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PREFACE

This is one of a group of handbooks covering metallic and nonmetallic materials used in the
design and construction of military equipment.

The purpose of this handbook is to provide, in condensed form, technical information and
data of direct usefulness to design engineers. The data, especially selected from a number of gov-
ernment and industrial publications, have been checked for suitability for use in design. Wherever
practicable, the various types, classes, and grades of materials are identified with applicable govern-
ment specifications. The corresponding technical society specifications and commercial designa-
tions are shown for information.

The numerical values for properties listed in this handbook, which duplicate specification
requirements, are in agreement with the values in issues of the specifications in effect at the date of
this handbook. Because of revisions or amendments to specifications taking place after publication,
the values may, in some instances, differ from those shown in current specifications. In connection
with procurement, it should be understood that the governing requirements are those of the speci-
fications of ~he issue listed in the contract.

This revision of the handbook was prepared by the Metals and Ceramics Information Center
of Battelle Columbus Laboratories and the Army Materials and Mechanics Research Center. Corn.
ments on this handbook are invited. They should be addressed to Director, US Army Materials and
Mechanics Research Center, Watertown, Massachusetts 02172, ATTN: AM XMR.MS.
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Titanium in Engineering Design

1. General Characteristics. Titanium and titanium alloys are used in engineering design
chiefly for their excellent combination of mechanical propertiea,coupled with low density and
their corrosion resistance. Other advantages of titanium for spectfic applications include: low co
efficient of thermal expansion, good oxidation resistance at intermediate temperatures, low magn-
etic permeability, high toughness, and low heat-treating temperature during hardening. Alloying
may be used to enhance selected properties of titanium and many alloys can be strengthened by
processing and heat treatment. Although about 40 percent lighter than steel, certain titanium
alloys can be equated on a strength. to-weight basis to steels having yield strength levels of abOut
30CI ksi. Compared to aluminum, titanium alloys (60 percent heavier than aluminum) are much
stronger, are useful to much higher temperatures and show higher fatigue resistance and greater
hardness. A wide range of physical and mechanical propenies are available from titanium and its
alloys.

Table I compares some of the physical properties of titanium with those of other pure metals.
Aa mentioned above, a low density, intermediate to aluminum and steel, and a low coefficient of
thermal expansion are properties of titanium that can be used to afford unique advantages for some
applications. The elastic modulus of titanium, also intermediate to aluminum and steel, can be
used to advantage in certain applications (e.g. torsion bara and springs). Another physical charac-
teristic of titanium is its transformation from one crystal morphology, body-centered-cubic
to another hexagonal-close-packed (hcp) at about 1625 F (885 C). The transformation is reversible.
The hcp form is the stable structure at room temperature although the bcc form can be stabilized by
alloying. The processing and heat treatment of titanium alloy: are inevitably involved with the
transition behavior and the two basic structures or phases, hcp (alpha) and bcc (beta).

The secondary processing of titanium or alloys that might be required by the fabricator of
end-use items usually may be accomplished without difficulty by the experienced shop. There are
of course certain precautions to be observed which ara “described in more detail in later sections.
For example, the presem’ation of properties imparted by primary processing (at the titanium pro-
ducers shop) must be a consideration during any secondary fabrication, heat treatment, and finish-
ing operations. Forming, joining (titanium can be welded, or joined by several other methods), heat
treatment, and math ining operations must follow procedures which allow for the physical charac-
teristics common to the metal.

Titanium is strairvrate sensitive. For example, mechanical properties may vary greatly with
different speeds of testing. Strairvrate sensitivity also must be given consideration in part-forming
operations. For example some complex parts can be formed at a low strain rate which would be
impossible to form at a high strain rate. A strain rate of 0.005 in./in./min. is generally accepted as
standard for tensile testin9.
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The high friction characteristics of titanium and associated wear can present somewhat of a
problem in certain applications. However, specialized coatings and lubricants have been developed
to greatly alleviate galling and other difficulties in selected applications. Each application, ~ere
titanium would be sub@ct to friction wear, should be analyzed to determine the optimufi system
m be ussd.

Normally, protective coatings to eliminate corrosion effects are not required for titanium. The
ever present oxide surface affords ample protection in most ambient environments and in a wide
range of corrosive media. In cases’where coatings are needed, such as for protection against friction
wear, erosion, and elevated temperature corrosion, specific materials and techniques have been
employed for specific applications. Decorative or other non service required coatings can also be
applied.

The relative price of titanium and its alloys is an important consideration in design applications.
Ahhough the initial unit price of titanium may be considered high, weight swings, superior corro-
sion resistance, and other design factors may warrant its selection over other stmctural materials
for a given iob. Indeed; for certain applications, weight swings resulting in increased payload can
more than offset initial costs and ‘perhaps in the long run prove less costly than lower priced
materials.

2. Titanium Alloy Availability - Designations. The titanium industry of the United States
did not achieve signif ic.smtsize until the late 1950’s. However, it was an important industry from
the viewpoint of its militaW potential and received considerable industrial and governmental
research and development funding. This suppom stimulated steady growth and generated an ad.
vanced titanium technology. During the course of its existence, the industW has developed about
50 different grades and compositions wh ich have been described as commercial. Approximate y
30 alloy compositions and unalloyed grades of titanium are currently commercially viable. These
are listed in Table 11. Table Ill gives typical producer company designations for these alloys.

As shown in Table 11,the major types of ’titanium alloys are: alpha, alpha-beta, and beta.
Other types are known as near-alpha, near-beta, and alpha-dispersoid types. As the type names
suggest, the classification is based on the dominant microstructural features of the alloys. For
example, unalloyed titanium grades are predominantly of hcp (alpha phase) structure, beta alloys
are bcc (beta phase), and a host of compositions are of mixed hcp and bcc structure (alpha plus
beta phases). Alpha-d isperaoid types have intermetall (c compound phase interspersed with the
alpha matrix phase. Several other alloys (notably those containing silicon) also can exhibit inter-
metallic phase in the microstrurxum.

Aluminum and oxygen are the alloy additions capable of stabilizing the alpha phase in titanium

and in aeneral increasing amounts of these elements result in the stabilization of increasing amounts-.
of the alpha phase. Beta stabilizing additions such as vanadium, molybdenum, mangane&, iron and
chromium, cause the stabilization of the beta phase generally proportional to the amount of beta
addition used but aub@t to modification by the amount of alpha stabilizers combined in the alloy.
Most of the commercial alloys have combinations of alpha stabilizing and beta stabilizing additions -
to impart the characteristics desired.

- The many alloys available collectively provide a very wide range of mechanical and physical
properties suitable for many applications. Some alloys, for example 5621S, were formulated
specifically to have good elwated temperature characteristics (e.g. creep strength). Others for
example Beta III and Tt-8Mo-8V.2Fe-3Al, were designed for improved combinations of formatijlity,
deep hardenability, and high strength. Some alloys, for example Ti-6Al-4V, are very versatile,
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TAB LE II. TITANIUM ALLOYS OF CURRENT GENERAL INTEREST

Nominal Composition, w % Al Ioy Type
Common ‘-

Name(a)

Urralioyad Ti, +9.5(b) Alpha CP

Unalloyed fi, +9.2(b) Alpha CP

Unalloyed ~, -99.01 (b) Alpha CP

Ti-O.l 5 to 0.20 Pd Alpha Pd alloy

Ti-5Al.2.5Sn(c) Alpha A-11O

Ti-1 to 2Ni Alpha-d ispersoid --

Ti-2cu Alphadisperaoid --

Ti-2,25Al-l lSn-5Zr-l Mo-O.2Si Near-alpha 679

Ti-5A143Sn-2Zr-l Mo-O.25Si(d). Near-alpha 5621S

Ti-6Al-2Sn-l .5Zr-l Mo-0.35Bi-0.1Si Near-alpha Ti-11

Ti-6Al -2Cb-l Ta-O.8Mo Near-alpha 6-2-1-1

Ti-6Al-l Mo-lv Near-alpha 8-1-1

Ti-8Mn Alpha-beta 8Mn

Ti-3Al-2.5V Alpha-beta 3-2.5

Ti.4Al-3Mo-lV Alpha-beta 4-3-1

Ti-5Al-2Sn-2Zr4M04Cr Alpha-beta Ti-17

Ti-6A14V(c) Alpha-beta 6-4

Ti-6Al-6V-2Sn Alpha-beta 6-6-2

Ti-6A 1-2Sn4Zr-2Mo(e) Alpha-beta 6-2-4-2

Ti-6Al-2Sn4Zr-6Mo Alpha-beta 6-2-4-6

Ti-6Al-2Sn-2Zr-2 Mo-2Cr-0.2Si Alpha-beta 6-2-2-2-2
Ti-7A14Mo Alpha-beta 7-4

Ti- 1A 1-6V-5 Fe Near-beta 165

Ti-2Al-ll V-2Sn-ll Zr 8eta Tranaage 129

Ti-3Al-8V4Cr4M04Zr Beta . . Beta C

Ti4.5Sn-6Zr- 11 .5,M0 8eta Beta Ill

Ti-6Mo-8V-2Fa-3Al Beta 8-8-2-3
Ti-13V-ll Cr-3Al Beta 13-11:3

Note:

(a)

(b)

(c)

(d)
(e)

Producer nomenclature varies since some companiaa use a code for designating products while
othera use logical symbols such as the company name followed by the composition in alpha-

. .

numeric, form. Sea Table 3 for guidance.
several gradea of unalloyed titenium are produced which’ differ in impurity Iwel, hence
strength and ductility.
High-purity grades of these alloys are available and are designated with the suffix ELI, meaning
Extra Low Interatitials.
A modification of this alloy, Ti.5Al-5Sn-2Zr-2 Mo-0.25Si, may become commercial.
A silicon-containing grade of 6.2.4-2 is also available.

....
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having properties intermediate to some of the specialty alloys but having broad utility in part due to
the intermediacy. The Ti-6Al-4V alloy is in fact the most widely used titanium alloy (>50%) with
the next most used titanium materials being the unalloyed grades (-20%).”; The next most usqj
materials are the Ti-5Al-2.5Sn and Ti-6Al-6V-2Sn alloys (-7% each) and all other alloys are used to
a lesser extent. In selecting an alloy for a particular application, it is good practice to not only ex-
amine and match the properties available for a material with the requirements but to discuss the
selection with producers.

3. Availability of Titanium-Forms and sizes. A wide range of unalloyed and alloyed
titanium mill products, castings, and powder-metallurgy products are produced by the industry.
However, not al I forms and sizes of products are available for each alloy or grade of titanium
available and no single company produces a full range of products. On the other hand, individual
product forms are usually available from a number of sources. Thus this section is offered to af-
ford the titanium user guidance in determining certain limitations and restrictions concerning
product availability.

The basic titanium product is called sponge titanium because lumps of metal extracted from
the primary titanium ore (rutile, TI02) have the porosity of sponges. (Other ores such as itmenite,
are used in addition to rutile by foreign sponge producers. ) The Kroll Process (named for Dr.
Wilhelm Kroll) is used by the commercial producers to win titanium from rutile. This process is a
batch operarion requiring stringent control in order to maintain purity. Titanium sponge is subject
to atmospheric contamination unless suitably protected. Sponge is subsequently purified and corn.
patted into electrodes for melting and remelting in the production of ingot (or casting). Titanium
metal production, from ore to final ingot, usual Iy follows the basic steps outlined below and is
shown schematically in the illustration of Figure 1.

Chlorination-R utile ore is reacted with chloririe gas and carbon at elevated temperatures to yield
tlfamum tetrachloride (TiC14), a colorless liquid, and the carbon gases (CO, C02) arxoiding to the
following reactions: . .

Ti02 + 2C12 + c TIC14 + C02 + heat

Tio2 + 2CI.2 + 2C TiC14 + 2C0 + heat

AS indicated, these reactions are exothermic and are carefully conducted in large reaction v~els to

produce as pure an intermediate product (TiC14, sometimes @lled “tickle”) as possible. Additional
purification of “tickle” in distillation towers is usually nemaaery.

Magnesium Reduction-The TiC14 is combined with molten magnesium metal in a’&eel
reactor under a controlled atmosphere to yield titanium metal in sponge form. Magnesium chloride
(MgC12) is a byproduct. (The M9C12 is electrolyzed to recapture chlorine gas and magnesium

metal, bssth of wfsich are recycled through the process). The reactions are:

Tic14 + 2Mg Ti+ 2MgC12

MgC12 (by electrolysis] Mg + C12 . .

Sodium instead of magnesium is used in the same type of reactiorzs”by some producers of titanium.

Purification. Titanium sponge is placed in leaching tanks where acid and water remove trace
quantities of magnesium chloride and residual magnesium. Another method of removing the=
impurities from sponge is vacuum distillation. Producers of titanium sponge in the Soviet Union

6
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FIGURE 1. Titanium Processing from Ore to Ingot

and Japan make a very high quality product by this method. Considerable quantities of foreign
produced sponge titanium are imported by the United States.

Melting. – Sponge titanium may b’ compacted as the only constituent to make electrodes
for producing ingota, or, if an alloy is desired, sponge. is mixed with other metallic ingredients
before compacting electrodes for the melting operation. An electric arc-melting process converts
the compacted electrode (consumable electiode) into a primary ingot which, in turn, is remelted
into a final ingot (triple melting may be used to produce a premium quality ingot). Another
method of making primary ingot, that of melting sponge, al Ioy additions, or scrap, by continuous y
feeding small unmmpacted particles of the charge into the molten pool of metal created by the arc,
is used by some ingot produce=. In either method, melting is accomplished in vacuum furnaces
which removes volatile impurities such as hydrogen and n?sidual MgC12.

The typical titanium product forms manufactured from domestic and foreign sponge by the -
U. S.. industry are listed in Table IV. It is to be noted that this is a typical listing and does not
include all products that can be made, for example, on special order. To illustrate some exceptions,
wi;e of Ti.5Al-2.5Sn and Ti-8Al-l Me-l V alloys, extrusio,rss of TL4AI-3M0-l V alloy, and castings
of Ti-1 1.5Mo-6Zr-4.5Sn alloy can and have been produced. Irsquiriesto producers should be made
to determine current availability of unlisted products for any desired material.
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TABLE IV. TYPICAL TITANIUM PRODUCT FORMS

Nominal Composition, wt % Typical Product Forms(n)

Unalloyed TI, ~9.5(b) All forms are available
Unalloyed ~, q9.2(b) in unalloyed
Unalloyed T, ~9.r)(b) grades
Ti-O.l 5 to 0.20 Pd All forms
Ti.5Al-2.5Sn(c) 1, B, b, P, S, E, C
Ti-1 to 2 Ni B, b, P, S
Ti-2cu B, b, P, S
Ti-2.25 Al-1 lSn-5Zr-l Mo-O.2Si 1, B,b, P,S
Ti-5Al-6Sn-2Z4-l Mo-O.25Si [, B, b, P, S
Ti-6Al-2Sn-l .5Zr-l Mo-O.35Bi-O. 1Si l,B, b
Ti-6Al-2Cb-l Ta-O.BMo 1, B,b, P
TL8AI-l MO-lV 1, B, b, P, S, E
Ti-8Mn l,s, s
Ti-3Al-2.5V S, s, f, T
Ti-4Al-3Mo-lv P, s, s
Ti-5Al-2Sn-2Zr-4 Mo-4Cr 1, 6, b
Ti-6Al-4V(c) All forms
Ti-6Al-6V-2Sn 1, B, b, P, S, E
Ti-6Al-2Sn4Zr-2Mo 1, B, b, P, S, E
Ti-6Al-2Sn-4Zr-8Mo
Ti-6Al-2Sn-2Zr-2Mo-2CX.L).2Si

1, B, b, P, S
B, b, P

Ti-7Al-4Mo 1, B,b, P
Ti-l Al-8 V-5Fe 1, B, b, W
TF2AI-1 lV-2Sn-l lZr
l13A1-8V-8Cr-4Mo-4Zr

B, b, P
B, b, W, P, S, S, f, T

Ti-4.5Sn-6Zr-l 1.5M0
Ti-8Mo-8V-2Fe-3Al

B, b, W, P, S, S, f, T
1, B, b,w, P, S,S, f,T

TLl 3V.1 lCr-3Al 1, B, b,w, P, S,s, f, T

Note:

(a)

(b)

(c)

I = ingot bloom, B = billet, .b = bar, w = wire,

P = plate, S = sheet, s = atrip, f = foil,

E = extrusion, T = tubing, C = casting.
. .

There are wveral unalloywl titanium gradas available.
. .

High purity grades of these alloys at-a available and are designated with the suffix E Ll, meaning
Extra Lo”w Interatitials. . .. .

. .

@o&. - The largest titanium ingot produced to date was about 40 inches in diameter and
weighed about 11 tons ( Krupp, West Gerrnariy in 1966). However, more ~ommonl y, ingots of
’30 inches in diameter x ‘1 O,OOOpounds and -15,000 pounds are produced domestically. Smaller
ingots are also produced. Ingots are usually converted into castings or mill product forms prior, to
sale to the rrajor users of titan i”um.
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Castings. – Titanium castings are produced by remelting ingot or billet (used as electrode) in

1“ socallad skull-type vacuum furnace: having the general arrangement shown in Figure 2. The casting
producing companies differ in their operations and capabilities due to types of molds usad and
equipment size, They may be considered in two categories: ( 1) those that use investment molds,

1

and (2) those that use rammed graphite molds. Investment caating techniques can potentially pro-
duce more intricate pare, clozer tolerances, and better as-cast surface finishes. The rammed graphite
proces$, because of greater f Iexibil ity in gating and risaring, is potentially capable of producing
castings having better internal quality, higher mechanical properties, larger cast configurations, and
lower costs. However, no one process is superior to the other; both have their place and both fill
specific needs.

Ramm”ad-graphit~mold castings can and have been made in quite large sizes. A 240CZ-pound
pour can “be made to yield castings of up to 2000 pounds (balance of metal in gates and risers).
Large castings have a maximum dimension of 100 inches. The more common size limitations of
rammed-graphite-mold castings are 400 pounds with dimensions fitting within a 52-inch diameter x
32 inch high envelope. Intricate shapes as well as preform shapes for forgings (e.g., engine rings)
ara made in this type mold.

I--1-12
/ 1.

2. Vacuum seal
3. Material feed
4. Am
5. Funuc.echambsr
6. Vacuum
7. TNtatle melting crucilie
8. Mold
9. Valve bcdv

10. Mold table
11. Mold chamber
12. Vacuum sad

Y“
8

F
.. .. .. .. . . . .... .:;*:: ;::~::.::.: 9
‘....:::;

..!.:::.:.::::::,:,:,:.>

.,.,.:.:.:.:.:.: melting””.::;::::.
,:,:,= 12...,:...

““”””D
:.:.:.x....
,::::::: Op?ration. Electrode is rapidly malted into 7. to obtain a,:.F,

,.,......... 10,.,.,. samarhaatedtitanium or allc.v pool wfsich is then immediately
::::::
......

~$
II

poured About orequaner of the melt is retained as a
“skull”, lining the interior of 7. Hence the name, “skull

.
.,.

FIGURE. 2. General Arrangement and Operation of Melting Furnace and Casting Apparatus
Used by Titanium Casting Foundries
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Investment-mold” castings have been produced in much smaller sizes than rammed-graphite-
mold testings. Maximum weights of about 50 pounds and maximum envelopes of about 2 x 2 x 2
feet are offered. Wall thickness limitations of investment-mold castings are>bout half of rammed-
graphite-mold castings (0.050-inch compared with 0.10 inch) and surface finish potential is better
for investment-mold castings. Intricate shapes with good dimensional tolerances are possible with
investment-mold castings. The mechanical properties of castings produced by either of the available
techniques are not quite as good as those of most wrought mill products.

Forgings, Billets. – Ingots are converted to ingot-bloom, billet, or bar, and these are offered
by the primary titanium producers (the melters) for secondaW processing. While each of the major
titanium producers has forging capability, most of the forgings produced are made by companies
specializing in this aspect of the titanium busin.%s (e.g., Wyman-Gordon Company). Forged billets
generally have a cross-sectional area of 16 square inches or more and are available in rounds, squares,
rmtangles, and octagons. Forged shapes may be produced by hammer, press, or ring-roll type opera-
tions and are usually classified into four dimensional tolerance groups. (1) blocker, (2) conven-
tional, (3) close, and (4) precision. Table V gives examples of the types of forging shapes commonly
produced and the availability of such shapes in the various tolerance categories. Forgings as large
as 4000 pounds and 22 feet long or as small as under one pound have been made. Details for
determining shape, size, and tolerance limitations can be obtained from numerous forging corn.
panics experienced in working with titanium.

TABLE V. AVAILABILITY OF TITANIUM ALLOYS IN FORGINGS BY
SHAPE AND TOLERANCES

[Forgings classified by dimensional tolerance]

.,
Availability(a)

Blocker.Type Conventional Close Precision
Forged Shape Tolerances Tolerances Tolerances Tolerances

Disks A A L LS

Cones .A A L u

Hemispheres o A A L u

Cylinders A A L u

Blades A A A A

Airframe (fittings) A A ‘“ A LS

Airframe (rib and web) A A L LS

Rings ., A A L u. .

Note:

(a) Code: A =
L=

LS =
lJ=

. .

Readily available
Limited availability
Limited availability = small parts only
Virtually unavailable

.-
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Bar, Rod and Wire. – Bar and rod are available in rounds, hexagonal, squares, and rectangles.
Rolled bar, which has a cross-sectional area ranging from 16 square inches down to about 1.4 square
inches, has a length restriction because of annealing-furnace limitations. Lengths up to ?0 feet are
possible, but the usual lengths produced are 16 to 25 feet. Round bars having diameters less than
0.3125 inch are priced as wire: coil lengths in the smaller diameters range between 300 and 500 feet.

Rods and bars are frequently converted to end-use items by forging and machining or simply
by machining. Wire is produced for use as weld-filler and for such end.usa items as springs and
fasteners. Most alloys are available in bar and rod form but saveral alloys are not routinely available
in wire form.

Plate, Sheet, Strip and Foil. - Plate, sheet, and atrip are flat-rolled products available in many
alloy grades and from several producers. Foil is a specialty product available in @t a few alloys and
unalloyed titanium. Plate is generally defined as 0.1875 inch or more in thickness and commonly
in sizes listed below.

Thickn&s, inch Width x Lenqth, inches

0.1875-0.249 100x42O
0.250-0.374 11OX42O
0.375-0.499 120 x 450
0.500-0.749 130 x 480
0.750.0.999 140x (a)
1.0 and up 145 x (a)

(a) Any practical length within ingot size limitations.

The thickness and flatness tolerances of alloy plate are given in Table V1.
~

Flat-rolled titanium products are priced.as sheet if width is 24 inches or greater and thickness

I

is lass than 0.1875 inch. The product is priced as strip when it is less than 24 inches in width. The
“ availability of sheet and strip with regard to, size and wme alloy limitations is indicated by the data

of Table VI 1. Note that in the thinner gages, and this is especially true for foil gages ( <0.006 inch
thickness), only unalloyed titanium and a few of the alloys are available in this form.

Extruded Shapes. - Extruded shapes are currently supplied in a wide variety of configurations,
although most of thew are basic angle, tee, or channel shapes. Section thicknesses.ganerally vary
from 0.125 to 1.25 inches within circumscribing circles of 1.50 to 11.0 inches in diameter. Most
shapes, howaver, fit within a 3- to 5-inch-diameter circle. Lengths usually supplied in the annealed
condition vary between 20 and 75 feet. Lengths up to 40 feat can be supplied in the sohstion-
treated-artd-aged (STA) condition. In the present state of development, asextnsded titanium
alloys are not of requisite quality for direct use because of surface roughness or surface contamina-
tion. Thus. extruders supply product in an oversize condition to allow a suitable envelope for
machining to final size and acceptable surface finish. Minimum envelope requirements vary with -
users. Some allow as little as 0.020 inch excess per surface while others require as much as 0.125
inch “excess per surface. Part design and appl icafion influence thaa requirements. Research and
de~elopment efforts are continuing towards the goal of supplying net extrusions Of acceptable
surface finish and precision dimensional tolerances. Redrawing, straightening, and heat treatment
techniques are a part of this development effort.
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TAB LEVI. TYPICAL thickness AND FLATNESS TOLERANCES OF CURRENT
TITANIUM PLATE :

Variation from Flat
Thickness Tolerance, in. Surface, in.(a)

Plate Thickness Variation in
Thickness, in, Width Overage Width 15 feet

0.1875 to 0.375 Max available 0.050 UP to 48 0.75

0.375 to 1.00 Max available 0.060 UP to 48 0.50
46 to 76 0.62

1.00 to 2.00 Max available 0.070 UP to 48 0.5 to o.2(b)
48 to 76 0.6 to o.3(b)

Note:

(a) Plate ofspmial flatne= (O.~Oinch meawred anytiere) isavailable bythe Vacuum Creep
Flattening P/CF) process.

(b) Flatne= increases with increasing thicknes anddecreases with increasing plate size.

TA8LE V1l. AVAILABILITY OF TITANIUM-ALLOY SHEET AND STRIP(a,b)

Thickness, in.
Maximum Width, Maximum Length,

in. in.

0.006-0.012 26 Coil(c)

0.012-0.016 30 @iI(c)

0.016-0.020 36 coil(c)

0.020-0.032 44 ., Coil(c)

46 126144

0.032-0.060 44 ~$cl

48 .. 144

0.060.-0.187 46 144

Note:
..

(a)

(b)

(c)

.

Unalloyed grades are generally available in greater widths at thinner gages than alloy gredes.

Tolerances for all gages meet AMS 2242 specifications.

Coil only available in select grades, i.e., unalloyed Ti, Ti-5Al-2.5Sn, Ti–6Al-4V, and beta
alloys.

.-
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Tubinq. - Seamless tubing is produced in unalloyed titanium, TL3AI-2,5V and Ti-6Al-4V (in
some sizes) commercially, and in such beta alloys as Ti- 11 .5 Mo-6Zr-4.5Sn and Ti-3AL8V-6Cr-4Mo-4Zr
on a developmental basis. Seamle$s tubing is produced from extruded tube hollows and is sized to
finish dimensions by drawing or tube reducing operations (usually cold worked with intermediate
annealing).

Unalloyed titanium seamless tubing is available in diameters ranging from 0.062 inch to
several inches (>8~6) with wall thickness & low as 0.004 inch in the smaller diameters (large
diameter tubes can only be supplied in thick wall sizes). Diameters of 0.75 to 1.00 inch with wall
thicknesses ranging from 0.03 to 0.04 inch are the most used. Seamless alloy tubing is supplied in
a more restricted size range: the Ti-3Al-2.5V alloy, for example, is available in tube form in di-
ameters of 0.25 inch to 1.75 inch with wall thicknesses betWeen 0.012 to 0.030 inch. Lengths up
to 34 feet as vacuum annealed are available. Tha Ti-3Al-2.5V alloy is available in quality sufficient
to meet aircmfi hydraulic tubing specifications.

In addition to seamless tubing, an important supply of rolled and welded tube (with longi-
tudinal seam weld) is available. Suppliers can provide both unalloyed and alloyed (TL6AI-4V is
common) rolled and welded tubing in sizes ranging from 1 to 10 inches diameter with wall thick-
nessesbetween 0.012 to 0.168 inch. Generally only the moat weldable and stable-after-welding
titanium alloys are available such as Ti-6Al-4V, Ti-3Al-2.5V, Ti-5Al-2.5Sn, TF8AI-I Mo-I V, and
Ti.6Af-2Sn4Zr-2Mo compositions. Structural members and corrosion resistant piping commonly
utilize roll and weld tubing.

Powder Metallurgy Products. - Unalloyed and alloy titanium powdem are made by several
different processes including mechanical attrition, gas attrition, chemical reduction, hydrid~
dehydride, and comminution from the molten state - e.g., powder-size droplets from a rotating
electrode. Alloy powders also may be obtained by blending unalloyed titanium powder with
powders of the desired elements. End-use products are made by die pressing the powders to shape
and subsequently sintering such compacts or by simultaneously hot pressing and sintering the
powders. Research also has been conducted ‘in producing forged products from pressed and
sintered powder preforms. The latter products approach full theoretical density and have mech-
anical properties equivalent to wrought metal properties provided the powder used is of highest
quality (oxygen as a contaminant is one of the problems with powders), The principal reason for
the quest for product via powder metal Iurgy is cost reduction since net shapes can be produced
without high associated scrap losses and machining time. However, except for some specialized
purposes and parts such as porous titanium filtering elements, titanium hardware via powder
metallurgy techniques has never materialized as a major segment of the titanium industry. Currently,
qua(ity titanium end-use items can be made at reasonable costs but the method is not popu Iar for
producing hardware.
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SECTION II .. -.

SPECIFICATIONS AND PROPERTIES

Titanium Materials Specifications

4. General. Both the Government and nongovernment technical societies issue specifications
for titanium and titanium alloys. This section covers the current specifications for titanium mate-
rials prepared by the Government (MI L specifications), by the American Society for Testing and
Materials (ASTM specifi~tions), the Aerospace Materials Specifications (AMS) issued by the
Society of Automotive Engineers (SAE) and by the American Welding Society (AWS specifications).

5. MilitaW Specifications. Specifications prepared by the Government on titanium
materials are listed in Table Vlll, and are described in the following paragraphs. It should be noted
that military specifications currently in force have different preparation and coordination dates,
include limited coordination spwifications as well as fully coordinated specifications, and are incon-
sistent one from another in alloy coverage and composition designations. Furtherr some of the
titanium mater(als currently being produced are not included in any military specification. Addi.
tionally, Spmifications include alloys not now being produced or much used. Therefore, in an effort
to relate currently available titanium materials with the descriptions and designations offered in
some of the important military specifications, the correlation tabulation of Table IX is given. This

I table does not include comoo~tion deaiqnations from Ml L-T46035 and Ml L-T-46036 &cause no
specific compositions are d&cribed ther~in. similarly, titanium materials (sponge and powder) are
described generally in Ml L-T.13405C. The table alsti doas not include designations from
Ml L-T46077 since it refers specificallyy to the Ti-6A14V alloy which is not otherwise designated.
Specifications, standards, etc., required by suppliers in connection with specific procurement
functions should be obtained from the procuring activity or as directed by the contracting officer.

Ml L-R.81 586 (22 July 1970). – Rods and Wire, Wdding, Titanium and Titanium Alloys.
This specification covers the requirements for bare titanium arid titanium alloy filler rods and wire
suitable for use with gas-tungsten arc (GTA) or gas-metal-arc (GMA) welding processes. Alloy types
and compositions are given in Table IX. Chemical composition requirements and form,.size and
weight requirements are given.

b. Ml L-T-13405C (27 May 1966) – Titanium Powder. This specification covers one type
and one grade of titanium powder which is intended for use in pyrotechnic mixtures. This grade of
titanium powder is not intended for use in manufacturing structural titanium parts by powder
metallurgy techniques.

--

c. MIL-T-009047F (25 March 1971) and Amendment No. 1 (19 September 1972) –
Titanium and Titanium Alloy Bars and Forging Stock. This spe@cetion has not been approved
for promulgation as a coordinated revision of Ml L-T.9047E (i.e., it is subject to modification).
However it may’ be used in procurement of aircraft quality wrought titanium and titanium alloy
bars, billets, slabs and forging stock in lieu of Ml L-T.9047E since it describes the same materials
under identical designations (see Table IX). Ml L-T-009047F was prepared to specifically cover
macrostructural and microstructural aspects of the titanium materials included in Ml L-T.9047E.
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TABLE VIII, MILITARY SPECIFICATIONS – TITANIUM AND TITANIUM ALLOYS

Specification No. Oate Title

MI L-R-81588

Ml L-T-13405C

Ml L-T-009C47F
Amendment No, 1

Ml L-T-9047E

MI L-F-83142A

Ml L-T-46038A
Amendment No. 1
Amendment No. 2

MI L-T-81556

Ml L-T.9046H

Ml L-T-46035A
Amendment No. 1

Ml L-T-46077A

Ml L-H-81 200A
Amendment No. 1

Ml L-W-6858C
Amendment No. 1

22 July 1970

27 May 1965

25 March 1971
19 September 1972

15 June 1970

1 December 1969

28 October 1966
14 March 1967
5 October 1972

20 March 1966

14 March 1974

28 October 1966
5 October 1972

28 June 1968

12 September 1966
24 March 1969

20 October 1964
28’June 1965

Rods and Wire, Titanium and Titanium
Alloys

Titanium Powder

Titanium and Titanium Alloy Bars and
Forging Stock

Titanium and Titanium Alloy Bars and
Forging Stock

Forging, Titanium Alloys, Premium
Quality

Titanium Alloy, Wrought, Rods, 8ars and
Billets (for Critical Applications)

Titanium and Titanium Alloys, 8are, Rods,
and Special Shaped Sections, Extruded

Titanium and Titanium Alloy, Sheet,
Strip and Plate

Titanium Alloy, High Strength, Wrought,
(for Critical Applications)

Titanium Alloy Armor Plate, Weldable

Heat Treatment of Titanium and
Titanium Alloys

Welding, Resistance: Aluminum.
Mag~esium, Nonhardening Steels or
Alloys, Nickel Alloys, Heat Resisting
Alloys and Titanium Alloys; Spot
and Seam

- d. Ml L-T-9047E (15 June 1970) - Titanium and .Titanium AIIoY Bars and Forging StOck.

I

This specification covers bars, billets, and blooms of several of the materials included in super~ded
Ml L-T-9C47D, less four compositions which are no longer much used, plus three new alloys
currently being produced. Table X gives the correlation of Ml L-T-9047C, Ml L-T-9047D and
Ml L-T.9047E (same as Ml L-T-009047F) designations. The specification gives the composition
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TABLEX. CORRELATION TABLE: MI L-T-9047

MI L-T-9047E MI L-T-9D47D MI L-T-9047 c(rJ)

Alpha Allovs
Composition 1- unalloyed

Composition 2- 5A I -2.5Sn

Compmition 3 -5A l-2.5Sn ELI

Composition 5 -8A I-l Me-l V

Alpha beta alloys

Composition 6 -6A I-4V

Composition 7- 6AI-4V ELI

Composition 8- 6A1-6V-2Sn

Composition 9- 7Al-4Mo

Composition 10-1 lSn-5Zr-2Al.l Mo

Composition 11- 6A1.2Sn-4Zr-2Mo

Composition 14- 6A1-2Sn.4Zr-6Mo

Beta Al Ioys
Composition 12- 13V-1 lCr-3A I

Composition 13. 11.5Mo.6Zr-4.5Sn

Type l–Commercially pure titanium
Composition A - unalloved

Type n-Alpha titanium allovs
Composition A (5A l-2.5Sn)

Composition B (5A1-2.5Sn ELI)

Composition C (5A l-5Zr-5Sn)(b)

Composition D (BA l-l MoIV)

Tvpe Ill-Alpha beta titanium alloys

Composition A (6AI-4V)

Composition B (6AI-4V ELI)

Composition C (6A1-6V-2Sn)

Composition D (7 AI-4Mo)

Composition E (4A1-4Mn)(b}

Composition F (5A1-1.5Fe-l .5Cr-l .5 Me)(b)

Composition G (1 lSn-5Zr-2Al-l Mo)

Composition H (4 A1-3Mo-lV)[b)

Composition I (6Al-2Sn-4Zr-2Mo)

TVpe lV–Beta titanium allovs
Composition A (13V-1 lCr-3A I )

Class 1

Class 2

——

--

—-

Class 5

—-

——

——

Class 6

Class 7

——

--

——

—-

Note:

(a) Cla5S 3, 3A1-5Cr and Class 4, 2Fe-2Cr-2Mo, of Ml L-T-9D47c were deleted in the “0” revision,

I

I

.

(b) Commercially unavailable.
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limits and mechanical property requirements (minimums) for all materials covered in the annealed
condition per various thickness ranges where that is applicable. In addition, the solutiop-treated and
aged (STA) mechanical propenies of compositions 6 through 13 are given for the thickness ranges

applicable to the specific alloys.

e. MI L-F-83142A (1 December 1969) – “Forging, Titanium Alloys, Premium Quality. This
specification covers unalloyed titanium and titanium alloy forgings suitable for aircrati and aero-

space components and supersedes Ml L-F-83142. Table Xl gives the correlation of Ml L-F-83142
and -83142A designations. It is to be noted that the alloy lists reflect alloy availability at the time
of specification preparation and that composition categories were changed (Type 1, 11, I I 1, and IV
category nOmenclaNre dropped). Composition designation correlation between MI L- F-831 42A
and Ml L-T-9047E is given in Table IX. Specification Ml L-F-83142A gives the composition limits
and mechanical property requirements’(minimums) for all materials covered in the annealed condi-
tion per various thickness rangeswhere that is applicable and also the solution-treated and aged
(STA) mechanical properties of compositions 6 through 13 for the thickness ranges applicable to
these alloys. In addition, mechanical property requirements for various conditions of the alpha
alloys, Ti-5Al-2.5Sn and Ti-5Al-5Zr-5Sn, are given.

f. MI L-T-46038A (28 October 1966), Amendment No. 1 (14 March 1967) and Amendment
No. 2 (5 October 1972) – Titanium Alloy, Wrought, Rods, Bars and Billets (for Critical Applica-
tions). This specification covers wrought-titanium alloy rods, bars, and billets which are suitable for
processing by hot forming and heat treatment or by heat treatment only, or for direct application
to highly stressed critical components, and it is required for use with Specification Ml L-T-46035A.
Specification MI L-T-4603BA describes mechanical property ranges for bars and bi Ilets of various
section sizes. Ml L-T-46035A covers high strength wrought titanium alloys, in annealed or heat-
treated shapes, having a critical section thickness of one-quarter to two and one-half inches, for
critical components other than armor, such as tubes, chambers, and nozzles.

Ml L-T-81556 (20 March 1968) – Titanium and Titanium Alloys, Bars, Rods and special
Shap~d Sections, Extruded. This specification covers extruded titanium and titanium alloy bars,
rods, and special shaped sections. The compositions covered by Ml L-T-B1556 have the designations
given in Table IX. The composition requirements and the mechanical property requirements in the
mill annealed condition per various thickness ranges where that is applicable are given. The mech.
anical property requirements for various section thicknesses of TL6AI-4V, Ti-6Al-6V-2Sn, and
Ti-7Al-4Mo alloys, are given also for the solution treated and aged (STA) condition. Dimensional
tolerance requirements also are given.

h. Ml L-T-9046H (14 March 1974) – Titanium and Titanium Alloy, Sheet, Strip and Plate.
This specification gives composition (see Table IXL mechanical property (see Table XIX), and
dimensional tolerance requirements for the compositions covered in the appropriate section size
and heat treatment condition. The materials procurable under the specification are intended for
structural and engineering applications in airborne vehicles and equipment based upon the combina-
tion of excellent mechanical properties coupled with low density and corrosion resistance. Table
X11 gives the correlation of the “D”, ,,E,,, ,,F,,, ,,G,,, and ,-H,, versions.

i. Ml L.T-46035A (28 October 1966) and Amendment No. 1 (5 October 1972) - Titanium
Alloy, High-Strength, Wrought (for Critical Components). This specification covers high strength
wrought titailium alloys, in annealed or heat-treated shapes, having a critical section thickness of Z
to 2-% inches, for critical components other than armor, such as tubes, chambers and nozzles.
Mechanical property requirements are given.
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TABLE Xl. CORRELATION TABLE: MI L. F-83142

MI L-F-83142 MI L-F-83142A

Type I – Commercially pure Alpha Alloys

Composition 1 – unalloyed Composition 1- unalloyed

Type II – Alpha alloys

Composition 2- 5A1-2.5Sn Composition 2 – 5A1-2.5Sn

Composition 3 – 5A1-2.5Sn ELI Composition 3- 5A1-2.5Sn ELI

Composition 4- 5A1-5Zr-&(a) Composition 4 – 5A1-5Zr-5Sn

Composition 5 – 8AI-IMo-IV Composition 5 – 8A1-l MO-l V

Type I I I – Alpha beta alloys Alpha beta alloys

Composition 6 – 6AI-4V Composition 6 – 6AI-4V

Composition 7 – 6AI-4V- ELI Composition 7 – 6AI-4V ELI

Composition 8 – 6A1-6V-2Sn Composition 8 – 6A1-6V-2Sn

Composition 9 – 7AL4M0 Composition 9 – 7AI-4M0

Composition 10- 5AI-1 .5Fe-l .5Cr-l .5 Me(a)

Composition 11-1 lSn-5Zr-2Al-l Mo Composition 10 – 1lSn.5Zr-2Al-l Mo

Composition 12- 4A1-3Mo-l V(a)

Composition 13- 6A1-2Sn-4Zr-2Mo Composition 11 – 6Al-2Sn-4Zr-2Mo

Type IV – 8eta alloys Beta al Ioys

Composition 14- 13V-11 Cr-3Al Composition 12 – 13 V-1 lCr-2Al

Composition 13 – 11 ,5 Mo-6Zr-4.5Sn

Note:

(a) Commercially unavailable or not much used.
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TABLE XII, CORRELATION TABLE: MI L. T.9046
——

rpe
—

—

I

—

II

—

Ill

—

IV

bmp.

A

B

c

A

B

c

D

E

F

G

A

B

c

o

E

F

G

H

A

B

c

D

hIL.T-9046D

;7 June 1964

Jnallowd

Jnalloyed

Jnalloyed

5A!-2.s

jA1-2.5Sn ELI

jA1-5Zfi5Sn

lA1.12Zr

7A1.2Cb 1Ta

3A1.1M&iv

-.——

3Mn

$AI.3M0. 1v

3A14V

EiA14V ELI

6A1-6V.2Sn

7AMlMo

————

-———

13V. 11Cr.3Al

————

-———

MI L-T.9M6E

29 Sep 1965

Unalloyed

Unalloyed

Unalloyed

5A1.2.5Sn

5A1.2.5Sn ELI

5A1.5Zr.5Sn

7A1.12Zr

7A1.2Cb-l Ta

8AI.IMOTv

-———

8Mn

4A)-3M0. 1v

6AI.4V

6AI.4V ELI

6AI.6V-2S.

7AI.4M0

_———

13V- 11Cr-3Al

-———

————

-———

fil L.T.9046F

i April 1967

Jnalloyed

Jnalloy?d

5A1.2.5Sn

jA1.2.5Sn ELI

——-

-—-—

.———

3AI.l MO.l V

5A1-2Cbl Ta.O.6M(

Btv!n

4AI.3MD.l V

6A14V

BAL4V ELI

6A1-6V.2Sn

————

6A1-2Sn.4Zr.2Mo

13V.11 Cr.3Al

————

————

————

20

til L-T-009046G

120ct 1970

--—

-——

---—

-——

-——-

-——-

-— --

--——

-—-—

--——-

———-

—-—

6AI.4V (No. 6)

6A14V ELI (No. 7

6A1.6V.2Sn (No. B

————

6A1.2Sn.4Zr.2Mo

(No. 11)

————

—-——

————

————

MI L.T.9046H

14 March 1974

Unalloyed (40 KSI-YS)

Unalloyed (40 KSI.YS)

Unalloyed (55 KSI.YS)

5A1.2.5Sn

5A1-2.5Sn ELI

--—-

----

--—-

13AI.l Mo.l V

6A1-2Cbl Ta.O.8Mo

—---

———-

6AL4V

6Al~4V ELI

6AI.6V.2S.

--—-

6A1.2Sn-4Zr.2Mo

6AI.4V SPL

(SPecial Low. ,005 H)

13V. 11Cr.3Al

11.5 Mo-BZr.4.5Sn

3A1.BV.6Cr-4Mo.4Zr

6Mo-8V-2Fe.3Al
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i. Ml L-T-46077A (28 June 1968) - Titanium Alloy Armor plate, Weldable. This
specification covers a weldable wrought-titanium alloy 6AI-4V ELI, armor plate in the mill-annealed
condition with composition ranges or maximum values as shown below (values in weight percent):

Al v c“ O* N H Fe Ti
—— —— — ——

5.5-6.5 3.5-4.5 T .14 ,02 .0125 .25 Remainder

The nominal thicknesses of armor plate covered by this specification are X to 2-Z inches, inclusive.
Mechanical properties and ballistic requirements are given. Ballistic properties are contained in the
Supplement which has a security classification of confidential.

k. Ml L-H.81 200A (12 September 1966) and Amendment No. 1 (24 March 1969) - Heat
Treatment of Titanium and Titanium Alloys. This specification covers furnace equipment require-
ments and test procedures, heat treating procedures, heat treating temperatures, and general infor-
mation for the heat treatment of titanium and titanium alloy items used in the construction of
military equipment. It also describes procedures which, when followed, have produced the desired
properties within the limitation of the respective alloys. Several compositions included in this
specification are not now in production. Therefore, representative alloys listed in Table I I I are the
compositions described in the Heat Treatment section of this handbook.

1. MI L-W.6858C (20 October 1964) and Amendment No. 1 128 June 1965) - Welding,
Resistance, Aluminum, Magnesium, Non-hardening Steels or Alloys, Nickel Alloys, Heat Resisting
Alloys, and Titanium Alloys, (Spot and Seam). This specification covers requirements for resistance
spot and seam weld)ng of the following nonhardening materials:

(a) Aluminum, aluminum alloys, magnesium alloys
(b) Steels, heat resisting alloys, nickel and cobalt alloys
(c) Titanium and titanium alloys.

Ml L-W-6858C covers welding machine qualification, and certification of the welding process or
schedule. Radiographic, shear strength and metallurgical test requirements are given.

6. AMS Specifications. The Aerospace Materials Specifications (AMS) for titanium
materials issued by the Society for Automotive Engineers (SAE) are listed in Table Xl 11. Since the
AMS titles accurately describe the titanium materials covered, no individual descriptions are neces.
sary. However, as an aid in relating AMS specifications with the alloy coverage and material forms
described in this handbook, Table XIV is offered. This table includes alloys which, are too new to
be covered by specifications and alloys that are no longer much used or produced as well as those
covered by Current AMS specifications.

7. ASTM Specifications. The American Society for Testing and Materials (ASTM)
specifications for titanium materials are listed in Table XV. The Standards are issued under fixed
designations, for example 6299 in Table XV and the year of last revision or year of adoption,
whichever is most recent, is given as a suffix, for example, B299.69. The ASTM Specification
titles are descriptive with regard to product form but do not describe material coverage except in
general terms. Therefore Table XVI is offered to show more specifically the compositions and
their ASTM designations included in individual specifications. As is the usual practice in

●Other military and nonmilitary specifications for ELI (extra IOW interstitial content) grade
Ti-6Al-4V call out lower maximum oxygen contents.
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TABLEXIII. AEROSPACEMATERIALSSPECIFICATIONSPORTIT4NIIJMMATEfll&LS

AMSNo, T,ue01spcl Iicati.n

49030

46Q1E

49028
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4!?378

4mB

49098

491OF
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4912A

4913A

49158

49868

49170

491EC

48218

..-.4923A

49248

.-.49258

.9260

. ..4027

4920G

.-a%w

6 933A

40350

4936

4941

4%2

.943

4951C

,95.3

49H6

4955

4954

49658

aca6Q

4w370

.--4%0A

.-4989

497X

4971A

4912A

4973A

497.4

49750

4976

4971k

497BA
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TABLE XV. AMERICAN SOCIETY FOR TESTING AND MATE RIALSSPECI FIC.ATIONS
– TITANIUM AND TITANIUM ALLOYS

ASTM No. Specification Title

.B299.69 Titanium Sponge

B348-72 Titanium and Titanium Alloy Bars and Billets

B381 .69 Titanium and Titanium Alloy Forgings

B265-72 Titanium and Titanium Alloy Strip, Sheet, and Plate

B337-73 Seamless and Welded Titanium Pipe

B338.73 Seamless and Welded Titanium and Titanium Alloy Tubes for Condensers
and Heat Exchangers

B363-71 Seamless and Welded Unalloyed Titanium Welding Fittings

B367-69 Titanium and Titanium Alloy Castings

F67-66 Titanium for Surgical Implants

F136-70 Specification for Titanium 6AI-4V ELI Alloy for Use in Clinical
Evaluations as a Surgical Implant Material

specifications, the ASTM Standards include requirements for composition, mechanical properties,
dimensions of product, testing, and marking.

The ASTM Specification B382.64 entitled “Titanium and Titanium Alloy Bare Welding Rods
and Electrodes” was discontinued in 1969. and replaced by the American Welding Society (AWS)
Specification AWSA5.16-70. The AWS Classification designations and impurity composition
limitations are given for such materials in Table XVII.

8. Specification and Designation Correlation. The proliferation of unalloyed titanium
grades and titanium alloys by modification with interstitial and solid solution alloying additions
has led to a bewildering array of nomenclature for these materials. The producers have their trade
names, there are common names, and each military and society specification has its code for des-
cribing particular titanium materials. As an example for one material, several of the designations
for various forms and grades of the Ti.6Al-4 V al{oy are shown below.

Armco Ti-6Al-4V AM S-4906
C-?20AV AMS.4907 B
MMA-651O AMS-4911 B
RMI-6AI-4V AM S-492BG
Tel. Ti6Al-4V AMS-4935B
Ti Tech 6AI-4V AMS-4965B
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TABLE XVII. COMPOSITIONS AND DESIGNATIONS OF MATERIALS DESCRIBED IN
AWS A5.16-70, SPECIFICATION FOR TITANIUM AND TITANIUM
ALLOY BARE WELDING RODS AND ELECTRODE:

-.

Nominal Interstitial and Iron Contents,
Composition, AWS weight percent(a)

wt. % Classification c o H N Fe

Unalloyed Titanium(b) ERTi-1

Unalloyed Titartium ERTi-2

Unalloyed Titanium ERTi-3

Unalloyed Titanium ERTi-4

TLO.15 to 0.25 Pd ERTi-O.2 Pd

Ti-3Al-2.5V ERTi-3Al-2.5V

Ti-3Al-2.5”v(b) ERTi-3Al-2.5V-l

Ti-5Al-2.5Sn ERTi-5Al-2.5Sn

Ti-5Al-2.5Sn(b) ERTi-5Al-2.5Sn-l ‘”

Ti-6Al-2Cb-l Ta-O.8Mo ERT&6A1-2Cb-l Ta-l Mo

Ti-($Al.4V ERTi-6A14V

Ti6Ah$v(b) ERTi%A14v-1

TI-6AI-1 Mol V ERTi-6Al-lMo-lV

TI-13V-1 lCr-3Al ERTi-13V~l lCr-3Al

0.03 0.10 0.005

0.05 0.10 0.008

0.05 0.10-0.15 0.008

0.05 0.15.0.25 0.000

0.05 0.15 0.008

0.05 0.12 0.006

0.04 0.10 0.005

0.05 0.12 0.008

0.04 0.10 0.005

“0,04 0.10 0.005

0.05 0.15 0.008

0.04 0.10 0.005

0.05 “o.12 0.008

0.05 0.12 0.006

0.012

0.020

0.020

0.020

0.020

0.020

0.012

0.030

0.012

0.012

0.020

0.012

0.03

0.03

0.10

0.20

0.20

0.30

0.25

0.25

0.25

0.40

0.25

0.15

0.25

0.15

0.25

0.25

—

Note: ..

(a) Analyses to meet interstitial content requi~ments are”made after the watding rod or electrode ‘-
is reduc@ to the final diameter. Single values are maximum valu& a!lowed.

(b) Very high purity compositions. ”
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Ml L-T-9046H, Type I I 1, Composition C AMS-4967D

Ml L-T-9047 E, Composition 6 0348-72, Grade 5

MI L-T-61556, Type Ill, Composition A B361-69, Grade F-5
MI L-F-B3142A, Composition 7 B265-72, Grade 5
MI L-T-009047E, Composition 7 B367-69, Grade C-5
Ml L-T-46077A AWS A5.16-70 ERTi-6Al-4V-i

A number of titanium usera and producers, government agen&a and metals-oriented societies
have recognized that the nomenclature problem is not unique for titanium. Personnel from these
groups have met to sponsor a Unified Numbering System (UNS) for all metals and alloYs produced
and used in North America. The UNS effort has become a joint activity of the SAE and ASTM
where the purpose.of the activity is to develop and promulgate for adoptiOn a unified sVstem for
the identification of metals and alloys. A proposed SAE/ASTM Standard entitled, ” Recommended
Practice for Numbering Metals and AIIovs”, has emerged as a result of this activity. In part, the
scope of this Standard reads:

“The UNS provides a means of correlating many nationally used numbering systems currently ad-
minimered by societies, trade associations, and individual usera and producers of metals and alloys,
thereby avoiding confusion caused by use of more than one identification number for the same
material - and by the opposite situation of having the same number assigned to two or more
entirely different materials. It provides, also, the uniformity necessary for efficient indexing,
record keeping, data storage and retrieval, and cross referencing.”

Part A of the Specification describes the alpha-numeric numbers (or codes) ‘established for
each family of metals and alloys. The code consists of a letter (which identifies a metal family)
followed by five numerals (which identify compositions). For example, nickel and nickel alloys
are the N-series (Nxxxxx), rare earth. metals are in the E-series (Exxxxx), and reactive and
refracto~ metals are in the R-series. Within the R series titiinium materials are assigned the
Numeral 5 (R5XXXX) and the various grades of titanium are identified by the remaining numerals
of the six-place code. The numbers R50001 -R 59999 have been resewed for titanium and
titanium alloys.

Considerable effort will be required, to coirrplete the details of this activitv and finally tO
promote it and to achieve its adoption by the metals community. ,However, since it appears as the
logical activity to achieve an ultimate correlation of metals nomenclature, the UNS assigned to
titanium and ita alloys is presented in this handbogsk wkh the expectation that it will eventually
be adoptad.

9. General Specification Requirements. Specifications prepared b; the Government or
metal-oriented societies have the basic aim of establ iahing uniformity in prescribed materiak under
selected renditions. Such parametem as metal composition, manufacturing technique, thermal
praessing, mechanical properties, product sampling and tasting, dimensional tolerances, workman-
ship, and finishes, marking, packaging, and certification are identified and described in terms of
restrictions and I imitations designed to standardize product. As shown in prwious sections, all
commercial titanium-base materials are not covered by specifications but moat are included in at
least one s~ification and mme products are covered by several. (n the case of such multiple
coverage, the specifications while using differant language, basically define the same limitations for.. . . . . .. — .,

I

the product, usual Iy concerning the parameters ot prime Interest to u~rs. I ne parameters are mose

1.

of interest to titanium producers as well since specification requirements may serve as the authority
to I imit responsibility for product improperly utilized. Most specifications call out material
composition ranges or maximums and tensile property limitations in the descriptions of the
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TABLE X“#IO. TOPICAL’.MINIMUM MECHANICAL PRoPERTY REO”IREL!ENTS . MIL.w047E SPECIFICATION
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materials covered. Several specifications have been prepared for specific products, for example,
Ti-6A14V ELI material for medical implants or unalloyed titanium tubing for heat exchanger
utilization, and such specifications describe specific requirements for these materials.

10. Properties Specification Requirements. Tables XVIII, XIX, XX, and XXI summarize
the typical mechanical property requirements specified for the various titanium materials by
Government, ASTM, and SAE (AMS) specifications. The tensile and imPact toughness minimums
for bars and forging stock described in Ml L-T-9047E for ranges of thicknesses in either the annealed
or heat treated (STA) conditions are given in Table XVII 1. Note that as thickness of stock in-
creases, strength and ductility requirements generally decrease. Table Xl X, typical minimum tensile
and bend properties as described in MI I--T-9O46H for plate, s&eet, and strip, reflects the same
stipulations regard~ng flat-rolled product thickness. Typically, tensile property requirements are
described in ASTM and AMS specifititions, Tabtes XX and XXI respectively, without reference
to product thickness. The ASTM specification for castings, B367-69, includes reference hardness
values. The total raqu irement,s for any alloy, form, thickness, and heat treated condition are des-

cribed in the particular specifications of interest. Tables XVIII through XXI merely present the
salient features of the total requirements.

Nonspecificetion Mechanical Properties

11. General. There are many important properties and characteristics of titanium and its
alloys that are not described in specifications. Tensile requirements appear to be the properties
emphasized in government, public, and private specifications, which when met, afford a reasonably
good description of the material for intended applications. However, there are a host of other
properties which are not usually described in specifications but which are important for design
considerations. These include such properties’as elevated temperature strength, compressive
strength, modulus of elasticity, creep and stress-rupture, fracture toughness, fatigue, and stabi Iity
characteristics such as the behavior of a material after exposures at various temperatures and for
various times. The intent of this section is to briefly present some of the typical properties and
characteristics of selected alloys which might serve to describe variotis titanium materials somewhat
beyond the descriptions afforded by specifications. Obviously complete descriptions require a
separate handbdok for each material, and often such handbooks for a material are available from
producers Typical nonspecification properties and characteristics for the major types of titanium
alloys, alpha, alpha-beta, and beta, are described in the following paragraph%

12. Tension and Compression Properties-Temperature Effects. The high elavated-
temperature strength of titanium alloys has been one of the attractive features of thew materials
from the time of their first utilization. More recently, thtir high low-temperature mength also
has been exploited. Figure 3 shows the tensile yield strength range of the alpha-beta TI:6AMV
alloy at the low to high temperatures commonly encountered in various devices It is quite

aPParent that the higher temperature usefulness for Ti-6Al-4V is Ii.mited by a rapid decrease in
tensile yield strength above about S00 F. This is representative of the behavior of titanium alloys
altliough several compositions have higher strength than ,Ti-6Al-4V at high temperatures. In
general, the upper service temperature limit for titanium alloys is 1000 F. However, the limit for
any one alloy depends largely on composition, mill product form, heat treatment condition, and
the time, temperature, and stress combinations of the application.
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TABkE XXI. TVPICAL TENSILE FIEOUIREMENTS - AMS SPECIFICATIONS

Ted. Yidd
Nmind AMs SumWh.

RCdfin.

Stmwlh. El,m@m Are,

Camomitim. m% No. ksi ksi % “%

49218

4936D

49mo

49240

4974

4972A

4973A

492SG

4%50

4*7D

4936A

4971A

4979A

4979

Urallowdn -09.0
Ti5A1.3.53n

m
115
115

Im

145

13G

1242

126

156

153

70

110

110

90

13a

130

136

120

140

15

10

10

10

10

20
25
25
26
26
‘m
20
25
m
26
20
m
m
m
25
25
20
15

;

m
15

-.
--
--
--
--
--
--
--
--

W5AI.3.SSI ELI
l_&!.5N.1lSc-521.tM+O.2S
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10
10
10
10
10
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140
t107T6A14V ELI

7i.6Al.6v.19 170 9
10
9

10
10
10
B

15
15
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123
1s6
170
Iw
110
110

140
155
tm
lXI
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15LI
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lm
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240r~ TI-6AI -4V
..:

Figure 3.

Temperature, F

Typical Range in Tensile Yield Strength Found for Ti-6Al-4V Alloy Due to Variation
in Chemistry, Structure, Mill Product Form, Heat Treatment, and Test Conditions

At cryogenic temperatures, titanium alloys are”not so much service limited by strength as by
ductility and toughness limitations. Nevertheless, several alloys are quite ductile at low tempens-
ture and Ti4A14V and Ti-5Al-2.5Sn alloys (ELI gmdas), as well as unalloyed titanium, can be u=d
to the low temperature of liquid helium (453 F).

The rather broad range of yield strengths depicted in F.igura 3 for the Ti-6A14V alloy at arty
particular tamparature is a result of differences in material chemicmy, structure, and teat conditions.
Major differen~ in yield strength’ can be observed for low to high alloy content (high aluminum
structures have lower strength than structures altered by a precipitate phase, e.g. eegad strucsurea),
and variations in the strain rate of the tensile teat (high strain rates result in high yield strengths).
Thaaa are not the only variables contributing to the variations in properties found for a given
titanium composition, but they are major variables. . .

The typical temile properties of unalloyed titanium and four common alloys over a broad u~ . .

temperature range am ahown in Figure 4. The yield strength, ultimata.atrangth SaPamtiOn shown
for TM3A14V alloy is typical for the otfrar materials shown. Note that @rrsile ductility generally
decraasaa with decn?.aaingtemperature and is generally highest for dse lowest strength materials.
Note too, the very large difference in yield strength betwean unalloyed titanium (annealad) and
that shown for one of the high strength beti titanium alloys, Ti-13V-l lCr-3Al (in the solution
treated plus aged condition).

I
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Figure 4. Effect of Temperature on the Typical Tensile Properties of Titanium Materials
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Ti-5Al~6Sn-2Zr-l Mo -0.2Si

16 — Ti -5AI -2.5Sn
—g Ii
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w- 14 —

I I I I I I
200 0 200 400 600 800 1000 12(

Temperature, F

I
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16 r

T1-3Al-8V-6Cr -4 Zr-4Mo I

(beta)

.- 14—
z Annealed

‘$Q
Solution treoled plus aged

w- ,* — (sTA)

.

10 I I I I I I 1 I
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Tensile Yield Strength, ksi

b.

Figure 6. Typical V6riation in Elastic Modulus Values for SeI&ted Titanium ldloys Due m

k) Taat Tempamture, and(b) Heat Treatment Condition and Strength Level .-

. . . .

The effect of temperature on the tensile modulus of el&ticity for selected titanium alloys is
shown in Figure 5a. The rather large variation in modulus veluez that can be observed for many
titanium materials at any given temperature is depicted for the Ti-6A14V and beta titanium alloys
by the vertical lines drawn at room temperature. As is the case for tensile yield strength, modulus
may vary due to chemistry, structure, texture, heat treatment, and teat conditions and techniques.
The variation of modulus with one of these variables, heat treatment (and the resulting strength
variation), is illu~rated in Figure 5b. The data for the Ti-3Al-6V-6Cr.4 Zr.4Mo beta alloy reveal
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Figure 6. Typical Creep and Stress Rupture Behavior for Selected T!tanium Alloys

that the trend is for higher modulus values to be found for higher strength material, in this case for
bata microstructuras that have bean modified by alpha phase precipitate (STA treatments).

The compression properties of many matedals are on a 1 to 1 equivalency with the measured “
tensile properties. Several titanium alloys have ahown higher atrangths in compreaaion tests how-
ever, as for example, Ti6A1-4V, Ti-6Al-2Cb-l Ta-O.8Mo, and TF6AI-1 Mo- 1V alloys. The
Ti-6Al-l Md-1 V alloy has bean shown to have 127 ksi Fcy vrmus 120 ksi FW in appropriate tests on
material from a single heat. Typically, the TL6A14V al[oy has h!gher, compression strength than
tensile stran@ as shown below:
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@@ Fty, ksi,

Annealed plate, sheet, strip 132 126 -.

Annealed bar and forgings 126 120
Heat treated (STA) plate and sheet 154 145

Modulus values (and Poissons ratio) for Ti-6Al-4V have been reported as: Ec, 16.4; Et. 16.0; G, 6.2;
(and p, 0.31). On the other hand, some titanium alloys have been shown to behave opposite to
the above. For example, the Fcy for one heat of Tb6A1-2Sn-4Zr-6Mo alloy was maesurad as 157
ksi versus an Fty of 170 ksi. Thus, it would appear appropriate to study reliable data to determine
the relationship between compression and tensile properties for any titanium material of intereat
with respect to use under compression conditions.

13. Typ’ical Creep and Stress-Rupture Behavior. The elevated-temperature utility of
titanium alloys under creep conditions is of great importance in such applications as jet engine corn.
pressor components. The excellent creep properties of titenium alloys in the intermediate tempera-
ture range of about 350 to 1000 F have enabled them to become prime materials for this and other
elwated temperature applications. The Ti-6A14V alloy has been used extensively in engines where
creep was an important consideration, but the history of the titanium industry reveals the continu-
ous dwelopment of alloys having improved creep strengths. Figure 6 shows three such materials
compared on the basis of creep stress versus the Laraon-Miller parameter where time and tempera-
ture (for elevated-temperature exposure) are combined. As shown in this plot, the TF6Al~V-2Sn
alloy is not as creep resistant as ~-6~14V alloy wfsich in turn is not as resistant as any of the
alloys whose curves (depicting the creep conditions of time, temperature, and slress to result in
0.2 percent plastic strain) plot to the right of the curve for Ti-6A14V. These are typical curves for
the alloys illustrated, and, like tensile and other properties, variations can occur with chemistry,
microstructural, beet treatment, and testing technique variables. The rupture curve ahown in
Figure 6 for the Ti.5Al-6Sn.2Zr-l Mo-O.25Si alloy is displaced to the right of the 0.2 percent plastic
creep curve since obviously, longer times, higher temperatures, or higher stress levels are required
to produce the rupture end point of the deformation prcaaa defined as creep. Some additional
alloys notable for their excellent creep resistance are the TI-BAI.1 Mo-1 V, Ti-2.5Al-l 1Sn-5Zr-l Mo-O.2Si,
and Ti-6Al-2Sn-l .5Zr-l Mo-O.356i-O. 1Si compositions.

. .

14. Stability Characteristics. The elwated-temperature tensile, creep, and other mechanical
properties of titanium alloys are important items for consideration regarding a materials service
limitations. Related to such Iimitatiqns and of equal importance is tfre ~bitity of propatiies during
and/or after exposure to service conditions. The stability of pmparties for titanium alloys is quite

9ood if exPoawes am confined within the limits determined for given compositions. Tfte limits
generally relate to conditions that promote oxidation, corrosion, stress-corrosion, metallurgical
changes, and simple overstraaaing, and maybe approached or exceeded to various degrees. In some
cases, the degree of property change after a particular exposure may be so small that stability is
unquestioned. In other cases, large property changes might occur so that an inatabiliW is not in
doubt. Iiowsvar, arbitra~ amounts of pro-@ity change are typically assigned to define fibility or .-

inatatillity and are often determined on the basis of whet minimum properties can be tolerated
during or aftar a service exposure. ... .

Tensile yield strength and tensile ductility are the pmpertiasfrequently used as guidea in
evaluating the stability of titanium alloys. .For example, a 50 percent dacrgase in the tensile
ductility of a titanium alloy due to an elwated temperature axposure may be used as the arbitra~
stability-instability demarcation point. In other CSsea,a large change in yield strength, in either the
positive or negative direction, resulting from an exposure, may be used to define the slebility-
instability limit. Others have cited stability as the ability to retain an adequate (wine tolerable
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value) low temperature toughness after long-time thermal exposure. Whatever the stability criterion
might be, it is importarit to underat.?nd that exposure conditions should be selected w that they do
not promote property changes in excess of tolerable amounts. General Iy speaking, the aayerity of
exposures can be reduced by reducing either time, temperature, or stress, or combinations of these
variables.

The data of Table XXII show typical stability data for selected alloys. Tensile properties
before and after thermal or thermal-stress (creep) expowras WOW relative atabiliw (e.9. Ti-6Al-4V
alloy) or instability (e.g. Ti-5Al-s3Sn-2Zr-l Mo-G.25Si al IOY) for Pa~icular exPowra conditions.
While not illustrated by the data of this table, it is well known that some titanium alloys are more
stable than othera for a given exposure condition, and for particular alloys, some material conditions
are more stable than others. For example, as ahown in Figure 7, the Ti-13V-11 Cr-3Al beta alloy is
more stable in 6G0 F thermal exposure in the cold worked condition than as annaa16d. Similarly,
as illustrated in Figure 8, the TL5A1-6Sn-2Zr-l Mo-O.2Wt super-alpha alloy is more stable under
conditions where surface embrittlement caused by oxidation is not a problem. The case shown
eliminates the surface oxidation effects by metal removal but the same degree of stability might be
obtained by eliminating oxygen during exposure, as for example, during axposure in vacuum or by
use of protective coatings. The decrease in ductility of the surface machined samples with increas-
ing exposure temperature, as shown in Figure 6, is undoubtedly due to metallurgical changes such
as precipitation or ordering of structural phases. It is apparent that these changes become more
pronounced with increasing exposure tempera&e. The degree of ghange might be reduced with a
change in alloy processing, heat treatment, or perhaps with slight composition modification. TISUS
it may be readily seen that many variables enter a stability-instability consideration and that
control over this characteristic may be exercised by proper selection of alloy and condition as well
as by matching exposure conditions to the limitations of the material.

15. Toughness Parameters. There are several methods usad to take the measure of toughness
of titanium materials including impact toughness, notched and unnotched impact tensile, notched
low strain rate tensile, dynamic tear, and static crack propagation tests. The various methods yield
data indicating the relative resistance to cracking and fracture under overload conditions. Notched
tensile tasting (notched/unnotched atrerrQth ratio) and impact testing are methods that have long
been used to afford a measure of toughness. Tough materials have a high impact energy absorption
characteristic and are less sensitive to notches as in notch tensile testing, For example, notch
insensitive materials commonly show a notch/unnotch tensile strength ration of >1 whereas notch
sensitive mater~als have ratios< 1. Sensitivity of a material to environmental (e.g. low tempera-
tures) or to metallurgical (e.g. heat treatment or interstitial contamination) conditions can be
determined using notch to unnotch tensile data comparisons.

Commonlv the Charuv V-notch immct teat is emtrloved to afford a auick and inexpensive
toughness dete~mination.. Specimens are used either a~ room or sub.room “ternperauraa to
determine the amount of energy abwrtmd at fracture. Typical Charpy impact data are ahown in
Figure 9 for unalloyed titanium and three alloys, all in the annealed condition. As might be
expected, low strength unalloyed titanium is very tough to very low temperatures. The Ti-5Al-2.5Sn
alpha alloy and the Ti~A14V alpha-beta alloy also am quite tough whereas the Ti-8Mn alloy, being
a richly beta stabilized alph~beta alloy, doas not show exceptional toughness at low temperatures.
1SS-ductile to brittle transition temperature is somewhat higher than for the other alloys shown.
Generally, titanium alloys that are richly beta atabilizad,.have moderately high ductile to brittle
transition temperatures and are not noted for good toughness characteristics at low temperature.

As with many other properties of titanium, toughness is highly dependent upon-a large
number of variables which include alloy chemistry, structure. texture, and tasting conditions.
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TABLE XXII. TYPICAL TENSILE PROPERTY STABILITY OF SELECTED ALLOYS AFTER
ELEVATED TEMPERATURE EXPOSURE

RT TensileProperties
ExposureConditions Ultimate Yield Red.

Time, Temp. Stress, Strength. Strength, Elongation in Area,
hwn F kd ksi ksi % %

Ti.5Al-2.5Sn

No exposure data 138 132
500 700 None 138 131

~-6A14V (Case A, Sheet annealed 2 hours at 1300FI

No exposure data 145 137
7mo 550 , None 143 135

TM3AI-4V (Case B, Bar Annealed 15 hours at 1280 F]

No exposure data
100 750
100 750

No exposure data
3000 825

150 1000

No exposuredata
150 800

No axposuredata
600 800

No exposuredate
2000 6s3

No exposuredata
181 1000
376 1000

50
70

48
25

45

’84

70

35
45

123
133
133

Ti.6Al.2SnAlZr-2M0

153
158
146

Ti.6Al.2Sm4Zr-6Mo

188
1B5

TL6M0.8V.2F*3AI

149 ‘“
156

Ti-1 1.5Mo.6Zr4.5Sn

147
148

Ti-5Al-6Sm2Zr.l MO-O.26Si

146 ,,
144
155 . .

117
.“., ,7+

I 22

MO
145
136

174
164

139
144

141
146

131 . .
134
’147

8
10

13
14

14
14
11

20
14
15

10
7

14
16

..

25
24

10
5
2

40
40

36
41

43
40
37

41
23
42

35
21

32
29

66
70

23
9
5
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Figure 7. Effect of Thermal Exposure on the Pom-Exposure Tensile Ductility of a Beta
Tkanium Alloy in TV o Conditions

A
Ti-5Al-6Sn - 2Zr-l Mo-O.25Si
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.
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Figure 8. Effect of Creep Exposure on the Post-Exposure Tensile Ductility of a Super–
Alpha Titanium Alloy with and without the Exposed and Oxidized Surface
Layer Removed
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Figure 9. Effect of temperature on the Charpy V-Notch Toughness of Unalloyed
Titanium (Various Grades) and Three Alloys in the Annealed Condition

/,

not been possible to control all the variables to obtain entirely consistent results “tith time of the
more aophkticatad static crack propagation type fracture toughnem teats. For example, a Iafge
number of specimens taken fmm numerous heats of annealed bars, plates, and forgings of
TM3A14V alloy gave the fractasre toughness-tensile yield strength’ data of figure 10. Compact
tension and four point bqding tests were used in genareting these data. The large spread in tough-
ness at a single strength level and the range of azrangth Iawels measured for the annealed rendition

. .

are both possible as a result of the aforementioned material variables wfsich may exisa within the
mnfinas of specification limitations. Generally, low alloy chemistry tend~ to result in low atrength-
high toughness combinations, acicular microstructuraa tend to give the same result, and anisotropic
textured materials yield results directly related to teat specimen orientation. The overriding
generalization that has been observed most consistently is that toughness tends to be inversely
related to strength as illustrated by the scatter band trend lines of Figure 10.
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Range of toughness
at a single strenqth \
level
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Figure lO. Fracture Taughneas-Tensile Yield Strength Relationship
Observed far Annealad TL6AI-4V Bars, Plates, and Forgings
(within Specifications Limitations)

The typical fracture tough nestensile yield strength trend I ines for several al IOYSare SJSOWI’Sin
Figurell. ~edataamfor anneald Tl.5Al-2.~n, Tl-8Al-l Mo-lV, and~-5Al%Sn-2Zr-lMo-O.23,
alloys and zdution heat treated PIUS aged (STA) Ti-6Al-2Sn-4Zr-6 Mo, Ti-6AlSV-2Sn, and the beta
alloys. Botiannmld and STAmnditions amincludd intietrend linesho~for tie~%Al4V
alloy. Theexcellent fractura toughness characteriaticeof theannealed materials’at lawtomoder-
awlyhigh mren@lwels area feawreof titanium alloy sWnerally. The toughness advantage of the
beta allays in the range of high strengths commonly obtained in the STA condition is not a feature
of all beta titanium alloys (the Ti-13V-l lCr-3Al alloy has low fracture toughness in the STA
condition), but is a feature for some of the newer beta allays including the indicated compositions
andthe Ti-3Al-6V%Cr4M04 Zralloy. Thetrend fordecreasing toughness with increasing strength .
isag?in apparent inthe data of Figure 11.

- 16. Fatigue Characteriatica. The fatigue properties oftitanium anditaalloys, while being
afthemast importance inmanyapplications, aresCldorhif aver descr,ibed in specifications.
Possibly this i~,because there are so man y variables associated with the fatigue Pefiormance Of a
material that itisdifficult topredict the behavior except within rather broad limits. The material
variables affwting fatigue performance include chemistW, microstructure, andtexture, and of
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Figure 11. Fracture Toughness-Tensile Yield Strength Trend Lines for Selected Titenium Alloys
in the Annealed and Heat Treated (STA) Conditions.
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Effect of Surface Finish on the Room Temperature Rotating Beam Fatigue Behavior
of Ti-5Al-2.5Sn Alloy
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Figure 13. Typical Room Temperature Fatigue Characteristics of Selected Titanium Alloys

course, these are controlled during the hake-up and processing of titanium alloys. In addition to
the material factors, fatigue performance is determined by surface conditions of the material,
environmental factors, and of course specimen geometry and the test variables. To afford some
idea of the influence these factors bring to bear, the range in fatigue strength observed for
Ti-5Al-2.5Sn alloy aurfece finished in a variety of ways is depicted in Figure 12. ,Shop peening or
glass-bead paening to optimum surface conditions can be used to alleviate the bad effects induced
by some of the surface conditions illustrated.

The typical fatigue Lwhavior observed in tension-tension and rotating beam teats for selected
titanium elloys is shown in Figure 13. Some of the atres@ifetime cycle cuwea are comparable
(&me kind of taste) and indicate relationships between alloys, notch-unnotch (smooth) t- -
geometries, and product forms. For example, the superior fatigue strength of Ti-6Al-6V-2Sn and
Ti-6A14V alloys over theTi-13V-11 Cr-3Al bete alloy is indicated.’ Note the range depicted for
varkws mill product forms and annealed microstructure of Ti%A14V alloy. The effect of a
moderately sharp notch on reducing the fatigue strength” of Ti-5Al.2.5Sn illustrates general Iy the
degradation ip strength induced by stress risers. The large difference between the fatigue strength
of wrought forms and cast forms of TF6AI-4V alloy, both in the smooth condition, is readily
apparent. The notched geometry for both wrought and cast forms of Ti-6Al-4V alloy result in ;
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e 14. Ranges in Fatigue Behavior Observed for Various Forms of TI-6AI-4V Alloy

~ntiallv the ~me mren~ range as shown by the curves of Figure 14. In this figure, the notched ----

and smooth fatigue stren~h ranges for alloy produced by powder metallurgy techniques are also
shown. The ranga for the notched, condition is basically comparable with tha ranges for notched
wought and notched cast materiaks (tha powder product apacimens have a eomewltat sharper notch
to result in slightly lovmr fatigue strength). The range for smooth specimens produced by Potier
metallurgy issomewhat inferior to the range for wought products although superior to the range
for cast Ti~A14V alloy. It should be understood that the date summarized are those for a powder
metallurgy product that has been additionally forgad to further .cknsify and oPtimize the micm-
atructura. Powder metallurgy products that are not densified by forging (or other metalworking
techniques) do not have as good fatigue strength as the consolidated products. .-

17. Comparison of Properties of Various Products. The room temperature tensile
properties and the 40 F Charpy impact pmpertiea of eel&ted titanium alloys are given in Table
XXIII. Typical date are given for wrought, cast, and powder metallurgy bars. As might be
expected, the properties of the wrought material are superior to those of cast or powder forms in
any of the alloys compared. Unalloyed titanium product prepared by any one of the techniques
has quite good properties. The development of improved cast and powder metallurgy producs and
properties continues, w that the inferiority of such materials compared with wrought product
becomes less pronounced. In. many cases, the cost advantages available with cast or powder
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TABLE XXIV. COMPARISON OF ROOM TEMPERATURE PROPERTIES REPORTEO FOR SEVERAL
FORMS OP.~-l 1.5 Mo.6Zr4.5Sn ALLOY AS SOLUTION TREATED PLUS AGED

(8 Hour Aging at 95o F] .

Ultimate Tensile Tensile Fracture 107–Cycle
Tensile Yield Elongs- Toughnsss Fatigue

Product Thickness, Strength, Strength, tion
Form ‘%

Strength,
inchas ksi ksi % ks” # ksi

Forging 4.0 182 172 4
<1.0

61 ——
193 185 5 — —

Plate 2,0 186 182 4
0.5

57 —

~:r’;~~i:”’z

140

Sheet 0.063’
120

192 3 — —

Foil ).002 / 227 213 2 — —

Extrusion 0.27 186 169 — 48 —

Tubing 0.120 (wall)
0.050 (wall )

185
180

’176
169

8
6

—
—

——
——

Bar 1.188
0.500
0.196

201

172
170

210
180
165

8
10
18

—
—
--

—

160
—

Wire 0.063 195 15 — 150

Cssting <1.0
<1.0

173
182

160
164

7
7

—
—

—
--

products are considerable = that potential applications should be carefully exam@d to determine
if the slightly lower properties of these products might be profitably utilized.

The dats of Table XXIV are for numerous wrought and cast forms of the Ti-11.5Mo-6Zr4.&Sn
(Bets II 1) elloy in the solution treated and aged condition. Tensil& fracture twghness, and fatigue
data are given. Pmpertiee also at-a given for various product thickn~ wttare available. While the . .
general uniformity of properties for various section sizes of any of the wrought products is apparent,
the total range in properties for all wrought products is quite Iargs as show below.

180227 ksi UTS, 169-213 ksi YS, 2-18% EL. ,,

The range is broadenad if tha dats for the cast products are included. A range in properties for
various product forms is quite a common occurence for metals but is typically the case for titanium
alloys. Thus, the usar of titanium materials should be fully aware of the variations in properties that
can pertain between product forms and examine the available data carefully prior to a material
commitment.
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TABLE XXV. DENSITY AND STRENGTH/DENSITy RATIOS TYPICALLY AVAILABLE IN
TITANIUM ALLOYS

Typisd Typical Y!eld
&me.aledlSTA Strengtheto

Nominal Composition, Densi
Y

Yield Stnmeths, Oensirv Ratios,
W% Iblin. ksi inch x 106

unallowd T (Medium SOW@) 0.1634.164 6ol— 0.3671—

li-o.15 to o.26ffl 0.163 461— 0.2621—

Ti-2cu U.165--- 90/1 15 0.545/0.697

li-5Al-2.6Sn lelso ELI) 0.161 ‘— 1171— 0.7261—

TI-2.25AJ-1 lSm5Zr-1 Me-o.25Si 0.174 —1135 —/0.776
7i-5AI.6.Sw2~l Mo-0,25Si

1
0.163 1351— 0.8281—

TI.6AI-2SIS-1 .6Zr.l Mo.O.356W.1 Si 0.162 1371— 0.S46/—
li-6Al-2C&l Ts-D.8M0 /0.162 1201— o.7411—
7i-8Al.lM&lV 0.159 i421— o.693/--
lT6Mn 0.171 1251— o.731/—
-1-I-3AJ-2.5V 0.162 65/1 10 0.525/0.679
TwtA1-3MQ7V 0.163 120/1 67 0.736/1 .024
13-5AI-2Sn-2Zr-4M04Cr 0.166
li-6Ab4V {also ELI)

-/1 60 -–/0.952
0.161 136/155 0.60710.963

l_I-6Al-6V-2Sn 0.164 154)/180 0.91 5/1.096
Ti.6A12Sn-tZr-2M0 0.164 1351— 0.8231-–
Ti-6Al.2SrwlZr.6M0 0.169 1651— 0.9761--
Ti-6Al-2Sw2Zr-2M*2Cr4.29 0.162 —11 60 –-/0.966
Ti-7Al-lMo 0.162 1,50/175 0.926/1.030
Ti-l Al-6V-5Fe 0.166 1651215 0.982/1 .260
l-W2AJ-l lv-2sn.l 1Zr 0.174 --/1 60 --II .034
11-3Al-6V-6Cr4M04 ~ o.174 125/170 0.71610.977
11.1 1.5Mo.6Zr4.5Sn 0.163 115/165 0.628/1 .011
7i-8M*8V-2Fe-3Al 0.175 125/160 0.7 14/1 .026
Ti-13V-1 1CJ-3AI 0.175 130/175 0.743/1.000

I

The density and strength-to-density ratio data presented in Table XXV represent an additional
consideration when comparing the properties of titenium alloys. While densities for individual
materials can vary d ightly, for example with Compmitional dHferancas f rom heat to heat, the
valuas tabulated are the generally accepted values. The tensile yiald strength values given (annealed
and solution treated plus aged values) are representative for the materials and conditions ahown
and cs previously describad, can vary markedly due to a m)mber of factor% Thus, the strength/
density ratios given in Table XXV are merely representative. Nevertheless, the strength/density
ratio affords a useful parameter for comparison Purposes and in such terms density should always
be one of the factors considered in selecting a titanium material for an application.

.
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. . SECTION Ill

METALLURGY AND PROCESSING

-.

I Metallurgical Information

18. Titanium Production Variables. The production of the basic titanium sponge metal

I
from its primary ore (rutile) and the basic processing of sponge to finished mill products and cast-
ings was described earlier in Section 1, Paragraph 3. While the previous description described the
production of ingot and subsequent products in terms of the forms and dimensions available, it is
aPPmPriate at this P6int to describ@ in more detail the alloys available and the metallurgical

I factors of importartea.

I
The alloys of titanium wfrich are now commonly availabte to users are listed in Table I I and

additional tables. The compositions listed are nominal compositions and the actual compositions
can vary overthe ranges or below the maximum’amounta of components given in specifications.
Since titanium producers are subject to the external pressures of numerous company and public
specifications, they find it frequently necessary to make several grades of some alloys to meet the
many requin?ments of users including cost requirements. Thus, for many of the nominal composi-
tions, several grades of the alloy are available, and in at Ie&t one case, that for the Ti-6Al-4V alloy,
more than a dozen different grades can be found.

I
There are two primary factors controlling grades: ingot quality and alloy chemistry. Ingot

quality has to do with such variables as input raw mtiterial and additional variables as d=ribed
below.

●

●

I ●

I ●

I
●

I ●

Input raw material (virgin sponge metal versus wap)

Kinds of scrap (laboratory control revert, massive,~rap,
turnings, etc).

. .

Ratio of scrap to virgin metal [in mixed material electrodes)

Methods of making electrodes (pressed virgin metal versus
welded ecrap-welding of mmponents in or out of vacuum)

,.

Melting controls (degree of vacuum, abnormalities in me melt
cycle if any, double or triple melting of ingots)

D&ee of ingot testing (macrc and micrometallographic and ““
chenricd analyses from prescribed locations). ,.

. .

Surprisingly, there are only a few classifications for ingot quality resulting from all these variables.
Those of interest to this description are: (1) Premium Grade, and (2) Standard Grade. As might be
expected, both reliability and cost are higher with the premium grade of ingot. The ingot grades in

I 50



MI L-HDBK-697A
1 JUNE 1974

turn may be subclassified in grade according to alloy chemistry.

I
1’ Alloy chemistry is basic to grade control. In the case of the TI-6AI-4V alloy where numerous

grades are available, the variation of oxygen content is used as the primary control. For example,
the ELI (for extra low interstitial ccmtant} grade of Ti@+14v allw h= been mentioned. ELI
grades of alloy usually contain lass than 0.13 percent oxygen). Other grad-might have mom
oxygen (e.g. a standard gcade or a high oxygen grade). Within the primary gradas controlled by,.
interstitial content, there are sub@adea tilch differ from one another due to the control of the.I
aluminum, vanadium, and iron contents. For example, Ti-6Al-4V alloy with high aluminum
content (within specification range) might be prepared for thick section product or product to be
solution treatad plus agad to a high strength level. Thus by simply multiplying the variables of ingot
quality and alloy chemistry, the availability of a large number of alloy gradas for a given composi-
tion is apparent. The grade of an alloy is important with respect to particular proparties and

I property combinations and these are further controlled by the mill processing and product form as

wall as by heat treatment p&aduraa., It is therefore recommended, due to the foregoing, that
users of titanium products should communicate with the producers to insure that the product
supplied will meat the intendad requirements.

19. Effects of Alloying Elements – Metellur@ and Microstructure.
I

a. General. An alloying element addad to titanium has important effects upon the phvsi-
cal and mechanical characteristics of this metal. Each element that might be combined with
titanium either intentionally or unintentionally, and in either small or large amounts, results in

I
some degree of strengthening and in some change in the basic crystal structure.. {n this sense, even
the commercial unalloyed grades of titanium are alloys, since each of the gradas contain various
quantities of tha interstitial elements (carbon, oxygen, nitrogen, and hydrogen) and iron Plus other
metallic elements in measurable amwnta. The iron and other metallic additions result in the solid

I solution strengthening of titanium. In addition, iron and selected other metallics can combine with
titanium to form intermetallic compounds under thermal and saturation conditions when solid

I solution conditions are exceeded.

Another important alloying effect apart from the strengthening effect of additions to titanium,
is the change induced in tha polymorphous transformation temperature of the crystal structure. The
transformation temperature fmm the hexagonal-clos+ packed form (hcp or alpha phase) to the bodr
centeretkubic form lbcc or bewphasa) in pure titanium, occurs at about 1625 F (885C). The
effect of alloying elements on titanium is to raise or lower the transformation temperature depand-
ent upon the kind of alloying elements in solution. The amount of the element affects the degree
of change. me interstitial soluble elements, carbon, oxygen, and nitrogen, and the metal alUminUm,

are examples of elements that raise the hcp to bcc transformation temperature. ‘1ron, vanadium,
chromium, molybdenum, and manganese, are examples of elements that markedly lower the
transformation temperature. Tin and zirconium tend to lower the transformation temperature
only slightly (e.g. tin lowers the hcp to bcc tranaus temperature 1F/l%) and such elements are
often raferr@ to as neutral stabilizers.

I

,~e ability of elements to distort the crystal structure of titanium to cause strengthening or
to cause changes in the polymorphous behavior varies from element to element and is the basis of
titrmium alloy metallurgy. Metallurgists are continually experimenting with alloying elementsto
obtain improved ritanitim alloys with consistent and predictable properties. Elements that raise
the hcp-txc transus (alpha stabilizers), or those that lower the transus” (beta stabilizers), and
combinations of such elements have been used to dwelop alpha, beta, and alpha-beta alloys –
so-called because their microstructure are predominantly of these phases at room temperature.
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b. Alpha Alloys. Thecommercial unalloy4grades oftitanium aretechnically alpha alloys

asisthe alloy of titanium containing small amounts of palladium added to improve corrosion
resistance. The Ti-5Al-2.5Sn alloy is the best example of a high strength alpha alloy that hascom-
mercial status. Theamount oftinincluded inthemak&up of W-5Al-2.5Sn, aswellas the small
amounts of iron andother.beW stabilizem that might beprewnt as impurities, is insufficient to =
override thedominant effwtof thealuminum alpha mobilizer alloy edatthe 5 percent level. This
alloy may be characterized as having a hcp alpha microstructure at ambient temperature and of
cou ma due to the alloying additions, moderately high strength compared to unalloyed titanium.

Two notable features of alpha alloys are: a good retention of strength at elevated temperature
under low strain rate conditions, and good weldability. Also, alpha alloys show little strain rate
sensitivity. There are numerous applications where these attributes are of great importance. The
high strangth at elevated temperature feature .of the more highly aluminum alloyed alpha compo-
sitions can be aomewfrat disadvantageous from the viewpoint of a more limited fabricebility com-
pared with mixed two-phase alpha-beta al Ioys and beta compositions. This difficulty can be
allwiated by additions of neutral atabil izers and small amounts of beta stabilizers to afford
extremely useful compositions.

c. Near-Alpha Alloys. Aa previously mentioned, the commercial alpha titanium alloys
contain some beta-stabilizing elements although these are frequently in alpha soluble quantities.
The microstmcturas of such materials mayor may not include small observable quantities of the
beta phase. Additional but still small quantities of bata atabilizem to an alpha stabilized baaa result
in the presence of larger quantities of the beta phase in the predominant alpha smucture. Such
additions not only promote a small amount of beta phase retention but alter the.mechanical
characteristics of the alloy as well. Depending upon the amount and kind of beta stabilizers used,
strength, stability, and fabricability may be improved in comparison with all alpha compositions
of the same alpha stabilized base. Alpha alloys modified with relatively small amounts of beta
stabilizers are frequently referred to as near-alpha alloys.

A small but critical amount of an intermetallicqmpound-forming addition to
molybdenum+ontaining near-alpha alloys has been found to have a synergistic effect on creep
strength. Boron, germanium, bismuth, and silicon behave similarly es the compound forming
element in such alloys but the latter has been used moat extensively in near-alpha compositions
(also called super-alpha alloys). Since an intermetellic compound such as Ti5Si3, complex
intemSetalliCS, can form in these materials and can be observed in the microstructure as a dia.
parsed precipitate phase, the term alphadisperaoid alloy is also sometimes applied. Allo~s of this
class are almost exclusive y for aervi.ce in gas turbine enginea having es their principal attribute
significantly higher creep strength ti”an an all-alpha or a near-alpha alloy of the same “basecornpo-
aition. The alloys of this class also have been dwalopad to maintain other useful. .featuma including
high short-time elevated temperature strength, adequata ductility, and stability during and after
tharmal excursions.

The Ti-1 to 2 Ni and T1-2CU alloys are the commercial repr&entativea of yet another type of
alphadispemid composition. The intermetellic compound forming elements, nickel and copper,
are used in a titanium base that is not fortified with additions of aluminum, tin, or zirconium. The

.-

titanium-nickel alloy is made exclusively for ita good cormai,on msiatanct%. The titanium copper
alloy is made for uses requiring she formability and weldabilhy of unalloyed titanium mmbinad
with an impmved elevated-temperature strength requirement The intermetallic compounds,
Ti2Ni and Ti2Cu, are usually observed es a fine precipitate phase randomly dispe- in an alpha
microstructure. ~s is generally the form of occurrence of the intermetellic compounds that can
precipitate under certain thermal conditions when the w-called beta-eutectoid stabilizers are
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alloyed with titanium. Elements of this type include bismuth, silicon, iron, manganese, and
chromium, as well as nickel and copper. The alloying characteristics of these elements in titanium
is the lowering of the hc@zcc transformation temperature (called the bata tranaw temperature),
limited volubility in the alpha phase, and propensity to f orm intermetal Iic compounds. .

d. Alpha-Beta Alloys. As mentioned previously, one type of beta stabilizer is called beta-
eutectoid stabilizers because they have eutactoid behavior wfsen alloyed with titanium and are
compound fomters. Another type of beta stabilizers is called bate-ieomorphous stabilizers because
they are soluble in beta titanium over the full range of the alloy system. Elements of this type do
not form compounds and include molybdenum, vanadium, columbium, and tantalum. Alpha-hem
titanium alloys result when sufficient beta-stabilizers of either type are added to a base composition
to cause quantities of the beta phase to pemist to room temperature. The base composition may” or
may not contain alpha stabilizers although the commercial alpha-beta titanium alloys usually de-
an exception is the Ti-6Mn composition. A two phase alpha plus beta microstructure is character-
istic, although a large variation in the appearance of the structut%, due to various deformation and
thermal prmzsing techniques, can make the interpretation of microatructures difficult.

The mechanical characteristics of alpha-beta titanium alloys are highly dependent upon the
combination of alpha-stabilizers and beta stabilizers used in their make-up as well as upon
processing history. Aluminum is frequently used as the alpha stabilizer which among other
features contributes to the strength of the alloy over the full service temperature range. Commer-
cial alpha-beta alloys usually contain considerable quantities of the beta iaomorphous elements,
molybdenum or vanadium, which impart stability as yell as strength at high temperatures. The
addition of beta-eutactoid atabilizem also imparts atren~h although their use in large quantities can
result in instability due to the inappropriate precipitation of compound.

In general terms, the amount of alloy addition in alpha-beta alloys is relatable to strength
level. For example, the TF6AI-4V alloy is considerably stronger than the TL3AI-2.5V alloy.
Similarly, alpha-beta alloys with increasing amounts of beta stabilizing addition are inherently
stronger in short-time tensile tasting and due to the larger beta content, are heat treatable to higher
strengths. For example, the short-time strength and the heat treatability of the Ti-6Al-6V-2Sn
alloy is greater than Ti-6Al-4V. Also, Ti-6Al-2Sn-4Zr-6Mo is stronger and more responsive to heat
treatment than Ti-6Al-2Sn4Zr-2Mo. (The latter alloy is also frequently considered a near-alpha
alloy and serves to show the relationfi!p between near-alphas and ~akly bsta ktabllized alpha-beta
alloys.) However, if the low strain rate performances of these materials are compared, as in creep
for example, the Ti.6Al-4V alloy is shown to be better than Ti-6Al%V-2Sn and the
Ti-6Al-2Srs-4Zr-2Mo outperforms Ti-6Al-2Sn-4Zr-6 Mo.

In addition to the strength and heat treatability features characteristic of alpha-beta alloys,
this clas can be characterized as having good fabrica~lity, good ductility and stability commen-
surate with preferred atrangth levels and exposure conditions, and marginal weldability except when
the beta ~bilizino content is low. For examole. Ti-3Al-2.5V. Ti-6A14V. and Ti-6Al-2Sn-4Zr-2Mo
alloys are weldabl~ wlseraas weldability is not r&ommend& ~or the Ti-6Al-6V-2Sn,
TL6A1-2Sn4Zr-6Mo, Ti4A1-3Mo-l V, and Ti-6Mn alloys. The heat treatment of alpha-beta alloys .
is discussed further in a subsequent section.

- e. Beta Alloys. Increasing quantities of the beta stabilizing elements added to a titanium
base have been describaid to result in increasing amounts of the beta phase in the micro-structure
and to afford alloys of the classes: alpha (trace to small amounts of beta stabilizers), near. alpha
(small amounts of beta), and alpha-beta (weakly beta stabilized to strongly beta stabilized
compositions). Larger amounts of beta stabilizing additions result in up to 100 percent beta phase
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retention to room temperature and thealloy class-beta. The commercial beta titanium alloys are
so-called metastable beta compositions since the partial transformation of the beta phase to alpha
phase, to an intermediate phase (omega), or to intermetal Iic compound phase, can occur during
thermal exposure. lnfact, theprecipitation ofthmphasa during theheat treatment of the betes
is the reaction relied upon to read t in the high strengths characteristic of metastable beta al lo yi.
Metastable beta titanium allcyshave been usadinairframes (e.g. Ti-13V-l lCr-2Al sheet and
forgings inthe SR-71)and forsuch spwialW items asspringsand faSenem. Titenium alloys with
larger amounts of beta stabilizers to result in stable beta microstructuras are possible but are not
currently utilized as commercial materials.

In addition to the heat treated high strength characteristic of beta alloys, the excellent
ductiliW of thenonheat-treat@ betiphaw isanotablefeamre. Thehighly ductile beta phase has
great coldwtiability tiichpemits excellent room temperature formaMliW. Thealloysalsocen
be formed at elevated temperatures where their deformation resistance is very low wfsen the atrain
rate islowbut high wfrenstrain rata is high. Inshort, the bataalloys araatrain rate sensitive. Thus,
as with richly beta stabilized alpha-beta alloy s,”ahort-time elevated temperature strengths of betas
are high, wfrereas creep strengths are low compared with alpha or near-alpha alloys.

~eweldatiliW of&m titinium alloys isnotconsiderd oumnding. The betes arequite
weldable from theannealed condition andareveW ductile aswlded. However, theannealad con-
dition is a low strength condition and attempts to strengthen vmlded material by heat treatment
usually rasult inverylow ductility ofweldmenta. Combinations of post-wald haettraatment and
deformation, if amenable to the welded pert, can improve the weld ductility although it is not a
commonly usadprccechsre.

f. Synopsis. There am basimlly woclasifiations oftiealloying elemen*that might
recombined widrtitenium: (I)alpha atebilizing additions, and (2) beta atebilizing additions. The
alpha stabilizing elements which promote the alpha phase are principally represented by aluminum
and bythein@tiitially soluble elmenS, cabon, oxygen, and nitrogen. The beta atebilizing
elements which promote retention of the bata pha%,are representad by the so-celled beta
iwmorphous elements such as molybdenum and vanadium by the bata-autactoid stabilizers (inter-
metallic compound fonmera) such es iron, mangenaw, chromium, and sil iron, and the so-called
neutral stabilizers, tin and zirconium that tend to lower the barn trenaus temperature only slightly.
Singly or in any combination, these additions tend to strengthen titanium, to promote other
mechanical, physical, and metallurgical characteristics, aa well es to control basic microstnsctures.
These affects are summarized in Figure 15 where the highly.schematized microatructuras of the
various alloy classes are approximately correlated with exemplary commercial compositions and
trend lines of major significance. “”

20. Effects of Processing and Haat Treatment Variables. Mill products of many tvpea are
produced by the hot fabrication of ingota or cast prafomss using a wide variety of reduction
schedules and methods. The variations in the reduction achedul~ and associated processing
variables (e.g. cooling rata fmm processing temperatures and pos-fabrication haat treatment) ra-
sult in a wide variety of microatmcturel conditions which, a!+might be expected, are characterized
by different mechanical properties. Processing variables are interrelated with alloy composition

. .

variables in determining microatructum and property differences. . .

To illustrate the typical fabrication schedules for titanium alloys in terms of thermal history
and to show their correlation with resulting microatnscturas and properties, the csse for the
Ti-6Al-4V alloy is described. It dsould be understood that an idealized and highly simplified case

. .
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is presented since it is impossible in a short space to depict all the variables and variations which

actually occur. Also, the alloy variable should be apparent-the TL6AI-4V alloy would be
processed differently and behinfe differently than dissimilar compositions.

.-

The case for the TL6AI-4V alloy is shown schematically in Figure 16. The line drawing of ~his
figure is a partial phase diagram of the Ti-6Al-V system wfserein the points on the vertical through
the 4 percent vanadium composition represent significant temperatures of processing and heat
treatment. Representative microstructure are depicted from selected temperatures.

Normal breakdown fabrication operations for TL6AI-4V alloy usually are performed above the
beta transus temperatures (e.g. point A in Figure 16) whereas finishing fabrication temperatures

can be high in the alpha-beta field (point B) to IOW in the alpha-be~ field (point C). subsequent
mill annealing (and sometimes fabrication) may be carried out at still lower temperatures (point
D). Solution heat treatment of Ti-6A14/ alloy maybe accomplished in the alpha-beta field
(ranging betwsen points B and C) w+rereas subsequent a@ng is done at a much lower temperature
(point E). The microstructuras ahown for various temperatures and cooling rates of processing are
generalized and in practice can vary considerable from tliose depicted (e.g. variation with degree Of
deformation at the indicated temperature and/or prior processing history). Nevertheless, the
illustrations show the major differences in structure resulting from beta processing veraus alpha-beta
pro-”ng versus alpha-beta processing and such differences in the alpha to beta phase ratio that
might be obtainad by fabrication at different temperatures w.thin the alpha-beta field. Processing
at increasing temperatures within the alpha-beta field gives ri~ to decreasing amounts of prima~
equiaxad alpha in the microstrssctures. Extensive processing moderately low in the alpha-beta field
followed by simple annealing at still lower temperatures results in an equiexed alpha plus grain-
boundary beta microstructure as illustrated. The alpha phase is the continuous phase under these
conditions. Heat treatments at still lower temparatu~, that is at aging or overaging temperatures,
raadt in microstmctural transformations that may vary in extent with the thermal exposure condi-
tions and are sometimes difficult to detect visually. Profound changes of a microscopic and sub-
microscopic nature do not occur however, that can be observed with magnification, arid generally
consist of precipitate phases emanating fmm preexisting phasea. Classically, alpha phase precipi-
tates from the metasteble beta phase.

The acicularity of the transformed beta microstructure is an important feature of many
titanium alloys and processing procedures. The ‘platelets or needles of the alpha phase occur as
the beta phase transforms to alpha with the lowering of temperature and the resulting acicularized
structure may have quite different properties than equiaxed tiructurea. Note in Figure 16 that
in structures emanating from high in the alphabta field, a mixture of equiaxed alpha (called
primary alpha) and acicular alpha (called alpha prime, ~) is observed. The acicqlar alpha is also
referred to as martensitic alpha and is the transformation product from the beta phase which
existed at the solution temperature (point B of Figura 16).

The coarseness of acicular alpha that forms from either beta processing or alpha-beta
pr-ng is related to cooling rate. Decrea&d ceding rates ~lt in coarse acicular structures.
If the prccassing of Ti-6A14V and other similar alpha-beta alloys has included relatively little or no
work in the.alph~beta field, and if it is subaequeistly annealed low in the @o-phase region, the
structure reflects the prior beta and trenaformed bats structures dweloped during the processing
above, passing through, and just below the beta trensus temper8wre. [f extensive working of the
alloy occurs in the alpha-beta field, the atmctura is altered from “the predominant transformed beta
structure to one consisting of a mixture of aquiaxed primaW alpha and either a transformed beta
(working high in,the alpha-beta field) or a metastable beta (working low in the alpha-beta field)
microstructure.

56



MI L-H DBK-697A
1 JUNE 1974

I

A

0

c

D

1
I Fast cooled Slow moled

4
~. ~

Representative
Vanodlum, percc.nt Mlcrostructbres

Figure 16. Partial Phase Diagram of the Ti-6Al-V sy”nem and the Schematic Rerzresentation of
Microstructure I&ulting from the Fabrication of Ti-6A14V Alloy at Various

Temperatures

Currently, tfte fabrication of many alloys, principally near-alpha and alpha-beta typs. is
asxompliahed using either alpha-beta fabrication or beta fabrication schedules. As the names
imply, the achedulea differ principally in the fabrication tempwatures u-. Alpha-bate processing,
while usually including beta temperatures for breakdown fabrication, features finish fabrication
(preferably at least 50 percent raduction) in the alptm-beta field. hete processing features extensive
wot’ls in the beta field, ~lting in a predominantly acicularized microstructure, with aorne limited
fabrication at temperatures below the beta acicularized microstmcture, with some limited fabrica-
tion at temperatures below the beta transus which is insufficient to cause the formation of much
equiaxed primary alpha. The two main advantages of alpha-beta processing are: (1) oxidation
rates are lower at alpha-beta temperatures than at beta temperatures, and (2) alpha-beta
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microstructure have long been aquated with maximum tensile yield strength and ductility. The
advantages of correct beta p(oceasing (incorrect beta processing can be deleterious to properties)
include: ( 1) lower fabrication energy requirements for a given part size or production of larger part
size with the same fabrication energy and equipment, (2) clowr part dimension tolerances whi&h
may be related to substantial material savings, and (3) improvement of imPortant mechanical
propemias. A summary of the properties observed for the Ti-6Al-4V alloy as beta processed (rela-
tive to alpha-beta processing) are ahown below.

Prooarty

Tensile yield strength
Ultimate tensile strength
Tensile elongation
Tensile reduction in area
Notched tensile strength (Kt = 10)
Notched-time-fracture strength (Kt = 3.8)
Creep strength
Creep stability
Fatigue strength (at 107 cycles)
Fracture toughness

Beta Processing Effect

Slightly lower
Same

Slightly lower
Reduced
Improved
Improved
I reproved

same
Same

I reproved

The amount of reduction during metalworking, the reduction temperatures, tie temperature
holding time, and the cooling rates are the important variables that control microatructurea and
aub=quentl y mechanical’ properties. The proces4ng steps “maybe distinctly categorized for the
various mill product forms, i.a., forgings, bar, plate, sheet, strip, or extmations. However, there are
variables within these variables, such es: initial ingot size (relative to reductions achievable for a
specific end-item thickness), planned or unplanried beta processing versus alpha-beta “processing,
final end-item section size, and variations in microstructure and texture associated with each pro-
cessing history. The directionality effects stemming from various degreea of texturing are well
known to be different in mntinuously rolled strip than in forgings, for example, and to be some-
what controllable through mntrol of processing variablea. The morphology of microstructure, beta
groin size, and primary alpha grain size and shape (important with regard to fracture toughness and
aekweter stress-corrosion susceptibility), are similarly controllable to a larW extent through process
control. Each variable, interacting with possibly one or more additional variables, can give rise to
rather wide differences in mechanical properties. In additionto the above variablea, the variables
of secondary processing mill products to finished parts via bending, stretching, twisting, machining,
and pickling operations must be considered with regard to their possible influence on final
pmpertiea. . . . .

The variables of final heat treatment are imposed on the processing variables introduced
earlier. Heat treatment pmcaduma are the “last chance” for the titanium user to mntrol mechanical
pmpertiea and of course the extent of heat treatment property dontrol is aomewlset limited by the
prior processing. While heat treatments heviz been davdopet.to Wmawtset neutralize tfsk effects of .L
earlier ocasrring variables, some are more diffkult to neutralize than othera. Further, the variables
of the various heat treatment techniques and schedules are influential iin.~emaalves toward effecting
property variation. Thus, relative to the mechanical pmpardes available for Ti%A14V alloy es
obtained in a specific condition of heat treetmen~ the entin? g?r.rsu?of possible variables nwY have
influenced the pmpertiea observed (and in addition, the testing variablea). Therefore, consideration
for al I variables and their effects should be given in the rwiew and study of properties obtainable
with sdected heat treatments. A review of the heat treatments being used for Ti.8Al-4V alloy
follows:

,.
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Stress relief annealing
(2 to 4 hours at 1100 F, air cool to room temperarwe)

Full annealing (or mill annealing]
(2 hours, 1350 H5 F, air cool to room temperature)

Annealing for continuously rolled sheet
(5 minut&, 16(M F, Rapid furnace cool, plus 5 minutes
1100 F, air cool to.room temperature)

Recrystallization annealing
[4 or more hours, 1700 F, furnace cool to 1400 Fat
100 F/hour (no faster), cool to 900 Fat 670 F/hour
(no slower), air cool to room temperature] .

Duplex annealing
(10 minutes 1725 F, air cool, plus 4 hours, 1250 F,
air cool to room temperature)

Beta annealing [or bata mnditioning followed by other
heat treatments]

(30 minutes, 1900 F, air cool, plus 2 hours, 1350 F, air
cool to rm,m temperature)
[30 minutes, 1900 F, air cool; followed by solution
treating and overaging.]

Solution heat treatment
(10 minutes, 1725 F, water quench)

Solution heat treatment and overagihg
(10 minutes, 1725 F, water quench, plus 4 hours,
1250 F, air cool to room temperature)

Solution heat treatment and aging
(10 minutes, 1725 F, water quench, plus’4 hours, 950-1000 F,
air cool to room temperature)

MI L-HDBK-697A
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The general effects of the various heat treatments areas follows: annealing heat treatments
result in moderately low strength but ductile material; the specialized annealing heat traatmenta–
i.e., recrystallization annealing, duplex annealing, and bata annealing-result in nearly the same
ctrength and ductility combinations aa from annealing but with improved fracture toughness
characteristics; and the solution heat treatment plus aging heat traatnsenta result in improved
strength with some sacrifice in ductility and toughness. Overaging heat treatments result in leas
strength but in more ductility and toughness than aging heat treatments. The difference between “
overaging and aging heat treatments on the hardness of Ti-6A14f alloy (directly relatable to
tensile strength) is illustrated in Figura 17. (Overaging treatmenta”tend to produce more precipitate
than aging treatments, @in differant form and distribution, to account for differences in proper-
ties.) Beta heat treatments given as preliminary treatmerits tend to lo~r strength and ductility but
to improve toughness Solution heat treatment, per se, results in a ductile condition suitable for
forming and/or subsequent aging but is usually not usad as a final heat treatment for a sawiceable
part.

I
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Figure 17. Effect of Aging Time and Temperatuni on the Hardness of Ti-6A14V
Alloy Solution Annealed at 1662 F and Water Quenched

While it is not possible to describe the fabricatiori and heat treatment variables that exist for
all commercial alloys, it is hoped that the features detailed for the Ti-6A14V alloy can be viewed
as an exempla~ case. Many of the principles described pertain to numerous other materials and
can be directly applied. On the other hand, sufficient differences exist between Ti-6Al-4V alloy
and alpha alloys (e.g. alpha al Ioys are not heat treatable) or beta alloys (e.g. beta alloys are
routinely beta fabricated and seldom show pririsary alpha in structures) so that the careful rwiew
of the metallurgy of each grade to be used should be undertaken prior to using them.

“Heat Treatment Processes “ . .. .

21. Heat Treatment Requiremerste. Generally. heat treating procedures are used to
obtain desired properties within the limitations of the _ive titanium. allOYa, Mill PrOdUCt

forms, sizes, and prfor metallurgical conditions imposed by prior processing. The requirements
for control of beet.treating processes, ,as applied to titanium and titanium alloys in manufacturing
and maintenance facilities, are covered by Specificatio-n MI L-H-E1200A, “Heat Treatment of

..——-.

Titanium and Titanium Alloys”. This specification is currently being studied to determine the
extent of rwisions to be made, since it currently does not mntein inforniation on all titanium
alloys listed in major materials specifications such as Ml L-T-90@ and Ml L-T-9047 and others such
es some newer AMS specifications. In addition, Ml L-H-81200A praeentl y describes heat treatments
for quite a few alloys that are no longer in production and/or used. Nevertd’ieless, this specification
describes the minimums acceptable for such items as temperature measuring equipment, furnaces,
heating media, fixtures and racks, and heat treatment operations and procedures (time-
temperature-and cooling details) as well as sampling, inspection, and testing procedures. As
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described in previous subsections, temperatures and times for heat treatment are merely two of the
variables that can influence final properties; other variables relate to alloy chemistry, fabricating
schedules, part thickness, etc. For thk reason, the tempera~re and time rrm9es recommended fOr
heat treatment are adjustable to dwelop the desired properties for titanium allow which are
specified in the related procurement dpcuments, or detailed in applicable drawings and purchase
ordera. Mandatory temperatures and soaking times specified for the various heat treatments
(solution, aging, annealing, and stress-relief annealing] to cover all the variablea for titanium mate-
rials as previously described, cannot be stated. On the other hand, the recommendations of specifi-
cations such as those in MI L- H-B ~2(KIA, establish a minimum acceptance level for procedures and
properties, and deviation from them must be substantiated by actual tests to prove that the devia-
tion produces an equivalent or superior product.

22. Furnaces. Since titanium is such a reactive metal at elevated temperatures, vacuum
furnaces are ideal for its heat treatment, However, while vacuum furnaces are commonly used to
heat treat titanium and its alloys, the expanse of vacuum heat treatment is not practical for maoy
procedures and parts. Therefore, furnaces having inert gas, air, or combusted gasesas the atmos-
pheres are usad more commonly. In all crses, the furnace should be of a suitable design and
criwtruction to permit the easy handling of the part, the uniform heating of the part, and any

1

desired preferential cooling of the pert.

In the case of inert atmosphere furnace:, the inert gas such as argon or helium, should be u~d
at a dew point of -65 F or lower to prevent contamination of the titanium parts being heat treated.
The inert gas should be circulated to insure the protection of all surfaces of the part(s). In the case
of fuel-fired furnaces, where combwted gas is the atmosphere, the most important precaution to be
observed is that the titanium work piece should not be exposed directly to the flame. The furnace
atmosphere should be as free from water vapor as possible and should be slightly oxidizing. Both
water vapor and incompletely burned fuel vapora can react with titanium to form atomic hydrogen
which is readily absorbed by titanium. The only practical method for removing hydrogen from

I titanium is by vacuum annealing. The other contaminating interstitial elements, carbon, oxygen,
and nitrogen, cannot be removed from titanium although contaminated outer metal layers can be
removed from work pieces.

Air chamber furnaces are very flexible and economical for handling large volumes of titanium
parts being heat treatad, especially for moderately Iow-tamperature,heat treatments. On the other
hand, at high temperatums, where surface oxidation becomes significant, a muffle furnace design
using external heating offem mom protection, particularly if the furnace is gas fired. Electric
furnaces for small Iota or special heat treatments are preferred, since heating can be accomplished
either internally or externally with a minimum of contamination. Resistance and induction typea

. . . . . . . . . . . . . . . . . . . . . . .
or ewcsnc rurnacas also nave oaen uaao to mmumlze contemmauon mrougn reaucao neaung
times. Salt bath type furnaces have been used for the heat treatment of titanium also, although
fimacas of this type do not appear to be preferred, “probably due to the intergranular attack of
titanium by certain salts, notably chlorides, which necessitate removal of the outer metal layers
of work pieces so contaminated.

The efftitiveness of certain heat treatments, notably solution heat treatment is largely
.dependent,bpon the effectiveness of the cold quen~ing terminat.km of the thermal exposure.
C)u~nch drftay time is critical with regard to obtaining optimum properties. For this reason,
furnaces for solution heat treatment, for example, should be Irxeted in close proximity to the
quenching equipment. In many cases, furnaces and quanching equipment are built together in
such a way that the titanium part can be dropped or rolled from the hot zone into the quenching
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media in a very short time. Water is the most widely used quenching medium, although low-viscosity
oils and water containing vmt?jng agents (e.g. 3 percent NaOH) have been u~d alao.

23. Stress- Relief Annealing Treatments. The manipulation of titanium during fabricatiofi

and/or welding operations in making end-use items can result in the build-up of residual stresses.
Since the part may be in a penultimate finished condition when the stresses are built up, a final full
annealing operation may not be feasible due to surface oxidation, fixturing to hold dimensions, or
mechanical property considerations (e.g. if the penultimate finishad part is in the aged condition).
For the allavaition of such residual stress, the stress relief annealing of the part may be considered.
This is generally a moderately low temperature. short-time thermal exposure designed to relieve the
stresses by thermal activation but to not degrade properties by oxidation or undesirable phase
transformations. As indicated in Table XXVI, temperatures in the range of 700 to 1450 F can be
usad (varies with alloy composition) although commonl y temperatures around 1000 F are popular.
To minimize oxidation, the time and temperature of the stress relief anneal should be kept low.
Frequently only portions of the residual sresses are removed, but to a Iwel not likely to be trouble-
some. A common practice in the stress relief, of weldments in aged structures is to perform part of
the aging heat treatment prior to welding and to &rmplete the aging after welding, simultaneous y
relieving residual stresses. Aging heat treatment temperatures alao can be used to relieve the atresses
in nonweldad structures to be finished in the aged condition. Higher temperature, longer time,
stress relief annealing treatments result in conditioning the metal to approach the full ennealed state.

24. Annealing Treatments. A itress-free, &qrsilibrium c~”l structure in titanium materials
achiewed by full annealing is generally the moat ductile and stable condition. The annealed structure
varies with alloy type as might be expeckad; alpha alloys ideally are annealed to an “all-alpha” (trace
of beta phase possible) equiaxed microstructure, near-alpha and alpha-beta alloys are annealed to
equiaxed alpha plus residual beta phase microatmctures (alpha/beta ratio depends on composition
and annealing temperature), and beta alloys am’ annealed to an equ iaxed beta microstmcture. Since
annealing temperatures for beta titanium alloys may be the same as solution haat treatment tem-
peratures and beta phase may be retained with either slow or fast cooling from temperature,
annealing and solution treatments for beta alloys are iynonomous.

As described in Section II 1, Paragraph 20., there are several kinds of annealing variations for
the Ti-6A14V al Ioy. The various thermal exposurea are designed to promote modifications of
microstructuma, commenaurew with various mill product forms, which yield somewhat different
combinations of strength, ductility, end toughness, but characteristically the moderately Wron9 and
stable rendition is promoted-not the highest strength condition. Typically the more highly
alloyed near-alpha impositions anrlthe elpha-beta alloys may be annealed in more than one
manner. One of the common aims of all such heat treatments is to achieve a repr~ucible structure
capable of resisting further change by phase tsanaforrnation when exposed to the elevated tempera-
tures of a service expcsaww. In general, the high temperature exposure in e modified annealing heat
treatment fixes or determines the phase morphology and alphe/bete ratio (subject to a preferred
prior fabrication schedule) and the final low temperature part of the treatment stabilizes the com-
position of the beta phase to resist tranaforpiation. In many ways: the low temperature exposure
of modified annealing heat treatments are like overaging heat treatments tiich are discussed in
Paragraph 26.. The modified special purpose annealing treatments also are further discussed in a.
subsequent paiagraph (Paragraph 27). The frequently used full annealing time and temfwatufe
ranges for titanium alloys am given in Table XXVII. Thaae annr@ing treatments result in the
moderately atmng, ductile and tough properties commonly aought for structural materials.

I

25. Solution Heat Treatments. Thermal exposures that are designed to develop a preferred
metastable composition of the beta phase in two-phase (alpha plus beta) or all-beta alloys are

62



MI L-HDBK-697A
1 JUNE 1974

TABLE XXVI. STRESS-RELIEF ANNEALING SCHEDULES

Stress-Relief S&ets.ReIief
Nominal Composition. w,% Temperature, F Time, hourt

Una!lO@ Ti grades and
Ti-o.15 to 0.20 Pd alloys

Ti-5Al.2.5Sn (and ELI)
Ti.1 to 2 Ni
Ti-2cu

l_I-2.25Al-l lSn-5Zr-l MO.O.2Si
li-5Al.6Sn-2Zr-l Mc-O.25Si
Ti.6Af-2Sn-l .5Zr-l MO-O.35Bi-O.l Si
Ti.6Al-2Ct-l T. M.8M0
Ti-8Al.l M&l V

Ti-BMn
Ti.3Al.2.5V
Ti-lAf.3Mml V
li-5Af.2Sn.2Zr.4 Mo-4Cr
Ti.6Af.4V (and ELI)

TWAf.6V-2Sn
Ti.6Al.2Sn4Zr-2Mo
Ti.6Al.2Sn.4Zr-6Mo
Ti.6Al.2Sn-2Zr-2 Mo.2Cr.O.2Si
Ti.7AL4Mo
Ti-l Al.8v.5Fe
TI.2Af-l 1V-2Sn-l 1Zr
Ti-3Al.8V-6Cr4M04Zr
Ti.11.5Mo-6Zr4.5Sn

Ti-6Mo.BV-2Fe-3Al
Ti.13V.1 1Cr-3Al

7s0 to 825
SS0 to 925
975 to 1000

lcmoto 1100
990 to 1200

Not reported
1075 Io 1125

Not reported
Not reported
Not reported

looot01200
lo75t01125

1450’
9oot0 1100
700 to 1m
9oot0 1100

Not reported
900 to 1200

lMfotO 1100
lMJot01200
900 to 1200

Not rep.mted
Not reported

900 to 130L”
1000 s01300

Not reported
Not reported(d)

Sootolloa
1325 to 1350
950t0 1100
9oot01000

1400 to 1450

7to B
2t0 4

1/2 to 1
114 to 2/3
114 to 6

1

714 to 1
2

l/6to 1K4 (a)
1/2[0 2
l12t0 3
l12to B

1/2 to ~(b)
2 to 4(C)

1/2 to 4
lt04

l12t0 B
into 4

I

Notes:

(a) A thort exposureat full annealing tem&eturs may be used. Air cooling from this exposure results in
stimulating the duplex annealed rendition: slow cooling: stimulates the mill annealed mndhion.

(b) For lWPWcent relief:50iw - 1000 For 5hr - 1200 F. For50percent relief; 5hr - 1000 For l/2hr-
1100 F.

(c) Cuntmonly used ranges.
(d) Full annealing or above d’m beta transus temperature ( -1460 F) may be usedto relieve mtidual strets.?s

or stressrelief may be achieved simultaneously with aging heat treatment.
(el Strets relief mav be acftk’ed simultaneauslv with aging heat treatment
(f) “ Strets relief may be achieved using thort.time exposure at the solution annealing temperature.
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,,TABLE XXVII. ANNEALING SCHEOULES

I Annealing
:

Temperature, Annealin Time,
,Nominal Composition, w % F 1hours al

Unalloyed Ti grades
and Ti-O. 15 to 0.20 Pd alloys
Ti-5Af-2.5Sn (And ELI)
1--1 to 2Ni
Ti.2cu
lT2.25Al-l lSn-5Zr-l Mo.O.2Si

Ouplex (2 step) anneal(c)
Ti.5Al-6Sn-2Zr-l Mo.O.25Si

Duplex (2 step) anneal(c)
Ti-5Al-2Sn.l .5Zr-l Mo.O.358W.1 Si

Duplex (2 step) anneal(c)

1300
lmot01500
1300 to 1675

1250 to 1450
f1650+

\

930
18m+
1100
1300

{
1950 +
lWO

2(b)

l14t04
l14t04

Not reported
l12t02

1
24
1/2
2
1

114
1

l14t02
l14t08
Intel

[AC)
(AC)
(AC)

(AC)
(AC)
(AC)
{AC1
(AC)
(AC)
(AC]

Ti4jAf-2CblTa.O.8Mo 13W;0 1700
Ti.8AI-l M&iv 1400 t01450

Duplex (2 step] anneal(c)
{

1650to 1860+
Ilooto 1375

Ti-8Mn 12543t01350
Ti-3Al-2.5V 1200 to 1400
Ti4AJ.3M&lv 1225 to 1350
Ti-5Al-2Sn.2Zr-4 Mo-4C$
Ti-6APIV (And ELI) 1275 t01600

1350 to 1400
Ti.8Af~V-2Sn 1300 to 1600.
Ti.6Al.2Sn4Zr-2Mo 13wt01560

Duplex (2 step) armed(c)
{

16EL)t0 1750+
lloot014Wl

{

~650 +
Triplex (3 step) anneal(c) 1450 +

llm
Ti-6Al-2SrwlZr6M$I 1500t01600+
Duplex (2 step) ●nneal(c)

.,
llmtolm

Ti-@Al-2Sn-2Zr-2M~2Cr-O.2Si
T*74M4M0’ 1425 to 1475
lTIA1-8v.6Fe 12W to 1400
Tii2Af-11 v-2Sml la 14CQ to 1600
Tii3A1-8V@2J-4M0.4 Zr 1600t0 1700
Tiil 1.5Mo.6Zr4.6Sn 1275t0161Xl
TMMO-6v-2F&Al 1460
Ti-13v-l lC+-3AI 1400 to lm

Notes:
(al GY.Ming rates in parentheses: AC=air coding, FC-fumxa coding, wC==water quench.
(b) C.nnmonly used annealing treatment.
(c) 8oth the high and the low temperature steps are required. Three steps are required in triplex anneafi;g.
(d) Slow cooling resultt in the mill annealed condition. Air cooling results in the duplex annealed condition.

.

(e) Slow cooling to 1O(B1O5O F, not exceeding 300 F/hour, improves stabilitv.
(f)
(9)
(h)
[i)

8
l/2t0” l-l/2
lt03
lt04

Not reported
l14t08

2(b)

lto8
lto8
lRto,l
l14t08

1/2
114
2

into 1
l14t08

Not reported
lto8
lto4
1/2 to 1
114.ta 112
lllotom
1/1.0 to 114
l/lotO 1.

. .,.

(AC)
(AC)
(AC)(FC)(d)
(AC]
(AC)

(Fc)(@)
(AC)

(Fcl(el

(AC)
iAci
(AC) (FC)(f I

(Fc)(e~

(AC)
(AC)
(AC)
(AC)
{AC)
(AC)
(AC)(g~

(F@)

(ACl(FCl(f)
(AC)(FCl(h)
(AC).(WQ)(il
(ACNWQ)O)
(ACIONCl)(~)
(AC)(WO)(’)

-.

Erther air c&ling or slow cooling as in (e).
Short. time, high temperature second step for sheet and up to “8’hwrs at 1100 F for thick.sect ion products.
Either air cooling or slow ccioling to 1000 F, followed by W&
Either air cooling or water quenching from solution annealing temperature.
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I designated solution heat treatments. A feature of solution heat treatment technique is to rapidly
cool from the elwated temperature to ambient temperature to retain the composition of the beta
phase es it existed at temperature.. This beta phase may retain a metaatebil ity or it may-transform
to various degreea upon cooling, depending upon ita composition, but in either cay it is coded tO a. . . . -. . .
Condmon wtslcn WIII transtorm upon SUbS&pJent aging neat treatment. I he transTOrMatlOn of ttse
phawa fixed during sdution”heat treatment by subsequent aging heat treatments is the mechanism
responsible for the high strength in heat treatable titanium alloys. Table XXVIII gives the commonl y
uwd time and temperature solution heat treatment schedules for titanium compositions amenable to
strengthening by solution heat treatment and aging (STA) procedures.

~
The solution temperature required to bring about a preferred solid solution depends upon alloy

composition and degree of heat treatment response desired. Generally, for alphabete alloys, tem-
peratures high in the two-phase field promote a high aging (strengthening) response and vice versa.
Soaking times at temperature relate to temperature uniformity within sections of various thickness
and wlid volubility equilibrium conditions. Soaking time requirements increase with increasing
section thickness. The minimum soaking period may be determined by testing samples to make
sure that the required mechanical properties can be dweloped from the solution treatment used.
Minimum soaking times are sought for production reasons and in order to minimize the contamina-
tion that can occur at solution temperatures. The oxygen surface contamination which cbmmonly
occurs during solution treatment in air is frequently removed prior to further processing such as by
forming or aging treatments.

A rapid cooling (e.g. water quenching) from theaolution temperature is necessary to obtain
the maximum heat treatment response (strengthening or hardenability) in alpha-beta alloys. Quick
cooling also aids in avoiding the formation of grain boundary alpha (which can occur upon slow
cooling) that can result in poor ductility. Richly beta stabilized alloys such as beta alloys can be
cooled leas quickly (e.g. air cooling) from solution temperatures and still retain a good aging
response because the beta phase, being more highly alloyed than in alpha-beta al Ioys, is more
sluggish. For the above reasons, beta al Ioys have deepar hardenability than alpha beta alloys. That
is, thicker sections may be strengthened more uniformly through the thickness than comparable
thicknesses of alpha-beta alloys. In thick sections of weakly ,beta stabilized alpha-beta alloys, center
sections cannot be cooled rapidly enough to promote much subsequent aging response and for such
allovs. their deoth of hardenabilitv is limited. Allovs that are atronqlv beta Stabilized have a d@3D
hardenability which is generall y p~oportional to the degree of beta &bil izat ion. The following
tabulation showa the relationship between compositions in terms of beta stabilization and depth of
hardenability (section thickness that can be strengthened by STA treatment although not necessarily
to a uniform strength level throughout the thickness. )

Ti-6Ai4V, weakly bets stabilized : up to 1 inch
Ti-6Al.6V-2Sn, greater beta stabilization : up to 2 inches
Ti-6Al-2Zr-2Sn-2 Mo-2Cr-0.25Si and

Ti-6Al-2Sn-4Zr-6Mo, richly beta atebiliz~ : up to 6 inches
Ti-6M0-6V-2Fe-3Al and

Ti-13V-l lCr-3Al, bets alloys : up to 8 inches

Relative to rapid cooling and the attainment of acceptable STA mechanical properties in
alph%-beta alloys, is the quench delay time-the time delay between solution temperature and the
actual sart of the quenching operation. Obviously, if the dela y time is long, the part wil I be
essential Iy slow cooled between the solution temperature and whatever temperature the part reaches
just prior to quenching. That situation can lead to poor heat treatment response and therefore
quench delay time should be minimized especially for the weakly beta stabilized alpha-beta alloys.
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TABLE XXVI 11. SOLUTION HEAT TREATING SCHEDULES

Solution Temperature, F SoakingTime, hours”-

Flat-Rolled Barsand Flat-Rolled Barsand
Nominal composition, wt % Products Forgings Products Forgings

TL3AI.2.5V 1600 to 1700 1600 to 1700 114 10 1/3 l14tol13
Ti4A1.3M0-l V 1620 to 1700 1700 to 1775 1/10 to 112 l16t02
Tk5A1.2Sn-2Zr4M040 —- m5@~ -- d(b)

DupIex tolution treatment (d)
.-

{

1500to 1575+ —- 4(C)

— 1475 — 4

Ti-6A14v 1650 to 1775 1650 to 1775 lllotol 1/6 to 1
Ti&W.6V-2Sn 1550 to 1650 1550 to 1650 116 to 112 1/6 to 1
Ti&lMSm-4Zr-8Mo 1550t0 1700 1550 to 170U 116 to 1/2 l14t01
Ti-6Al-2Sn-2Zr-2 M*2Cr.O.2St 1725 to 1750 1725 to 1750 114 to l(e)
Ti-7A14Mo

lflto l(e)
1675 to 1775 1676 to 1775 116 to 1-112 l16t02

Ti-l Af-8V-5Fe -- 1350t0 1450 lffitoz
Ti-2Al-11 V-2Sn-l 1Zr(f) 1350 to 1450 14wt0 1700 1/6 =1/2[e) l~tol(e)
li-3Al.6V-6124M04 Zr(g) lmto 1700 1500 t01700 II1O to l~(e) 1/4 to l(e)
Ti-1 1.5Mo-8Zr4.5Sn(g) 1276 tol SO0 1276 to 1600 1/10 to l~(e) l/l Oto l(e)
li-BMo.8V-2Fe-3Al (9I 1450 to 1475 1450 to 1475 l/fo to v3(eJ 1/4 w l(e)
Ti- 13V-1 lCr-3Al 1400 to 1s00 1400t0 1500 1/6 to lm(e~ 1/6 to 1(e)

Notes:
(al Only altoys recommended for use in the tolution treated plus aged condition we tabulated. Solution treat:

mentt terminated by water quenching (WO) unless otherwise indicated. ‘,
(b) Solution treatment for beta fabricated material.
(c) Air mold from high tolution temperature to Ioiv solution temperature.
(dl solution treatment for alpha-beta fabricated material.
(e) %lution treatment temtimted by either water quenching (WI) or air cooling {AC).
(f) Typical solution treatments indicated.

(g] The Iormer-time. hidwr tenmteratum solution treatment are favored for thick-tection prcductt (e.g., plate and
fo~ingsj while &o&time, l&er temperature treatments am used for items such as sheet and wire;

TA8LE xxIx. MAXIMUM auErwcH tfELAV, WROUGHT ALLOYS

(For lntnt=tion-TYpe tlmnching)(’)

Ncmtiml Tfticknets. ,, Maximum Time,
irtchet m~~ (b}

. .

Up to 0.081 ind 4
. .

.Cfver O.81 7

NtwP. ... .. .
(a)

(b)

Cluench delay time thould begin wtten the furnaca door begint to open. and end tien the last mmer of the
load is immerted in the water quench tank. The maximum quench delay time may be exceeded, with
extremely large loads or long length. if performance tests indicate that all parts comply with all other
requirements.
Shorter times than those thown may be necessaw to emure that the minimum requirements am complied
with when quenched
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The maximum quench delay times suggested for various product, thicknesses are 9iven in
Table XXIX.

26. Aging Heat Treatments. The heat treatments recommended to achieve the commonly
expected high strength levels for titanium alloys are given in Table XXX. Aging heat treatments
cause the transformation of the metastable phases produced by the solution heat treatment to other
phases. Classically, alpha phase precipitates from the beta phase during aging resulting in a residual
enriched beta phase and alpha precipitate.

Metastable B + = ppt. + enrichad 8.

However, other reactions are commonplace. For example, the omega phase also may precipitate
from the beta phase and intermetallic compounds can form upon aging. Further, in the case of
cerIain alloys, the beta phase existing at the solution temperature transforms upon quenching to an
alpha form that is supersaturated with beta stabilizer (alpha prime). During subsequent aging, the
supersaturated alpha transforms to beta and alpha phases.

Supersaturated ~+ 6 + u ppt.

It is not unusual for several of these reactions to occur simultaneously during the aging haat treat-
ment to contribute to the total strengthening process.

As indicated by the curves of Figure 17, the time and temperature of the aging exposure has
much to do with the strength level achieved. Classically, the low aging temperatures result in the
formation of much omega phase which characteristically imparts high strength and low ductility to
the material being aged. Higher aging temperatures tend to precipitate alpha from tha beta phase
by a nucleation and growth prc+xas, and with longer aging times, alpha particle size may become
large, the residual beta phase may be softened, and a net reduction in strength may occur. This
condition is called the overaged condition. It is characterized as a moderately high strength condi-
tion combined with better ductility and toughness than an aged condition for the same alloy with
the same prior prcxxsaing history. Overaging maybe carried out to an extreme degree to render
the properties of a material similar to the properties of a fully annealed structure.

27. Special Purpose Heat Treatments. The demand for higher strength and better ductility
in titanium materials which existed since their first use’has recently been accompanied by a demand
for additional characteristics such as improved toughness, improved thermal stability, and improved
resistance to stress-corrosion. To meet this demand, the development of new titanium alloys has
been pursued, and in addition, haat treatment techniques have bean modified to afford property
improvements. For exampla, several of the annealing heat treatments dascrikd for the Ti-6A14V
alloy in section II 1, Paragraph 20, are relatively new and have led to tha availability of mechanical
propeny mmbinations that were not availabla with simple.mill annealing or with the solution
traatlng plus aging procedures.

Recrystallization Annealing, for example, affords a maximum toughness and resistance to
atreas-corrosion cracking at an annealed strength level. The recrystallization anneal is achiwed by
furrtace cooling from a moderately high solution temperature in the alpha-beta field. Such a treat-
ment tends to enrich the residual bata phase at a low voldme percent of the structure and to other-
wise produce an equilibrium microstructure composed of equiaxed alpha and residual bata phaaes-
very stable and tough.

Duplex annealing is similar to solution treating plus overaging for Ti-6Al-4V alloy with the
important difference of.a low cooling rate from the solution temperature. Due to the difference
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TAB LEXXX. AGING HEAT TREATMENT SCHEDULES(a)

I

Nominal Composition, w % Aging Temperature, F Aging Time. hwrs(b~

Ti.3Al.2.5V
Ti.4Al.3M&lv

Ti.5Al-2Sn-2Zr4 Ma40
Ti.6A14v

Ti.6Al.6V-2Sn

Ti-6Al-ZSn4Zr.6M0

Tt&N-2S*2Zr.2Me2 f3-O.2Si
Ti-7AJ4Mo
Ti-l Al.8V-5Fe
TI-2AI.1 lV.2SIt-l lZr(e)
Ti-3Al-8V-6@4Mo-4Zr

Ti-11.5Mo-6Zr4.5Sn

Ti-8Ma-8V-2 Fs-3AI

Ti-13 V-1 1Cr-3Al

900 to 950
9oa to 975

1050 to l150(c~
lloot0120Q
tlootolow

1050 to 1300(C)
875t01150

1100 to 12@~
lo50t01150
1200 to 1300(C)

9i%lzw(d~
8oot0110u
850 to 1250
6oot01050

1050 to 1 Zw(cl
900

11OO(C)

900 to 950”
1100,s0 1200[CJ
825 to 1000

2to 8
Zto 12

1/6 to 6
8

4t012
Zto 4
Zto 8
2to 8
2to 8
lt04

4
4 to 24
Zto 4
1 to 48
B to 24
6t012

8
8
8

8to16
2 to 60

Notes :
(a) On!y allow rscommendad for use in the solution treatad Plus aged mrdition am tabulated.
(b) Agingand overagingtreatments are terminated by air cooling.
(c) Oversgingheat treatmartt tshsdulet.
(d) The overaesdcondition may bs achievedwith the highe~tefnpttraturssof tie rangeindicated.
(e) Agingtreamtmts. including doubleagingtreatments within the time and temperature ranges shown have

bsan avsluated. A stsndard aging treatmmt hes not baen telected.

. .
in cooling rate, the bate phase residual from the solution treatment is not subject to profound

transformation since it is already pafially atrdrilizad during slow cooling. The subsequent overaging
tn?atment furdter stabilizes the two-phase microstructure and affords a material with moderately
high strangth (intermediate to annealed and STA strengths) and good ductility and toughness. Also,
the elimination of the quenching operation offers a production advantage for tftis heat treatment.

Beta annealing of aloha-bete allovs as the name imcdias. is a&omolished usina an annealina
temperature above-tie &a transus ternpemtura and ralativeiy slow m“oling from his high tem-- . .

pereture, followed by an tweraging treatment The h!gh solution annaeling temperature results in
a 100 percent. bats microstructure (at tampereture) which ~nsfonns to an acicular alpha atructura
upon cooling (see Structure A of Figure 16). Trensforrnad beta microstructure are associated
with excellent toughness and desit-ebla combinations of other propatiiaa as described previously.

Vihile the atmve special heat treatments have bean dascribad using the case for TL6AI-4V alloy,
other alpha-beta compositions can be similarly heat treatad with similar results. In addition to
these treatments, same compositions have preferred heat treatment schedules that were developed
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along with the development of the alloy or of a particular alloy form, to optimize properties. For
example, continuously rolled Tt-8Al-4V atrip is annealed according to a special schedule. Further,
the Ti-8Al-l Me-l V alloy has simple and duplex annealing treatments applicable to various product
forms and to the degree of stability and other properties desired. The Ti-8A1-2Sn-4Zr-2Mo alloy
has duplex and triplex annealing treatreien~, and variations in the, heat treatment ach@ulea

~ appropriate to various product forms. Thus it becomes apparant that while broad desxiptions of
the various heat treatments for titanium can be summarized, it is recommended Mat USW$of anY
particular titanium material should seek detailed heat treatment instructions for the development
of combinations of properties desired.

28. Heat Treatment Precautions. There are two fundamental requirements for successful

I
titanium heat treatment: (1) minimizing contamination, and (2) maximizing the accuracy of the
time, temperature, and cooling rate prescribed for heat treating a given material. The importance
of the latter point and the related metallurgical effwts have been reviewed in the foregoing sections.
Additional points related to precautions in avoiding contamination are summarized.

The oxidation of titanium at elevated temperatures can occur in air at quite low temperatures
including aging temperatures and can (cad to the degradation of properties if aging times are pro-
longed or if aging temperatures are high. The actual scaling of titanium can cccur at about 1lGG F,
and above this temperature, scaling and contamination of eubscale metal layers increases with
increasing temperature and time of exposure.” Oxygen diffusion results in a hard, brittle surface
(subscale) layer. This layer should be removed by mechanical or chemical means prior to forming
parta, further heat treatment steps, or application in’ components.

In addition to oxygen contamination (and to a small extent nitrogen) precautions that should
be observed during heat treatment, hydrogen contamination precautions should be followed.
Hydrogen may be readily absorbad from uncontrolled atmospheres of heat treating furnaces (e.9.
hiah dew Doint in inert oes atmospheres. fuel vaDora in fuel-fired furneces. or atmospheric water
va~or), an-d from pickl i~g arid s~le removal baths. Absorbed hydrogen &n be emb~ttling in
titanium under various conditions related to al Ioy type. Therefore if a hydrogen contamination is
suspected, it should be eliminated by vacuum annealing.

The above interstitial contain ination problems are not the ord y onas of concern. For

example, iron oxide in contact with very high temperature titanium” can result in a thermite type
reaction. In addition, the presence of chlorides during heat treatment (wen from finger prints) can

lead to a stress-corrosion problem. Other metals can react vigorously with titanium at elevated
temperatures, and eo can ceramic, other inorganic and organic materials. The necessity for the
cleanliness of the heat treatment operation becomes apparent when the reactivity of titanium with
practically everything it is in contact with is fully realized.

Oiatortion due to heat treatment has been a problem among some titanium users. Generally
no problem exisls if the work pieca being heat treated is not finished to final dimensions, since a
final dimensional control can be imposed on a heat distorted parl. Howaver, the heat treatment of
dimensionally finished pens can be a problem due to distortion and should be avoided. In some
cases, fixturing can be quite helpful in avoiding gross distortion, and in fact is frequently used wen
o? undimensiorsed work pieces. Howwer fixturing cannot be relied upon to prevent distortion and
warpage completely, so the preferred tectinique is to pe~orm heat treatment prior to dimensional
finishing.

I
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Forming Processes
..

29. General. Titanium is more difficult to form than the more familiar steels and aluminum
alloys. Titanium alloys generally have less predictable forming characteristics, and being quite
strong materials, require higher forming pressures which must be controlled over a smaller work-
ability range. That is, the spread between yield and ultimate strength, expressed as a percentage
of the ultimate strength, is smaller. Other characteristics adversely affecting titanium formability
include tendencies toward nonuniformities in sheet, notch sensitivity, galling sensitivity, low shrink
capabilities, and potential embrittlement by interstitial contamination (as in hot forming). Sub-
stantial improvements have bean made in forming machines, dies and techniques during the last
several yeara that have lad to practices for forming titaniu’m that have had a high degree of success.
Nevertheless, the successful forming of titanium still relies on:a good deal of experience.

Some companies prefer hot forming to improve the formability and dimensional tolerance
control of titanium. Othera use the cold forming, hot-sizing approach to accomplish the fabrication
of parts having close tolerances and acceptable mechafl~cal properties.

When formed at room temperature, unalloyed titanium and its alloys behave like cold-rolled
stainless ateeL For example, in stretch forming, titanium seems to behave like full-hard stainless
steel, while in press forming, unalloyed titanium can be produced to shapes achieved in onequarter-
hard stainless. Further, the formability of moat titanium alloys at 1200 F is comparable to that of
annealad stainless steel at room temperature. The commercial unalloyed titanium gradas, being
more ductile than the titanium alloys (generally), present fewer problems and can be fabricated to
simple shapes at room temperature.

Springback in titanium is often unpredictable but always to a degree that can be a problem
if not ~ken into forming considerations. Springbeck anglw”commonly range between 2~and 40
dagraas for sheets of Ti-6A14V alloy formed in bending at room temperature. The wide variat~ns
in yield strength among differant heats, magnified by a low modulus of elasticity, can give a wide
spread in springbatk angle, especially if the bend angle of the part is fixad by the forming tool and
the bend radius to thickness ratio is large. Of course, springback and springback nonuniformity,
tend to diminish with increasing forming temperature. ”

All titanium alloys resist sudden movement; hence, stretching and pressing operations are
usually recommended when a controlled rate of load application can be maintained. The slower
the forming speed, the batter the formability at room temperature. At elwatad temparaturaa, some
titanium alloys, like TL6A14V, have batter formabilities at higher forming temperatures. Faster
speeds may be necessary from an economic viewpoint, and can be tolerated if large radii ban be
accommodated in the part design. The formability of titanium is poor in operations characterized
by shrink flanges such as found in rubber press forming. Consequently areas that require gathering
of material should be minimized when designing parts . .

Hot forming improves the forming characteristics of titanium mainly by increasing ita ductility; “.
major imprqvaments normally occur above 1000 F for most titanium alloys. The yield strength
normally atar& to decrease significantly at about the same temperature arid this leads to lower
forming pressure raquiramants. Parts formed at elwatad temperatures exhibit greater mntour uni-
formity since smaller proparty variations exict between various Iota of material at the higher
temperatu ras.

.!

I

It is apparent from the foregoing discussion that titanium and its alloys may be formed both
at room temperature and at elevated temperatures with formability being improved using the higher,,
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temperatures. Thedi=dvantagm ofhotforming, thepo=ibility ofwork-pi~e contamination and
the requirement for heated tobl ing, are not formidable and hot forming is today more widely used
than cold forming. Table XXXlgives a comparison of therelative formability of represmtative~
titanium alloys in various hot and cold forming operations.

30. Material Preparation. Conventional cleaning, etching, andd=aling prwedurescanbe
used to remove dirt, surface oxidized layers, and/or scales from titanium materials before fornsing.
Scales and surface oxides can increase the notch sensitivity during forming. Grease, oil, and all
residues from solvents or fingerprinting that might be a source of chlorides mo~oved before
any heating operation associated with forming to avoid a possible stress-corrosion reaction. Parts
requiring removal of oxides by etching or pickling operations must be of sufficient gage to allow for
this metal removal treatment. The pickling operation must be carefully controlled to minimize
local attack and undue dimensional changes.

Blanks and parts prepared for forming by one or more of several possible cutting operations
such as sawing, nibbling, or shearing should have the worked edgas deburred. The scratches result-
ing from the deburring operation should be parallel to the material surface. The edgas of shrink and
stretch flanges should be polished prior to forming. Sharp edges should be removed and chamferrad
edges should be avoided. Cracks in sheared edgas are undesirable, but maybe tolerated if they are
in an area that can be removed by trimming after forming. Scratches on the surface of a blank to
be formed are detrimental to the formability of titanium. Consequently, all necessary steps should
be taken to reduce the occurrence of scratches before or between forming operations. Interleaving
with paper is often used as an aid in minimizing surface scratching.

When titanium is to be heat@ in air for a long period of time, scale-inhibiting coatin% may be
used to minimize surface contamination. The appl ication o! such coatings are usually covered by
company specifications and should be carefully. followed. Inspection procedures, both on incoming
material and on material processed for forming, cannot be overemphasized.

31. Tooling. The choice of tooling materials for titanium forming depends on the forming
operation, the forming temperature, the number of pats to be produced, and coat considerations.
cold forming operations, which stress the tooling in compression, can be conducted with tools
made from epoxy-faced aluminum or zinc alloys. The latter can be cast close to the desired dimen-
sions and are easy and cheap to machine. Because machining is expensive, the coat of tool materials
is usually a small part of the total tooling costs.

The ability of tooling to withs&nd wear and dktortion at the forming temperature controls the
number of partz that can be made on a set of hot-forming dies. The selection of tooling Inaterials
for hot fornsing is often a mmpromiae baaed on expectations of tool performance and the number
of parts to be produced before changes in design or order completion occur. ceramic ~tarialsr

cast iron, die ~, nickel-base alloys, and stainless steals have been used successfully for hot-forming
tools Good tooling% expensive and is only justified when close tolerances or large production
quantities of parts are required. The following materials are examples of some used for h~t-forming -
operations.

Operation ““Materials
..

Stretch fomsing Cast ceramic (Glasrock), H-11, H-15, Hi Si cast icon,
AISI 4130, and type 310 stainfaas ateel

Brake forming’ H-1 1, H-13, and Incoloy 802.
Yoder roll forming H-1 1, H-13 tool steels

,.
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Draw forming High Si cast iron and Incoloy 802.
Hammer and hydropress High Si cast iron, RA330 stainless Seel,

forming Inconel X, and Incoloy 802.
Hot sizing operations Mifd steel, High Si cast iron, High Si nodular cast

iron, H-13, Types 310 and RA330stainlm.
steels, Inconel X, Hastel Ioy X, and Incoloy 802.

Hot forming may be accomplished using heating of the blank alone or combined blank-die
heating. Thelatter, ofcoursa, isp”raferrad. Integral heating oftooling forhotforming is common
since temperance control is easier and more pracis6. Die temperatures of 4@ to 1500 F have been
used and depend on the titanium alloy to be formed, the shape of the part, and the forming
method. Dies and platens are f raquentl y heated with electricity because of its f Iexibility, ease of
control, and cleanliness. Insulating blankets of various types are f raquantly used in conjunction
with hot-forming operations.

32. Lubricants. Lubricants perform three main functions in titanium forming operations:
(1) they minimize the energy of pressure required to overcome friction between the blank and the
tooling, (2) they reduce galling and seizing between blank and tooiin9, and (3) they control the rate
of heat transfer between blank and tooling as in hot forming. Friction is generally undesirable since
it accentuates the difficulty of securing uniform blank movement over the tooling.

Organic, nonchlorinatad oils, greases, and waxes may be used in cold forming operations as
well as the solid dry film lubricants such as the graphites and molybdenum dizdfide types.
Colloidal graphite is commonly used in both hot and cold forming operations. At elevated tem-
peratures, boundary type Iubrica:ion se6ms to be best. Consequently it is common practice to use
the solid dry film lubricants in. conjunction with oils and graases for hot forming. Many satisfactory
lubricants have been used in forming titanium that typically result in reducing the coefficient of
friction to 0.20 or less and in turn this results in low tool wear.

33. Forming Methods. The many kinds of forming operations commonly usad in making
end items from the batter known metals of commerce, are also usad in making parts from titanium
and its alloys- Basically each of the operations involves deformation by bending or stretching or
combinations of these and as earlier described might be done hot or cold. Hot forming generally
affords greater ductility and therefore greater formablli~. The operations include: brake forming,
stretch forming, deep draw forming, trapped rubber and drop hammer forging, spinning and shear
forming, dimpling, joggling, roll bending and roll forming, tuba bulging, and tuba bending. As
mentioned previrwaly, titanium work pieces under deformation in these various operations behave
much like the variws grades of stainless steel. Generally. the titanium al Ioys have a more limited
formability than the steels so that while all of the various forming methods can be used in making
titanium parts, cautious approaches to the forming method selected should be employed.

34. Forming Process Precautions. There are sevar~l specific precautions to be observed in
forming titanium and its alloys. These relate to contamination, notch sensitivity, anisotropy, strain

. . . . . .
rate sensitivity, Ute Bauachinger ettact, and Simple Overstraming.

The contamination of titanium during forming maybe avoid&1 or eliminated as a problem
qufie easily when it is realized how readily it can occur. ,In the handling of as-received titanium

stock, for example, the mere act of fingerprinting to any extent is considered poor form since the
chlorides of the printa might lead to a stress-corrosion problem in some further processing step.
Similarly the ink Drintinq on some stcck and any accumulation of layout marking, dirt, g~asa, etc.,
should be eliminated eariy h the processing sequence.
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pickling operations for example, should be controlled so as not to introduce further contamination.
ThMprmutions are~WiAlly impomant when hot forming isplanned. During hot forming, the
oxidation of titanium surfaces is certain to occur to some degree, depending on any coatings used,
andseverity of theexpoaure-temperature and dwell time. Thus, theelimination of contamination
picked up during the hot-forming operation must be careful Iy controlled too, by descaling, pickling,

or machining operations. Toinsure theatteinment ofdesirad mechanical propeniea, contamination
should be minimized throughout the entire sequence of”forming operations.

Titanium alloys are perhaps as sensitive to surface defects as any of the high strength materials
with respect toeffecte on formability. Thescratch marks oneurfacea thatcen appear during
handling and the tool marks on cut surfaces, edges in particular, can be the ctress risers that result
in poor formability. Su&notch~mum beminimizd oreliminat4 toachiwe agoodformabiliW,
andincriticel operations, auchas atretch forming, thepolishing ofedgaa isnotatoo extreme pre-
cautionary meawre. Genemlly, ~ratch~, notcha, ordefwS orien@pamllel tothemaiorwrain
axis of the wurkpiece are leas a problem than those otherwise oriented.

B~use titanium mill products are often aniaotropic, sections that are to be formed should be
oriented in such a way that the maior deformation occurs in a direction of maximum ductility.
For example, in stretch forming, blank layout should be performed so that maximum stretch will
&awompliAd intherolling orlongitudiml ditiion-pamllel totie grain. In bending, the bend
axis would preferable be perpendicular to the grain to take advantage of the maximum tensile
elongation in the longitudinal direction. While it is realized that preferred material orientations
cannot be achieved in some forming operations or in some parts, the limitations of ductility in
aniaotropic products should be understood and accommodated. Similarly, the strain rate sensitivity
and the variation of this sensitivity among various titanium alloys should be understood in selecting
a forming process that is the most closely matched to the materials capability.

Cold forming can result in a loss of compressive yield strength via the Bauschinger effect. This
is a phenomenon wherein the compressive yield strength can be appreciably lowered upon
plastically deforming a metal in tension. (Tensile yield strength also maybe decreased by plastically
deforming in compression.) Titanium alloys are subject to this phenomenon to various degrees and
serious degradation of properties cars be experienced in cold formed parta where the problem has
not been anticipated. Figure 18 shows the decreases in compressive yield strengths f or representa-
tive alloys deformed by various amounts in tension. In spite of the extent of these strength
decreases under certain conditions, the yield strengths may be restored by asress relief annealing or,
of course, by full annealing or solution treating and aging if those are steps in part making subse-
quent to forming, Stress relief annealing, a hot sizing operation, or a full heat treatment of some
type following a mld forming operation not only eliminates the problem of the 8auschirsger effect
but minimizes or eliminates problems of delayed cracking and at= corrosion. Thus where cold
forming is selected in lieu of a hot forming operation, it is well to consider an appropriate thermal
exposure to recondition the workpiece to insure optimum properliea.

Machininq P&aasea

35. General. Several years ago, titanium had the reputation of being very difficult to
machine compared with common construction materials. However, years of experience and m
aeamh on various problems have progressively imprwed the situation. Today, tools and techniques
are available for machining titanium efficient y. In fact, some machining operations give more
consistent results on titanium than they do for some ateels. A bonus factor is the ease of attaining
good surface finidses. Roughness values as low as 20 to 30 microinches can be obtainad on some
pans.
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Figure 18. Effect of Cold Stretch Forming on the Compressive
Yield Strengths of Various Titanium Alloys

Generally, machining problems for titanium c-erroriginate from four sources: high cutting
temperatures, chemical reactivity and abrasiveness with tools, and a relatively low modulus of
elasticity. A built-up edge, however, does not form on tools used to machine titanium. Although
this phenomenon accounts for the characteristically good finish on machined surfaces, it also
leaves the cutting edge naked to the abrading action of the chip peeling off the work. In addition,
titanium produces a thin chip, which flows at high velocity over the tool face on a small tool+hip
contact area. This, plus the high strength of titanium produces high contact pressures at the tool-
chip interface. This combination of werrts and the poor heat conductivity of titan~um results in
unusually high tool-tip temperamres.

The cutting temperature achieved at the tool point depends pertly on the rate at which heat
is generated, from the tool forces involved, and pertly on .he rate at which it is removed by the
chip, the cutting fluid, and by conduction through the tool. The heat-transfer characteristics of the
chip and work material dapend on thermal diffusivity, which is a.function of density, specific heat,
and thermal conductivity. Since titanium exhibits poor thermal diffusivity, tool-chip interface
temperatures are higher than they would be when machining other metals at equal tool stresses.
lb higher temperatures in the cutting zone lead to rapid tool failure unless efficient cooling is prc-
vided by suitable cutting fluids.

.

The strong chemical reactivity of titanium with tool materials at high cutting temperatures
and pressures induces galling, welding, and smaaring, since an alloy is continuously formed between
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the titanium chip and the tool material. This alloy passes off with the chip, producing tool wear.
Titanium reactivity also shoti’up when the tool dwells in the cut, even momentarily as in drilling.

The surface of titanium usually contains a high content of oxygen, especially if it has been -
exposed to air at high temperatures. This oxygen-enriched layer is hard and abrasive, and can cause
dulling of tools. Therefore, it is often desirable to clean the surface, prior to machining, by sand
blasting or by chemical deacaling. When this is not possible, the firat cut taken is usually a heavy
one, to cause the tool to penetrate under tha hard “skin” of oxygen-enriched titanium. Abrasion
by surface contamination or scale can notch cutting tools at the depth-of-cut line. Consequently,
this is another reason to remove oxygen enriched surface layers, if possible, prior to machining
operations.

The stiffness of a part, determined by the ahape and the elastic modulus of the alloy workpiece
is an important consideration in designing fixtures and selecting machining conditions for titanium.
Since the elastic modulus for titanium is only about half that of steel, a titanium part may deflect
saveral times as much as a similar steel pars during machining, creating tolerance, tool rubbing and
other tool miacutting problems.

36. Machining Requirements. Successful machining of titanium and its alloys requires the
use of highquality machine tools and cutting tools; an absolute minimum of vibration; rigid setups;
and observance of recommended machining practices.

Machine tool selection is a primary factor; just any machine will not do. [n fact, machine
tools used for machining titanium must be in excellent condition and possesscertain basic attributes
that insure vibration-free operations. Theaa include dynamic balance of rotating elements; true
running spindles; snug bearinga, slid=, and acmwa; sturdy frames; wide speed/feed rangas; and
ample power to maintain spaed throughout cutting. Undersized or under-powered machines
should be avoided. Certain locations of machines near or adjacent to heavy traffic also can induce
unwanted vibration and chatter during machining. . .

Rigidity of operation is a very important consideration. Generally, it is obtainad through the
use of adequate clamping and by minimizing deflection of work and tool during machining. In
milling, this means strong, short tools, machining cloae to the table, rigid fixturing, frequent
clamping of long parts, and the use of backup support for thin wells and delicate workpiecea.
Rigidity in turning is achieved by machining close to the apindte, gripping the work firmly in the
collet, and providing steady or follow rests for slender parta. Drilling requires short drills, positive
clamping of sheet, and backup plates on thrwgh holes.

Cutting speed is important in all machining operations and is a very critical variable for
titanium. Cutting apeed haa a pmnouncad affect on tookhip temperature: excessive speeds can
cause overheating and short tool life. Consequently, speeds are limited to relatively low values,
unless adequate moling can be supplied at the cutting site. However, all machining variables should
be carefully selected to effect optimum machining rates. . .

All machining operations mquira a positive uniform feed. achievad mechanically. The cutting
tool should never dwell or ride in the cut without removing metal. As an added precaution, all
cutters should be retracted when they are returned across the wotk. The cutter should be up to
apeed and should maintain this speed as the cutter takea the load.

In summary, correct machining setups for titanium require strong, aharp cutting tools;
positive feeds; relatively low cutting speeds; and certain typ~ of cutting fluids. Improper cutter
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1. rigidity and/or geometry can contribute to vibration. Spindle speeds and feeds shou Id be verified
on each machine to ensure correct cutting conditions, since small changes in cutting conditions can

I produce {arga changes in tool life. All machining variables should be Cerefully:selected to effect
optimum machining rates.

i“ 37. Tooling. ~enmachining titanium, itisn~e~W to&lmta tmlthat retains itshard-
n“&sathigh temperaturea. Sintered~rbide tools area good choice kauwof their’’red hardness”.
Excellent results are usually obtained with these but, because of their brittleness, carbide tools may
chip andspall when titanium chi~weld to them. Machirs@gofti~niumw ithcarbidet oolsrequires

-- rigid machines and a rigid setup. “Throwaway” carbide inserts are the mom economical cutters
@uaeof tfseirfrigh productivity. With the use of inserts, higher-rotetional speadsand heavier
feeds can be used; and no time is lost picking up cuts. Another reason why the “throwaway” inserts

/are more economical than cemented tYPea, is that thecostof newormulti-point inserts is lower
‘than the cost of ratipping or regrinding. Grade 883a.equivalrht carbide tips have performed best
on titanium alloys, both for roughing cuts”=nd~rsishipg operations. Cast-alloy steels, which fill the
gap between carbides and high-speed steels, are used when conditions do not permit the use of
carbides.

Titanium can be cut using high-speed steel tools; however, production rate is lowered. Never-
theless, for interrupted CUSS,high-speed tools may be the best choice. Live centers are always used
to suppers the work because of seizing when “fixed centers are emploved.

~
38. Coolants. Titanium can be machined dfi with good results; howwer, much better

results will be obtained when proper coolants are used. The coolant should be directed as close as
possible to the point of tool contact. Mist coolant or “through-the-wheel” coolant has proven
excellent for grinding or drilling titanium.

Cutting fluids are used on titanium to increase tool life, to improve surface finish, to minimize
welding, and to reduce residual stresses in the part. Soluble oil-water emulsions, water-soluble
waxes, and chemical coolants are usually used at the higher cutting speeds (75 to lCSOfpm and up).
Low-viscosiW sulfurized oils, chlorinated oils, and sulfochlorinated oils are used at lower cutting
speeds to reduce tool-chip friction and to minimize welding of chip to tool. Cutting oils may have
either mineral oil or mineral oil-lard oil bases. Many fluids that improve machinability are complex,
often proprietary, and sometimes contain unidentified active compounds. (Chlorinated oil cumin9
fluids pose a danger of stress corrosion from chlorine.residues. These residues should be promptly
removad with a norrchlorinated degreaser.) Machining handbooks frequently identify specific
coolants for use in specific titanium machining operations.

39. Matal Removal Technique& Both conventional and unconventional metal removal
techniques can be used in machining titanium. Conventional methods including milling, turning,
boring, drilling, tapping, reaming, sewing, broaching, and various abrasive cutting operations have
been dweloped for titanium. Unconventional methods &ch as electrochemical machining and
grinding, chemical milling, and electric-discharge machining have been advanced to a high State Of

efficiency in working titanium. Each method has connected with it a multitude of procedural
details which should be followed to obtain the best results. Due to the large number of instructions
an-d recommendations for each process it is impossible to cover them thoroughly in this handbook.
However, highlights concerning ~e~al of the commonly used metal removal techniques are cited.

a. Milling. Breaking or chipping of milling cutters remains a problem. A partial solution .
is to use “climb milling”, rigid machines, and a rigid setup. Progressive tool chipping and wear
produces a surface-finish deterioration and IOS of tolerance. Other problems found in milling
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include heat, deflection, and abrasion. In addition to using “climb milling” and rigid setups,
milling may be done more eucbessfully when tuning spaad is low, tool angles promote unhampered

chip flow, and tools are used that are of relatively small diameter but with the largest number ok
teeth.

b. Drilling. Success in drilling titanium is obtained by adopting a “keep drilling” concept,
using mechanical feeds. The dri II should not be allowed to ride, and low speeds and hea~ feeds
should be maintained. The drill should be sharp and as short as possible. When feeding the work by
hand, galling and seizing will occur if the rate of feed is not constant. The coolant should consist of
a sulfurized- or chlorinated-type mixed with mineral oils, or soluble oils and water and should be
supplied to the tuning zone in a positive manner. The galling action of titanium during drilling,
which may be accentuated by high cutting temperatures and pressures, resultz in rapid tool wear,
out-of-round holes, taperad holes, or smeared holes, with tap breakage a likely consequence if the
holes are to be threaded.,

c. Tapping. Tapping screw-holes can be troublesome, particularly in tapping blind-holes
where chips can build up. The largest possible tap drill should be used; those with spiral pointa are
the best. A rigid power setup is bener than hand tapping. Very slow tapping speeds with highly
active cutting flu ids are most effective.

d. Sawing. Titanium can be sawed by using a coarse pitch blade having two to six teeth
per inch. Blades whose analysis is high in molybdenum content outperform general-purpose blades.
.Blade tension should be high. Heavy feds and slow speeds are best; and a coolant should be used.
Some difficulty is encountered in sewing large billets. Due to the relatively heavy feed pressures
required to keep the blade cutting the material, and because the blade is subject to wear, it is diffi-
cult to maintain a straight cut. In cutting billet diameters over 8 inches, grooving the material
I/E-inch wide to a l-inch depth on the circumference helps to allwiate this problem, as this re-
duces the diameter and helps to guide the saw blade. Maximum rigidi~ is needad when sawing
titanium and is favored by using the widest and thickest cutting band permitted by the band wheel
and any radii. of cut that might be desired.

e. Turning and Boring. These operations and facing are essentially the same and offer no
unusual difficulties: They give less trouble than milling, as.pacially wfsen cutting is continuous
rather than intermittent. Howwer, the problems of high tool~tip temperatures, galling and abrasive
reaction with tool materials, and lack of sat-up rigidity can be serious if the general rules for
titanium machining are not followed. Low cutting speeds, feeds to result in constant metal re-
moval, and adequate coolant dirwed positively to the work zone are recommended for beat ra-
Suka. . .

f. Abrasive Cutting. Another means of cutting titanium is to use abrasive cutting belts,
discs, or cutoff wheels. overheating and contamination ,of the work is prwentad by generous use
of coolants. Titanium and its alloys can be cut abrasively at about the same rate es hardened high-
spaed steal% Moderately light cuts are recommended. Smearing of ground titanium surfac~ can . .

result from abrasive tool l~ding, and inadequacies of the sat-up rigidity, cutting spaed inadequacies
and poor tool ‘characteriatlca. Thaae problems can be minimjzed by choos”mg the right abrasive
tml and renditions. Aluminum, oxide and silicon carbide abrasive tools are available in a variety of
grit sizes, hardnassae and bond materials. Optimum spaads and feeds (generally light) are raCom-
mendad for each type. As in other machining operations, cutting f Iuids and their proper appl icetion

to the workpiace are very important for the successful abrasive cutting of titanium.

9. Chemical Milling. This unconventional method for metal removal refers to shaping,
fabricating, machining, or blanfcing of metal parts to specific configurations by controlled chemical
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dissolution with suitable etchants or reagenta. Chemical milling is particularly useful for removing
metal from the surface. of formed or complex-shaped parts, or from thin sections. The method
provides an increased capability and flexibility in the fabrication of parts and offers savings in labor
time, and materials. The chief drawback is the very careful mntrol required in maintaining the
desired dimensional tolermces and the composition of the acid etchant to prevent excessive hydro-
gen pickup.

The acid etchants used for the chemical milling of titanium are propriem’~ aqueous solutions
containing hydrofluoric acid (H F) plus other oxidizing acids and additives to inhibit hydrogen
pickup and to enhance etching characteristics. Etch ratas range from about 0.5 to 5.0 roils per
minute (1 to 1.5 usually). Time of immersion in the acid solution of course determines the depth
of cut. Depth of cut limitations are about 0.5 inch for titanium and minimum widths Of CUtS that
can be machined are about three times the etch depths (due to the sideways etching at about the
same rate as,down). Dimensional tolerances can be held to abotit *2 mik.and typical aurface-
roughneas values produced range between 15 to 50 microinchas. Etchants are usually circulated
in the etch tanks and parts are moved and turned to promote uniform metal removal. Etchanta
akio may be sprayed against the work piece where, f,or example, the piercing of thin parts is desired.

Metal can be removed from an entire part with chemical milling or else selective machining
can be accomplished by using masking. Simultaneous etching of a part from both sides is possible.
No elaborate holding fixtures are required. Many parta can be machined at the same time with of
coursa.tank size and solution volume limitations. Masking materials such as vinyl polymers and
neoprene elastomers are often applied in multiple coats and baked on (200 to 300 F) and patterns
desired may be subsequently scribed. The manual peeling of the mask to expose the area to be
etched follows. Patterns also may be developed by silk screen and photographic techniques. After
machhsing, the maskants can be easily remwed”by manual “peeling or by immersion in wlvents.

..’

I 40. General. Many individual joining processes may be used in assembling a titanium
structure. The processes include welding of several types, brazing, soldering (rarely), solid state
adhesive bonding, and mechanical fastening. Of these joining types, only welding is markedly

I sensitive to the choice of titanium al Ioy. The remaining processes can be applied to any of the
alloys with about the same degree of au&ess. There are many factors affecting the choice of a
joining procassand these include consideration of the metallurgical compatibility, strength require
menta, cost requirements, and permanency of the joint. Each procesihas its advantages and dis
advantages and few” fixed rules are applicable in selecting a joining method. Since joint require
menta are quite varied, this handbook doas not attempt to compare advan~ges associated with the
various methods. Instead, brief d~riptions of the procaszes are offered which emphasize the
major requirements and precautions.

Before discussing the several individual methods for joining titanium, some of the various
characteristics of titanium, which strongly affect joining techniques are reviewed.

a. Titanium and its altoys have a high affinity for oxygen, hydrogen and nitrogen at
elevated temperatures, and can become severely embrittled by theris at relatively low Iavels of
concentration. There are several possible sources for the contaminants.

b. Titanium alloys are susceptible to stress corrosion by sodium chloride (e.g., from
fingerprints) at temperatures above 600 F.
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c. Molten titanium is highly reactive with most materials, including all the common’
refractories.

d. Exc*ive alloy ingwith other structural metals (e.g., steel andaluminum) greatlv=dukm
the inipact strength of titanium due to the formation of brittle intermetellic compounds and ex-
cessive solid-solution hardening.

e. Titanium exhibits a high coefficient of friction, and has poor wear and galling character.
istics.

f. Titanium is noble in moat galvanic couples.

41. Welding Technology. lmpotiant factors forwelding titinium concern material and
process suitabilities. fitanium materials sui@biliW involv~Mo distinct criteria: (1) Theabilityto
physimlly produce awldedjoint, and(2) mtitiactoW petiorm_agce..of thejointinwwice. Very
few titanium alloys fail to meet the first while the second may be satisfied by proper alloy selection.
Commercially-pure titanium and the alpha-type alloys do not respond to heat treatment, and their
mechanical propetiies amaff~td only slightly byvariations inmicrommcture. Thesa alloys are
medilyadapted toall types of welding operations Depending onalloy content, themachanicel
‘propenies of alpha-beta alloys may be greatly affected by heat treatment and variations in micro-
structure. Spwiafmnsideration isrquired inselwting alpha-&ta alloys forwelding applimtions,
becetsseaomealloys areembrittled bywelding operations. Generally, increased bataatabilizer
content inalpha-beta type alloys decreases theauitabilityof thealloy for welding. Welded joints
in baaalloys areductile intheas-wlded condition, buttheir strengths are low. When heat-
tre.sted toincrease strength, weld ductility decreases. Thus, where achoice isavailable, alpha
titinium alloys ampreferred forweldti a=mbli~, with alpha-be@ and beta alloys being less
desirable depending upon the ultimate properties required in the joint.

Titanium welding process suitability is related to cost, requirements for joint strength and
Ieaktightness, and considerations for mill product fohit, component configuration, and joint design
andlocetion. Thewelding processes that may beusedon titanium assemblies include fusion
welding, resistance welding and explosive welding, though lass popular than these other methods
isuwdin thecldding ofshWtand plate andtheinterior orexterior ofcylindem. In the first
categoW, the processes of inter-gas-shielded tungsten arc (GTA for gas-tungsten-arc), inert gas-
ahielded metal arc (GMA), inter-gas-shielded arc apot (arc-spot), and electron beam (EB) welding
are popular. Laser welding is being developed. Intheaecond category, spot, roll-apot, andaeem
welding aretheclassic prcscesses. lnaddition, upaet-welding processed may beuaed to assemble
Special configurations. Forexample, f)afiwlding; afomofmi@nce wlding, jsuW.toprduce
jointain bera, forgings, rolh?drings,andtubing. Induction pressure welding, gaspreasure welding,
and high frequency (ultrasonic) welding also are common processes.

42. Fusion Welding. This is a general term often used to’titegorize welding processes in
wftich joining is accomplished by heating to the melting point usingan external heat source.
Titanium fusion welding is accomplished using an electric arc, plasma arc, or an electron beam to

. . .

melt the metal. GTA, GMA, Arc-Spot, and EB fusion welding processes fpr titanium have much in
common and the points diacu~d in this section relate to all”of them. Factors to be considered in
fusion welding include: composition of base metal, cleaning of the”parte to be joined, joint design,
filler wire, inert gas and its application, tooling, heat input, distortion (shrinkage and residual
stress), residual stress (property values), weld defects. inspection, and Subsequent jOint Perform-
ance. Obviously a welding handbook would be required IO describe all these variables and their
interrelationships. Here, only the highlights are mentioned.
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a. Base metal composition and condition. Alloy selection for titanium welding has been
previously discussed. Points to be added include concerns regarding compatibility with the heat-
treated condition of the base metal. before and after welding and contamination that might be
incorporated in the base metal prior to welding. Since any fusion-welding cycle results Iii a weld
zone of as<ast metal, any.preexisting microstructural condition in the joint area will be changed
during welding. 1n addition to the weld zone, the heat-affected zone of the weld area goes through
a cycle of heating high into the solid solution phase range. While this heating cycle has no harmful
effect on the mechanical pmpemies of unalloyed titanium, it can adversely affetit the properties of
highly heat-treatable titanium alloys to the extent that they become unsuitable for many applica-
tions. Heat treatment subsequent to welding must be designed for compatibility to the modified
structures of the joint. Contamination of the base metal surface layers in operations preceding
welding should be removed prior to welding because this source of contamination is sure to result
in nonoptirnum weld joints.

Since excessive alloying of titanium with other common structural metals has a deleterious
effect, titanium has never been satisfactorily directly welded to other metals. However, methods
have been advanced which use compatible metals (e,g., silver and vanadium) as an interlayer
Qetween steel and titanium to afford serviceable joints between these dissimilar metals.

b. Cleaning. Careful preweld cleaning is essential to successful fusion welding of titanium.
Poor cleaning can result in weld contamination and defects, particularly porosity. Edges to be
joined are often etched-, drew filed, wire brudwzd, or abraded and wiped with acetone or alcohol
just prior to welding. One commonly followed rule is: if the areas to be welded cannot be cleaned,
do not try to make the weld.,

c. Joint Design. Square abutting edges of titanium parts to be joined are satisfactory for
the thinner sections Thick sections may require a machined bevel or some other contour on the
abutting edges. Designs are usually based on geometries that are suitable from the viewpoints of
amenability to proper shteldlng and of allowing sufficient clearance for filling with molten metal.
The fusion welding process to be used is also a. factor. For example, EB weld joint configuration
has a much nwrowar gap than GTA or GMA configurations. Close dimensional tolerances are
alwa~s preferred with any of the we{dktg processes.

d. Filler Wire. Some fusion welding processes involve the addition of metal from sources
other than the base metal. Wire is most commonly used, since it is easy to add at a controlled rate.
Wire added during GTA (formerly referred to as TIG) welding is called “cold wire”. Wire U* in
GMA (formerly referred to as MIG) welding maybe called “electrode wire”. Filler wire is the
common term and is available in both unalloyed and alloy grades. Titanium wire for welding must
meet stringent quality standards since the high surface-area-to-volume ratibs of common wire sizes
used in welding reprwserrt a sizeable contamination source for weldmenta. Wire defects, such as
seams, laps, cracks, or center bursts, are strictly undesirable for filler wire since the defect areas are
a possible repository for contaminants.

e. Inert Gas. Special pmcedurea have been deweloped to ensure against weld contamina- ‘
tion in adopting fusion-welding processes to titanium assemblies. Only high purity weldhg grade
gases Should be used. The qwcial procedures include the use of large gas nozzles and trailing shields
to protect the face of the welds from air. and backing bars that provide means for introducing inert
gas to shield the back of the welds from air. Also, inert-gas-filled weldjng chambers are often used

● Recommended etchant is a 30% HN03–3% HF-balance H20 solution, used with caution to
avoid hydrogen pickup.
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with these processes. The dew point of the shielding gas serves as a measure of the gas purity with
I respect to water vapor. ‘Argon and helium are used for d’rielding with all fusion welding processes

1“ except EB (EB welding in vacuum). In addition to making sure of the purity of the basic gas,
another concern is that the inert gas is not degraded during flow through the welding equi~ment-1
due to leaky joints, etc.

i Tooling. Conventional GTA and GMA welding power supplies, torches, and control
systems are used effectively in welding titanium. Of course, the conventional welding equipment

I selected for use must be supplemented with auxiliary shielding tooling for welding to be done out-
side of chambers. Shielding devices are available that fzrovide an adequate inert gas flow at the
fusion zone, behind the fusion zone (trailing shield) and on the side opposita the fusion zone (back-
up shielding). Hold down tooling is commonly of the “chill” type (e.g. copped to afford rapid

I cooling of the heated metal and may in fact be designed integrally with the shielding arrangement.

9. Heat Input. With titanium fusion welding, it is the preferred practice to use heat inputs
that are just above the minimum eisergy required to melt sufficient metal to form a wald. High
level heat inputs contribute to Various bad effects. The lowest heat inputs are obtainad with EB
welding.

I
h. Distortion. Fusion welding processes are characterized by thermal cycles that cause

localized shrinkage. Shrinkage must be planned for–it cannot be avoided. Shrinkage, in turn, can
result in part distortion. Shrinkage can be controlled to some extent by tooling restraints and both
shrinkage and distortion are minimized by low heat inputs. The residual stresses in fusion weld-
ments caused by shrinkage and other espixts of the thermal cycle are often high when distortion
is low and vice versa. Such locked-in stresses are best alleviated by stress-relief annealing or full

~. heat treatment cycles if those are appropriate after welding. If the residual stresses are not

~
?W:”:l relieved, it is quite possible that in addition to distortion problems, the stresses can contribute to

general mechanical properrf degradation.

i. Defects. Fusion weldmerrts can exhibit defects related to irregularities of the weld zone
geomet~ such as undarfilling, overfapa, undercuts, porosity, lack of fusion (e.9. at abutting WfaCCS),

inclusions, and cracks The production of defect-free vmlds is highly dependent on the quality re-
quimmersts of applicable specifications and inspection methods used. For example, cracks are

“ easily inspected for visually and are muse for weld rejection. Similarly, underfill, undercuts. and
overlaps, are easily detected and S@ defects may be alleviated by weld repairing (rewelding).
Inclusions, internal cracks, and porosity are much more difficult to detect however, requiring, for
example, radiography for identification. Some factors suspe@ed of causing porosity in titanium
welds are: high hydrogen content, oxygen, nitrogen, and carison contamination (joint area im-
properly cleaned or dirty fillar wire), and insufficiencies in technique related to improper heat input,
welding speed, gas flow. and cooling rate. Thorough insp@ion techniques an? capable of detecting
most of the defects that are known to result in degradation of weld properties. . .

. .

I —-- ..... i. Joint Performan@. The only reliable way to determina what weld features are truly
defects is to evaluate the effects of such features in a test program. Ev.@uatione must inc!uda tests . “.
that are representative of the service conditions expected. Many d.efact-lika weld anomoliee have
no effect on the static-tension properties although th&e Same featurea may be found to degrade
performance in a fatiye teat. Thus, under the best of circumstanc& regarding both weld prepara-
tion, inspection, and evaluation short of actual service, a conservative engineering approach is
called for in the use of weldments. Under these conditions, fusion welding cart be an extremely
advantageous technique for a~embling components.

82

I



MI L. HDBK-697A
1 JUNE 1974

43. Electron Beam Welding. Because EB weldhsg is quite a different form of fusion welding
than GTA or GMA processes, a general desaiption of some of the features of EB welding is offered.
The EB welding process is carried out in a high vacuum - at, or less than, 0.1 micron of mercury
pressure – and uses a stream of electrons accelerated from a cathode by a high elactricelptential
to produce the rquirad heat. The eleqtrons give UP their energy as heat uPon striking the material
to be welded. Two types of equipment are generally available: low voltage, rated up. to 60 kili-
volts accelerating potention, and high voltage, ratad at 60 to 150 kilovolts. With either type, the
low-vacuum system assures that contamination of the weld and heat-affected zone is lass than that
caused by any other welding technique. The lower-voltage equipment gives a weld fusion zone with
a width-to-penetration ratio of from @v&to-one (2: 1) to unity; the high-voltage equipment givea a
ratio of one-t~five (1:5) or greater. Thk penetration is often quite large because the electron beam
drills a fine hole through the work which is then filled in by Capillaw action. The main disadvantages
of the highwoltage equipment are the generation of X-rays, which require lead shielding, and the ex-
cessive drop-through and spatter at the root of the weld. The disadvantages can be managed quite
efficient y however so that EB welding has become a highly valised process for the joining of
titanium.

44. Resistance Welding. This category of joining tachnolo~ is characterized by methods
wherein the metals to be joined ‘are heated to the melting point or very close to it, using heat
generated by the resistance of the perta to the flow of electric currant. Titanium and all ofiita
weldable grades can be successfully reaiatenca-welded with techniques similar to those used for fer-
rous alloys; these techniques are somewhat simpler than those often used for aluminum alloys. The
most pertinent processes of this type are spot, roll-spot, and seam welding. As mentioned prwiously,
flash welding is sometimes considered a resistance welding method although it also can be classified
along with pressure welding.

in the most common form of spot and seam welding, electric current is passed through a
localized area of overlapping sheets until aufflcient heat is generated to melt a portion of the inter-
facing metals to form a weld nugget. The nugget is entirely contained within the remaining solid
portions of the sheet. Joints can also be made in which no melting is involved. These have bean
celled diffusion bondad or solid-state bonded joirs= They are similar to conventional resistance
welds except that no molten nugget area is formed. Both kinds of joints have heat affected zones
in the joint area. As might be expected, the weld nugget and the heat affected zones can be con-
trolled by selection of current size and application time wisich in turn controls the elevated tem-
perature cycle experienced at the joint. Electrode tool size and pressure applied through the
electrodes as wall as the composition and geometry of, the parts being joined are also factors in
determining the size and quality of the joint.

Aa in fusion welding, titanium alloy composition, condition, and cleanliness contribute to the
success or failure of resistance welds- Thus, these factors of pertinency to fusion welding as prs
viously discussed apply to resistance welding. Joint design is of course differant; resistance welding
involves joining of overlapping material layers. Such factors as edge dk.tance and interapot spacing
are of importance. Access to both sides of the joint is mandatory. There are further differences.
For example, filler wire is nwer usad in apot or seam welding. Also, some of the defects found in .
resistance welds, e.g. insufficient penetration, excessive sheet separation or surface indentation, are
of a different character than defects in fusion welds. On the other hand, some of the problems
en~ountered are common to both forms of welding, e.g. porosity, inclusions, contamination,
cracks, distortion, requirements for stress relief annealing, inspection, and post-weld joint perform-
ance. Some of the features of spot and seam welding are as follows:
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a. Spot Welding. Titanium is spot welded in much the same manner as other metals.
Special shielding (i.e., inert~as shielding), such as used for fusion welding, is not necessary because
of the close proximity of the adjacent surfaces at the weld zone, and the very short duration of the

I weld cycle. Titanium is often considered to be more readily spot welded than aluminum and niany
of the carbon and low al Ioy steels, because of its relatively low electrical and thermal conduct ivi~.
Also, since titanium and stainless steels are similar in electrical and thermal conductivity, and
strength at elwated temperatures, it is convenient and simple to adapt stainless steel spot-welding

I techniques for use with titanium. Therefore, a titanium alloy of a given thickness can be spot
welded with the same welding machine settings that are satisfactory for a similar gage stainless
steel. The recommended machine settings developed for titanium by various investigators substanti-
ate this to a degree, and is generally considered as accurate as the ability to incorporate any recom-
mended data into the settings from one production machine to another. Various auxiliary controls,
such as upslope or down-slope or post-weld heat controls, do not seem to offer any exceptional
advantages when used in welding titanium. Roll-spot welding is the same as spot welding except
that a wheel-shaped electrode is used instead of the cylindrical type. Rotation of the wheel is inter,
mittent with thcwheel electrodes in a fixed position during the actual weld cycle. The apparatus
is indaed to provide programmed spacing between the parts joined.

b. Seem Welding. Since seam welding is essentially a series of overlapping apot welds made
pr’ograasively along a joint by rotating the electrodes, the same criteria for the spot welding of
titanium would apply to seam welding techniques for titanium.

. .
45. Upset Welding Processes. This method of making jointa not only involves the generation

of heat within the parts to be joined but in addition features sufficient pressures to upset the
heated metal, bringing the surfaces to be joined in intimate contact. Further, there may ba an
actual extrusion of the metal which formed the original contact surface to a position removed from
the axis of the ultimate joint. Thus, a feature of some preasura weldments is that original surfaces
which may become contaminated during heating, are removed from the critical portion of the
final joint. In this kind of joi nt, heat generation may be f rom gas torches, induction coils, electric
resistance between parts to be joined (flesh welding),”or high frequency generatore (ultrasonic
welding), Contamination from the heat source is relatively unimportant due to the above described
upset featura in making the joint. Other methods are used too. For example, entire parta may be
heated in vacuum or inert gas and pressure joir@ with a minimum of localized upset at the joint.
Such methods are akin to diffusion bonding as well as to upwt welding.

Conventional pressure welding equipment is aetisfactoti”for upset walding titanium and its
alloys. The welds an? made in the Wme manner as for ateel using similar upset pressures of about
2500 pai. The pressure maybe applied throughout the heating cycle which, as previously men-
tioned, may be generated using gas torch welding equipment, induction haating, or resistance heat-
ing techniques.. The pieces to be joined are machined so that they are in a gcod fit up in the weld-
ing machine prior to the application of heat Butt joints are satisfactory for thin sections whereas
beveled edgee are sometimes used on thicker sections. For jointi ivith solid cross sections, inert-gas
shielding is not required but may beuaed.. Enclosures can be placed around the joints and in the
case of hollow cross sections, inert gas can be introduced inside of the ~mbly so that all surfaces

. .

are protected. from contamination. . .
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Upset welding is better adapted to the high-strength heat treatible titanium alloys than fusion
welding in two respects. ( 1) molten metal is not retained in the joint, so cast structures are not
present and (2) the hot metal of the ultimate joint is worked in the joining process which tends to
improve ductility. Upset welds that have mechanical properties approaching those of the base
metals can be made on conventional machines.
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While ultrasonic welding is not truly an upset welding technique, it is described within this
category as a convenience and due to the fact that small amounts of metal can be displaced in pro-
ducing the joint. Ultrasonic welding may be considered a form of pressure welding in which two
sheet surfaces to be joined are brought together and clamped between two electrodes. One electrode
oscillates at u Itrasonic frequency with respect to the other, parallel to the plane of the ititerface.
This causes the faying swfaces to mb across each other to form a solid-phase weld where a galling
action takes place. The vibrational energy not only causes relative motion of the two surfaces, but
generates some heat in the joint area which softens the metal and pr~motas welding. As in other
upset welding processes, the mechanical properties of the joint can be nearly equivalent to those of
the base metal under optimum welding conditions.

46. Quality Aasyrance for Weldments. Quality control for welding should start with incoming
material. WelTtaata made on material to be usad in welded assemblies will ensure that the base
metal and filler rods are satiafactoW for the intendad application.

One of the better and quicker means of evaluating weldments is visual appearance. Generally,
welds with dull white, gray, or yellow scale ar6 excessively contaminated. With more adequate
shielding, the weld surface may have a bright metallic blue or gold appearance or a combination
thereof. Colors such as these indicate surface contamination only, and the welds generally are

_.satisfactory. If the welds have the appearance of newly polished silver, this is an indication of
nearly perfect shielding. How&ver, contaminated welds with this appearance can be produced if
the shieldkrg around the molten puddle is insufficient, but shielding over the solidified weld is good.

Also, good weld surface appearance does not provide an indication that the base or filler metals
were not excessively contaminated before the welding operation “began. Even slight surface corr-
tamination should be removed from titanium weldments if post weld heat treatment is to be usad.
If not removed it can diffuse into the material during the heat treatment causing property deteri-
oration. Of course, before surface appearance is used to evaluate weld contamination, welds with
varying surface appearances should be,made under routine welding conditions, and then should be
tasted for ductility.

Other quality<ontrol procedures used for titanium weldmersts include dye perretrarrt,”ultra-
sonics and radiography for locating cracks, porosity, and other defects such as incomplete weld
penetration, tungsten inclusions, visual examination for undercut, penetration, and weld reinforce-
ment. Metallographic examination, mechanical tests, and hardness measurements are also usual
specification requirements.

47. Diffusion and Deformation Bonding. Th&a techniques for joining metals including
titanium are important aubcatagories of the technique referred to as solid state bonding. W[thin
this class, joints are produced with all components of the joining system being maintained as
solids. Roll bonding, gas-pressure bonding, and solid-state welding are other names used for the
general tmhnique. Properly prepared-metallurgically clean–surfaces are essential for achieving a
wccessful joint using this joining method.

In diffusion bonding, deformation is limited to tfrat amount required to bring the surfaces to
be joined into intimate contact. Once the surfaces are in contact, a joint is formed by diffusion of .
anme element or elements across the previously existing interface. Diffusion bonding is primarily
a ~me. and temperature-controlled pmcass. The steps involved in diffusion bonding are:

(1) Preparation of the surfaces to be bondad by cleaning or other special treatments

(2) Assembly of the components to be bonded
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(3) Application of the required bonding pressure and temperature in the selected bonding
environment ,,

(4) Holding under the conditions prescribed in Step 3 for the required bonding time =

I (5) Removal from the bonding equipment for inspection andlor test.

Diffusion-bonded joints have been made in titanium and aweral of its alloys at selected condi-
tions encompassing the following ranges:

Temperance 1500to1900F

Time 30 minutes to 6 houra

Pressure 5 to 10 ksi.

Me &thods used to apply pre$aure include simple presses containing a fixed and movable
die, evacuation of sealed assemblies so that the pressure differential applies a given load, and placing
the assembly in autoclaves so that high gas pressures can be applied. A variety of heating methods
also can be used in diffusion bonding, but generally the temperature is raised by heating with some
type of radiation heater. With titanium, a vacuum environment is most practical, although it is
possible to bond in an inert gas.

Deformation bonding differs from diffusion bonding primarily in that a measurable reduction
in the thickness of the parts being joined occurs with deformation bonding. The large amount of
deformation involved makes it possible to produce a bond in much shorter times and frequently at
lower temperatures than with diffusion bonding. The desired pressure in deformation bonding
may be applied by suitable mechanical devices such as presses, as in tha joining of built-up structures
fmm layered components, or rolling mills, as in roll-welded sandwich structures. Considerable effort
has been expended in the dwelopment of these processes since the joint mechanical properties that

are attainable are the same as base metal properties. Correctly produced, a bonded joint may be
indislinguiahable from the base metal.

48. Brazing. This method of joining titanium can be used to advantage in many applications
“tiere welded joints are undesirable or difficult to achiwe such as in the joining of dissimilar metals
to titanium or of sandwich structures. Moat of the common brazing techniques are used including
induction, furnace, resistance, torch, and dip brazing. Moat of the problems encountered in brazing
titanium are related to titenibm’s high affinity for other elements. That is, con~mination prob-
lems, es described in previous sections, and compatibility problems related to the difficulty in
finding braze filler metals that do not react diaadvantagaously with the base metal (i.e. producing
embrittlemmt or erosion problems). Another problem area haa been one of finding braze filler.
metals suitable for use in the thermal cycles that are compatible with the heat treatments used for
titanium alloys. Since the preparation of surfaces to be brazed irtyolvea the same general precau-
tions es are applicable to other joining processes for titanium, discussion will be confined to the
topics of filler metals, fluxes and atmospheres, and brazing medzods. ,.

..

a. filler Metala. To be useful aa a brazing filler metal for titanium, an alloy must melt
within a desired temperature range which is generally between a temperature much above the use
temperature (on the low side) and below the bata transus temperature of the titanium alloy (on the
high side). Also, a brazing filler metal should readily wet but not alloy with titanium at brazing
temperatures to prevent degradation of the joint by formation of brittle intermetallic compounds.
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Practically all metals readily wet titanium but because of titanium’s high reactivity, they also
readily alloy with titanium. Because titanium-silver compounds are relatively ductile, silver and
silver-base alloys are Wad as brazing filler metals to produce brazed joints. Although alloying and
consequent formation of brittle intermetallics are not eliminated, ductile joints are possible when
the copper content of the silver is low. Silver and silver-base brazing filler metals form strong joints
with usable strengths UP io 600.600 F. The most useful alloys are silver-lithium, silvar-aluminum-
mangenase, and s~lver=”opper-lithium. The silver-lithium alloys are usad in a composition range of
0.5 {o 3.0 percent Iithiurn; The typical composition for the silver-aluminum-manganese alloy is
A9-5AI-1 Mn. The brazing temperature for this alloy is between 1450 and 1650 F.

Among other brazing alloys of interest are the silver-cadmium-zinc filler metals developed for
oxyacetylene torch-brazing applications (Ag-5Cd-25Zn is typical), palladium-base alloys which are
quite strong and are rasistent to nitric acid (also impermeable to hel ium leakage), aluminum base
alloys such as 3003 alloy, and a family of titanium-zirconium-bery ilium alloys. A preferred
palladium-base alloy is Pal-l 5.4 A93.5 Si with a Iiquidus temperature of 1280 F. Tkanium-
zirconium-base filler metal alloys include: Ti43Zr-12Ni-2Be, Ti-46Zr-5Be, and Ti-45Zr-5Al-5Be.
The latter alloys have improved crevice corrosion resistance, good strength and peel characteristics
and flow at temperatures below the beta transus temperatures of the titanium foil alloys.

I
b. Fluxes and Atmospheres Special fluxes, eitfrer in combination with, or without, inert-

gas atmospheres or vacuums, may be used for successful brazing of titanium. However it is not a
common practice to use fluxes in brazing titanium. All fluxes for titanium contain chloride com-
pounds. Thus there is a strong possibility that stress-corrosion cracking as a result of flux entrap

I ment may cccur when brazing with these compounds. Consequently, tests should be made with
brazed joints, prior to use of these materials, to determine adequacy and acceptability.

Vacuums of from 1W5 to 10~ Torr are often usad to prwent contamination of titanium by
oxygen and nitrogen from the air during furnace and induction brazing. Inert-gas atmospheres of
helium or argon are also employed. The argon gas technique, however, is more commonly usad
than either the heliumgas or vacuum techniques. Some fluxes have been dweloped for use where
the titanium member(s) of the joint is protected against high-temperature oxidation by first
elactrochemically depositing a metal-protecting film on the titanium. However, as previously
stated, fluxas are not commonly used in conjunction with any of the brazing methods.

c. 8razing MetJrods. he effect of the brazing thermal cycle on base-metal properties is
important in aal&ting brazing method and filler metal for any particular application. The brazing
temperature may affect the.ultimate and yield strengths of heat-treatable alloys unless it is possible
to fully heat treat the assembly after brazing. If the brazing operation is part of the haat treatment
schedule, it must be at the solution temperature since brazing alloys are not available that melt and
flow at aging temperatures. Some overaging haat treatments are compatible with brazing tempera-
tures hovmver if the lower strengths of an ovaraged condition are satisfactory. If the brazin9 is to
be done at the solution temperature, cooling rate from ti,e thermal exposure must be compatible
with the recommended cooling rate for the alloy being brazed in order to dwelop the preferred
properties Of cwraa, if the material to be bmzad is intendad for use in the annealed condition,
the brazing cycle can usually be adjusted to conform with a preferred annealing heat treatment
schedule.

“ The various brazing techniques used for titanium and its alloys, together with their relative
advantages and disadvantages, are as follows:
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Induction brazing technique is used when the filler metals being used alloy readily with
titanium; the object of this technique is to obtain the shortest brazing time to minimize alloying in
the joints. The assembly to be brazed or the assembly and induction coil, together with filler metal
preplaced, are encloszd in a nonmetallic container filled with an inert gas; then, they are brazed -
using a predetermined heating cycle. Design of both joint and induction coil are important. Some
drawbacks to this technique are the type and size of joint that can be heated by an induction coil,
and the need for protection against atmospheric contain ination.

Furnace brazing is more easily adapted to various joint configurations and larger-sized
assemblies than the induction brazing method. However, filler metals are usually held in the
molten state for longer periods of time than in the induction method, which can result in excessive
alloying. To minimize brittle intemtetallics formation, filler metals that do not alloy readily with
titanium should be USA. The joints produced by this method are usually of lower strengths than
those from either” induction or torch-brazed techniques. Also, preplaced filler metal and protective
atmosphae or vacuum techniques are required.

Torch brazing uses a standard oxyacetylenetorch. Short brazing times, with consequent
minimizing of alloying, we possible. A slightly reducing flame is used. The equipment cost is low
when using this technique. The flux is preplaced in the joint, and the filler metal either preplacad
or fed into the joint. This method generally requirea special fluxes and skilled operatora. Also, the
removal of fluxes, contaminated surfaces after brazing, and possibility of stress-corrosion from en-
trapped flux pose certain” problems.

The resistance brazing technique uses spot-welding equipment to make lap joints. Filler metal. . . . .. . . . . . . . . . .
I m me term ot ToII, is placed betWan me sheets wmn or wlmout tlux. rrotectton against atmos-

pheric contamination is not generally requimtf.

Chemical-bath dip brazing can be used, but this method is not generally recommended
because the titanium surface can be contaminated rather easily by the salt bath.

.

49. Soldering. Solder joining of titanium can be accomplished by first depositing a thin
film of silver, copper, or tin on titanium using a metal plating technique applicable to titanium.
These films can be wetted by 60Sn40Pb or 50Sn-50Pb solder-alloys heated with a soldering iron
using commercial soldering f Iux. The deposited films are thin and soluble in the liquid solders. If
tfse soldering temperatures become too high or soldering time too long, the film will completely
dissolve in the liquid solder. The soldering of titanium is not a much used joining process.

. .

50. Adhesive Bonding. This method of joining titanium Sham many fati.cfs in WmrnOn
with other joining techniques. Reproduction of good adhesive-bonded joints requires consideration
of the materials, processing conditions, equipment, end aubaequent service conditions. The
principal material involved in adhesive bonding is the adhesive itself-the titanium composition
being bonded is of little importance. A wide variety of chemical compounds have been used for
adhesivea. They m~ be classified es thertnoplaatic,. tfwrmoaetting, elastomeric, ceramic, and
blends of the first three types. Suitable adhesives for a given application must fulfill the rtsquir~
menta of being amenable to a reliable processing technique tfsat will intire.reproducible joint
properties, and of performing satisfactorily under service exposures particularly if elevated
tamperatum exposures are involved. . .

Equipment for adhesive bonding of titanium is of the same general types used in bonding
other materials. A major factor in the bonding process is the swfcce preparation.. Books have been
written on the subject. Significant differences in joint properties may occur because of surface prepara-
tion variations. Decreasing and acid etching or alkaline cleaning aswell asabrasive cleaning (e.g. grit blasting),.

. .
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have been used., The chief aim is to remove foreign matter from the surface and to activate it to
receive the adhesive. Chlorinated solvents are avoided as are pickling solutions which promote. . ,

I hydrogen pickup. Activation films typically used for otanwm can Ise complex mixtures 01
phosphates, fluorides, chromates, tilfates, and nitrates.

I
Film thickness as well as composition is

important and prepared a,dherend surfaces should be bonded no later than 8 hours after preparation.

Assembly of an adhesivebonded joint after surface preparation involves applying the adhesive,
positioning and holding the adherends in the desired relationship, and curing. Adhesive application
depends on the type of adhesive used and can involve roller coating, brushing, troweling, dipping,
spraying, or laying on since thick or thin liquids, viscous plastics, tapea or sheets maybe the
adhesive form used. Positioning and holding pressures and devices are quite variable depending
upon the configuration being assembled and other factors. For example, dead-weight loading may
be satisfactory for simple shapes whereas elaborate vacuum chucking arrangements might be m-
quired in the assembly of complex parts Riveting has been used to hold assemblies together tw.
Up to several hundred psi pressures a~ required for some adhesives. Curing maybe possible at
room temperature but the. higher strength adhesives are cured at elevated temperatures. Curing
time is quite imporfantand joints properly processed and cured can be very satisfactory from a
mechanical properties viewpoint.

51. Mechanical Fastening. There are many methods available to produce a mechanically
fastenad joint including ahrink fitting, keys, spring retainers, nails, screws, rivets, and bolts. The
type of fastening used is determined on the basis of expected loads and type of loading to be en-
countered in service. Titanium and its alloys may be joined by any of the mechanical fastening
methods. Further, titanium fastening devices such as rivets and bolts are manufactured to be used
in the joining of titanium and ofher materials. Mechanically fastened joints differ so widely from
each other in joint design, type fastener, and means of assembly, that it is impossible in a short
space to fully describe any of the variables involved. Instead, this section limits discussion to a
few features of the mechanical fastening of and with titanium.

Titanium and its alloys are mechanically.joinad with the same kind of fastenera used for more
conventional structural metals. Fasteners are available in a large number of sizes and shapes.
Fastener types for both sheer and tension loading are available and may be made of titanium (and
alloys), aluminum, Monel, HI 1 or SAE 4340 steels, or A286 high temperature alloy. Almost any
fastener design can be applied to titanium so long as the factors of cost, application equipment,
fastener availability, shop experience, and joint performance are considered. Two compatibility
considerations also ~ould be given attention: coefficient of thermal expansion and galvanic
corrosion potential. For example, in high temperature service, mechanically fastened joints
between titanium and other metals can be subject to loosening and tightening of the fastener due
to thermal expansion difference Fastening with dissimilar metals also m“iaesthe possibility of
galvanic corrosion in the presence of aqueous electrolytes unless the fasteners are electrically
isolated as with sealants.

Fastening devices have been manufactured from a wide variety of titanium ,materials including
unalloyed grades (principally rivets), TL6AI-1 Mo-I V, the beta alloys, Ti-6Al-6V-2Sn, but aieflY
the TJ6AI.4V alloy. Galling and seizing are problems encountered with fastenera made of
titanium-between fastener and hole in interference fi! joints and bfmveen screw and thread in
threaded type fastenera. To ameliorate these difficulties, various coatings have been used, some of
which (e.g. cadmium) have led to fastener failure problems. Coatings on titanium fasteners also
have been used to al h?viate galvanic corrosion problems, for example on titanium fastenem used to
join aluminum component% As more and more experience is gained, solutions to the problems
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are more readily available and an increased usc of titanium fasteners has been observed. They offer
a reliable high strength means of securing a joint with a considerable weight saving potential.

Coatings and Surface Treatments v

52. General. Surface preparations of numerous types may be applied to titanium and its
alloys for a variety of protection, property improvement, and decoration purposes. The prepara-
tions include metallic and nonmetallic coatings of numerous types and chemical and mechanical
treatments These may be categorized in several different ways, the usual method being classifica-
tion by type of processing. However, since only a brief presentation of the subject will be included
in this handbook, the various surface treatments available for titanium are included under the
categories of protective coatings, coatings for property improvement, and surface treatments other
than coatings.

Surface treatments for titanium may be applied to improve the oxidation andlor the corrosion
resistance, the erosion and the wear and galling characteristics, the dynamic mechanical properties,
other physical properties such as radiation characteristics, and the cosmetics. Some surface treat-
ments require an elaborate process for application while others may be quite simply applied. Most
surface treatments require precleaning of the titanium wrface. The usduhress of surface treatments
strongly depends upon the type and severity of service requirements. For example, service require-
ments range from the simple need to color-code equipment, achievable by painting, to the complex
needs of wear resistant gear teeth, obtainable for lightly loaded gears by combinations of electro-
chemical metal plating, shot blasting, and lubricants. Generally, surface treatments for titanium
are ouite useful and serviceable in the less severe applications whereas some of the more severe
potential applications cannot be satisfied with exi.&g surface treatments.

53. Protective Coatings. The reactivity of titanium increases markedly with increasing
temperature which results in scaling and surface contamination. At temperatures of about 1200 F
and above, oxygen contamination can be a problem if workplaces are not in some way protected

~ (e.g. by inert atmosphere, vacuum, or coatings). At 1500 F and above, scale formation on titanium
can be quite rapid and metal loss to the scale can be significant. Further, the metal layers beneath
the scale can be severely mntaminated. Thus, the need for protective coatings in such operations
as the prima~ fabrication of mill products and heat treatment is apparent. The titanium producers
uze protective coatings to minimize the problem. Ce@mic coatings of several types are used which
are generally composition controlled for selected temperature usage. Compositions are usually
proprietary but products are readily available with full insouciions for application and use tempera-
ture limits. A principal feature of thaw coatings is that they inhibit hydrssgen pickup as well as
oxygen pickup. Both nonfusing nonaelfdeaceling and fuaeble aelfdescaling types are available and
coatings of both types may be used in certain heat treatment pmcessas as well as in metalworking
operations.

Titanium and its alloys are quite resistant to many corrosive media and”conditio& but the
useful range of alloys may be extended in certain environments by the,use of coatings. For example,
the degmmlation of titanium (by crddng) by the ao.calhd hot-aalt%tr~rtiion reaction (in . .

chloride containing er@ronmenta at temperatures of 450 F and higher) may be alleviated by
anodized coatings or by metallic coatings. Since anodized coatings vary iri hardness, density,
cryatellinity, and thickness depending upon anodizing conditions and electrolytes, different results
have been reported. Generally however, thin, dense anodized cbatings formed in NaOh, H2S04
or NaNH4HP04, afford some protection from hot-salt atresa.corrosion and such coatings have been
found to minimally degrade conjunctive properties such as post-creep tensile ductility and fatigue.
Aluminum coatings applied by hot dipping or flame spraying to thicknesses of about 1 mil and
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electroplated nickel coatings also have been found to afford some protection against the hot-salt
stress-corrosion reaction. Aluminum coatings also are useful for the protection against oxidation
and contamination of titanium in ejevated-temperature exposures. Incorrectly applied coatings, or
coatings which can interact with the basis metal in the service environment, are likely to have
deleterious effects to the basis metal. it is highly improbable that coatings which are classified as
protective for titanium apply optimally for all conditions of use designated for the protective
coating. On the other hand, judicial selection of coating systems will do much to enhance protec.
tion of titanium in many specific and unique applications.

54. Coatings for Property Improvement. The most widely researched type of coating for
titanium is one for the improvement of titanium’s wear and galling resistance. The relative softness
of titanium even in heat treated hardenad conditions, combined with its high reactivity with other
materials, kads to “the wear and gal Iing problem. The hard oxides and the oxygen enriched surface
Iayem that form on titanium are of no help in alleviating gallingand wear since they tend to be
brittle as well as hard and readily span,. Therefore, in service conditions where a rubbing together
of surfaces is likely to be encountered, the necessity exists for coatings which can improve upon
the galling and wear characteristics of titanium.

Metallic and nonmetallic coatings of many types have been used to improve wear properties.
Metallic coatings can be appl iad by dipping, electroplating, flame spraying, plasma-spraying, vapor
deposition, painting and baking, and other methods. Numerous metals can be used, including
aluminum, nickel, chromium, molybdenum, and others. Nonmetallic coatings can be applied by
a number of methods als@, including gaseous diffusion, salt bath reaction, painting, electrochemical
reaction, flame spraying, and chemical conversion reactions. The nonmetallic rewarched have
included nitrogen, oxygen, carbon, metal oxides, ceramics, and complex organic and inorganic
compounds. Each coating appeam to have advantages, such as relative ease of application and
improved wear characteristics, and disadvantages, such as degradation of fatigue properties,
associated with it. There is no such thing as the best coating for the improvement of wear and
galling: each need for coating must be carefully studied to determine the best coating for a par.
titular application. The following descriptions are for typical coatings which have been found to
be beneficial in the prior experience.

a. Aluminum. This metal has been applied by painting, flame spraying, roll cladding, and
hot dipping methods for example, wherein various th~cknassea of coatings can be built up. Although
aluminum has no better galling and wear resistance than titanium, it can be anodized by converv
tional means. The anodized aluminum coating in combinati6h with a lubricant, organics or resin
bonded dry-film lubricants for example, offer some improvement in the wear of titanium. As
pPWiOUSly mentioned, aluminum coatings are more commonly applied to afford some protection
against oxidation.

b. Nickel. Both electroless nickel plating and electroplating from conventional baths have
been used to apply nickel to titanium surfaces. Nickel plating has been used by itself in conjunction
with lubricants and. as a primary undercoating for overplates with chromium, iron, and other
metals, to achiwe improvements in wear and gal Iing properties. The metal can be used as plated, -
or as plated plus diffusion heat treated to achieve better adherency. Titanium-nickel intermetall ic
compound can form at elevated temperatures and this compound has been shown to be deleterious
to mechanical properties as wel I as to contribute to surface Walling. Nevertheless, nickel plates
can be used advantageously to improve the surface prope~tias of titaniu,m in some applications.

c. Chromium. Electroplating of chromium on titanium, with or without an underplate of
nickel or copper, has been examined extensively withthe purpose of improving wear and galling
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properties. Various electroplating procedures have given different degrees of adherency which is
one of the problems in using .electroplate for this purpose. Diffusion heat treatments cars be used
to improve adherency but this cars lead to the formation of titanium<hromium intermetallic
compound and problems of surface embrittlement. Lubricants used in conjunction with elect~6-
platas afford meaningfu I benefits in titanium applications where the wear problem does not involve
heavy contact stresses.

d. Molybdenum. This metal is usually flame-sprayed onto the titanium substrate and can
be built up to desirable thicknesses. Since titanium and molybdenum do not form intermetallic
compounds, surface embrittlement is not a problem. Howaver, oxygen enriched molybdenum
coatings and thick coatings are inherently brittle. Used with organic or inorganic lubricants,
molybdenum is used satisfactorily in applications involving sliding contact (e.9. sham), whereas it
is unsuitable for resisting severe abrasion and high-shock loads.

e. Nitrogen. The surface of titanium maybe hardened significantly with nitrogen via a gas
diffusion reaction or from cyanide salt baths. Carborsitriding also may be accomplished from
cyanide type baths. Quite high reaction temperatures are involvad in rsitriding titanium wtsich may
be undesirable from a substrate properties viewpoint. Howaver, the high hardness of nitridad
surfaces may be successfully used in conjunction with lubricants to resist wear.

f. oxygen. Titanium surfaces may be hardenad by simply exposing work pieces to air or
oxygen at elevated temperatures. Howwer, a more aatiafactoW coating from the viewpoint of
coating durability is obtained by using one of the numerous anodizing procedures. Titanium can
be anodized in nearly any electrolyte to give matings ranging between hard, thin, crystalline coats
and soft, thick, amorphous coats depending on electrolyte and electrical conditions. Direct current
exposure of the work pime in the anodizing solution should only be anempted after thorough pre
cleaning and exposures should be carefully controlled to yield the coating characteristi& desired.
Anodized coatings used in conjunction with either wet or dry-film lubricants are widely used to
improve the wear and gall ing resistance of titan ium.,

9. Ceramics. As an example of this type coating for titanium, flame sprayed aluminum
oxide may be considered. The A1203 coatings, applied either on the bare titanium or with a
nickel-chromium intermediate coating, can be used effectively in conjunction with lubricants to
provide hard coatings that are resistant to abrasion and wear. Ceramic coatings also maybe used
to improve erosion miatance. . .

h. Chemical conversion Coatings. Coatinga of *is type act as a base for lubricants
promoting their retention and thereby aiding the lack of lubricity and associated wear problems.
conversion coatings may be applied by spraying, bm”ahing, or immersion in salt baths, the Ianer
being the commonly used method. Sodium and potassium salts of phosphates and fluorides in
carefaslly controlled acidic solutions give a useful coating in f mm 2 to 10 minute exposure. The
resultant coatings are compriaedoof titanium~otessiumfrhoaphat~fluoride mmpounds wtsich are
quite stable and hold Iubricenfa well. The conversion coatin@ can be.used to facilitate metal-
working as well es to improve wear in service exposures.

i. Lubricants. The list of lubricants that have be6ri applied to~tarrium is seemingly
without end. Liquid and solid lubricants used on bare titanium afford some improvement for the
wear problem but are much more effective when used with a hard coating of some SYPe, e.9.
anodized coatings. Synthetic long-chain compounds, halogenated hydrocarbons, reactive inorganic
solutions (e.g. iodine in alcohol or hydrogen sulfide in water), colloidal graphite, and molybdenum
disul fide in either resin or lacquer have been used with variable results. When used on bare
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titanium, no strong natural bonding takes place between lubricant and titanium. Lubricants alone
may perform satisfactorily at low loads but heavy loads quickly cause a breakthrough and metal to
metal contact. The I iqu id lubricants which have shown a great deal of promise on bare titanium
are methylene iodide and polyethylene glycol. Molybdenum disulfide in a heat cured resin base
appears to be one Of the most beneficial dry-film lubricants. It cannot be overemphasized, however,
that lubricants alone do not offer much improvement in the wear and galling of titanium and are
better used in conjunction with one of the coatings for titanium such as a metal electroplate or
anodized coating.

In addition to the coatings applied to titanium for the improvement of the wear problem,
coatings of various kinds can be used to improve other surface properties. For example, metal Iic
plating (thin) followed by diffusion annealing was found to alter surface stress relaxation character-
istics and thereby improve creep and fatigue properties of the basis metal. Aluminum, copper, and
chromium were effective in this regard. Aluminum coatings and gold castings, the latter painted on
and subsequent y fired (at 950 to 14~ F) have been used to improve the heat-ref Iaction character-
istics of titanium. High emissivity paints for titanium also have been developed although paints are
usually used more for appearance and identification purposes than for such functional purposes as
an aid to thermal radiation. Anodized titanium has relatively low reflectance at short wave-lengths
and high reflectance at longer wavelengths to afford improved solar energy collecting surfaces. The
corrosion resistance coatings and the oxidation resistant coatings were previously described and are
rementioned here to point out the fact that there are coatings for titanium of many types,

apparently a coating for nearly avery need

55. Surface Treatments Other Than Coatings. Both mechanical and chemical surface
treatments are available for titanium that can impart desirable surface characteristics. Processes
such as shot paening, vapor blasting, grit blasting, surface rolling, or barrel tumbling can be used,
for example, to introduce surface residual stress for the purpose of improving fatigue properties or
reducing stress-corrosion sensitivity. Such treatments work harden the surface and alter surface
roughness, both factors that can affect bulk mechanical properties. For example, a fatigue life
improvement may be obtained in properly glass-bead peersed surfaces (glass shot preferred to Reel
shot to avoid iron contamination of surfaces in certain corrosive or reactive environments). Gla.xi
bead peening of the interior surfaces of titanium spacecraft tankage also Was usad to reduce atr6ss-
corrosion susceptibility. Peening intensity is quite an important factor in achieving a beneficial
result. In addition to the mechanical working of surfaces, mechanical finishing of titanium
surfaces achieved by machining, grinding, or POIishing operations, is equally important in affecting
such properties as fatigue life. Smooth finishes also can be important where reflectivity, fluid floW
resistance, corrosion, coating. adherence, friction, or appearance might be the property of interest.

Electrochemical and chemical polishing of titanium surfaces are important processes for some

application A jewelv finish can be obtained on titanium in an alcohokhloride electrolyte using.
titanium as anode and 30. to 6@volt direct current. A current of 1 to 5 ampkq. in. is maintained
in the room temperature solution for 1 to 6 minutes to achiwe a polished surface quite pleasing in

appearance and beneficial to such surface sensitive properties as fatigue life and bend ductility.
Chemical polishing also is possible, usually in aqueous wlutions containing the fluoride ion (e.g.
NH4F,HF to H2Si F6 solutions) and an oxidizing acid (e.g. HN03). The rate of chemical dissolution
and the degree of pol iahing are related to the solution .temperature,’ the titanium alloy, and the
condition of the initial surface. Polished surfaces can be beneficial in many applications.

Corrosion Characteristics

56. General. Titanium is inherently a reactive metal, so that whenever it is exposed to air
or other environments containing available oxygen a thin surface film of oxide is formed. It is to
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this film that titanium owes its excellent corrosion resistance. Titanium is equal to, or better than,
most metals in resistance to direct chemical corrosion by a wide variety of chemicals and is general Iy
resistant to stress corrosion, erosion-corrosion, galvanic corrosion, and oxidation. Compared to
many other structural metals, titanium generally is more resistant to corrosion in a wide variety-of
chemical environments, and generally is less prone to failure from stress-, erosion., and galvanic-
corrosion, and from oxidation.

The most protective films on titanium are usually developed when water, even in trace
amounts, is present in the environment. For example, if titanium and its alloys are exposed to
some strongly oxidizing environments in the absence of moisture, the film that is formed is not
protective, and rapid oxidation, often pyrophoric in nature, may take place. Examples of such
reactions that may be initiated at room temperature or slightly above are (1) titanium and dry
chlorine and (2j, titanium and dry fuming nitric acid.

The corrosion resistance of the various titanium alloys has not been investigated as extensively
I as that of the commercially pure grades; howwer, available data indicates that the general corrosion-

resistance characteristics of titinium are not impaired b~alloying. In fact, some of the beta alloys
are highly resistant to some very hostile environments (e.g. H~S04). When exposed to various WPes
of atmospheres for extended periods, commercially pure alloy titanium retains the luster obtained
in the finishing operation.

-,
57. Chemical Environments. Titanium and its alloys corrode rapidly in en~ronments that

cause breakdown of the protective films. Of most importance are such reagents as hydrofluoric,
hydrochloric, sulfuric, phosphoric, oxalic, and formic acids. However, attack by all these media
except hydrofluoric acid can be reduced in many instances by the addition of acid salts, oxidizing
acids, and other suitable inhibitors. Dry chlorine also attacks titanium, but it is quite resistant in
wet chlorine (1% moisture) and other oxidizing gases, such as S02 and C02. -.

Titanium has excellent corrosion resistance to all concentrations of nitric acid up to 350 F.
Howwer in nitric acid above 20 percent concentration and at 375 F, the corrosion rate may be as
high as 10D mila/year. Even at 550 F the rate of attack in 20% HN03 is only 12 miltiyear. An
anomaly exists, however, at 375 F, in that corrosion rates as high as 100 milalyear are reported at
concentrations above 20 percent H N03. Caution should be exercised, however, when-titanium
alloys are used in anhydrous fuming H N03 because the reaction can by pyrophoric. The resistance
of titanium to chromic acid is good, as is its resistance to aqua regia (3 HCI-I l-lN03). For mixt~~—
of sulfuric and nitric acids, co~rosion rates increase with increasing H2S04 conc~tration.

Titanium, like many other metals, has good resistance to dilute solutions of.alkali.. Hot, strong,
I caustic solutions will atteck unalloyed titanium and titanium alloys. On the other hand, there is no

widence to suggest that titanium alloys are susceptible to caustic embrittlement as are carbon
steels and stainless steels. . .

Titanium is superior to stainless steels in its resiatarrce to corrosiorrand pitting in moat neutral . .
chloride solutions. The main exceptions ara LsoNingsolutions of aluminum chloride, atannic

I

chloride, cupric chloride, zinc chloride, magnesium chloride, and celciuty chloride, which all wi I
cause pitting of titanium alloys. In addition, at temperatut@s above about 200 F, titanium may
evince crwice corrosion in seawater or in promine. On the othw hand; titanium is not attacked by
the highly corrosive ferric chloride and sodium hypochlorite solutions, which are corrosive to \

stainless steel.
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Long-term studies indicate that titanium in seawater and marine environments is resistant to
pitting, stress corrosion, galvanic corrosion, crevice corrosion (below about. 200 F), erosion-
corrosion, and corrosion fatigue. Ttianium tasted for effect of flowing seawater showed a thinning
rate corresponding to 0.00003 irich per year. No thinning cou Id be detected in similar tests con-
ducted in slowly moving seawater. Even after severe testing for 60 days in rapidly moving seawatw,
titanium showed negligible attack. Conditions which usual Iy accelerate attack (stagnation in
crwicas; under fouling organisms; under moist salt crystals) failed to damage the metal. In salt
spray testa, titanium alloys were not attacked after exposure for 1000 hours.

The tensile properties of titanium alloys are generally unaffected by prolonged exposure to a
marine environment. Tensile test specimens with yield strengths of 105 ksi have withstood static
loads of up to 80 ksi in wa air for over four years without sign of failure. Specimens tested in sea-
water and in marine air maintained a fatigue endurance limit of 60 ksi.

Pure hydrocarbons are not considered corrosive to most metals, including titanium. In addi-
tion, titanium exhibits good corrosion behavior in most chlorinated and f Iuorinated hydrocarbons,
and other similar compounds used as hydraulic and/or heat-exchange fluids. It should be pointed
out, however, that such materials may hydrolyze in the presence of water. forming HF or liCl,

I which in turn may attack titanium. In addition, at elevated temperatures, these hydrocarbons may
decompose, liberating hydrogen, a portion of which may be absorbed by the titanium, resulting ih
loss,of ductility, or chlorides may be released that can initiate elevated-temperature stress-corrosion
cracking.

Titanium is not recommended for us? in gaseous or liquid oxygen since a violent reaction can

I
occur. When a fresh titanium surface such as a crack or fracture is exposed to gaseous oxygen, even
at -250 F and at a pressure of about 60 to 100 psi, burning can begin. Once the reaction starts, the
oxide formed is not protective, as it is, for example, with stainless steel. In liquid oxygen, titanium
is impact sensitive at Iwels below those of many organics. Titanium and its alloys also exhibit
pyrophoric reactions under impact in chlorine trifluoride, liquid fluorine, and nitrogen tetroxide.

I

However, ordy in the case of )iquid and gaseous oxygen has the reaction been found to propagate
once it was initiated.

58. Stress.Corrosion. “Stress-corrosion is a form of localized corrosion which results in
cracking from the simultaneous action of a corrosive environment and sustained tensile stress on a
metal.” It is characterized by a brittl&type fracture occurring in~n-~wise ductile material.

I

‘The surface direction of the cracks is perpendicular to the direction of the’stress load. Cracking
may be either intergranular Cwtransgranular, depending on the alloy, the structure, and the environ-
ment. In general, stress-corrosion cracking of titanium alloys is intergranular.

Com rcially pure titanium has not been found to fa~stress-~orrosion cracking in any
?mtita except ~mg tiN03 or methanol containing HCI, H 2S04, or 8~T -H owaver, under “plane

strain” conditions, in the presence of a preexisting crack, ‘unalloyed titanium containing high
oxygen levels will exhibit rapid crack propagation in seawater at low st~ess levels. This phenomenon
is thought by many to be akin to atress corrosion cracking. The common aqueous stress-corrosion
test solutions do not have any effaa on titanium alloya under normal conditions. However recent
t- have disclosed that titanium alloys under exposure condi~ioos of ambient temperature,
aqueous media, and in a state of stress that produces a virgin metal surface (a fresh crack) will
undergo stress corrosion. In particular, it has been found that some common aqueous atress-
corrosion solutions (distilled water, tap water, 3.5% NaCl solution) affect the fatigue life of sharp
notch test specimens at high stress levels. Figure 19 illustrates the increased fatigue crack growth
rate in water and salt water compared with cracking in air. Such environments cause reduced stress

I -.
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Figure 19. Crack Length Increase As a Function of Fatigue
Cycles in Duplex Annealed TL8AI-lV Sheet in
Various Environments

rupture life in fatigue-cracked tension and bend specimens. In the latter case, cracking propagates
very rapidly from the infinitely sharp fatigue-induced notch in a direction normal to the direction
of the tension stress. A fresh titanium surface is continually being exposed to the test medium in
lftk type of teat. Under these conditions, it appeara that the titanium materials, as well as some
odser structural materials teated, undergo a atreaa-corrosion type of deterioration. The same effect
was observed in steels and was commonly used to speed up crack development in the preparation
of fatigueprecrecked frectssretoughness specimens. While the practical limitations irripoaed by
this ambient-temperature reaction are presently unknown, it is entirely clear that titanium alloys
are not immune from such reactions, as was previously believed.

,.
~e susceptibility of pn?cracked titanium alloys to stress corrosion cracking in salt water

aPPeem to be affected by tie aluminum, omen, and tin content’ and iaomoqshous beta stabilizers. ‘-
The date indicata that the susceptibility occurs with higher oxygen, aluminum, or aluminum-tin
mntenta. “Figure 20 ahowe the effect of increasing aluminum content on the environmental tough-
ness of a Ti-Al-Mo-V alloy series. Tensile yield strength and air twghness are not much affected
by a high aluminum content wfsereas the high aluminum conr@nt alloys have a degraded toughness
in salt water. The presence of iaomorphous beta-stabilizers-moly bdenum, vanadium, and
columbium-tends to reduce sensitivity of titanium alloys. The addition of molybdenum to
TL7A1.2Cb-l Ta or Ti-7Al-3Cb tended to reduce their susceptibility to cracking, and the addition

96



MI L-H DBK-697A
1 JUNE 1974

140. [

/0 /“A
.-
2 Y

g 120
Q ./*

[ 1
*@-

. ~.n--- 0

z
u ,/ /“ ‘-

~ 0’

> 100
[“Y

5 s
<

100
.&-. ~

( ) -----

+ ‘%\ In air

80
i ~-.

-.

60

40
{“

In 3.6%
NaCl

20

. .

0
3 4 5 6,7

Figure 20.

Aluminum Content, percent

Effect of Aluminum Content on the Strength,
Toughness, and Stress-Corrosion Susceptibility
of Ti-1.5Mo-O.5V-Baw Alloys (Nom(nally
1000 PPM Oxygen)

of molybdenum is currently being considered as a compositional improvement for certain al Ioys in
order to reduce their cracking potential in salt water. The Ti-6Al-2Cb-l Ta-O.8Mo alloy was
dweloped on this basis,



,-.

Alloys that have shown some degree of susceptibility to rapid crack propagation in salt water

are listed below, but not ntiesarily in order of susceptibility:
.

Unalloyed Ti with 0.32 percent oxygen content
Ti-5Al-2.5Sn

I
Ti-6A14v
Ti-6Al-6V.2Sn
TF7AI-3M0
TF8AI-lMO-lV
Ti-8Mn
Ti-13V-l lCr-3Al

There probably. is no such thing as a titanium alloy which is completely immune to the salt-water
stress-corrosion reaction although some materials are highly resistant to it. These include:

Unal Ioyed Ti with low ox ygen content
Ti-4Al-3Mo-lv
TL6AI-2M0
Ti-6Al-2Cb-lTa-0.8Mo
Ti-2Al-4Mo-4Zr (experimental)
Ti-5Al-2Sn-2Mo-2V (experimental)
Ti- 11.5Mo-6Zr-4.5Sn (as solution treatad)

The degree of susceptibility of some titanium al Ioys to stress-corrosion cracking in salt water
can be changed by the heat treatment given the material. In general, rapid quenching from tempera-
tures above the beta tranaus tends to improve resistance, whi Ie aging in the 900 to 1300 F range
tends to decrease resistance to accelerated cracking.

Alloys of titanium can also suffer stress-corrosion cracking at ambient temperatures under
certain other specific renditions. Failures have baen encounter in red fuming HN03 (as men-
tioned above), in N204, and in HCI. In addition, certain alloys have shown susceptibility to atress-
corrosion cracking in chlorinated-hydrocmtmn solvents. Cracks will initiate and propagat6 only if
the right combination of stress, metallurgical history, and environmental factors is present.

In the case of red fuming HN03, cracking is limited to environments containing lass“tian
1.5% water or more than 6% NO .. . The cracking is thought to be related to the selective attack of

Jsmall amwnts of beta-phase an or an enriched-alloy zone along the grain boundaries. In addition,
this attack leaves finely divided, highly reactive particles of titanium which will datonata under
slight shock. Adding water above 1.5% to the anhydrws acid greatly reduces the chance for
stress-corrosion cracking end pyrophoric reactions.

,.
Failure of the Ti~A14V alloy in tankage applications has omured in N204 containing oxygen

and chlorides as impurities. With the oxygen replaced by greater than O.CK percent NO as an . .

inhibitor, failures are prevented. This attack may be the result of incomplete oxide formation at
the metal-surface slip planes, or by preferential abmrption Qf the chloride ion. Currant specifica-
tions for propellant-grade N204 require the NO content to be between 0.4 and 0.8 percent.

. .

Methyl alcohol is another medium that initiates atrass-corrosion cracking of titanium and its
alloys. With small additions of bromine, HCI, or H2S04 to methanol, even unal Ioyed titanium can
be made to crack. With chemically pure methanol, the susceptibility of titanium alloys varies,
depending on alloy, heat treatment, and stress level. For example, solution-treated-and-aged

,.
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Ti-6Al-4V evinces some failures at about 70 percent of its yield strength, while annealed Ti-6Al-4V
ctacks only on stressihg near its yield point. The Ti-6Al-l Mo-1 V alloy appears more susceptible.

Stress-corrosion cracking also ti.urs at elevated temperatures. Late in 1955, wtia~e cracking
was observed on TL6AI-4V alloys undergoing creep testing at 700 F. The cracking was attributed
at that time to surface embritdement induced by oxidation. Later, it was established that cracks
were often associated with fingerprinta. Follow-up tasting of specimens under stress in contact with

1

pure NaCl produced cracking at e@ated temperatures. This phenomenon has become known as
hot+alt stress-corrosion cracking.

While cracking of titanium alloys in contact with hot sodium chloride has been obtained in
Iaboratorystudias at temperatures as low as 450 F, this phenomenon has not been official Iy r~
ported as the cause of failure of a titanium part in service. It should be pointed out, however, that,
wi [h the possible exception of jet-engine components, titanium parts in service are not usually
subjected to combinations of stress afrd temperature in the range found to induce cracking in the
laboratoW.

~

Studies to date have indicated that several types of chloride salts will initiate failure. However,
NaCl nowappears to be most reactive. Oxygen or a reducible oxide (Ti02) must also apparently
be present for cracking to occur, although the critical concentration of oxygen is low (1 to 10
microns Hg pressure). Water may also enter into the reaction and appears to be necessary, although
its critical concentration is low (on the order of 10 ppm).

I Recent studies on the mechanism have shown that a gas-phase reaction can occur, whereas
previously a Iiqu id-phase reaction seemed to be required. The mechanism apparently involves
NaCl, 02, H20, and reaction products of TiC12, NaOH and Ti02. A more recent theory proposes
that NaCl and water react to form NaOH and HCI. The HCLreacts with the protective oxides on
the surface, forming unprotective chlorides. The hydrogen released by the attack of the exposed

I titanium is then believed to diffuse into the metal to cause subsequent hydrogen embrittlement.

It appears that most titanium alloys are susceptible to some degree to hot-salt stress.corrosion

cracking. The alpha-phase alloys, such as Ti-5Al-2.5Sn, are apparently most susceptible to attack
The alpha-beta alloys are less susceptible but the degree of suscepti~lity may increase with in-
creases in aluminum content. For example, the Ti-6Al-l Me-l V alloy (both as mill annealed and
duplex annealed) is very susceptible. However, the Ti-6Mn alloy, which contains no aluminum, is
also susceptible.

Alloys with intermediate resistance are TI-6AI-4V, l-i-6Al-6V-2Sn, and Ti-3Al.l lCr-13V.
Among the most resistant alloys are TL4AI-3M0-l V, Ti-2.5Al-l lSn-5Zr-l Mo-9.2Si, and an experi-
mental Ti-2Al-4M04Zr allov. Variations in heat treatment have been found to affect the reactivity
of many alloys also. Table XXX I I lists approximate str~-temperature thresholds for several
titanium alloys.

The use of certain coatings on a titanium surface shows promise of protection. Surface
coatings of nickel plate, aluminum plate,. and zinc plate show promise of delaying attack when the
cogting is nonporous. In one study, flamesprayed aluminum and nickel and elactrolass nickel
were porous and not very effective, while hot-dipped aluminum gave good protection. In other
work, promising results were obtained with a duplex nickel coating. In view of the role of oxygen
(even as Ti02) on the hot-salt cracking, it is not believed that anodized films will offer satisfactory
protection:
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TABLE XXX II.
.,

APPROXIMATE THFIESHOLDS FOR STRESS-CORROSION
CRACKING OF TITANIUM ALLOYS IN HOT SALT

Nominal Compcrcition, 1W–Hr Threchold Stress, ksi

WC% Condition 550 600 650 700 750 800 850 900 950

Ti-5Al-2.5Sn Annealsd 28 30 —15— 10-20 —— —— -—

15
——

Ti-8Al.l Mo-lv Aged
Annealsd

Ti-2.5Al.l Mc-10Sn-5Zr Aged

TMAI.3MCI-IV Agsd
Annealed

—— —- —— —— 25
25 55 –– 23 --

20
—-

-—
18

--
—— .

—— -— —— 70 –– 40 35—— -—

—— 95 -- 25 ––
e4 78 –– 28 --

25
1549

—
——

——
—-

—
—

Ti.6A14V Aced — 95 65 25 30
w 50 -– 22 ––

12
1S-24

15
--

——
-.

-—
—

Another phenomenon that is closely related to stress-corrosion cracking is that of liquid-metal
embrittlement. Many alloy sywems, including titanium, hwebeen found toexhitit brittle failure
when incontact with specific low-melting-point metals. Inthe case of titanium alloy s, molten
mdmiumwill =umcmcking (e.g. tienusd asacoating ontitanium faaenem). Mercury and
mercury amalgems alao initiate cracking. Howwer, inthiscase, plastic rather than elastic deforma-
tionisrequired to induce cracking. Further, ithasbwn found that silver will muse cracking of
stressed Ti-7A14M0 and Ti-5Al.2.5Sn alloys at.temperatures of 650 F and above.

59. Crevice Cormsicm. Crwicecorrosion oftitanium anditsalloys has bwnshowntoomur
inchloride-aalt ablutions at elevated temperature. This attack occurs above 200 F, with increasing
frequency from 300t0400F. Acid andneutml mlutions~use thegreat~wXeptibiliW, tiereas
no attack has been observed at pH of 9 or more. Crevice attack occurs with about the same fre-
quency among unalloyed titanium and the common titanium alloys. The titanium alloy with about
0.2 percent palladium providea increased resistance to crevice attack, but it too is attacked after
long-term exposure at elevated temperature. A comparative y’ new alloy, Ti-( 1-2) Ni, also is
resistant to crevica corrosion. While. the mechanism is not completely understood, microcrevices,
lack of oxygen, and hydride formation maybe involved.

60. Galvanic Corrosion. In most environments, the electromotive potential of passive
titanium is quite similar to that for Monel and stainless steels. Therefore, galvanic effects are not
likely to occur when titanium alloys are coupled to these materials. On the other hand, less noble
materials. such as aluminum alloys, carbon steels, and magnesium alloys, may suffer accelerated
attack when coupled with titanium. The extent and degree of galvanic attack of a dissimilar metal
couple depends on the environment to which the coupl,e is exposed, and on the respective areas of
each metal iiwolved, e.g., if titanium is the cathodic member of a muple,%rsd if the area of the
antic member is smaller in relation to the titanium, then in a corrosive environment severe cor-
rosion of the anodic member could be expected. On the other hand, leas attack will be evident if
the areas of the two metals are rwersed. Such attack can be prwented or minimized in most cases
by protective paints and other treatments, which include modifying the environment or insulating
the dissimilar metals from direct contact with each other.
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