rOam Tk V0

Al Bl g

n_nh_r ASedd TFILad

L] # ] ]
: —— . T
L] T L] - .
e H Lo TE BT e r = ._” =
T oen e I ) :
4 4 mawiii | pasee. e
i ] e o e | 1 T =
in 1 BRI H.En.:. | | I
LRI BT LT TR 1 _ I
i ] ooEE = 1 ! 1
i B o as .
Ll I ooa'Ew L L] L - Iu,.,-.!l E-.” -
(X [ ourTL o 1 1 I
LE TR [ TE 4T 1
uw soc'ed ]  E— t
(X3 i onewa [ LT O
] aowtad ] 1 =T
LR Bodna e ww I -1
LA, ey | Gl ] Lokl . | . .
i | [T oeEn | sewes ) ooaw e e ETE . SR GnTR T
4 4
® . B v b = T v
- ] aonwE oaa’wa = 1 _ WEERs MO OBETE
" I —_— % - - ¥
" ” aostia ,_, - T
1 — - T
i T [ P 1 .
=n I —_ - Lm0y BT aden
Vi H . 1 -
[ I = T -
8 1 - 1 -
an | 1 [ i 1
i 1 H 1 = 1 |
. I 1 T Fr— | =
=k 1 1 i | 1
||.I 1 + a ut 4
: f - p— i
—r - F 4 e | .
5 # s =1 4
0 T i ] ]
0 i ' v ~
- S . 4 . s T =
' i) H - H.. .
..|._| L mm b - ) - [ -
T 1 ” I T Tﬂ-.:. .
im f s
L £ =
I oaw il T e e
s o B4 ED BPDy
T W T i (oS
V o a H
in LL LS H - o NTAEDe B el
iL Wik | e £
A L L R —] !
B i LT B I I H
Ti Fii e
—im il T Cwe i +
it o 1 = T
[LTR (] 1 l.lﬂ.il.
[ #ox [ ‘ma I ] -
. bs H 4 = " T — s
. L I H Tk . o 4 .
k1 ot e one e dee - I__ & Tf m| e B ERREiz
T T I ™ | L B e 1 ded LIODME DN
Sl WATRaMI | ¥ OB | MDCERNTT LS TSN L IR T R TR L | ML Tl 0 Fail
| i LGN | TR EA CE EII0aE DR [ ITRETY
| . | i1 _ ! i — 1| L .
— S Hkatwa TENFRIDN AFfwd

F 40 § LIIHE
0P8/ TiNd¥ | 3iv0D
SBMOLYHOGY Y TYNISHY MMOLEILTM

Ir 378rd

JF P OVE D8 Te0r

dul Py Tudand

R
LT

.. ;. 3 .
e : .|._
il T —— i : = __ »
p R z e w18
J—iy B e
S T a_vl_._-i ._..._I.- -
== ll.l.!l!_
e S e
bz ] 1] .-
i e XL
T i T 1 i T ]
f=—Rair g WALl 3
+ ‘ +
+ - - 4
+ = 4 .
-t WRE-AR 17
] G . |
e HI - ] .
- ' = il . L~
T s T e — m—— ]
I ] T
b == i
[T g T
- L p—— e |
S TR F ]
f==== .
o T wege | -
. - ' =
| | -
. + - "
+ = " - !
4 “:I == +
H - L s i
] : ;
i i L ]
. .
. .”. . T
==t I : !
e - .
b i 1
: - 1
. . FE : 1
D% wekn | mzoAe-ie |
= | =1 p 1
B T T F [T
- . ” . “. 4
T - 1
T = + = -
= T - T
1] - ! bt .
.. .... 12 o +
1 f
] . T
" won | wEE g
. — I T E -+

PO LI B e L )

F¥ kazr-af

L]
Lkt

||Ih e

(5FILUTIONS 1531 FSHIASNVEL) | S 66668 - o008 JoNvY ______.L._-__I__h_tuﬁ arrs

(EEFIONS J L HINOUMN SIONTH L S-HOIW AOTTE WNINELId
OHO) SE09P -L-TTIW NOILYI 1410345 AHTLITIW

co— AL FINFONOIIE N —

SAOTIY WNINVLIL 3dAl VISE-VHd ¥ WOHd O355300Hd SNOISNHLXI ONV SON|DHO4d 40

il




ad

i
(W e B

oAy

>
= _ 80fF
T2
60}
o E 3 0 /X
53t aof i X
g 20 QO/__)( X —x—
>
s oo} x—x
[ 4
< 80
z X
“ 5 60} x—=—"X
z &
e~ 40t fx/
2 20
o 0
' 4
| 60F
H40F WEAT TREATMENT  HEAT TREATED X
| 20F _°F_ HRS. COOLIN® SECTION 8128
x_{luo IIz wa " bia
F3 | OO oo 4 Ac ’
2 S L
<3 80 D—{'"o 'z we 3 SLANKS
e® sol oo 4 Ac X
S 1690 14 wao 13”0 anxs
@ 40‘0-{uoo 4 ac 32
20} " . 3
oo
T AN
g — X\
Ti=
(] o \
w o
J o 00}
» = X
2
w
* sof \
x
T
)
& 200 ]
3 '
a:. \“ !
S5 159 ~.
- a [Fsisis s s sisisis Sisi=ie < X~ " T TT T - b
\
Z 9 |00} 130,000 P81 REQUIRED "\
x o AT 800°F
w= X
»~ sop \
-
"“J 1 ! L 4 e — I 1
»

0 ,
200 0 200 400 00 800 1000 1200 1400
TEST TEMPERATURE (°F)

MECHANICAL PROPERTIES OF Ti-6AI-6V-2Sn ALLOY - LONGITUDINAL
TEST SPECIMENS —BARSTOCK FORGED FROM 2%" DIAMETER
AT 1900°F TO I' SQUARE ~ REHEATED TO I700°F — FORGED
I" DIAMETER AND AIR COOLED.

WAL-8SPS
MAY 20,1989

1 9-066-732/O0RD-60 FIGURE |

s e e

ilEas”



!
-
& z 80 |- ;
E @x ™ &
nq. ! 40 - H
N ,’
s i g — 20} M
; 3 i
1 : 100} 3
7 = a 80} .
9 w 4
. - a " 60 A
R - z® | §
| S T a0} ,
[=] E
! 4 e 20 k
‘ J
R
160} Tl
140} -
3
z 120t 1
ES 100}
§ 8ol )
0 60} N
40t |
i o0 N~° i
1
. 200F 4
g,. . 3
EE 150} :‘
»o j
w8 100 j
o= b
-4 3
e 50}
T
I ]
; 2004 " i
S ! 130,000 PSi REQUIRED AT 500°F ‘|
x & | 50
[
;ﬂ\. ——————————— —_—— e o = =
!'E'E 100 -
" =
3 sof
F
L I i i I i 1 |
Q0 ©0 200 400 600 800 1000 1200 1400
TEST TEMPERATURE (°F) . K
i- ECHANICAL PROPERTIES OF Ti-I155A ALLOY %
HEAT NO.8780
- - i
HEAT TREATMENT 1660 — I'/LHR.-W.Q.SOLUTION |
1100 - 4 HR. -A.C. AGING |
WAL-PMB

1 9-066-731 /ORD~-60 FIGURE 2 APRIL 8,1960




" B S
1 30,000 PSI. PER MIN UP TO YS AT .2% OFFSET 7
: RATE OF LOADING y )
: -0 {so,ooop. S.I. PER MIN. ABOVE YS AT .2% OFFSET ;
I _ sof i
2 E 73 E
IS % 60 y
- 3 3
B EE 40} 3
2 20}
f oo}
A . e 3
L3 o 80}
¢ € :
h ; z® SO
g . a8 40} 3
; 5 eop :
. o L
J ) 16 Of 3
1 1a0f 4
; 3 :
120} i
k< 8
E =. 100} |
o j R
o §  8or
F 2 60} .
x " 40}
1 ; {
., 20t q
R |
S : 200F i
k- [
". 50 -
: Eo 2 4
| » o 4
4“8 100
20
Zz ™ i
X w E
‘ [= 50}
: ' .
‘ 2 zo0} | ‘13
z I v
(¥ I -~ i 1
E” g 150} :,/rsu.uun P51 REQUIRED AT 500%F
s 3
F »9 100
: e
= 50 §
D 1 | | i '] '] 'l L
‘, -200 O 200 400 600 800 (000 (200 1400
‘ TEST TEMPERATURE ( °F)
SHORT TIME ELEVATED TEMPERATURE TESTS f
L %
e TIME AT TE MPERATURE — 20 MINUTES §
: 6AL-4V Ti- ALLOY HT.NO.L-1122R~160 BHN SPONGE 4
41/," BARSTOCK PRESS- FORGED TO %" PLATE
HEAT TREATMENT - I750°F [|HR.-W.Q. I050°F- 2HRS.-AC.
WAL ~PMB
19-066-733/0RD-60 FIGURE 3 -




v 34noll

0961 ‘9 11ddV
09-0¥0/012-990-6 |

S31Y0LVY08YT TYNISYV NMOLYILYM
NOIHL B NOIHL ,§I

(s31a N3d40] $I2SIa 13Sdn

AWYY 'S N — d&¥09 FONVNGYHO
SHYOLYHOGYT TVNISYV NMOLYITLVM

8 Ll 9 S 14 |\ SIHON/

€ 2
_ﬂ_—_————f___—__——._____—_—_____________—__




100 <— MAG— 1000 ¥

% REDUCTION

EFFECT OF ALASTIC REDUCTION ON uzcunmcm.wlior:nl-:s' “
OF TI-~83A1 458V —2%n ALLOY BILLEY an

. 1
BARSTOCK MEATED TO BETA REGION AT 2000°F = AVJ toouto fo
RODM TEMPERATURE - FORGED 1N ALPHA & OETA nlmrn v oireste

TO YARIOUS REDUCTIONS - WATER OULNEWED' - WEAT| TREATEQ N
3/6° TEBT BLANKS AS FOLLDWS  SOLUTION - 1630°F(- ¢ 172 WA 90 g
i (st | woore:-dd mhcox |
1 ]
& , « 30 d §
SUARLs SN
of 7/1/5 ‘) < 2%
’.11'.’ HL £
v 5 fgd
f=-
: e
& |
I= I
‘;
4 e
|
Ll T
| LIRE
HE; — |
|8 mel ] | \
| 1
I [
|
|
|

timnn e
=
it
\

rer |

CRANPY (MBEET WELD FINEMGTE TUSLiLE WPRLRETA  [iokGarids
LRStY 311 E

RATEN

0 20 %0 W@ so 1]
4, REDUCTION {PLASTIC)

I
L
WAL = 8PS 1
15 JINE 1950
EFFECT OF PLASTIC REDUCTION ON STRUCTURE AND MECHANICAL PROPERTIES i
r 1'
Wtn. 639-17,089 ;

FIGURE S




63-B [FORWARD EXTRUSION] 605 [FORWARD EXTRUSION]

WATERTOWN ARSENAL LABORATORIES ifﬁ

19-066-715/0RD-60 AGRILEC JSC0 FIGURE 6




K . -
e - Tl T T T———

]

_
, L 38Nn9i4 0961 ‘9 11¥dV 09-0¥0/212-990-65 |
SI1Y0LVI0AYT TYNISYV NMOLYILVM
(NOISNYLX3 advMy04] 909 [9N19304 31@ 43S010] Z-3a

I AWMV 'S 11— J&HO0D FINUNIHO
SIIHOLVMHOGVT TUNISHV NMOLYIT LM

WA o\ 6 8 L € = I SIHO.

9 S v
/_;,/;;;;_,;;;_—;__-_____LL___________;
( GANIHOVW )




61 ‘9 114dY
8 34N9I4 035l

S31¥0LVY08Y] TVYNISYV NMOLYILVM
[NOISNY¥LXI ISUIATY] 611 [NOISNYLXT 3ISYUIAIY] 121

AWYV S N — J¥0O FONVNGYO
SIINOLVHOZVT TUVNISYV NMOLYILoM

2\ 1 (o] (<) 8 L 9 S 14 € é
/,/,/,,,’,/,/_—_,,__’_______ Lo bl bota bt

| SIHIN/

[ 14

09-0¥0/11£-990-6 |




el Ll i i i ki e

9 T1ddv 09-0¥0/60.-990-6
$31401VY08Y1 TVNISYV NMOLYILVM

[ON19404 31a a3S01D] 089 (9N19¥04 31@ @3S0T)] h09

AWV 'S N1 — JHOD FONVNGHO
SIIHOLVHOS YT TUNISHY NMOLHTLVM
| SIFHON/

6 8 L 9 S v € e
/;;:;:;;;EE____;____;

2\ W O\
[T T T




[TT'![I]IlllllIII_I"II1‘llllI]Illl|\\\l‘l‘l““\\‘\\ I 3

INCHES | ? 3 4 5 6 7 8 9 \0 " \2 r

WATERTOWN ARSENAL LABORATORIES [
ORONANCE CORP —U S ARMY

63-C [FORWARD EXTRUSION & EXPANSION] 63-N [REVERSE EXTRUSION)
WATERTOWN ARSENAL LABORATORI!ES
19-066-717/0RD-60 APRIL 6, 1960 FIGURE 10




4 11 34n913 0961 ‘9 T1ddV
i S3140LVY¥08VT TVNISYV NMOLYILVM

810
L0€  [SONIDY¥04 314 43S07I] 6€Z

i Ghs

| SININI |

h | ‘ ___m_ __m___ N _f_w_;_ m__FHLLL
810

S vS

[ola!

9121 —199 N1IA

6

€

e




E | 2l 3un9ld 0961 ‘9 T1¥dV 09-0¥0 /1 12-990-6 |
$3140LV¥08VT TVNISYY NMOLY¥ILVM
€91 985

(SNOISNYLXI ISYIAIY]

0




el 3¥N9Id4 0961 ‘9 11ddV 09-Q¥0/912-990-6 |

S3140LVY0EYT TVNISYV NMOLYILVM

hhl i XA

(SONI9¥04 310 03S079]

7 | -8 o
C_mr:_r:w_:_:

7T

I O R N e T T S TL T v TN T TS Ll T TR AL S O R, e s R e




(REVERSE EXTRUSION]
166

WATERTOWN ARSENAL LABORATORIES

APRIL 6, 1960 FIGURE 14

WIN. 224-1782




Sl

33nold

tre .M_:

i

1l

0961 ‘9 Ti¥dv
S31401v¥09Y1 TVYNISYV NMOLYILYM
g4l chl

[SONID¥04 31G 03S0TI]

09-0¥0/€12,-990-6 1




b
!
[
E)

]

MIL-T-46038(0rd)
18 March 1960

MILITARY SPECIFICATION

TITANIUM ALLOY, WROUGHT, 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
(sce 6,1).

1.2 TForm, finish, and condition, - Unless othcrwise specified, the titaaium
alloy shall be furnished round, rough turned and, at the option of the co.:-
tractor, in the anncaled 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-184 - Identification Marking of Aluminum, Magnesium, end Titanium
MILITARY
MIL=-STD-129 - Marking for Shipment and Storage

(Copies of specifications, standards, drawings, and publications requiréd 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 epply.

AMERTCAN SOCIETY IFOR TDSTING MATERIALS

ASTH Designation: B311-53 - Standard Method of Test for Density of
Cemented Carbides

FSC 9530

il b S dadt Tl Sk

1
3
4
3
{




MIL-T-15038(0xd)

rm .

FIN? et Yam S gy . A A \ . Yare £ 1
ASTI levheis Tor Chomdcal Analysis of lictals

(Application Tor copies should be addressed to the American Society for Testing
Muterials, 1916 Race Strect, Philadelphia 3, Pennsylvania.)

3. REQUIRIXENTS

3.1 Chenieczl composition. - Unless otherwise specified in the contract or
order, the chemical composition of the titanium alloys shall comply with the
range proposed by the contractor. The contractor shall submit a certified
analysis of each heat to the procuring agency. The statement of analysis shall
include all elcments intentionally added as well as the amounts of carbon,
oxygen, hydrogen, and nitrogen present as impurities, and in any case, the
arounhs of iron and copper sholl be reported. Unless otherwise specified,
the carbon content of the material furnished shell not exceed 0,05 percent,
the oxygen content shall not exceed 0.19 percent, the hydrogen content shall

not exceed 0.010 percent and the nitrogen content shall not exceed 0,04
pereent.

3.2 Ileat trectment. - When matericl is heat treated to meet the gpplicable
meehanical property requirenents of this specification, the details of the
heat treating procedure shall be provided by the contractor and shall be for-
woexrded with each lot at the time of shipment.

3.3 Mechenical 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.

Je3.1.1.1 Maximun yield strength., - The specified yield-strength range may
be exceeded providing the percent elongation, percent reduction of area, and
V-notched Charpy impact resistance do not fall below the values specified in
table I for the upper limit of the specified yield-strength range.

3.3.1.2 Ductility. - The reduction of area and elongation shall be as specified
in table I for the appliceble yield strength range.

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

3.3.3 Density. - The meximum density of the titanium alloy shall be 4,70
grams per cubic centimeter. Certification of the density shall be provided by
the contractor.

3.4 Dimensions end dimensional tolcrances, - Dimensions and dimensional
tolerances sholl be as gpecified in the contract or order,

3.5 Identification marking, - Unlccs otherwise cpecified, identification
merking shall be in accordance with Standard FED-STD-18k,

2
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Table I - Minimum mechanical property requirements

Average Average V-notched
Yield strength Average reduction of Charpy impact
(0.1% offset) elongation v area resistance at -LO°F
psi _ percent percent ft.-1bs,

120,000 - 129,999 14 29 15
130,000 - 139,999 12 26 i2
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 1 1h 7 !
200,000 - 210,000 6 13 6 .

;/Bars or billets having a diemeter 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 -lloys shall be uniform in quality and condition
and shall be free from seams, cracks, laminations, inclusions, hard spots, and other
defects which would detrimentally affect the fabricability or serviceability of the
material.

L, QUALITY ASSURANCE PROVISIONS

4.1 General guality assurance provisions.

4.1.1 Unless otherwise specified herein, the supplier is responsible for the
performance of all inspection requirements prior to submisslon for Government
inspection and acceptance. Except as otherwise specified, the supplier may utilize
his own facilities or any commercial leboratory acceptable to the Govermnment. In-
spection records of the examinations and tests shall be kept complete and aveilable
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-
gist of all rods, bars, or billets submitted for inspection at the same time, of the
seme heat, the same condition, and the came diameter. When heat treated, a lot
ghall be of the same 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. 4
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4,3.1 For chemical analysis. - At least one sample for chemical analysis
shall be selected from each heat in accordance with method 11l or method 112
of Fed, Test Method Std. No, 151.

4,3.2 For mechanical properties. - Except when sampling plans for mechanical _
properties tests are specified in the contract or order, the following sampling o
procedures shall be used:

e

4.3.2.1 For rods or bars having a diameter equal to or greater than l/h inch
but less than 1 3/ 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.

e 2 L

o

et

4,3.2.1,1 For govermment 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.

S g s

4,3.2.2 For bars or billets having a diameter equal to or greater than
1 3/k inches but less than 5 inches, one S-inch length shall be selected
from each 500 pounds of material, comprising the lot,

o i S e

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.

it M. et Valiinadi 4

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-inch length shall be selected from
each 1,000 pounds, comprising the lot, and prepared in accordance with
h05-20 lo 30

4,3,2,4 For billets having a diameter equal to or greater than 10 inches,
one 2-inch 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, 1
boh,1 Visual, - All material shall be subject to visual examination for
compliance with identification marking (see 3, 5) and workmanship requirements

(see 3.6).

44,2 Dimensional, - All material shall be subject to examination for
compliance with dimensional requirements (see 3.4),

4,4,3 Preparation for shipment. - Examination shall be made to determine
compliance with the requirements for the preparation for shipment (see section 5).

£
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L,5 Tests.

4,5.1 Chemical analysis., - Samples for chemical analysis shall be prepared
and tested in accordance with method 111 or method 112 of Fed. Test Method Std.
No., 151. In case of dispute, the analysis by method 111 shall be the basis
Tor acceptance or rejection.

L.5.1.1 Determination of oxygen (and hydrogen). - Oxygen shall be detcrmined
using (&) Vacuum Fusion Method by the Walter (dry-crucible) technique or (b)
Vacuum Fusion Method by Platinum-Flux Technique (sece methods 1 and 2 in the
appendix to this specification).

4.5.1.,2 Determination of oxygen., - Oxygen may be determined by separate
onalysis by methods 1 or 2 (see 4.5.1.1) or by the Inert-Gas Fusion Method
(see method 3 in the appendix),

4.5,1.3 Determination of hydrogen. - When hydrogen is to be determined by
scparate analysis, the Hot Dxtraction lMethod, or an equivalent method, shall
be used (see method 4 in the appendix).

L,5.1.4 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,

4,5,1.,5 Determination of carbon, - Carbon shall be determined by either
the High-Frequency FMurnace Combustion lMethod (see method 5 in the appendix) or
the Tube Furnace Combustion Method (secc method 6 of the appendix),

4,5,2 Mechanical properties tests.

4,5.2.1 Preparation of samples.

4,5.2,1.1 TFor rods or bars of diametcrs from 1/4 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 iupact test
specimens and two longitudinal tensile test specimens in accordance with
methods 221 and 211 of TFed, Test Method Std, No, 151. Tensile test specimens
shall be type Rk for diameters of 1/l up to 3/8 inch, type R3 for diameters
of 3/8 inch up to 1/2 inch, and typc R2 for diemeters of 1/2 up to 1 3/h
inches,

4,5,2.1.2 For bars or billets of diameter: from 1 3/4 inches up to 5 inches, -

Unlese otherwise gpecified, samples shall be upset forged in the longitudinal
direction (at a temperuturc of 75°F below the betu transus (see 6,4,1) for the
particular alloy being used) to a plate of thicknesc chovn in table II for the
applicable yield strength range (sce 6,2k). The plate shall be heat treated
to obtain the reqguired mechanical propertics and shuell be machined to obtain

L% |
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test specimens as shown in figure 1. At the option of the procuring activity,
& second forged and hecot-treated plate end a third forged but unheat-treated
plate shall be forvarded to the procuring activity for verification testing,
Tensile test specimens shall be the R3 type shown in method 211 o Ped. Test
Method Std. No, 151 for diameters of rods or bars of 1 3/k inehec up to

2 1/2 inches and the R2 type for diameters of 2 1/2 inches up to 5 inchics,

Table II - lMinimm thiclkmess of forred test vlates,.

For yield strength Thickness of plate

range (inehes)
psi
120,000 = 129,999 2
130,000 = 149,999 11/2
150,000 - 169,999 1
170,000 - 210,000 3/k

4,5.2,1.3 For bars or billets of diameters from ; inches up to 10 inches, =
Samples shall be quartered. 88 otherwise specified, one of the quarters
shall then be upset forged to & plate of thickness shown in table II for the
applicable yield strength range (see 6,.2k), heat treated to obtoin the required
mechanical properties, and machined to obtain test specimens as showmn in figure 1.
At the option of the procuring activity, a second quarter which hzs becen upset
forged and heat treated, a third quarter which has been upset forged but not
heat treated, and the fourth quarter which has not been forged or heat treated
shall be forwarded to the procuring activity for verification testing. Tensile
test specimens shell be the R2 type shovm in method 211 of Fed, Test Method
std. No. 151.

4,5.2,1.4 Tor billets of diameters 10 inches and over, - Somples sholl be
quartered and machined into rectaugular schape 4 inches high, Unless otherwise
specified, one quarter shzll be upset forged in a radiel direction to a plate
thickness shown in table II for the applicable yield strength range (sec 6,2k),
heat treated to obtain the required mechanical propertiecs, and machincd to obtain
test specimens as shown in figurc 1, At the option of the procuring activity,
a second quarter which has been upset forged and heat treated, a third cuarter
which has been upscet forged but not heat treacted, and the fourth quorter section
which has not been forged or heat treoted shall be forwerded to the procuring
activity for verification testing, Tencile cpecinens chall be the L2 type
shown in method 211 of Fed., Test licthod Std. Ilo, 151,

6
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%,5,2,2 Tension tests, - Unless obtherwise specified, at leust b\,o bensile
test gpeecimens shall be preporved and tested in occordonce vith methed 211 of
Fed, Tegt Hethod Std, io. 151, The yiecld strength ghall be deterained by the
offsct method by platting a shrecs-glirain diagram, The limiting offcel sholl
be 0,10 perccnt (0.00L inch pev inch of gege length), The strain wute sh: :J"
not exeeed 0,005 in./in./itin, up to the yield strength ab 0,2 pereent offsob,

b,5.2.2,1 Yield st: censbhe = I8 41 average yield streagth for @ll spoeimens
tested is above ohe miniram yield ,tJ nrth regnivercnts, soecili :d in the
contract or ordcy, thn 1ot represcabcd will be aceepbed as baving mch the
requirenents for yic'd steonzth,

§,5.2.2.2 Ductility, - Whe reduction of avea and cleongetion sholl be the
average of all debei: u71..~ Lons obtained irom te ts made in eomection wilh the
inspection of a lot o' m ---:n,l.

4,5.2,3 Impact tosts, - Unloss otherwise specificed, at least two stondoxd
Charpy Venotch impact tost specinens shall be prepored aad tested in azcordonce
with method 221 of I'ed, Test liethod Std, lo. 15)1. Vhen o standard size inpact
specimen can not be obtoined, the centractor, at the option of The contracting
officer, may be required to d-aonstrute, by special tests precerided by the
contracting officer and agracd to by the emtractor, that the material he proe
poscs to furnish is satisiactory insofar as impact resistunce is concerned,
The temperature of the tcst specimen ot the time of fracture shall be -LO°F
+ 2°F, The error in the Chony mechine shall not exeeed + 1 £t.-1b, for
encrgy values up to 20 ft.-lbs, or + 5 percent for energy values over 20 ft,-lbs,
whcn the machine is tested using eomparison speeimens prepored by Vetertoim
Arscnal (sce 6.3)., This coupovison shall have been made within cne ycur prior
to the time of inspection tosting,

k.5.2.3.1 Impect resistencc, - If the average value for all sauples tested
is eqnal to or obove the value iven in table I opposite the upper linit of
the rcequired yield ctrength range, the lobt will be aecccpted es baving et the
requirements for impocet resictuac.,

4,5.2,4 Dencity tests. - Whea v "qu'r( 4, density tests shall be | ourforued
in accordance with ASUil Desiguction 2311-50, Opecimens C'or this tect noy be
taken from aechanical test son..o..

4,6 Rejection and retests ov v v ittal, - Rejection and rebocts o
resubnittal of rejected loli .. i ¢ 1a 2 aceordance with the goner 2 oo
of Fed, Test lethod Std, Ilo, @ ",

5 ™ PREP 4MWION F‘OR DELI Vi

5.1 Preservation and -

8
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5.1.1 Level C. - Cleaning, dryirg, preservation, and packaging shall be
in accordance with the manufacturer®s commercial practice.

h.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 in accordance with the requirements of
Standard MIL-STD-129.

6. NOTES

A.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 applicetion to highly stressed critical components, and it is requiged
for use with Specification MIL-T-U6035.

f.2 Ordering data. . Procurement documents should specify the foilowing:

(2a) Title number and date of this specificatioun

(b) Form and condition if necessary \see 1.2)

(c) Chemical analysis when stipulated (see 3.1).

(d) Yield strength range (see 3.3,1.1).

(e) Dimensions and dimensional tolerances (see 3.4).
(f) Special identification marking not covered in 3.5,

(g) Name of inspecting agency when inspection shall be performed by
other than contvactor (see 4.1.1).

(h) Lot size if not as specified in 4.2,

(1) When special sampling plans for mechanical nroperties are tobte
used (see 4.3.2).

(j) Whether or not contractor should forward material to procuring
activity for verification testing (see 4.5.2.1.1, 4.5.2.1.2, 4.5.2.1.3, and
bos.21.h)

S S PR W
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(k) When minimwa thickness of Corged test plobes shell differ fron
table II {see 4,5.2.1.2, kL,5. 2 .3, and h,5,2,1.4),

(1) When density tests are rcquired ond frequency of tesbing (seo h,5.2.4),
(m) When speeial mexrking=for-shipnent requirements are accessary (sce 5.3),

6.3 Information regorling comporinon tests on Chorpy irocebt nnchines employ-
ing Votertown Arsennl compoalson specd wng coan be obtained froa the locel
Ordnance Digliict or from the Coranndive Officer, Watertom Avsensl, Voterhowm
T2, Masgaclmoctts,

6.4 Definition,

6. b1 Beota trunsus. - The Beta tronsus is the tecrature vhieh designoates
the T)h:,.sc bou'ulf"*y vy between the olpha-plus-hete ond beta ficlds for a given
alloy compogition,

HOTICE: When Government drawvings, cpecificntions, or other date nre uscd for
any purpose othor than In connection with a dcflm’ccly reloted Governucnt dro-
curemcnt operation, the United States CGoveriment thercby incuvrs no respons 1-
bility nor any obligation whatsoever; and the fact that the Governent ne

have lormuloted, furnished, or in any way supplied the sald dwxouings, .‘.-DL'C.L-
fications, or the other data, is not to be regurded by implicatlon or oticy-
visc as in any menner licensing the holder or cay other pexson or corporoton,
or conveyiug eny rights or peimission to munulacture, use, or sell any patonted
invention that nmuy in any way be related thercto,

Custodion: Prepering Activity:

Army - Ordunance Corps 2y - Ordnonee Coxne

10
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APPTIDIX

cinlen) Test Hethods for Impurditics in Titonium,

Oxygen

liethod 1: Determination of oxygen (end hydrogen) with the Vecuwe
Fusion Kethod by the Walter (dry-ciucible) Technique,

This mecthod is as shown in Information Bulletin Mo, 10, Part II,
isgued by the lietallurgicel Advisory Comaittce on Tit-niun, on
pp. 20-43,

Method 2: Determination of oxyzen (and hydvogen) by the [latimui-~
Flux Technique of Vacuum Fusion,

This mcthod hos been recommended by the Pencl on llethods of Analysis
and will be published by the Metallwrgical Advisory Coumittec on
Titanium and the ASTH, In the interim, the method may he obtained
from the Veatcytown Arsenal Laboratories,

Method 3: Deteruination of oxygen by the Inert-Gas Fusion lethod.
This methed has becn reconmended by the Task Foree on Ciygen, and is
being vroeossed for suiriission to the Pancl oa ilethods of Anclysis.
In the interim, inforaation on the nethod may be cbtoined from the
Viotertom Avrsencd Laborctorics, or fron the manulactureer ol the
equipnent, Totorctory Equipment Corporotion, St. Joseph, IHMichigan,

lHethod ks Deteraminaticn of hydrozen by the llot Ixtrection liethod,
Suitable equipnent and procedurcs have been developed by ifztional
Resewrch Cormoration, Corbridge, licssucimsetts, and Ficher Selentiflice
Company, Chiccro, Idlincis, Other ecquipnent and proceduresn uny be
used if aweeeptoble to the piroeuriiny; ageney,

Carbon

Hethod S5: Determminction of cwrbon by the iigh Fregqueney Tuinoece
Corabuction lMzthod,

This nothied is showa in Informction Bulletin ilo, 95, ot IL, lsoned
2 ?
by the ictollurgicul Advigory Couwaltlec on Titeniwi, on pp, 12-10,

diothod 6: Deternination of Corbon hy the Tube Furenace Coubuzsiion
1lzthod,

This mothod is chosn in Inroruation Iulletin No, 18, Port IX, iscucd
by the iictallurgiezl Advigory Coammlttec on Piteniws, on pl. T-1l.

11
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1 March 1960

MILITARY SPECIFICATTON

TITANIUM ALLOY; HIGH-STRENGTH
WROUGHT
(For Critical Components)

1. SCOPE

1.l This specification covers high-strength wrought titanium alloys, in
annealed or heat-treated shapes, having a criticel section thickmess of
one-quarter to two and one-half inches, for critical components other than
armor, such as tubes, chambers, and nozzles (see 6,2,1),

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,

SPECIFICATIONS
MILITARY
MIL-T-46038 - Titanium Alloy; Wrought, Rods, Bars and Billets (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 publications required by

contractors in connection with specific procurement functions should be obtained
from the procuring activity or as directed by the contracting officer),

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

AMERICAN SOCIETY FOR TESTING MATERIALS

ASTM Designation: B311-58 - Standard Method of Test for Density of
Cemented Carbides.

AST™ Designation: E21-568T Tentative Recommended Practice for Short-Time
Elevated-Temperature Tension Tests of Materials,

(Application for copies should be 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-T-46038,

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
velds shall be so louated that they will not affect the finished components 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, Unless
otherwvise specified, the quenching of tubular components shall be 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°F, 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 may
be exceeded providing the percent elongation, percent reduction in area, and
V-notch Charpy impact resistence do not fall below values specified in table 1
for the upper limit of the specified yield strength range.

2
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E Table I - Minimum mechanical property requirements :
: . |
Transverse direction f
¢ Yield strength Average Average V-notch
I increments elongation reduction Charpy impact
(0.1% offset) in area resistance
(at ~LO°F)
psi percent percent ft.~1lbs,
- 120,000-129,999 o] ol 1
] : 130,000-139,999 10 20 10 ;
F : 140,000-149,999 9 16 9 ]
; 150,000-159,999 8 15 8 4
160,000-169,999 7 1k 7 -
170,000-179,999 6 13 6 ‘
180,000-189,999 6 13 6 f*
190, 000-199,999 P 12 5 '

3.5.1.1.2 Elevated temperature properties, - In addition to the above require-
ments, for applications requiring elevated temperature properties where room
temperature yleld strength requirements are at least 170,000 p.s.i., the con-
tractor shall demonstrate, by presenting published dats or conducting special
tests, that the proposed alloy will meet a minimm transverse yleld strength
(0.1 percent ofrset'l)j requirement of 130,000 p.s.i. at 500°F,

3,5.1.2 Ductility. - The reduction in area and elongation requirements shall
be as specified in table I for the applicable yleld 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 titenium alloy shall be 4,70 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 appliceble drawing, contract or order, plus any prolongation (see 6,2.2)
wvhich is an integral part of the pliece as heat treated,
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3.8 Identificatiocn marking. - Unless otherwise specified, each piece shall
be legibly and indelibly marked with the piece number, heat mumber, or designa-
?:lon,6th§ number of this specification, and the manufacturer's identification

see 6,1).

3.9 Workmanship. - The titanium alloys shall be uniform in quality and
condition; free from seams, injurious segregations, cracks and other defects
which, due to their nature, degree or extent, would detrimentally affect the
suitability of the material for the intended use,

"4, QUALITY ASSURANCE PROVISIONS

4,1 General quelity assurance provisions.

4,1,1 Unless otherwise specified herein, the supplier is responsidle for
the performance of all inspection requirements prior to submission for Govern-
ment inspection and acceptance., Except as otherwise specified, the supplier
may utilize his own facilities or any commercial labaratory acceptable to the
Govermment, Inspection 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 Govermment surveillance, - Unless otherwise specified, the contractor
will be subject to periodic, random checking of material ordered under this -
specification through comparison testing of mechanical properties by both
Government and contractor (see 4,3,2,3 and 4,5,1,2,1,2), Not.more than ten
percent of the lots in the contract or order will be subjected to this compar-
ison testing,

k,2 Lot. - A lot shall consist of all material of the same type and size,
produced from the same heat, subjected to the same hot working process, and
heat treated at the same time in a batch furnace, or that pass consecutively
through a continuous type of heat-treating process,

k.3 Sempling.

4,3,.1 For en analysis, - Unless otherwise specified, at least one
sample for Eg.rlogen analysis shall be selected fram material representing each
M“ (m l“.solol and- 601k)o !

4,3,2 For mechanical properties tests.

4,3.2,1 For closed and open die forgings. - Except when a sampling plan has
been specified in the contract or on the order, at least one sample for

mechanical properties tests shall be taken from one piece cut of every group

- of twenty-six or fraction thereof from the same lot, The samples shall de of

full cross-section and of sufficient length to obtain specimens in accordsnce
with 4,5.1.2 (see 6.1]).
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4.3.2.2 For tubing und extruded shapes, - Txcept when a sampling plan has
been specified in the contract or on the order, at least one sample for mechan-
ical properties tests shall be tukeu from each end of each multiple length of
- tubing or extruded shape. The samples shall be of full cross-section and of
r sufficient length to obtain specimens In accordance with L4,5,1.2.

4,3.2.3 TFor Government surveillunce tests, - One sample for mechanical

o

T properties tests shall be taken from each lot to be tested, Samples shall be ]
of full cross =ection and of sufficient size to obtain specimens in accordance 1
S with 4,5.1.2,1.2, ’

,ﬂ

i 4,4 Examination,

44,1 Visual, - All materisl shall be subject to visual examination for
compliance with workmanship requirements (see 3.9).

Froc MR = AT 8

@ 4,4,2 Preparation for shipment, - Examination shall be made to determine

7 compliance with the requirements for preparation for shipment (see section 5).
E 3 4,5 Tests.
8
3 L 4,5,1 Test specimens.

4,5.1.1 Hydrogen analysis specimens, - Hydrogen analysis specimens shall be

L teken from a location within the sample corresponding to the finish machined |
3 surface, Specimens for this purpose may be taken from mechanical test samples. 1
F |
3 4.5,1,2 Tension and impact specimens., |

4,5,1.2,1 Location of specimens,

4,5,1,2,1.1 For acceptance testing. - Two tensile and two Charpy impact test
specimens shall be taken from each cample, selected in accordance with 4,3,2 {
from the locations indicated on the applicable drawing, except that when no
locetion is shown on the drawing, specimens from tubes shall be taken from
material at least one and one half wall thiclknesses 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 :
midwall of the critical section as prossible; or in the case of a forging, as i
close to the middle of the critical section as possible, Charpy specimens
shall be notched on the side nearest the bore surface,

4,5,1,2,1.1,1 For tubular components, - 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 ihe preceding specimen unless a speci-
men has previously been taken from that location,

s L
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4,5,1.2.1.2 For government surveillance tecting. - Four tensile and ten
Charpy V-notch impact test specimens shell be taken from each sample, selected
in accordance with 4.3.2,3 from the locations indicated in 4,5,1.2.,1.1, TwoO
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.

4,5.1.2,2 Type of specimens.

4,5.1.2,2,1 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. No. 121, except that at the
option of the contractor an R2 specimen may be used.

4,5.,1,2,2,2 Impacttest specimens. - Charpy V-notch impact specimens shall be
nachined to the form and dimensions shown in method 221 of Fed, Test Method
8td, 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 tc furnish is satisfactory
insofar as impact resistance is concerned,

4,5,2 Test procedures,

L,5.2,1 Hydrogen enalysis, - The hydrogen content shall be determined in
accordance with the procedure specified in Specification MIL-T=46038,

4,5.2.2 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,.

L.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 : 500°F
Time at temperature: 30 minutes

4,5.2,2,2 Yield strength, - If the average yield strength for each sample
is above the minimu yield strength requirements of the drawing, the piece will
be accepted as having met the yield strength requirements,

4,5.2,2,3 Ductility. - The average reduction-in-area and elongation shall be
determined for cach sample, If cach average is equal to, or above the average set
out in tsble I for thc upper limit ot the required yield strength range, the
plece will be uccepted as having met the reduction-in-area and elongation
requirements,

6
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4,5.2.3 Impact tests. ~ Charpy V-notch impact tests shall be conducted in
accordance with method 221 of Fed. Test Method Std. No, 151, The temperature of

_f‘ the test specimen at the tiwe of fracture shall be -LO°F t 2°F, The error in
1 the Charpy machine shall not exceed t 1 ft.-1lb. for energy values up to 20 ft.-lbs,,
3 or t 5 percent for energy values over 20 ft,-1bs. when the machine is tested using

comparison specimens prepared by Watertcwn Arsenal (see 6.3), This comparison
shall have been made within one year prior to the time of inspection testing.

N 4,5.2,3.1 Impact resistance. - If the average value for each sample is equal
. to or above the value given in table I opposite the upper limit of the required

5
. yleld strength range, the piece will be accepted as having met the requirements
) for impact resistance,
] 4,5.2,4 Density tests. - Density tests shall be performed in accordance with
_ ASTM Designation: B311-58,
R 4,6 Rejection and retests or resubmittal. - Rejection and retests or resub-
¢ mittal of rejected lots shall be in accordance with the general section of
{ Fed, Test Method Std. No. 151.
L ! 5. PREPARATION FOR DELIVERY |
5.1 Preservation and packaging. :
5.1.1 Level C, - Cleaning, drying, preservation and packaging shall Ye in
accordance with the manufacturers commercial practice,
| 5.2 Packing,
B 5.2,1 Level C, - Pacing shall be in accordance with commercial practice
‘ adequate to insure acceptance and safe delivery by the carrier for the mode of
e | transportation employed,
3 5.3 Marking, - In addition to any special marking required by the contract
g or order, shipments shall be marked with the lot number, purchase order numbers,
and in accordance with the requirements of MIL-STD-129, L
6. NOTES

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

(a) Title, number, and date of this specification, .
(b) Applicable drawing numbers,
(¢) Quentity and dimensions of components,

(d) Minimum yield strength or yleld strength range.

E i L aiii s
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(e) Impact requirements, if other than in table I.
(f) Special identification marking not covered in 3.8.
(g) When other than vertical quenching is permitted (see 3,4).
(h) When special marking for shipment requirements are necessary (see 5.3),
(1) Sampling plans when applicable,

(J) Location of specimens for mechanical properties tests and location of
critical section should be shown on esppliceble drawlngs.

(k) Sempling for hydrogen content if other than in 4,3,1.

6.2 Definitions,

6.2,1 Critical section. - The critical section is the thickest section of &
plece which must meet the mechanical property requirements of table I, The
properties shown in table I mey not be obtainable in all thicknesses covered
by this specification, Proper precautions should be taken, by 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 tests
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 from
which it extends,

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

6.4 Copies of 00 Form 1212, Report of Treatment and Test should be obtained
as8 dlrected by the Contracting Officer, .
NOTICE: When Government drawlings, 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 may have
formulated, furnished, or in eny way supplied the saild drawings, specifications,
or the other data, is not to be regarded by implication or otherwise as in any
manner licensing the holder or any other person or corporation, or conveying

any rights or permission to monufacture, use, or sell any patented invention
that may in any way be related thereto.

Custodians: Preparing Activity:

Army - Ordnence Corps Army - Ordnance Corps




SECTION D

Trepanning Machine Shop Practices
Trepanning and Parting of Titanium Cyclinders




TREPARNING MACHINE SHOP PRACTICES

INTRODUCTION )

Trepanning or trepan boring is used in such widely separated scien- 3
tific fields and trades as medical surgery (sometimes referred to as
rotary sawing in this field), geology, englneering, woodworking and metal :
cutting. In most engineering and physical sciences trepanning has been 4
resarted to only when either (1) cores of material are required for exam- 1
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 4

S 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" 3
y tooling configuration and high pressures used to remove the chips gener-
; ated, but also because of the availability of the cammonly used drilling ;
and boring methods, !

St SHS AL IS o S s

MACHINE TOOL WORK CONSIDERATIONS

Assuming, for the sake of simplieity, that both conventional drilling
and boring equipment 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 materisl removed, When conventional dril-
ling and boring equipment is used, a 4 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

Sl ot Ll e s

per inch of depth, the differ- 2 |
ence in volume being the result- Z | _(DRILLING AND BORING) 1
ing core, In this case trepan~ % — — !
ning would require only 44% as = - "
much work as drilling and boring, 80 |- TREPANNING WITH 3 WIDE :
Figure 1 shows the relation- - ANNULAR GROOVE !
ship between the volume of ma- x - |
terial removed by trepanning o 60 |— |
versus hole diameter based on a W
0.5 inch annular groove produced 3 -
in the trepanning operation, & 40 |—
For a one inch diameter hole, of
course, 100% of the total volume w -
is removed, § 20 -
CONVENTIONAL DRILLING AND BORING S -
e O U U S U NS U U N |
Conventional drillingand & 0 | 2 3 4 5 6 i

boring of titanium can be done HOLE DIAMETER— INCHES i
FIGURE |

at approximately 30-50 feet per
minute with feeds of about
.003"=,005" per revolution,

* "Prepanning Titanium Saves Time and Material'.
S, E. Siemen and N, Rosato, American Machinist.

August 30, 195k,




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:

A, Drill 1/2" drill
1 B, Drill - 1" drill 1 hour, 40 minutes

g - C. Drill - 2" darill 3 hours
k- , D, Drill - 3" hesad <« 3 hours, 30 minutes
b . E, Drill - L" head =~ UL hours, 10 minutes
4 F. Finish bore 4y 250" - 1 hour, 20 minutes

1 hour, 50 minutes

‘ This time analysis, including
i the time required for tool
changes, is demonstrated it

¥ graphically in Figure 2, [~

- TREPANNING

&.

N

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.

A& -

MAZHINING TIME IN HOURS

B

oI A N Y N T I A
o 1 2 3 4 5 6

INTERNAL DIAMETER IN INCHES

FIGURE 2

FIGURE 3: TREPANNING SET-UP
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In trepanning it 1s necessary,
however, to counterbore an
annular groove approximately
1-1/2" deep prior to trepan-
E ning to receive the trepan
head, An adjustable spotting
head, utilizing the three
step toolbit which is later
described in deteil, is used

—

;: N for thir counterboring oper-
- etion . 1is shown in
Figurc k.

Counterporing is accomplished at
the same speed as trepanning
but at half the feei, or ,003"
per revolution, As an illustra- FIGURE 4: CLOSEUP OF ADJUSTABLE SPOTTING HEAD
tion of the time required to
trepan a hole Figure 5 shows the
time required to counterbore and

2

A - COULNTERBOR'NG l’

w

-3
trepan the same 4,150" diameter g § - "vE ANt ' ;
hole cited above to a depth of 23 |-
18 inches. The counterboring £ : | !
operation takes twenty minutes G s ' 1
while the trepanning operation = ]
takes forty-five minutes -- 0 S T LSS N ST SV Fies e S |
or & total machine time of NGRS SE R RN R ap E RS e 3
HOLE DEPTH IN INCHES i

one hour and five minutes,
FIGURE 5%

COMPARLSON OF DRILLING AND
BORING VS TREPANNING )

CONVENTIONAL
DRILLING 8 BORING

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 saving 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 bttt ol
long lengths, This lack of run- —_———t — -r—_li—lv—ﬂl
out eliminates the necessity of o | 5 3 i s .
re-machining outside surfaces
to maintain concentricity.

40—

30—

20 p—

MACHINING TIME IN HOURS

H5FOT RORE B

RN

PENETRATION DEPTH IN FEET

DRILLING TIME VERSUS TREPANNING TIME FOR
TITANIUM ALLOY 4 150"DIA BY 68" LONG

3 FIGURE &
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TREPAN DESIGN

1, Head, Tube, and Stenm,

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
recejve the shank upon assembly,
are also roughed out at this
time. The roughed head is heat
treated to a hardness of Re 37-k2, o
end is then finish-machined to e -

the dimensions shown on drawing :
MSB L4l (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 dismeter 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 442 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 guited to the trepanning of titanium
because of the severe seizing and galling characteristics of this material,
The carbide wear bads 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.
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It was apparent that a guidance system must be designed to overcome
the galling and selzing problem 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 axielly
through the openings tc support hardened tool steel pins, which would accom-
modate hardened tool steel rollers and thrust washers, The pin holes were
s0 positioned as to permit the surface of the rolls to provide a redial
clearance of ,0i0" over the surface of the head.

The roller guldance system uses the chip tool pressure to force *L:
rolls against the bore surface and maintain axial alignment of the -re;coa.
(Detailed information is shown in drawing MSB Lll),

3. 0il Pressure System,

The oil pressure system provides constant oil pressure at the cutting
area regardless of the depth of penetration of the trepan, and eliminates
the need for intricate and expensive packing gland or stuffing box systems,
It provides a constant stream of oil or coolant under extremely high presswre
which is directed upon the cutting tool, This coolant serves a thr¢=fold

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 preventins
metal to metal contact between the tool and the workpiece,

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

¢, It provides for the evacuation of the machined chips within the
linits 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 0il tube and fittings are shown in drawing
MSB 441, MSB Lh2 and MSB 4h3,

The system is designed to operate at 1000 psi at approximately 12 gpu.,
The coolant presently used is 'Cimcool S=-2 Concentrate" in a 20:1 mixture
with water. The pump used for the system is a 4O HP variable volume, varia-
ble pressure, positive displacement type, capable of delivering up to 5000
psi pressure at 20 gpm,

TOOL BIT DESIGN

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-gtep 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.
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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 1n place by two set screws against
a flattened portion of the shank, The tool bit 1s 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 ,01l5"
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 paess into the tube of the trepan, but will not allow chips to accumilate
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
pess 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,

The four items referred to above, when assembled, comprise a trepan
tool engineered to successfully produce econamical, 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 #2,863,3u41
Issued 9 December 1958,

: -]
v/ Q LAY
S. E. Siemen & n" o
N. Rosato
WATERTOWN ARSENAL LABORATORIES
WATERTOWN, MASSACEUSETTS X
{4 ' ¥ l.'-‘ [y

12 April 1960
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PARTING OF TITANIUM CYLINDERS

In conjunction with development work at Watertown 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,

IS AP Kb b ke T S S B B

The ultimate solution again
made use of the three step car-
bide tipped tool bit, It was
inserted in a heavy duty steel
tonl holder approximately 10
iaches long, 7/16 inch wide, and
3 inches deep, A coolant pipe
was affixed as shown in Figure 1,
The tool helder 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 FIGURE I: g?tT;:gsgggé #8;2“ W/TREPAN TOOL TIP AKD
0.003 i.p.s8., and a turning speed )
of 32 r,p.m, was found to pro-
duce optimum results,

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

FIGURE 2: SPECIAL MANDREL. ,




PARTING OF TITANIUM CYLIRDERS (CONT)

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

Figure 3.

For purposes of compar-
ison the case of sawing VB
parting can be cited for a
14 inch diameter solid ti-
tanium cylinder. The saw
cutting operatiin took more
than 3 hours as opposed to
L0 minutes for parting. This
was another example of the value ‘et
and versatility of the carbide :
tipped trepanning tool bit.

FIGURE 3: PARTING OF TREPANNED CYLINDER.

S, E, Siemen
N, Rosato

Watertown Arsenal
11 April 1960
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NEW HIGH-STRENGTH TITANIUM ALLOY

INTRODUCTION

The Ordnance Corps of the U, S. Army has been actively searching for
materials 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 program
aimed at developing improved materials for Ordnance application,

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 titenium) possess o 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, 1f 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 [ TABLE I

variety of proven alphe- et el ool Bl iy
beta type titanium alloys, ALOY TYPE T4, T L RA IMPACT AT-40°F
Typical mechanical proper- WE{%T&% j,’:l' .?:__xnl_‘m_
ties obtainable on some of -4y 170,000 130,000 12 38 10

the more widely used alloys SUSFe: SR | SesifTRio00 0l Rty !

are gian in Table I. On a YIELD STRENGTH AT O.1% OFFSET

strength-weight basis steels
wivh yield strengths ranging from 230,000 psi to 300,000 psi would be re-

quired to compete with the titanium alloys in Table 1.

ol




3 Ti-6Al-6V-23n-Y%Fe-%Cu ALLOY

yet stil]l maintain good ductility and toughness.
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 Watertown srsenal Laboratories,
These alloys contain about 6%A1-6%V-2%Sn
with small quantities uof copper, iron,
zirconium, and chromium.

MACHINING

This alloy is of

To fulfill the need of better materials for critical Ordnance components,
a new alloy of the above composition has been developed.
the alpha-beta type, It can be heat treated to very high strength levels,

Typical properties obtained

EFFECT OF AGING TEMPERATURE ON
MECHANICAL PROPERTIES OF Ti, -
. 6BI-6V- 2Sn- ALLOY BILLETS
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FIGURE

The question of machinability 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. Equally important are rigid setups

TABLE IT
TYPICAL MECHANICAL PROPERTIES OF COMPONENTS FABRICATED
FROM DEVELOPMENTAL ALLOY Ti-6AL-6V-2Sn- § Fo- £ Cu ALLOY

TEMP. OF FAB.  YIELD TENSILE

® DATA TAXEN FROM ACTUAL PRODUCTION COMPONENTS.
NOTE 1 =NC TEST CONDUCTED DUE TO THIN SECTION $1ZE

HEAT TREATMENT: (i} [630°F -1-1/2 HRS -WQ PLUS 1100°F ~ 4 HRS -AC
{2)I000°F —i-1/2 HAS ~WQ PLUS 1200°F - 4 HAS -AC
(3)1100°F ~4HRS -AC

CHARPY SECTION MAX.SECT 81ZE

TYPE WNITIAL FINAL STRENGTH STRENGTH ELON R A. IMPACT(-40°F) SI‘S UaH

A ©r) (*F) (Pai 1/000) (Par » 1000) % _(FT-LBS} [{] IN.) L

OPENDIE® 1780 1800 m2!" 1099 95 250 ¢4 e 2-v2 40
cLoseo Die® 1680 1630 (728" 810 0C 278 93 " o-vz 10
sacrmamo (11780 1700 1080'Y 7180 i 268 e Y Y 1
*FLOTURNED" i3 " "
Oy 98 100 1622 1693 120 328 (NOTEN ors" o7y ]

Ipgtent being applied for.
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FORGING

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 with titanium, but requires "care";
the 52° helix tap "C" is free cutting and is
recommended for tapping titanium,

v v

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 A B (:
treatment, whereas in titanium alloys grain o
refinement can only be obtained by deforma-
tion low in the hot forming range. Temperature control has to be maintained
within about 25°F, 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 50°F below
the transus temperature (1720°F) to accompl ish 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 size,

EFFECT OF FORGING TEMPERATURE ON TITANIUM MICROSTRUCTURE

FORGED BELOW B TRANSUS XI000 FORGED ABOVE [3 TRANSUS X1000
TOUGH BRITTLE

wtn, 629- 16,000 FIGURE 3

Z”Trepann{ng Titanium” by S. E. Siemen and N, Rosato, Watertown Arsenal Laboratories,
AMERICAN NACHINIST, August 30, 1854.
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Figure 4 illustrates the effect of forging reduction on resultant
mechanical properties., :

oo i

Since titanium is forged at a substantially lower temperature than
steel, forging dies have to be pre-heated to temperatures in the order of
500°F - 600°F to prevent chilling of the titanium parts being forged. A
. slurry of graphite in silicone oil has been found to be a most effective
F lubricant,

To minimize seizure between the titanium ‘

forging and the dies, draft angles twice EFFECT OF PLASTIC REDUCTION ON
1 o CHANICAL PROPERTIES OF T1,-
those for comparable steel forging dies are A

6Al-6V-25n-ALLOY BILLETS

necessar iz
- v §t|
™ Figure 5 illustrates a complex configura- §§1 t
4 >X !

tion forged in a closed die, It was possible
‘ to forge this intricate shape by conducting
four separate operations. The first two 3
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,

N

(PSI X1000)
2

&

+9-U86-30/009 29

YIELO STRENGTH THSAL STRERGTN ELOM
{PSt X1000)
g 2
|

WELDING

Of course, when-
ever a new high-
strength material 1is ) ﬂ

FIGURE 4

developed the question

of weldability always

arises, For the new alloy in question, preliminary :
evaluations have indicated that 150,000 psi yield e
strength and 5% elongation may be realized in stress ;
relieved weld bends, a significant advance in this '
important area,

ADTTOM

AF TEH 5 IN(SH § URGING

ANTI -GALLING CCATINGS

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
e titanium., The coating is applied either by spray-

AFTER TRIMMING AND SANT B: ASTING ing or brushing to a thickness of 1/2 mil and re- Y ¢

£ XPERMENTA. TANK TRACK GROUSER quires @ 30-minute cure at 350°F., In threaded ¥
Sea et e connections coating of only the "male" thread is 1
Fioume 3 required, 1 ‘




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

IMPACT
(FT-L8S)

%)

‘ can be obtained at temperatures up to 5
800°F, and at 1000°F tensile strength gg”
values up to 100,000 psi can be obtained. a"”

STRENGTM

TENSILE

LABORATORY STAGE ALLOYS

1PSs X 1000}
s 888

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
scme titanium alloys with yield strengths
up to 210,000 psi and good toughness have
been realized,

1P X1000)
s 3% 8

YIELD STRENGTH

<200 O 200 400 600 800 (000 200

TEST TEMPERATURE (°F)
LONGITUDINAL MECHANICAL PROPERTIES

OF Ti-BAI-6V-2S5n ALLOY

FIGURE &

WATERTOWN ARSENAL LABORATORIES
WATERTOWN, MASS.

23 September 1959
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