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FORWARD

On March 28-29, 1966, the Norair Division of
the Northrop Corporation sponsored a Titanium
Symposium in the Hawthorne Memorial Center at
Hawthorne, California, The primary objective of
the symposium was to provide technical personnel
of diversified disciplines with a working knowledge
of titanium technology. The papers were designed
to be of value to a nonmetallurgical technical
audience as well as enlightening to those familiar
with titanium technology. The format developed
by Norair in conjunction with DMIC followed a logi-
cal sequence of talks covering metallurgy, manu-
facturing technology, and design of titanium parts
for aircraft and aerospace applications.

The secondary purpose of the symposium was
delineated by Dr. R. L. Jones, Director, Research
and Technology at Norair, in the symposium summa-
tion. Dr. Jones called for a greater use of the
interdisciplinary approach in aerospace design.
Essentially the interdisciplinary approach calls
for utilization of all required support technologies
(materials, manufacturing, quality control, etc.)
eirly in the conceptional design state rather than
piecemeal after the design has been formalized.

Because of the renewed and current widespread
interest in titanium, the Defense Metals Informa-
tion Center, in cooperation with Norair, has re-
produced in this memorandum the thirteen lectures
that were delivered at that symposiume This was
done in the belief by DMIC that, for those new to
titanium, this collection of papers offers a fairly
simple yet comprehensive picture of titanium
technology as it exists today. DMIC also believes
that many of those who are already familiar with
titanium can profit from a review of the recent
developments which have occurred, particularly in
the areas of corrosion behavior, forging, extrusion,
forming, joining, and design, and which are
summarized herein.

In assembling these various manuscripts for
publication, DMIC gratefully acknowledges the
assistance of Dr. E. B, Mikus, Chief of Materials
Research at Norair, who organized the symposium
and acted as Symposium Chairman, and of B, G.
Calfin, Metallics Research Branch at Norair, who
served as Symposium Coordinator. DMIC is also
grateful to the Northrop Corporation as well as
to the individual lecturers and authors for their
permission to publish these papers. A list of the
individual contributors to this symposium is
given below.
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TITANIUM - YESTERDAY, TODAY, AND TOMORROW

J. G. Louvier*

What is the status of titanium today? One
does not have to read the technical metal journals
to find out. One has only to read the comics, and
let "Dick Tracy" inform one of titanium, the ti-
tanium space coupe and the titanium trade with Moon
Valley. Titanium has become a comic strip by-word.
What better criteria could be found to establish

titanium as one of today's prime space age materials.

However, do not be misled by this current popularity
of titanium; it is not a newly discovered element.

A brief review of the history and evolution of this
metal appears warranted prior to expounding on its
current status and future pctential,

HISTORY

Titanium was first discovered in 1790, ap-
proximately 175 years ago, 3as a constituent in
black sand, ilmenite, by an English clergyman and
amateur alchemist, William Gregory. He called the
element menachanite after the town Menachan near
where it was discovered. However, it was an
Austrian, M. H. Klaproth, who in 1795 discovered
the identical element while analyzing rutile and
gave the element its present name of titanium,
after twelve Greek mythical gods known as the
Titans, the earliest giants of the earth.

Many minerals contain titanium, but only two
are of prime commercial importance, ilmenite and
rutile - the very minerals in which titanium was
first discovered. Ilmenite is a combined iron-
titanium oxide of varied composition, while rutile
is titanium dioxide, richer in titanium than il-
menite but generally diluted with other minerals.
The important sources of ore in North America are
the Lake Allord district of eastern Quebec; Lake
Sanford, New York; Iron Mountain, Wyoming; and
Pablo Beach, Florida. Titanium ores are also
abundant, of course, in other areas of the world.
In fact, titanium ranks ninth among the elements
in abundance in the earth's crust, being exceeded
only by oxygen, silicen, aluminum, iron, calcium,
sodium, potassium, and nagnesium. Thus, titanium,
far from being a rare element, is actually quite an
abundant one. The difficulties encountered in pro-
cessing the titanium ores into metal have kept ti-
tanium classified for sc long as a rare metal.

. Not until over a century after its discovery
was the element titanium isolated from the com-
pounds it so readily forms with such elements as
oxygen, nitrogen, and carbon. Some have likened
titanium to a "streetwalker" because it will pick
up anything and everything. In 1910, M. A. Hunter
in a General Electric Laboratory succeeded in ob-
taining the first metallic titanium by the chlori-
nation of the titanium oxide ore and the subsequent
reduction of the titanium tetrachloride with sodium
in an air-tight steel container. Titanium remained
a laboratory curiosity, however; until 1946 when
Dr. William J. Kroll, under the auspices of the

* Senior Engineer, Materials Engineering, Norair

Division of Northrop Corporation, Hawthorne,
California,.

Bureau of Mines, proved that titanium metal could be
produced on a pilot-plant scale using a process he
had been developing for a number of years involving
the reduction of titanium tetrachloride with molten
magnesium. The product from this process is in a
cinder-like form and is referred to as sponge.

Du Pont advanced the Kroll process to a commercial
scale and became the first producer of metallic
titanium or titanium sponge for general sale in
Septeuber of 1948,

PRODUCTION

The production of titanium was enthusiasti-
cally promoted by the government after World War II.
As presented graphically in Figure 1, titanium pro-
duction increased steadily, as did the number of
producers, until the peak year of 1957. At this
time, Defense Department curtailment of aircraft
construction contracts and government subsidy re-
sulted in a reduction of titanium production from
100 percent capacity to 6 percent capacity within
a 6-month period. Correspondingly, the number
of producers dropped from a high of 25 to 6. This
recession did not alter the continuing steady de-
crease in titanium prices.
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The titanium industry survived largely on its
own merit from this depression period. Production
and use of mill products increased steadily from
this period until they recovered and eventually
surpassed the peak of 1957 while continuing the
reduction in product costs. Sponge costing approxi-
mately $5 per pound in 1953 was being sold for
$1.25 per pound in 1965. Percentage reductions in
mill products were comparable, decreasing from $25 to
$50 per pound to $6to $18 per pound depending on
the product. The shipments of mill products for
1966 are expected to exceed 10,000 tons. This
quantity will be the result of the efforts of two
U. S. sponge producers, supplemented by 16 percent
import, principally from Japan, and six mill pro-
ducts producers. The impetus for this ever-rising
production rate has been attributed to a combina-
tion of improved technology, reduced cost, and
increased application.

APPLICATION

Practically all of the titanium produced is
being used for defense requirements with civilian
application increasing with decreasing cost.

The largest current usage of titanium and ti-
tanium alloys as shown in Table 1 is in civilian
and military jet engines, accounting for 40 percent
of the total production. Titanium has been used
in almost every jet engine that. has been built.
Jet engine components fabricated of titanium are
compressor wheels, hubs, shafts, spacers, and blades.

TABLE !, CONSUMPTION OF TITANIUM BY
APPLICATION, 1963 to 1965
Percent of Total Titanium
Shipped in Year Specified
Application 1965 1964 1963
Jet Engines 40 24 25

(Includes Small Per-
cent Civilian)

Aircraft Frames (In- 30 46 36
cludes Small Percent
Civilian)
Miscile and Spacecraft 15 21 32
Civilian 10 8 6
Miscellaneous {Navy 5 1

Vessels, Ordnance,
Hardward, Experimental

Aircraft frames, including fire walls, access
doors, stiffeners, doublers, cowlings, and rip stop-
pers run a close second to jet engines in titanium
usage, requiring 30 percent of the total production.
In fact, in 1964, the percentage consumption values
for jet engines and airframes were approximately
reversed, with airframes accounting for maximum
usage.

Missile and space vehicle application, a
leader in 1963, is currently third in titanium
usage at 15 percent of the total production.

Rocket motor cases, oxidizer and fuel tanks, rocket
engine nozzles, nozzle extensions, pressure vessels

and engine skirts, as well as frames ard skins are
typical missle and space vehicle componants fabri-
cated of titanium.

Civilian usage of titanium attained an all-
time high in 1965, requiring 10 percent of the total
production. This 10 percent was consumed in valves
and pumps for corrosive chemicals; in wire cloth,
screens, and filter presses for filtering equipment;
in anodizing racks for electroplating; and in heat
exchangers, condensers, and tank linings where cor-
rosion may be a problem.

MATERIAL CHARACTERISTICS

The reasons for the increasing usage and
application of titanium and titanium alloys are
obvious upon consideration of the material proper-
ties versus the requirements of the aerospace,
ordnance, and chemical industries, the prime users.
The characteristics of titanium so essential to
these industries and to their future progress ar2
numerous and are shown in Table 2 in comparison
to 7075 aluminum and 4130 steel.

TABLE 2, COMPARISON OF SOME BASIC PROPERTIES
OF Ti-6Al1-4V TITANIUM, 7075 ALUMINUM
AND 4130 STEEL
Titanium Aluminum Steel
Property (6AL-4V) (7075) (4130)
Density (lbs/in.3) 0.161 0.100 04283
Elastic Modulus 16.5 10.5 29.5
(psi x 106)
Melting Temperature 3020 1180 2795
(degrees F)
Coefficient of 5.5 1245 6,5
Linear Expansion
(1076 in./in./F)
Thermal Conducti- 4 75 26
vity (Btu/hr/ft2/
F/Ft)
Yield Strength 155 70 160
Heat Treated
(Typical ksi)
Strength to Weight 963 700 565
Ratio (103 inch)
Elastic Modulus to 102 105 104
Weight Ratio
(10 inch)

The density of titanium (0.161 1lbs/in?) is
about midway between that of aluminum )C,100 lbs/
in.3) and steel (0.286 lbs/in.3) justifiably
classifying the material as a light weight metal.
This low density in conjunction with the high
strengths attainable results in exceptionally
high strength to weight ratios, approximately
double that of steel having an equivalent strength.
Strengths can be obtained ranging from 40,000 psi
for commercially pure titanium to 200,000 psi for
certain alloyed grades. The creep strength is
superior to other light weight metals, with some
titanium alloys retaining useful strength for
short periods at temperatures up to 800 F.
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The tensile modulus of elasticity, an indi-
cation of stiffness, ranges from approximately
15 to 18 x 10” psi, and is considerably higher
than that of aluminum alloys {10,5 x 100 psi) but
is only about 1/2 that of steels (29.% x 100 psi).
However, again upon consideration of the low den-
sity, the elastic modulus to weight ratic is com-
parable to that of the steel alloy.

The coefficients of expansion and thermal
conductivity of titanium alloys are much lower
than that of either aluminum or steel alloys.

The corrosion resistance of titanium is
phencmenal, being virtually immune to attack by
salt water, marine and industrial atmospheres,
and oxidizing solutions or acids. This excellent
corrosion resistance is due largely to a thin
tenacious oxide film which forms on the surface of
titanium. However, titanium can be attacked by
strong reducing acids, and certain alloys are
susceptible to aqueous environmental cracking and
hot salt-stress corrosion cracking.

Probably one of the most important properties
of titanium, and the least emphasized or acknowledged
is its ability to alloy readily with most metals and
mary of the non-metals. This ability enables ad-
Justment of the material characteristics to meet
explicit requirements, affording extreme versatility.
The alloys are usually designated by the chemical
symbol and the percent of the major alloying element
additions such as: Ti-6A1-4V, Ti-5A1-2.5Sn, etc.

An exception is commercially pure titanium in which
CP titanium is usually used preceded by the minimum
yield strength in ksi of the specific alloy grade,
i.e., 40 CP titanijum, 70 CP titanium. Specific types
and quantities of alloying additions affect the
phases present in the structure of the metal. This
is manifested by three types of structures by which
the alloys are classified:

(1) Alpha - single phase, not heat treatable.
Exemplary alloys are CP titanium and
Ti-5A1-2.5Sn.

(2) Alpha-beta = two phase, heat treatable, the

extent of heat treatment proportional to the
ammount of beta, or second phase present.
Ti-6Al1-4V and Ti-6A1-6V-2Sn are typical alloys.

(3) Beta -~ single phase at room temperature,
heat treatable to higher strengths than the
other alloys, but not stable, particularly
on extended exposure above 600 F. Only one
commercial alloy, Ti-13V-11Cr-3Al,

ALLOYS

In 1954 only 6 alloy grades of titanium were
produced, with this number increasingly consistently
with the passing years, to attain 19 by 1959 and 30
by 1965. However, 85 percent of the mill products
shipped in 1965 were composed of only three grades:
Ti-6Al1-4V, Ti-5A1-2.5Sn, and unalloyed. Of these
three grades, Ti-6A1-4V accounted for 60 percent
of the production, with the remaining 25 percent
being divided about equally between unalloyed and
and Ti-5A1~2.55n. As shown in Table 3, this per-
cent usage by alloy grades has followed this pat-
tern with little deviation for a number of years.
However, the trend toward the use of higher strength
titanium alloys is now evident and is shown schemati-
cally in Figure 2. A total of 8 grades, 3 unalloyed
and the alloy grades Ti-5A1-2,55n, Ti-8Al-1Mo-1V,

TITANIUM SHIPMENIS BY ALLOY GRADE,
1960 to 1964

TABLE 3,

PERCENT OF TOTAL TITANIUM SHIPPED
ALLOY GRADE IN SPECIFIED YEAR
1964 1962 1960
L 60 65 60
5A1..2.55n 12 9 7
UNALLOYED,
3 GRADES 13 13 19

Ti-6A1-4V, Ti-6A1-6V-2Sn, and Ti-13V-11Cr-3Al, are
used for about 90 percent of the applications. The
material characteristics of these grades are
described below and summarized in Table 4,

The three unalloved grades having minimum
tensile yield strengths of 40 ksi, 5% ksi, and
70 ksi are actually alloys of titanium with oxygen.
These commercially pure grades are all alpha phase
and cannot be heat treated. These grades afford
the maximum formability, possessing the greatest
ductility, as well as the best corrosion resistance
and weldability. They also, of course, comprise
the grades with the least strength. The unalloyed
grades are available in all forms, including seam-
less tubing.

The Ti-5A1-2.5Sn grade i{s also a non-heat-
treatable all alpha alloy, but possesses moderate
strength, approximately 35 percent greater than
the strength attainable in the 7C ksi unalloyed
grade. Creep resistance is superior since a high
percentage of its room-temperature strength is
maintained at temperatures to 800 F. Formability
i¢ only fair to good, but it is one of the most
weldable alloys. Ti=-b5A1-2.55n is more susceptible
to hot salt-stress corrosion than any of the other
commercial alloys. The alloy is readily available
in all forms except tubing.

The Ti-8Al1-1Mo-1V alloy is one that is
termed a near alpha or super alpha alloy; the beta
content for this alpha-beta alloy being too low to
be of any practical value for heat treatment.
However, its strength in the annealed condition
is higher than for any other alpha alloy with cor-
responding superiority in creep resistance. The
alloy is subject to an ordering reaction (a system-
atic repetition of the atomic structure) when ex-
posed to temperatures in the range of 900 F to
1300 F and slowly cooled. Strength is increased
slightly at the expense of reduced fracture tough-
ness. However, fracture toughness after special
annealing treatments, (e.g., duplex annealing,
which eliminates the order structure), is higher
in proportion to its strength than that for any
other alloy. The formability of the alloy is only
fair, but weldability is good. Unfortunately, the
alloy is one of the more susceptible to aqueous
environmental cracking and to hot salt-stress
corrosion.

The Ti-6A1-4V grade and its stronger modifi~
cation Ti-6Al-6V-2Sn are both alpha-beta alloys
and, therefore, are heat treatable, The Ti-6Al-6V-
25n alloy is heat treatable to higher strengths
(180,000 minimum ultimate) than any other alpha-beta
alloy. Weldability of Ti-6A1-6V-25n is considered

pocr and also somewhat inferior to Ti-6Al-4V,
Formability of both alloys is fair in the annealed
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or solu*tion-treated conditions, with Ti-AAl-4V
considered the superior of the two alloys in this
respect, Ti-6Al-4V is available in all forms ex-
cept tubing, while Ti-6Al1-6V-2Sn is available pri-
marily in heavy sections such as plate, forgings,
and extrusions, Ti=6Al=6V-2Sn sheet stock is being
produced in limited quantities, and usage is ex~
panding.

Ti=13V=-11Cr=-3Al is the only commercial all
beta alloy. This alloy can be heat-treated to the
highest strengths { over 200,000 psi ultimate) of
any commercial titanium alloy. However, the heat-
treated alloy has limited stability on prolonged
exposures above 600 F, but it does 1etain a high
percentage of its room-temperature strength at
temperatures up to 800 F. This grade can be formed
readily before aging. The alloy is weldable, but
the welds tend to embrittle after aging and, there-
fore, the weldability is limited. Fracture tough
ness is cunsiderably inferior to other alloys and
the alloy 1s also susceptible to hot sali-stress

corrosicn. The alloy is available in all forms
except tubing and with extrusions beiny in limited

supply.

Other alloys in considerable use, but to a
lesser extent than those described above, are
Ti-8Mn, Ti-4A1-3Mo-1V, Ti-7Al-4Mo, and Ti-7Al-2Cb-
1Ta arong others,

FORECAST

The titanium used in making these alloys is
still produced by essentially the same procedure
perfected in the late 1940's by Dr. W. J. Kroll.
The process, however, has reached its economic

limit and further reduction in titanium raw metal
or sponge cost depends on the development of a
more efficient process. Although recognized as
not being an easy task, the industry is already
attempting to improve the situation.
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New mills are being developed tailored speci-
fically to the requirements »f the titanium industry
in order to attain increasec production of more
products with superior quality. One major producer
has already initiated a continuous strip rolling
mill incorporatirg a continuous vacuum annealing
furnace capable of producing strip up to 52 inches
wide by 0.010 to 0.080 inch thick. The maximum
circumscribing circle sjze {overall size) attain-
able in extrusions has recently been expanded
from 7 to 9 inches, with a further increase in
size to be expected as larger extrusion presses
are utilized. Along with this increase in circle
size, the maximum extrudable length has been ex-
tended from 25-30 feet to 40-50 feet, depending
on the cross-sectional area. Cactings are not
widely used and the availability is rery limited.
However, recent developlments may change this
status for the better.

A low-temperature (400 F) salt bath descaling
process has been developed for removing tenacious
high-temperature oxide scale. Research is being
performed to further reduce the descaling ‘tempera-
ture and improve the process. Coatings which inhi-
bit scaling during elevated-temperature exposure
in air, and that may even cerve the dual purpose
of acting as a lubricant during hot forming, are
being investigated intensively. Their develop-
ment would alleviate considerably the difficult
descaling requirements.

Improved production or fabrication technology

~ r@sults in lowered cost with increasing application,

particularly by civilian users. The civilian
market is expected to increase in 1366 by as much
as 50 percent. New programs in hydrospace (deep
submergence vehicles), desalination, and hardware
are also expected to exert their influence. The
greatest potential for titanium application is
again considered to be in airframe structures,
with the total titavium production, as mentioned
previously, expected to exceed 10,000 tons in 1966.

In conjunction with improved manufacturing
technology, research is being constantly conducted
to develop new alloys or treatments in order to
remedy any adverse or undesirable characteristics,
as well as to enhance or achieve essential proper-
ties that may have been either inadequate or lack-
ing. Higher strength alloys will be available in
the near future with strength-to-weight ratios

increased from approximately 995 x 103 to 1400 «x

103 and with improved elevated-temperature stabi-
lity so as to extend structural application from

900 F to the 1100 to 1200 F range.

New alloys are being developed to afford
increased resistance to hot salt cracking, notably
the modification of the Ti-7A1-2Cb-1Ta alloy to
Ti-6Al-2Cb-1Ta=0.8M0 and the new high-strength
alloy Ti-2A1-4Mo-4Zr. The addition of 4Zr to the
Ti-6A1-6V-25Sn alloy results in significant strength
and ductility improvements, while the modification
of Ti-5A1-2.5Sn alloy with 2.5V and 1.3Cb affords
markedly improved cryogenic properties down to
-423 F, Various thermal treatments are also being
investigated and developed which may alter the
characteristics of specific alloys sufficiently
to make them satisfactory with regard to their
heretofore unacceptable properties such as fracture
toughness, hot salt-stress cracking, or aqueous
environmental cracking.

With the titanium producer and researcher
making obvious all-out efforts to meet the require-
ments of the designer and consumer, and the con-
sumer, and the designer and consumer applying to
the fullest extent those characteristics of ti-
tanium which are so desirable, titanium should
truly become the Titan, after whom the metal was
so aptly named, of the space age materials.
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BASIC TITANIUM METALLURGY

Dr. E. L. Harmon*

In order to present a reasonably representa-
tive introduction to basic metallurgy in the short
time allotted, we will only be able to cover se-
lected high spots of the subject matter.

Some of the more important characteristics of
metals and alloys in general will be described,
with particular reference to titanium.

Let us consider the solidification of a
metal from the melt. Usually several nuclei will
start to solidify simultaneously as a molten metal
is cooled.s A given solid nucleus, or crystallite,
will grow until it bumps into another crystallite
which is growing from a different direction. When
the metal has completely solidified, it will con-
tain numerous crystallites, called grains, which
are contiguous with one another. Within each
grain all of the atoms will be arranged in a
regular lattice-like array. This geometric pattern
that the atoms tend to form when a metal solidifies
is known as its crystal structure or crystal lat-
tice. The three most important types for metals
are:

(1) Face-centered cubic
(2) Body-centered cubic
(3) Hexagonal close-packed.

These are illustrated in Figure 1.

B

FACE CENTERED BODY-CENTERED HEXAGONAL CLOSE.
cusiC cusIC PACKED

THREE COMMON TYPES OF CRYSTAL STRUCTURE WITH
SPHERES REPRESENTING ATOMS

FIGURE 1,

The term face-centered cubic arises from the
fact that atoms are lccated at the corners of a
cube and also at the center of each of the faces
of the cube. Similarly, in the body-centered
cubic crystal structure atoms are located at the
corners of a cube and also one atom is located
right in the center of the cube. The atoms in the
hexagonal close-packed crystal structure are lo-
cated at each of the corners of the hexagon. In
addition, there is an atom in the center of the
top face, one in the center of the bottom face,
and three atoms within the hexagon located halfway
between the top and bottom faces. There are pro-
nounced differences between the hexagonal close-
packed structure and both the body-centered cubic

* Enginecering Specialist, Research and Techno-
logies, Norair Division of Northrop Corporation,
Hawthorne, California.

and face-centered structures. A cube, whether

it is body-centered cubic or face-centered cubic,
appears the same whether you are looking at it
from one of the four sides or the top or bottom
face. The appearance and the behavior of a hexa-
gon, however, are highly orientation dependent.
Crystallography of metals is a very complicated
subject, and it is not the intent to go into
detail here. The important points to remember are
twos first, there are important differences in
the geometrical arrangement of atoms within the
three different crystal structures; secondly,
because of these geometrical differences, there
are significant differences in the behavior and
properties of one type of structure compared with
another. As a general rule hexagonal close-
packed metals and alloys are more difficult to
deform than cubic metals and alloys, and their
properties can be highly orientation dependent.
Of the two cubic structure types, face-centered
cubic is harder to deform than body-centered cubic.

It is important to realize that these
structures or unit cells do not exist within the
metal as discrete little cubes or hexagons, as
depicted here. Even the smallest recognizable
grain or crystallite of solidified metal contains
millions of atoms. However, these millions of
atoms are arranged in an orderly, three-dimensional
lattice-like array whose geometry at any point in
the entire array, is characterized by one of these
unit cells. This regularity and repetitive nature
of the lattice is interrupted only at the boundary
of the grain, where it meets another grain which
started to grow from the liquid at a different
point and with a different orientation.

Now, let us look at what the crystal
structures are for some of the common metals. As
shown in Table 1, aluminum and copper are each
face-centered cubic, magnesium is hexagonal close=-
packed, iron is body-centered cubic at tempera-
tures up to 1650 F. Above this temperature, the
iron atoms are not thermodynamically stable in
the body~-centered cubic arrangement, and a phase
transformation occurs wherein the atoms rearrange
themselves into a face-centered cubic structure.
At still higher temperatures, above 2550 F, the
oody-centered cubic crystal structure again be-
comes the most stable phase. The change from one
phase to another that takes place within a metal
at a certain temperature is known as an allotropic
transformation. Titanium also exhibits an allo-
tropic transformation at about 1625 F., DBelow this
temperature, the hexagonal close-packed (alpha)
phase is stable, and above 1625 F, the body=-
centered cubic (beta) phase is stable.

The occurrence of a phase transformation in
titanium is very important and, as will be seen
later, forms the basis for classification of ti-
tanium alloys as alpha, alpha-beta, or beta types.
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JABLE 1,
METAL CRYSTAL STRUCTURE
ALUMINUM FACE-CENTERED CUBIC
COPPER FACE -CENTERED CUBIC
MAGNESIUM HEXAGONAL CLOSE -PACKED

IRON BODY-CENTERED CUBIC (BELOW 1650 F)
FACE-CENTERED CUBIC (BE TWEEN 1650-2550 F)
BODY-CENTERED CUBIC (ABOVE 2550 F)

HEXAGONAL CLOSE -PACKED (ALPHA FHASE) (BELOW 1625 F)
BOOY-CENTERED CUBIC (BETA PHASE) (ABOVE 1625 F)
Another very important characteristic of a
metal is its ability to dissolve other elements.
These other elements may go into "solid solution"
in a metal in one of two ways: substitutionally,
or interstitially, as shown in Figure 2. Solute
clements which have about the same atomic size
(within about 15 percent) of the solvent or base
metal may form substitutional solid solutions if
other factors such as electronegativity and valence
arc favorable. That is, individual solute atoms
replace individual solvent atoms in the original
crystal structure, as illustrated in the figure for
a body-centered cubic structure {which could be
beta titanium, for example). As an example, zir-
conium is very close to titanium in atomic size
and the other factors are favorable. Therefore,
titanium is capable of completely dissolving zir-
conium and vice versa. Other elements, for which
the factors promo*ting substitutional solid solu-
tion with titanium are not quite so favorable,
will dissolve in titanium only to a limited extent.

TITANIUM

SUBSTITUTIONAL AND INTERSTITIAL SOLID SOLUTIONS
FIGURE 2,

Elements which have a very small atomic
size, such as carbon, nitrogen, oxygen, hydrogen,
and sometimes boron, form interstitial solid so-
lutions with metals. That is, these small elements
are dissolved in the interstices, or vacant spaces
which exist between the atoms in the crystal
structure, as illustrated. The interstices in a
body-centered cubic structure, such as beta ti-

~tanium are not as large as the interstices in a
hexagonal close-packed structure, such as alpha
titanium. Therefore, one might expect (as is
the case) that alpha titanium has a higher toler=
ance for interstitials such as carbon, oxygen and
nitrogen than does beta titanium.

One might ask the questicn, "How do we get
elements into solution in a metal?" The usual
way is to melt the metal, together with the al-
loying elements, and let it cool down and solidify.
Another method is to mix fine powders of the metal
and alloying elements, press them together into
intimate contact and hold the mixture at a high
temperature below the melting point. At high
temperatures, the atoms will diffuse among one
another and effect essentially the same result as
nelting. }

The characteri«tics of crystal structure,
phase tranoformation and solid solubility lead tu
consideration of equilibrium phase diagrams. An
equilibrium phace diagram i< encentially a map
describing the quantities and compositions of the
various phases present in an alloy at any tempera-
ture, under equilibrium conditions. It is an ex-
tremely useful tool in understanding and predicting
alloy behavior., We will confine our discussion to
binary equilibrium phase diagrams, which are the
simplest to understand and interpret. Binary de-
notes that there are two elements involved, e.g.,
iron and carbon, or aluminum and copper.

Two examples of equilibrium phase diagrams
which have been very useful for many practical
commercial applications are the iron-carbon and
the aluminum-copper diagrams. The iron-carkon
equilibrium diagram provides the basis for under-
standing the strengthening of steel. The aluminum-
copper equilibrium diagram explains the familiar
phen~menon of age-hardening which occurs in many
commercial aluminum alloys. In the same way,
equilibrium diagrams of titanium with various al-
loying elements can be helpful in understanding
and predictinc beuavior and properties of com=
mercial titanium alloys. In a shert while, we will
present the various common types of equilibrium
phase diagrams that are important to titanium al-
loy technology, but first we will present one
particular diagram, of a simple type, for the
purpose of illustrating what an equilibrium phase
diagram tells us and how it can be u.cd. Let us
consider the titanium-vanadium system, Fiqure 3.

#=BODY.CENTERED CUBIC
& =HEXAGONAL CLOSE.PACKED

oLl
0 60 70 80 90 100
TITANIUM

% VANADIUM
FIGURE 3,

We will start by discussing the behavior of
titanium alone, then the behavior of vanadium
alone, and then we will get into the significance
of the diagram itself. Above 3190 F degrees
titanium is liquid. As it cools down below this
temperature, titanium solidifies into a body-
centered cubic crystal structure called beta ti-
tanium. Upon continued cooling this phase remains
stable until a temperature of 1625 F is reached.

As titanium is cooled below this temperature,

the body-centered cubic structure becomes unstable,
and the atoms rearrange themselves into an energe-
tically more favcrable hexa~onal close~packed phase
designated alphe titanium, which is stable at
temperatures all the way down to absolute zero.
Vanadium melts at 3300 F. It solidifies into the
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Lody=centered cublc crystal structure, also, How-
ever, it does not exhibit a phase transformation as
does titanium.

Now, let us mix up powders or chunks of pure
titanium and pure vanadium - in the proper propor-
tions - so that we have an average composition of
fifteen percent vanadium by weight. Let us heat
this mixture up to a very high temperature, and
melt it. HNext, we will slowly cool this mixture,
or alloy, as it is now more properly termed, and
examine what happens to it. As we reach a tempera-
ture just below the liquid line, solid particles
with a body~centered cubic crystal structure will
form within the liquid. If we stop cooling, and
maintain the alloy at this temperature, it will
never completely solidify. It will consist of
solid particles of less than 15 percent vanadium
content in liquid of higher-than=15 percent
vanadium content.  Now, if we continue to cool, the
solid poarticle” will grow at the expense of the
liquid until t. !liquid is all used up and the com=-
pusition of the solid is exactly 15 percent vana-
dium. Thus, we see that in an alloy, solidifica-
tion takes place over a range of temperatures, as
compared with a fixed temperature in a purec metal.

Now that the alloy is completely solidified,
continued cuoling produces no structural changes
until we reach the alpha-beta, beta phase boundary.
Ihis temperature is called the beta transus tempera-
ture for this alloy.

As we conl below this temperature the body-
centered cublc beta phase becomes supersaturated
with titanium. It needs to have more vanadium
and less titanium in it. In other words, at the
temperature designated by the upper dotted line in
Flgure 3, the beta phase would like to have the
compusition at Point (. The way it accomplishes
this 15 to reject titanium-rich hexagonal close-
packed alpha phase in the form of small particles
.r precipitates, This alloy when it reaches equili-
brium at this temperature will consist of alpha
phase distributed uniformly within a matrix of beta
phases.  The compositions of the two phases are given
by the intersection of the temperature line with the
recpective phase boundary. The relative quantities
ot alpha and beta, depend upcen how close the alloy
cemposition 1s to the respective phase boundaries
along the constant temperature line. If we continue
cooling to a lower temperature, such as to the lower
do tted line in Figure 3, and wait long enough for
cquilibrium to be reached, the quantities and compo-
<itions of the iwo phases. alpha and beta, will ad-
just themselves ac prescribed by the equilibrium
pha~e diagram. At this particular lower temperature,
f r example, there will be considerably more alpha
precent, and corrccpondingly less beta phase, but
the beta will be very rich in vanadium.

The equilibrium diagram describes the quanti-
tics and compositions of the various phases present
in an alloy under equilibrium conditions. It does
not tell us anything about the time it takes to
reach equilibrium, However, in general the higher
the termperature the quicker an alloy goes to
equilit riume On the other hand, at low tempera-
ture', it may take an extremely long time., In
titanium alloys, ftor example, below about 1000 to
2000 F, equilibrium is not attained within practi-
cal time periods, even after times as long as sever-
al days. The mechanism by which an alloy approaches
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equilibrium is through diffusion, a process by
which atums rearrange themselves within the solid
crystalline structure of the alloy. Diffusion

is accelerated at high temperatures, where the in-
creased thermal energy of the atoms makes 1t
easier for them to migrate through the crystal
structure.

Now, let us look ai what happens if, instcad
of cooling slowly, we were to quench the alloy
rapidly from a temperature within the beta region,
to room temperature. Provided the quenching were
done rapidly enough, diffusion would not have time
to take place, and the atoms would be "frozen" in
their positiur~n, At room temperature, then, the
alloy would consist entirely of highly super-
saturated body=-centered=-cubic beta phase, which
would like very much to throw out some of the
titanium atoms in the form of alpha phase and
adjust its own composition to some higher vanadium
content. This tendency for the beta phase to attain
a lower energy state is so great that even at room
temperature where diffusion is very sluggish, we
can notice an increase in the hardness of the alloy
after a few days. This increase in hardness
(known as age hardening, or just aging) reflects the
first step in the quest for equilibrium. It is
caused by precipitation of extremely small particles,
rich in titanium, which are the precursors of the
hexagonal cleose-packed alpha phase.

We can increase the magnitude and rate of
this precipitation and related hardening by re=-
heating the quenched beta phase to some moderately
elevated temperature, e.g., 800 F. In order to
attain a desired hardness level, the aging time
and temperature must Lo carefully selected. Aging
at too high a temperature or for too long a time
causes coalescence of the fine alpha particle
which cause the hardening. As a result of this
ccalescence, the alpha particles become bigger,
but there are fewer of them. Since the hardness is
more dependent on the number of particles than on
their size, coalescence is accompanied by softening
or "overaging". This behavior is bacically identi-
cal with that of aluminum alloys with which most
of you are familiar.

In practice, a titanium alloy is usually
not quenched from the beta region and aged, but
it is held at a high temperature (slightly below
the beta transus temperature) to allow some alpha
to form in equilibrium with a richer alloy content
beta. Quenching from this intermediate temperature
permits subsequent aging of the supersaturated
higher alloy beta without any appreciable reaction
of the "primary" alpha which was formed at the
high temperature. This procedure normally results
in better mechanical properties.

Now, if we had selected a 10 percent vanadium
alley instead of a 15 percent vanadium alloy, and
rapidly quenched it, we would have observed dif=-
ferent behavior. In this case, also, diffusion
would not have time tu occur, but in this alloy
the beta phase is even more supersaturated with
titanium, that is, the vanadium content of the
beta is even farther away from equilibrium as com-
pared with 15 percent vanadium. For this reason,
during the rapid cooling process, when the alloy
reaches about 900 F, the body-centered-cubic beta
phase becomes mechanically unstable and transforms
by a shearing process to a crystal structure in a




lower vnergy conditlion, in this case the hexagonal
cluse=packed phace. Since rapid coelirg prevented
diffusion, this hexagonal clouse-packed phase will
ontain 10 percent vanadium. A look at the equili-
brium diagram shows that at rcom temperature,
the hexagonal ‘close-packed alpha phase should only
contain about 3 percent vanadium, Thus, we
now have supersaturated alpha, or what is commonly
designated alpha prime. This alpha prime wants
to get rid of its cxcess vanadium by precipitating
small particles of vanadium-rich beta and will do
50, upon aging, in a manner analogous to super-
saturated beta, as described before. This shear
transfermation, which occurs upon quenching the
beta phace in alloys containing less than 15 percent
vanadium, 15 called a martensitic transformation
bLecause 1t resembles the martensitic transformation
in irun-carboun alloys, vhich is the basis for the
strengthening of steels.,

All right, now we have covered quite a bit of
territory in discussing this equilibrium diagram.
The purposc was to expose you to some of the con-
cepts and terminology that you will hear later on.
The important points to rememker are: First, the
equilibrium diagram describes the quantities and
comp sitions of the various phases present in an
alloy under equilibrium conditions. Secondly, we
very rarcly have, or want, equilibrium conditions.
However, the basis of all heat treatment is the
tendency of an alloy to proceed toward its equili-
brium condition. If we are clever, we take ad-
vantage of this tendency by letting the alloy go
as far as will result in a condition that is useful
to us.

The titanium-vanadium equilibrium diagram is
representative of a particular type of titanium
diagram called beta isomorphous, which is one of
the three most common types. These are shown in
Figure 4 and are partial diagrams in that they de-
pict only the solid phases, and the titanium-rich
regions. First in Figure 4c it will be noted that
ailoying clements of the beta-isomorphous type
tend to stabilize the beta phase at lower tempera-
tures. Other alloying elements, besides varadium,
which form this type of diagram are molykbdenum,
columbium, and tantalum. There are other alloying
elements, such as manganese, iron and chromium
which also stabilize the beta phase to lower tempera-
tures. Equilibrium diagrams of titanium with these
alloying clements are called beta eutectoid type
diagrams. These diagrams are characterized by the
fact that titanium forms a stable intermetallic
compound with these elements at compositions inter-
medifte between pure titanium and the pure alloying
element. The term eutectoid refers to Point
on the cquilibrium diagram in Figure 4b. An alloy
of tnis composition when slowly cooled from the
single phase beta region will decompose at tempera-
tures just below this eutectoid temperature to
form two phases, alpha, and the intermetallic com-
pound, here designated TiX. The main difference
between beta eutectoid and beta isomorphous type
alloys is that during heat treaiment, the presence
of the hard intermetallic compound must be considered,
as well as the presence of alpha and beta. The
third common type of titanium equilibrium diagram
is called alpha peritectoid. Alloying elements that
form this type of diagram with titanium are called
alpha stabilizers, that is, they raise the tempera-
ture region and broaden the composition range over
which alpha is stable. Aluminum, tin, several rare
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earth elements, and the interstitials - carbon,
oxygen, and nitrogen - fall into this category.
The term peritectoid refers to Point on the
equilibrium diagram in Figure 4a. The peritectoid
reaction occurs in a manner opposite to that of

a eutectoid reaction. That is, as temperature is
lowered, two phases which are in equilibrium

at temperatures zbove the peritectoid temperature
will react with each other to form a single phase
which is stable at lower temperatures.

The equilibrium diagrams we have discussed
have all been for binary alloys. However, most
commercial titanium alloys contain at least two
different elements besides titanium. Nevertheless,
the behavior of complex alloys can be interpreted
and explained by simple equilibrium diagrams within
certain limits. Any of the important titanium
alloys may be classified as either alpha, alpha/
beta, or beta alloys depending upon which phase or
phases are present in the condition in which it is
nurmally used.

So far, we have discussed crystal structure,
solid solution, phase transformations and the
equilibrium diagram as the basis for heat treatment
of metals and alloys. Now, let us consider the
strength and deformation of metals and alloys.

Figure 5 is a cross section through a per-
fect metal crystal. The circles represent individual
atoms in the plane of the cross section.

Suppose, for example that this ideal crystal
containing no imperfections were to be sheared with
a uniform movement of all the atoms in the top half
across all the atoms in the bottom half, each atom
being pushed over the atom beneath at the same time.
The shear stress necessary to cause this movement
of one atomic distance can be calculated from the
elastic shear modulus. This calculated stress is
about 1000 times the observed shear stress for
yield in a real metallic crystal. This tremendous
discrepancy can be accounted for by the fact that
the crystal structure of metals is not perfect.
There are two major types of imperfections found
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DEFORMATION OF PERFECT CRYSTAL

FIGUKE 5

in all metals and alloys, vacancies and dislocations.
A vacancy or missing atom, in the crystal lattice is
particularly effective in aiding diffusion. Thus,
we can visualize an adjacent atom "popping into"

the vacancy, and leaving behind it another vacancy,
which is then filled by the next atom, which in

turn creates a vacancy, and so forth. In this man-
ner, atoms can move around rather easily within the
solid, crystalline structure,

The second important type of imperfection is
a dislocation. The simplest type of dislocation,
and the easiest to visualize is an edge type as
shown in Figure 6., Again, this represents a cross
section through a metal grain. The circles repre-
sent individual atoms in the plane of the cross
sections The extra row of atoms causes a disloca-
tion in the lattice. These dislocations are pro-
duced by stresses and impurities which are present
during solidification of a crystal from the melt,
In effect, an extra plane of atoms is jammed part
way into the otherwise regular crystal lattice. The
strains produced in the vicinity of this dislocation
are such that it requires only a small shear stress
to "pop” the dislocation over into the next row of
atoms, and then into the next row, and so forth,
until the entire top half of the crystal has moved
one atomic distance over the bottom half, as shown
in the right hand side of Figure 6. In this
manner, the discrepancy between observed yield
strength and the yleld strength calculated assum-
ing a perfect crystal can be explained.

EDGE DISLOCATION
IN A CRYSTAL

“SLIPPED" CRYSTAL
AFTER APPLICATION
OF SHEAR STRESS

FIGURE 6

The following analogy may help you to
visualize how dislocations make it easier to deform
metals. Assume you have a large heavy rug in your
living room, which is not centered properly. It
is off to one side by about one foot. If you were
to grab it by an edge and try to pull it to center
it, you would probably need three people to help
you. On the other hand, if you were to create
a ripple in the rug on the opposite edge, you could
easily push the ripple across the floor, and when
the ripple had traversed the rug, the rug would
have traversed the floor.

Because metals deform by movement of dis-~
locations, and since we cannot, in a practical way,
remove all dislocations, if we want to strengthen
metals we must find a way to hinder the movement
of dislocations. There are basically two ways to
hinder the movement of dislocations: (1) place a
foreign object in the path of the dislocation or
(2) create an array of other dislocations, whose
strain fields interact with the dislocation and
prevent it from penetrating. For the first method
of strengthening the foreign object might be a
precipitated or dispersed second phase, or it
might be a dissolved alloying element which doesn't
fit too well in the parent lattice and creates a
strain field in the vicinity which prevents the
dislocations from getting through. The second
method of strengthening is what we use when we
cold work or strain harden a metal or alloy. Cold
working generates large numbers of dislocations
which then act as effective barriers to movements
~f other dislocations, so that a higher stress is
then required to produce a given amount of deforma-
tion. These methods of strengthening are illu-
strated in Figure 7.
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FIGURE 7, SCHEMATIC ILLUSTRATION OF METHODS USED TO STRENGTHEN METALS

FIGURE 7

When a severely cold-worked metal is
gradually heated to elevated temperatures, the
dislocations within the crystal structure become
more mobile and tend to move away from each other.
As they do this, small regions which are relatively
free of dislocations will be formed. These
regjions, because they are thermodynamically more
stable than the surrounding dislocation-dense
areas, will gradually consume their surroundings
and grow at their expense. A number of these
relatively dislocation-free areas will form and
grow simuitaneously until they consume all of the
original cold-worked areas. The new crystallites
or grains will be as soft and as free of disloca-
tions as the original undeformed metal. This
process is called recrystallization, and the
temperature at which it takes place is called the
recrystallization tei serature. In titanium this
temperature is about 1000 F.




Let us now review briefly what has been
covered so far.

First, metals solidify from the molten state
in a regular geometric crystal pattern. The three
most common types of metallic crystal structure are
fcc, becyand hep, tome metals, including titanium,
& undergo what is known as an allotropic transforma-

tion. That is, these metals exist in more than one
crystal structure, depending upon temperature. In
the case of titanium, at low temperatures, the hcp
alpha phase is stable, while at temperatures above
1625 F, the body-centered-cubic beta phase is

stable.
i Metals possess the ability to dissolve other
! elements in what is known as solid solution. There
are two types of solid solutions: substitutional,

in which the dissolved elements are approximately
the same size as the dissolving element, and inter-
stitial, in which the dissolved elements are con-
siderably smaller than the dissolving element. An
equilibrium phase diagram describes the amount and
composition of the various phases present in an al-
loy system, at any given temperature under equili-
| brium conditions. Although we seldom use alloys in
the equilibrium, or lowest energy, condition, we do
take advantage of the tendency of an alloy to ap-
proach equilibrium, and we let it go as far as
necessary in order to produce the properties which
we desire. Usually heat treatment involves a
quenching step which produces a supersaturated
structure. This supersaturation provides the driv-
ing force for subsequent aging reactions which can
produce substantial strengthening in many alloys.
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There are three common types of titanium equilibrium
diagrams, beta isomorphous, beta eutectoid, and
alpha peritectoid. The first two types are formed
by alloying elements which stabilize the beta phase &
of titanium, while the third type is formed by al- »
loying elements which stabilize the alpha phase.
Commercial titanium alloys, depending upon the type
and quantity of alloying elements, may consist either
of alpha, a mixture of alpha and beta phases, or of
beta alone, and they are designated accordingly.

Numerous imperfections exist in what would
otherwise be perfect metallic crystals. One type
of imperfections, lattice vacancies, contribute
significantly to diffusion of metal atoms within
the solid crystal structure. Another type of im-
perfection, dislocations, provide the mechanism
by which metals deform, and explain the discrepancy
between the actual strength of a metal and the
theoretical strength calculated on the basis of
perfect crystals. Metals may be strengthened by
impeding the movement ~f dislocations, e.g., by
adding appropriate alloying elements, or by pre-
cipitating a hard second phase. Another way of
impeding the flow of dislocations is to create an
array of other dislocations. This may be ac-
complished by cold working. The effects of cold
working can be removed by heating the metal above
a certain temperature, called the recrystallization
temperature. A metal which is worked at tempera-
tures above the recrystallization temperature, works
very easily and the metal remains soft and malleable.
This process is called hot working and is used to
get metals into desired shapes and sizes,
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TITANTUM PROCESS METALLURGY

W. H, Heil*

RO ION

Some of the combinations of properties that
make titanium an attractive structural material, as
well as give {t its excellent corrosion resistant
characterlistics, combine to make the refinement of

the ore to finished mill product an elaborate, diffi-

cult operation that must be carefully controlled
and performed on specialized equipment. This is
true in the reduction of the titanium oxide to the
raw metal and in the mill processing operations.
The single most important fact to remember in the
processing of titanium and the one characteristic

that makes it difficult to produce is the fact that

titanium is a reactive metal. rhis means that at
any temperature of 1100 F or over (the higher the
temperature the more rapid it occurs), titanium
will soak up oxygen from the atmosphere. This
oxygen in turn seriously impairs the useful proper-

ties of the metal. It is necessary in the redustion

and melting of titanium to use temperatures con-
siderably over 1100 F ~o that other protective
means such as working in vacuums or under inert
gas blankets are required. Mill processing or hot
working of the metal at temperatures up to 2000 F
is normally dene in air with the oxygen damaged
surface being subsequently removed by mechanical
or chemical means.

This talk will be broken down into three
basic areas of processes as follows:

(1) Reduction of the ore to the metal

(2) Blending, alloying and melting of the raw
metal into alloyed ingots

(3) Mill processing and heat treatment.
REDUCTION

There are currently two major titanium metal
producers in this country. These are The Titanium
Metals Corporation of America and Reactive Metals,
Incorporated. Both producers use a reduction pro-
cess known as the Kroll process. This process is
named after Dr. William A. Kroll, who first de-
veloped this process in 1928, The process consists
of first converting the TiO, to a TiCl, and then
reducing the TiCl4 with metallic magnesium or
sodium.

Titanium is an abundant metallic element in
the earth’s crust, but generally it occurs com=
plexed with other metallic elements. Figure 1 is a
beach scene in Australia where the mineral rutile
(Ti02) is found as beach sands with purities in
excess of 95 percent TiOp. Figure 2 is a flow
chart of the reduction operation.

* Technical Service Engineer, Titanium Metals
Ccrporation of America, Los Angeles, California.

FIGURE 1
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The first step in the reduction process con-
sists of introducing the rutile ore into a large
chlorinator unit along with a controlled amount of
carbon in the form of coke and chlorine gas. An
exothermic reaction results in this operation,
and bath temperature remains at the red heat level.
The titanium in this operation is reduced from
the oxide and removed as a gaseous titanium tetra-
chloride (TiCly). This titanium tetrachloride
vapor, along with the vapors of the other chlori-
nated impurities such as iron, vanadium, and
silicon, are then condensed to a liquid form. In
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the liquid form the titanium tetrachloride can
then be separated from the other chlorides by a
series c¢f distillations,

From this point the pure liquid titanium
tetrachloride is introduced into a solid steel
reactor pot that has been charged with magnesium.
In this operation, carried on at red heat, the
metallic magnesium reduces the titanium tetrachlo-
ride to elemental titanium, and in turn the result-
ing liquid magresium chloride can be drained off
and recycled through electrolytic cells. This
recovers magnesium and chlorine, which in turn
are then recycled through the operation. This
operation is a batch operation; and when all the
magnesium has been consumed, the reactor pot is
full of a spongy porous titanium mass. The whole
reactor vessel is then removed, the welded-on top

is removed, and the titanium masc on the inside is
removed on a large boring mill. A picture of this
reactor vessel is illustrated in Figure 3, The
resulting raw titanium, which is called sponge,
contains a fairly large quantity of entrapped mag-
nesium and magnesium chloride left over from the
reduction operation, This sponge is then crushed
to give it a common particle size as well as to
open some of the closed areas to make the entrapped
magne<ium and magnesium chloride available for re-
moval .

'

FIGURE 3

At this point the crushed sponge is intro=-
duced into a large leaching tank, and the magnesium
and magnesium chloride are removed through leach-
ing with an aqua regia acid solution. I would at
this time like to point out that containing an
acid solution like aqua regia is no easy task.
Figure 4 represents TMCA's solution to this contain=-
ment problem and it is to be noted that the con-
tainer is made up of commercially pure titanium.

It is the largest titanium vessel ever fabricated
and is 8 feet in diameter, 66 feet lc.ig and weighs
20 tons. The now-pure sponge is then completely

washed and dried and assigned to individual sponge

FIGURE 4

lots for production control as well as quality
control reasons. At this point chemistry, hardness,
particle size, etc., are all examined; and in
addition, control samples are X-ray inspected,
magnetically inspected, and visually inspected.

The sponge is now ready for assignment to the
melting operation.

Scrap Recycle

I would like to regress a minute and discuss
briefly how we prepare our scrap for recycle since
I am sure many of you wonder why there is such a
limited market for titanium scrap for remelting.
In the first place, TMCA does not buy scrap.
Enough is generated within our own company to
satisfy the limited scrap recycle allowed in melt-
ing. In addition, by recycling our own scrap we
are allowed complete control over the separation
of alloys and contaminated metal.

Figure 5 is a flow chart of the scrap re-
cycle operation. First the scrap must be reduced
to a particle size that is common with the sponge
and master alloy. To do this the large pieces
such as billet and bar ends, plate sections, etc.,
are first overall pickled to remove heavy oxygen
contamination. Next they are introduced into a
large reactor, heated, and hydrogenated. With
the hydrogen level high enough the metal is suffi-
ciently embrittled to break up in conventiona.
crushing equipment and the correct particle size is
achieved. This crushed scrap is then inspected
and tested in a manner similar to the sponge and
assigned to individual scrap lots for assignment
to melting. As mentioned before, TMCA limits the
amount of scrap that may be included in the melting
operation.
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ENDIN Q AND MELTING OF THE RAW
O _ALLOYED INGOTS

The individual makeup for titanium ingot is
composed of three basic elements as noted in
Figure 6.

(1) The major element is the sponge for which
we have just described the reduction process.,

{2) Master alloy additions to obtain the de-
sired chemistry of the alloyed grades, such
as Ti-6Al-4V. For this particular alloy
we use a master alloy addition that is
composea of 60 percent aluminum and 40 per-
cent vanadium.

(3) Recycled scrap additions.

Titanium melting process is known as the
consumable electrode melting process. This opera-
tion is carried on under vacuum and consists of
melting a sponge or a metal electrode by passing
an electric arc between the electrode end and a
water-cooled copper crucible. The titanium elec-
trode is thus slowly consumed by the arc with the
molten metal falling into the molten pool lying
in a skull of solidified titanium in the copper
crucible. The surrounding vacuum prevents the
molten titanium from recombining with the normal
components of an air atmosphere and in addition
outgasses any hydrogen, residual magneésium, and
chlorine from the sponge product. To “nnvert the
sponge product, master alloy, and scrap addition to
this electrode, known as a sponge electrode, in-
dividual lots of carefully weighed and blended
sponge, master alloy, and scrap are introduced into
an electrode shaped cavity and compacted on a
large press. The pressing pressures are such that
the whole mass is mechanically bonded together.
Several of these compacts are then welded together
into what is known as the sponge electrode. This
sponge electrode is then introduced into the
melting furnace, a vacuum is drawn, and the initial
melt commenced.
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After the initial melt the primary metal ingot
is removed from the crucible and the outside surface
is conditioned free of its skull, or impurities,
that migrate to the outside. When the skull has
been removed, this primary melt, now known as a
metal electrode, is recharged into a slightly
larger consumable-electrode vacuum-arc-melting
furnace and is remelted into the final ingo* con-
figuration. After removal from the crucible the
ingot is conditioned by lathe turning the outside
diameter; it is sampled top, middle, and bottom,
from drillings in the surface, for complete chemi-
cal analysis; and lastly, it is ultrasonically
inspected for any evidence of pipe or voids. At
this point if the chemical analysis is within
prescribed limits and the ingot is of sound
characteristics, it is transmitted to the mill for
mill processing into the final mill product.

Figure 7 shows a field of typical titanium ingots
ready for mill processing. These particular ingots
are 28 inches in diameter by about 5 feet long and
weight a nominal 7000 pounds.

MILL PROCESSING

Mill production of titanium is still based
upon equipment inherited from the steel industry.
The basic equipment, such as rough rolling mills
and forging presses, are the same as that which
can be found in a steel plant. However, this is
where the similarity stops and the requirements
for the associated equipment, such as heating
equipment, finishing equipment, and the tools for
the necessary quality control, are all more
specialized.

It is because of these areas that the econo-
mics of production, as well as the quality of the
product, are compromised whenever titanium is pro-
cessed in a basically steel working plant. Look at
the record. Initially all titanium mill products
were produced on steel working equipment with a
quality level that would be completely unacceptable
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FIGURE 7

at today's standards. As the titanium industry
grew and specialized titanium processing equipment
was introduced, improvements in both quality and
economics of production were evident. In fact,
currently the bulk of titanium mill products are
produced by two mills, both of which have titanium
as the only or the major product. That is TMCA and
RMI.

The need and importance of this specialized
equipment is dramatically illustrated in Figures
8 and 9. The old furnace (Figure 8) has a length
limitation of 156 inches and could only accommodate
charges of up to 3000 pounds. Also, the batch
annealing cycle required about 18 hours and yielded
an oxidized surface on the titanium which necessi-
tated conditioning of the annealed product. The
new furnace (Figure 9) has unlimited length capa-
bility (handles coils), has no weight or time
limitations since it handles coils continuously,
and maintains a bright surface requiring no further
~surface descaling and conditioning. One more
illustration of old and new is afforded by com-
parisons of Figures 10 and ll. Figure 10 shows
the hot cross rolling mill which was previously
used for finish rolling of all alloy sheet and
plate. This mill has width and length limitations
of approximately 48 x 144 inches and minimum as-
rolled thickness of approximately 0.030 inch. It
also has limited gauge and flatness control and
rolls a product that is hot (1400 to 1900 F) and
as a result requires expensive removal of contami-
nated metal. In addition again this is an indivi-
dual (batch) type operation which you will recognize
as an inherently expensive operation.

HAMD MOLLING
TITAMIUM FLATH

FIGURE 8
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CONTINUDUS MOLLING TITAMNILUM SHEET

FIGURE 11

Compare this with the mill shown in Figure 11l.
This is a Sendzimir (Z) mill which continuously
cold rolls shcet product up to 48 inches wide
with 1/2 AISI gauge tolerance, excellent flatness,
and thicknesses down to 0.010 inch. This type of
rolling coupled with the continuous vacuum anneal
line is the ultimate in rolling a flat roll product
for there is precise thickness control and no open
air operations from thicknesses of 0.070 inch and
less that result in scale and contaminated metal
which subsequently has to be removed by grinding
or pickling. This equipment, the Z mill, and
the continuous vacuum anneal furnace are currently
in production on commercially pure titanium as
well as the Ti-13V-11Cr-3A] and Ti-5A1-2.5Sn alloys.
3y year end this process should include the Ti=-
6A1-4V and Ti=-BAl=-1Mo-1V alloys and all these grades
may be rolled down to 0.010 inch thickness.

With this background I will get into the
actual mill processing outline that converts the
raw ingot to the finished mill product. Figure 12
is a flow sheet of the conversion of ingot to the
various mill products. You will note that thir
same flow sheet could be representative of a steel
product.
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Bar, billet, and wire may all be classed in
the same category since they all concist of draw=-
ing a symmetrical cross section (ingot) down to
billet, bar, or wire.

Look first at the forging billet processing
that will account for well over 50 percent by
weight of the total titanium mill shipments.

This operation consists of the necessary number of
heating and press forging operations to reduce the
ingot diameter to that of the finished billet size,
Initial heating is from temperatures in excess of
the beta transus (1900 to 2000 F) to facilitate
breakup of the large as-cast grains while keeping
surface cracking at these grain boundaries at

a minimum. Once the as-cast grains are refined,
then temperatures below the beta transus may be
employed to further the macro and microstructural
grain refinement. Finish forging is to a size

1/4 to 1/2 inch oversize to allow surface contami-
nation and forging defects to be subsequently
removed by lathe turning on rounds or overall
surface grinding on squares, octagons, rectangles,
etc. The finished conditioned billet may then be
ultrasonically tested for internal defects,
checked for hydrogen or oxygen pickup, and ac-
ceptance tested. The acceptance test consiste

of forging a representation sample of the billet
stock and annealing or heat treating and testing
it in a manner mutually acceptable to both the
mill and the forging customer.

Wran smaller sizes are required (common
miil terminology defines a bar product as having
a cross section of 16 square inches or less and
a width tc thickness ratio of 5 or less), rolling
is the commoniy accepted method of production.
That is, 2 forged billet 4 to 8 inches square is
then hot rolled out to the finish bar size and,
in a manner similar to billet, the outside con-
taminated skin is ground or acid pickled off.
Small round bar stock is also the starting point
for the wire product which consists of drawing,
either cold or hot depending on grade, from 5/16
inch down to 0.010 inch diameter or any inter-
mediate size,

are the wrought sAhlpes of material supplied to the end user. Like steel, titanium is sup-
pllqd a3 sheet, strip, plate, bar, forging billet, wire, extruded shapes, pipe, and tubing in a
varisty of unalioyed and alloyed grades.
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Sheet, strip, plate, and foll is the next
general category of mill products, which are
commonly referred to as flat roll products. By
mill terminology, ~heet refers to a flat roll
product from 0.00% to 0.1875 inch thick and 24
inches or over in width. Strip is the same ac
sheet except widths are less than 24 inches.
Plate includes taicknesses 041875 inch and over,
and cver 10 inches in width, with width to thick-
ness ratios over 5 to 1. Any product 0.005-inch-
thick and under is classed as foil.

The general processing of sheet and plate
prcducts includes the hot rolling or pressing
of ingot to shcet bar slabs. From these slabs
individual bars are cut and subsequently hot
cross rolled to sheet and plate products on the
type of hand mills shown in Figure 10. It is
this type of processing that is responsible for
the production of all titanium alloy sheet and plate
for the past 15 years. Limitations of this type
of rolling are obvious and have been previously
commented on. As product thickness decreases in
the sheet ranges, process difficulties increase
proportionally in a hot-rolled product. All hct-
rolled sheet products at TMCA less than 0.100
inch thick are finish rolled inside welded steel
packs. This thicker total pack allows rolling
individual sheets to lighter gauges while main-
taining better control over gauge and flatness.
However, in spite of these methods, the lower
thickness as hot rolled is appreximately 0.030
inch. To produce lighter thickness sheet product
by this method the excess metal must be ground or
acid pickled off. These excessive metal losses,
compounded with increased handling, heat treating,
and hydrogen pickup problems dictate the higher
prices and the more limited availability of these
light gauges.

. Following the hot-rolling operation the
individual sheets are annealed and/or heat treated
depending on the requirement. They are then over-
all belt ground to remove the hote-rolling and heat-
treating defects, and finally they are pickled in
HF-HNO3 type baths to remove grind lines, complete
the removal of all oxygen contamination and to in-
sure that they meet the required thickness. From
5 to 10 mils of thickness is removed in these con-
ditioning operations. Normal testing of the
finished sheet includes tensile, bend, and hydro-
gen analysis.

My general discussion of sheet products has
been restricted to the annealed condition. When
we talk of a solution-treated {ST) or solution~
treated-and-aged (STA) product, we are compounding
fhe processing problems. The problems are related
to the high temperatures used in the solution
treating operation and the thermal shock that
occurs in water quenching these products from the
1600 to 1750 F temperature range. The latter of
these two problems is the more severe since besides
making the solution treated product commercially
unattractive because of the poor flatness it also
compounds the mill processing problems in removing
the scale and contamination that occurred in solu-
tion tresting. Again the lighter the sheet thick-
ness the more serious become both the flatness and
contamination problems. Aging eases the above
problems somewhat in that the normal aging tempera-
tures of 1100 F will partially reflatten the sheet
and tend to simplify the finish conditioning
operations.

Alco of current concern to TMCA s the com=
patibility of the water quenching operation with a
continuounly rolled «trip product. At this time

[ cee no way tu perform this water quenching
vperation and retailn the advantages of the strip
product,

Recently there has been interest in large
size plate products. These products are possible
in many sizes by conversion on several large steel
plate mills. Widths of 80 to 100 inches and lengths
of 400 to 500 inches have been produced and one of

the limiting factors here is ingot size availability,

Normal ingot size is 7000 pounds, although capabi-
lity exists to produce larger heats. Figure 13 is
an example of a large titanium plate product.

FIGURE 13

Foil products in titanium are available in
the CP grades, but this product remains in its
infancy. The production of a high-quality strip
product down to 0.010 inch thickness, as indicated
before, will open one door to a quality foil pro-
duct. The proper specizlized mill processing
equipment is the other key for this product. In
this respect it is similar to titanium wire products
and again the processing problems are compounded
because of the large surface to volume ratic of
both products.

CONCLUSION

The titanium industry is only 16 years old
and we are currently going through some radical
processing changes that have been dictated by in-
creased product requirements. Complicating these
changes in processing is the fact that specialized
processing equipment is necessary and often has to
be designed from scratch for the particular opera-
tion. In reviewing the processing operation itself
the single most important factor to reuember is
that titanium is a reactive metal and must be
treated accordingly.

— .
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THE MICROSCOPY OF TITANIUM

Dr. F. A. Crossley* and R. E. Herfert**

JNTRODUCTION

In the previous papers, a working knowledge
of metallurgy in general, and also certain facets
of titanium metallurgy were presented. In this
paper, we will attempt to show you the fundamental
physical characteristics of titanium. We are con-
cerned with the means available to the metallurgist
for discovering or determining the constitution
and the structure of titanium-base alloys.

In the phase diagrams presented in previous
papers, no characterization as to microstructure
was presented. Our paper will give a phase re-
lationship as to microstructure and then directly
relate it back to the phase diagram. It is the
overall purpose of this discussion to show scme of
the inherent changes in titanium during alloying
and processing and its affect on microstructure.

Thus presented, with a limited knowledge of
some of the ramifications of physical structures
of titanium and some of its alloys, the following
papers on particular problems of joining, working,
machining, and designing should present more merit.

First, we ¢hould probably define what micro-
structure is. In order to do this, we must first
show a rela*‘on to crystal structure. Dr. Harmon's
paper showed the basic crystal structures present
in titanium. Let us, for a moment, review these.
Here we see (Figure 1) the face--entered cubic
structure typical of aluminum, body-centered cubic
structure typical of beta-titanium, and the hexa-
gonal close-packed structure of alpha-titanium.

The small structures are called the unit cells,
These unit cells define the most basic characteris-
tics of a metal.

Titanium is similar to steel in that it can
occur in two allotropic forms. It occurs either as
a body-centered cubic or a hexagonal unit cell.
These are called, respectively, beta-titanium and
alpha-titanium. In the alpha alloys, pure titenium
for example, beta is never found except at high
temperatures. In alpha-beta alloys, a mixture oc-
curs and, in beta alloys, only the body-centered
cubic form appears. In the cubic form, the cell

edges are isotropic; that is, equal in all directions.

In the case of alpha-titanium, since it is a hexa-
gonal structure, this is not true. Two different
dimensions are required. The base dimension is
different from the height; in other words, the cell
dimensions are anisottopic. It is apparent that

the orientation of these unit cells within a forging
or sheet material would greatly affect its strength
properties.

When we take a combination of these unit
celle, as during the solidification from a melt, we
assimilate what we call a single crystal or a

* Senior Metallurgist, IIT Research Institute,
Chicago, Illinois.

** tngineering Specialist, Materials Research,
Norair Division, Northrop Corporation,
Hawthorne, California.
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single grain. It only has orientation in two di-
mensions, mainly width and height. Structural
materials are not single crystals. They are what
we call multi-grained systems, each grain being of
one orientation and consisting of a series of
these small unit cells. Numerous small grains are
present in different orientation. A series of
these c=mall unit cells go together to meke up a
single grain. A series of these grains then make
up a structural component, as seen in Figure 2.

We are going to focus our attention on the inter-
mediate stage between the unit cell and the
structural member; the microstructure of the poly-
grained component. This science of studying
microstructure is called metallography. In order
to perform a metallographic examination on a metal,
the following steps are followed:

(1) The specimen is carefully sectioned by
sawing or cutting from the structure.

(2) It is then mounted in a thermo-melting
plastic for ease of handling.

(3) Then, the sample surface is polished until a
mirror finish is obtained, using SiC and/or
abrasive diamond polish,

(4) The sample is ready for etching, which brings
out grain detail.

In order to study these aspects, certain special
instrumertation is necessary. These are X-ray
diffraction, cptical microscopy, electron micro-
scopy, and electron microprobe analysis.

X-ray diffraction is used to tell the precise
nature of the cell; i.e., its dimensions or the
relative amounts of different structures in one
matrix. For example, the amount of alpha and beta-
titanium in an alpha-beta alloy or the stress
states, or distortion in the unit cell.

i
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FIGURE 2
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In order to examine microstructure, we will
use the optical microscope with magnification up
to 2000 times and the electron microscope with
magnification up to five million times. Grains
smaller than the wavelength of visible radiation
cannot be resolved by light microscopy. They can,
however, be examined with the aid of an electron
microscope. If we think in terms of wavelength,
visible radiation could be considered this wide,
infrared wavelength would be slightly greater,
but the wavelengths concerned with electron radia-
tions are only small fractions of these lengths.
This enables the high magnification. Sirce images
are formed from interference of wavelength, the
shorter the wavelength the higher the resolution
and thus magnification.

The greater part of this discussion will be
devoted to optical microscopy because it is our
most used and most convenient of metallographic
techniques.

Dr. Crossley will discuss the fzacotors in-
fluencing microstructure and optical-microscopy
studies. Then 1 will discuss electron-microscopy
studies nf titanium microstructure.

FACTORS INFLUENCING MICROSTRUCTURES*
Alloying

Microstructural characteristics arise from
the following: (1) alloying, (2) casting, (3)
working, and (4) heat treating. Let us first con-
sider alloying. The lecture on phase diagrams
brought out that alloying elements may be classi-
fied into four basic groups determined by the type
of phase diagrams they form with titanium. These
are complete miscibility, alpha stabilizers, iso-
morphous beta stabilizers, and eutectoid beta
stabilizers. The eutectoid beta stabilizers may
be divided into two subgroups depending upon the
rate of eutectoid decomposition. Binary alloys of
silicon and ccpper have such rapid eutectoid de-
compositions that compound formatior 3s not suppres-
sed by air cooling, Sillicon and cojpix * are therefore
called fast eutectoid or compound fci~ rs. At the
other end of the scale manganese proc ..:s such a
sluggish beta that decomposition does ..ot occur in
hundreds of hours at temperatures below the eutectoid
decomposition temperature. Other elements which form
eutectoid-type systems with titanium (such as chro-
mium, iron, and nickel) lie between these extremes.

Equilibrium phases occurring in commercial
titanium alloys due to intentional alloying are:
alpha, the hcp low-temperature allomorph, beta,

* Lecture presented by Dr. F. A. Crossley.
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the bcc high-temperature allomorph, and compounds.
With a single exception, the compounds are associ-
ated with eutectoid beta a'titions. The exception
is the first intermediate phase in the Ti-Al

e T e

system, (The weight of evidence indicates this
to be Ti.Al.) Figures 3, 4, and 5 show micro-
graphs of an all alpha, an all beta, and an alpha

plus beta plus compound alloy, respectively, Tie
compound in Figure 5 is TiFe precipitated from
the hypereutectolid beta phase during the furnace
cool from 1700 F, The microstructures shown in
Figures 3 and 4 are equiaxed as a result of re-
crystallization of the cast structures, Alloys
containing alpha can only be made equiaxed by re-
crystallizing below the beta transus temperature.
Cooling of such alloys through the beta transus
temperature results in transformation products that H
are usually acicular in character, Such a structure
is illustrated by Figure 6, The acicular microstruc-
ture is variously called: basket weave, Widman-
statten, transformed beta, transformed alpha, and
simply acicular.
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A less commonly encountered transformation
structure is so-called "serrated™ alpha, To the !
writers' knowledge this occurs only in unalloyed
titanium and alpha alloys. A microstructure typical
of serrated alpha is shown in Figure 7. The name
derives from the irregular or serrated character of
the grain boundaries. The serrated structures are
formed by "massive" transformation., This i{s a
process of very rapid, diffusionless growth, in
contrast to Widmanstdtten transformation which
involves diffusion, (The massive transformation
differs from martensitic transformation in that
there is no shape change or surface relief,)

The discussion of nonequilibrium phases
res 11ing from intentional alloying is better
de.erred to the section dealing with the in-
fluence of thermal treatments on microstructure.

Unintentional alloying or impurities also !
produce phases, or microconstituents, in titanium &
alloys. The common impurities are carbon, hydrogen, i
iron, nitrogen, and oxygen. While carbon in ex-
cess of 0.1b percent* can result in the presence
of titanium carbide, the carbon content in com-
mercial alloys is usually below this level. How-
ever, carbides may be expected in titanium castings
made in graphite molds. Titanium hydride can be
found in some commercially oure or unalloyed grades
of titanium since hydrogen solubility at room
temperature is less than 100 ppm and may be less
than 10 ppm. However, alloying additions commonly
employed in commercial practice increase the :
solubility of hydrogen. As a consequence of this 3
and of the tolerance limits imposed, titanium hy-
dride is not usually observed in commercial alloys
except under special conditions of alloy composi-
tion, hydrogen content, high stress, and the
presence of a notch. In such cases hydrogen con-
taminatinn at some stage in the further fabrica-
tion of the mill product is usually a factor.

Iron as an impurity causes the occurrence of
small particles of beta phase in commercially
pure titanium or alpha alloys (such as A-110AT,
Ti-5A1-2.55n). In alpha-beta alloys iron dissolves
in the beta phase and loses its identity as a factor
affecting the microstructure.

* All compositions are on the basis of weight
percent.
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N 25813 X100
N 22769 X250
FIGURE 6.% ACICULAR o (LIGHT PLATES) + B (Ti-821,
FIGURE 3. UNALLOYED TITANIUM; 1300 F - 1 HOUR* Ti-8A1-2Cb-1Ta; MILL AllIEALED).
EQUIAXED a. POLARIZED LIGHT.

N 22777 X100 N 30106 X250
FIGURE 4.  METASTABLE 8 ALLOY: 1300 F - 1 HOUR® FIGURE 7.* SERRATED a. (Ti-8.4Al; 2000 F - 4
EQUIAXED 8. (B120VCA, Ti-13V-11Cr- 1IOUR-1BQ) .

3A1).

N 6518 X1000 i Je Reil
FIGURE 5. o+ B+ COMPCUND STRUCTURE. Ti-6Al-6Fe:  FIGURE 8.% UNALLOYED TLIANIUW: 1470 F - OO r
1700 F - 1 HOUR, FURNACE COOLED TO BOUNDARY PUASE) + TiH (ACICULAR +HASE).
1100 F AND HELD 24 HOURS* [a + B (be-

p AND TiH DUE TO IMPURITIES OF IRON AND

tween a grains) + TiFe (particles in HYDROGEN, RESPECTIVELY.

boundaries). ]

T TFilchant: 20 percent HF, 20 percent HNO3, 60 per- * Etchant: 20 percent HF, 20 percent HFO4, 60
cent glycerin., (The designations HF percent glycerin.

“and HNC3 refer to standard concentrated
solutions of these acids of 49 percent
and 70 percent, respectively.)

' grain boundaries are beta due primarily to the im-

Figurc 8 chows a micrograph of commercially purity iron, and the acicular microconstituent,
pure titanium (1i=-9%A). The resolvable second- appearing to emanate from grain boundaries, is
phase particles occurring at grain corners and titanium hydride.
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Bucause of their high solubility in titanium
in relationship to thelr tolerance limits in com-
mercial alloys, nitrogen and oxygen are not acsoci-
ated with the occurrence of microconstituents ex-
cept as they influence kinetics of precipitation
reactions. Oxygen and nitrogen speed up the pre-
cipitation of alpha from alpha-beta alloys heated
above thelir beta transus and cooled through their
transformation ranges. This effect is illustrated
by Figure 9, which shows initiation of beta to
alpha transformation for a series of Ti-11Mo alloys
of oxygen contents from <0.02 to 0.55 percent.
Also, an acicular phase has frequently been ob=-
served in metastable beta alloys cooled rapidly
from temperatures high above the beta transus.
This phase tends to come out in subgrain boundaries
as shown in Figures 10 and 11. This acicular pro-
duct is associated with high oxygen and nétfogen
content. This phase is apparently alpha. 1

Casting

Microstructural features that may result from
melting and casting operations derive primarily
from segregation. Occasionally, or perhaps rarely,
insoluble inclusions of molybdenum may be en-
countered.

Working

Ingot breakdown may be by forging, rolling,
or extrusion. Microstructural features that may
result from primary fabrication are the distribution
ot segregation, or of impurity phases, and preferred
orientation such as may occur in rolled strip.

Secondary fabrication, such as hot and cc¢ld
forming operations, is applied to parts varying
in size or thickness from heavy forgings to thin
sheet.

Let us consider the microstructural changes
wrought by hot-working alpha-beta alloys. Such
alloys in the as-cast state have the acicular
structure shown in Figure 6. When this structure
is worked at temperatures below, but close to, the
beta transus it is progressively converted to an
equiaxed microstructure in the manner suggested by
the series of micrographs in Figure 12. It appears
that nuclei of alpha form and grow into equiaxed
grains at the expense of the beta matrix (see
Figure 12a). At some point as working continues,
beta grains as well as alpha grains are nucleated
and eventually an equiaxed alpha-beta structure
results, as shown by Figure 12c. Since these
_spgcimens were air cooled from the forging tempera-
ture, the grains which were all beta at temperature
transformed to acicular alpha in a beta matrix.

Alpha-beta allovs containing high aluminum
content do not readily recrystallize. Hot working
substantially below the beta transus temperature
produces a sequence of microstructures as sug-
gested by the micrographs in Figure 13. Under
these conditions transformation from acicular to
equiaxed proceeds differently than as described
above. Upon working, the alpha plates grow, and
colonies rotate in the direction of working. When
sufficient work is introduced, recrystallization
begins with the nucleation of alpha and beta grains,
the microstructures exhibiting a progressive
spheroidizatinn of the beta phase. Low-temperature
hot working produces very small grain size as

RO, T o o 0 YO BN

21

Temparature “C
g &

8

S

mbl rse ; * : ‘ulﬂ oo

Time In Minutes

COMPARISON OF CURVES FOR INITIATION
OF VISIBLE THANSFORMATION IN Ti-11lMo
ALLOYS WITH VARIOUS OXYGEN CONTENTS*

FIGURE 9.

N 8365 X750
FIGURE 10. B WITH MICROCONSTITUENT WHICH AP-
PARENTLY IS o. (Ti-10Mo-10V; 2010 F -
24 HQURS = AC.)*

N 22028 X250
FIGURE 11, B WITH MICROCONSTITUENT WHICH AP-
PARENTLY IS a. (B120VCA, Ti-13V-11Cr-
3ALl.)*

* Etchant: 20 percent HF, 20 percent HNO3, 60 per-

cent glycerin.
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indicated by Figure 13c. Comparison of Figures 12
and 13 indicates that considerably more reduction
must be accomplished at the lower temperature in
order to achieve primary recrystallization during
hot working., llowever, unrecrystallized structures
containing sufficient work readily recrystallize
upon solution heat treating at temperatures and

for times usual in commercial practice. Figures

12 and 13 suggest the wide variation in micro-
structures that may obtain in a forging when there
is wide variation in reduction from one point of

it to another. It should be borne in mind that the
microstructure developed by working depends not
only upon the temperature out of the furnace and
the amount of reduction, but also the size of the
workpiece in relation to the work tools; that

is, the amount of heat extracted from the workpiece
during fabrication.

Heat Treatment

Stress-relief anneal, generally in the
temperature range from 1000 to 1400 F, does not
usually cause a change in the microstructure of
titanium alloys. Annealing of worked alloys at
higher temperatures cause: recrystallization and
grain growth and, in the case of alloys consisting
of more than one phase, causes redistribution of
the phases present. A final heat treatment above
the beta transus will reproduce the acicular micro-
structure. As may be inferred from the above dis-
cussion of the conversion from acicular to equiaxed
microstructure by hot working, high-temperature
anneals below the beta transus produce little
change in coldwork-free acicular structures beyond

coarsening of the plates.

Grain growth above the beta transus is very
rapid; and heating above the beta transus in-
variably produces a very coarse prior beta grain
size. A fine beta grain size can be produced only
by subjecting material to high deformation rates
just above the beta transus, for example, by ex-
trusion. The fineness of the acicular product is
determined by the rate of cooling, the width of
the alpha plates increasing with decreasing cooling
rate as shown by Figure 14,

Employment of temperatures between those used
for stress relief and the beta transus is usually
for the purpuse of solution heat treatment prepara-
tory to age hardening. Age hardening of commercial
alloys is based upon precipitation of alpha from
beta. Alloys containing small additions of beta
stabilizers or weak beta stabilizers (such as Ti-
8A1-1Mo-1V or Ti-6Al-4V, respectively) must be
rapidly quenched from high in the alpha-beta field
in order to retain beta. More heavily beta stabi-
lized alloys (such as Ti-7Al-4Mo) have good harden-
ing response upon air cooling. Solution heat
treatment of alpha-beta alloys for hardening pur-
poses is never donc above the beta transus because
of the unfavorable effects this has on mechanical
properties. Figure 15 shows micrographs of an
alpha-beta alloy (Ti-7A1-3Mo} in the solution
heat treated and in two aged conditions.

An ail "beta" (actually metastable beta) al-
loy would be aged from a sclution heat treatment
in the beta field. Micrographs of a metastable
beta alloy in two aged conditions are shown in
Figure 16. Thesc may be compared with the solution
annealed condition of the metastable beta alloy
shown in Figure 4,
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FIGURE 14. INFLUENCE OF HEAT TREATMENT ON THE
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Solution heat treated and aged
1300°7-1 he-iiy, 1000°7-24 hr-
AC. a + overaged 8.

FIGURE 15. INFLUENCE OF HEAT TREATMENT ON
EQUIAXED a-p ALLOY (Ti-7Al-3Mo)*

* Etchant: 20 percent HF, 20 percent HNO3,

60 percent glycerin.

N N 20166 X1000
L *(a)
Bl Agod 900°P-20hr. 0 + o ¢ 4,

FIGURE 16.  AGED CONDITIONS OF MLTASTABLE B ALLOY
(B120~-VCA, Ti-13V-11Cr-3A1)*

The wide range of microstructures that can be
achieved in a single alloy by the combined ctfects
of hot working and heat treatment is indicated by
Figures 17 and 18. These figures show the same
microstructures at magnifications of 100X and 500X,
respectively. Actually, these micrographs repre-
sent minor compositional variations on the basic
composition Ti-7A1-2Cb-1Ta, bui these .iight compo-
sitional variations are of no significance in terms
of the point illustrated. The Ti-7A1-2Cb-1Ta alloy
is a predominantly alpha alloy. In such alloys the
amount of beta-stabilizing additions is limited
either to improve high-temperature creep resistance
or to permit weldability. A combination of two
sub~beta transus rolling temperatures and several
solution annealing temperatures above and below the
beta transus produced microstructures ranging from
coarse-grained acicular alpha-beta to incompletely
recrystallized, essentially all aipha. Figures
17 and 18 show, from left to right and from top
to bottom, a progression of microstructures as
Tollows: (A) coarse-qrained acicular alpha-beta,
(B) fine-grained acicular alpha beta, (C) fine-
grained acicular alpha beta plus blocky alpha, (D)
acicular alpha beta plus equiaxed alpha, (E) acicular
and unrecrystallized alpha beta plus equiaxed alpha,
(F) equiaxed alpha plus unrecrystallized acicular
alpha plus beta, (G) equiaxed alpha beta, (H) equi-
axed alpha, (I) equiaxed plus unrecrystallized alpha,
and (J) equiaxed plus unrecrystallized alpha,

In order to round out this review of micro-
structural varieties in titanium alloys, let us
consider the products resulting from quenching
from above the beta transus a series of binary
alloys involving a beta-stabilizing addition. The
variation in hardness of the quench products of such
a series of alloys is shown schematically in Figure
19. The diagram indicates the structures that are
associated with the various hardness levels. The
sequence with increasing beta stabilizer content is
as follows: alpha plus alpha prime/alpha prime/
alpha primec plus beta plus beta prime/beta plus
beta prime/beta.
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FIGURE 17,

REPRESE:..TATIVE MICROSTRUCTURES

(Criginal magnification X100).
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FIGURE 13.

SAME MICRUSTRUCTURES AS FIGURE 17 AT
HIGHER MAGNIFICATION

(Original magnification X500).

Hardness —*

1 1

FIGURE 19.

Amount Beto Stabilizer—

SCHEMATIC REPRESENTATION OF RELATIVE
HARDNESS AND MTCROSTRUCTURAL CONSTI-
THENTS RESULTING FROM QUENCHING FROM
[Ht BETA TTTANIUM LINARY ALLOYS OF PRO-
GRESSIVELY HIGHER BETA STABILIZER (ON-
[ENT.

Alpha prime and beta prime are nonequilibrium
phases. The former is the result of diffusionleqe,
ur shear, transformation, and is, therefore, a mar-
tensitic product. It is hexagonal, with a lattice
parameter differing from that of equilibrium alpha
due to supersaturation. A typical alpha prime
microstructure is shown in Figure 20.

N 7613 X250

FIGURE 20.  MARTENSITIC, OR a', MICROSTRUCTURE
PRODUCED BY WATER QUENCHING Ti-7Mo
ALLOY FROM 1800 F*

Beta prime, also called omega phase, does not
always occur among the quench products of binary
beta-stabilized systems. That is, it can be sup-
pressed in the quench products, but can form upon
low-temperature aging of the beta retained by
quenching. In such cases the sequence after alpha
prime is: alpha prime plus beta/beta. Although
beta prime cannot be suppressed by rapid quenching
of some alloys it is, apparently, a nucleation and
growth product. It is a transition phase between
metastable beta and equilibrium alpha. It is sub-
microscopic and, therefore, is not discernible by
optical microscopy. Its presence is indicated by
an abnormally high hardness associated with a
structure that appears to be retained beta, and
confirmation may readily be obtained by X-ray dif-
fraction. Its structure may be indexed as cubic
with the lattice parameter being about three times
larger than that of bcc beta. It is coherent with
the matrix and is associated with brittleness .
Metastable beta in which beta prime is suppressed
by quenching may form martensite when subjected to
cold deformation,

Alpha-beta alloys cooled from above the beta
transus transform to alpha by nucleation and growth
unless cooling is sufficiently rapid to suppress
such transformation to temperatures below the mar-
tensite start temperature, in which case shear
transformation occurs. Therefore, the kinetics of
transformation can be characterized by conventional
time-temperature-transformation, i.e., TTT charts.
Such charts are usually determined for conditions of
isothermal quenching from above the beta transus.
The products of such transformation are acicular
and are unlike the microstructures usually en-
countered in commercial alloys. Micrographs of a
Ti-7Mo alloy at various stages of isothermal trans-
formation are shown in Figure 21.
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MICROGRAPHS OF Ti-7Mo ALLOY ISO-
THERMALLY TRANSFORMED AT 1290 F
(700 C)

FIGURE 21.

Fast beta eutectoid additions are not made
to titanium alloys in sufficient amounts for a
compound phase to be produced under the conditions
of their recommended usage. However, for the sake
of completeness, micrographs of alpha-plus-
compound structures are stown in Figures 22 and 23.
Figure 22 shows TisSig in the boundaries between
coarse acicular alpha plates. Figure 23 shows an
equiaxed structure of TisCu in an alpha matrix.
The distributions of TigSiz and TigCu resulted
from the eutectoidal decomposition of the beta
phase of prior Widmanstatten and equiaxed alpha-
beta structures, respectively.

Unless precautions are taken, oxygen or
hydrogen contamination, or both, may occur during
heat treatment. Hydrogen pickup may occur in de-
scaling or pickling operations if recommended pro-
cedures are not followed. Heating titanium alloys
in air at temperatures above 1200 F produces en-
richment of the surface layers in oxygen. Since
oxygen is an alpha stabilizer, this causes an in-
crease in the relative amount of alpha just below
the surface in alpha-beta alloys. This condition
is callad "alpha case", and may be observed by
optical microscopy as shown by Figure 24. To avoid
detriment to mechanical properties surface layers
should be removed to a depth in excess of the
alpha case. As pointed out in earlier discussion
(refer to Figure 9), oxygen accelerates transforma-
tion altering times and temperatures of the nose
of TTT curves. Consequently, oxygen contaminated
material may give unexpected results when given a
conventional heat treatment.

It is possible to pick up hydrogen in cer-
tain (taboo) operatiors - for example, pickling in
reducing acids such as HF or H,S0, - in amounts
sufficient to be readily detected by optical
microscopy. Because of the high diffusion rate of
hydrogen in titanium even 2t room temperature,
removal of surface layers in such cases will
probauly not be enough. The hydrogen may be re-
moved by annealing at temperatures above 1200 F
under dynamic vacuum.
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FIGURE 22.

FIGURE 23.
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FIGURE 24.
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