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This report reviews present heat treatment practices for titanium
and titanium alloys., It describes the methods, techniques, and equip-
ment currently employed in the thermal treatment of titanium mate-
rials, and the necessary processing considerations and precautions
that govern these treatments, The metallurgical background illustrat-
ing the principles used in titanium heat treatment is also discussed
with respect to alloy classifications, structures, and hardening
mechanisms.
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PREFACE

This report is one of a series of state-of-the-art reports being
prepared by Battelle Memorial Institute, Columbus, Ohio, under
Contract No. DA-01-021-AMC-11651(Z), in the general field of
materials fabrication.

This report on heat treatment of titanium and titanium alloys is
intended to provide information useful to designers, fabricators, and
users of titanium materials. The detailed discussions involving the
metallurgical background, methods, techniques, equipment, and pre-
cautions are considered to be reliable guides underlying current
practice employed in the thermal treatments of titanium and titanium
alloys.

The report summarizes information collected from books, techni-
cal conferences, reports on Government contracts, and interviews
with technical personnel actively engaged in titanium heat treatment,
A total of 27 references, most of which are year 1965, are cited.
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TECHNICAL MEMORANDUM X-53445

HEAT TREATMENT OF TITANIUM AND TITANIUM ALLOYS

SUMMARY

The occurrence of an allotropic transformation in pure titanium
controls the type of structures that can be produced by the heat treat-
ment of titanium-rich alloys and hence increases the range of mechani-
cal properties that can be obtained from the alloys. Titanium alloys
are divided into three classes depending on the predominant phases
present: alpha or near alpha, alpha plus beta, or beta. Specific heat-
treatment practice and its effect on properties for a representative
a-alloy (Ti-5A1-2.5Sn), a-B alloy (Ti-6Al-4V), and B-alloy (Ti-13V-
11Cr-3Al) are discussed in detail, Typical thermal treatments for
other common alloys of interest including the so-called "super-alpha'
alloys are tabulated,.

Titanium is chemically very active at elevated temperatures, and
reacts readily with oxygen, nitrogen, carbon, and hydrogen in a fur-
nace atmosphere., Furthermore, all contamination reactions cause
degradation of properties and, with the exception of the hydrogen re-
action, are irreversible. Because of oxidation, heating times are kept
as short as is required to perform the heat treatment. Because of its
very reactive nature, titanium should be heat treated under conditions
as clean as possible which means keeping the workpiece separated
from all foreign substances, such as organics, iron oxides, refractory
debris, etc, Titanium alloys are also subject to stress corrosion in
the presence of chlorides (which might be residual from such things as
chlorinated cleaning solutions) when subsequently exposed to tempera-
tures above about 550 F,

Thermal treatments for titanium materials are normally carried
out in conventional gas-fired, oil-fired, or electric furnaces readily
available to industry, The atmosphere in the furnace should be free
from water vapor and should be slightly oxidizing. Both water vapor
and incompletely burned fuel vapor can react with titanium to form
atomic hydrogen which is readily absorbed by titanium. These prob-
lems may be reduced by using protective coatings and/or more inert
atmospheres, or completely eliminated by using vacuum treatment,
Reducing atmospheres or endothermic atmospheres should not be used
in heat-treating titanium,



Most titanium materials that are in the semifinished or finished
condition are fixtured in jigs to control distortion during the heat-
treatment operation, Stress-relieving temperatures are frequently
used to straighten and creep form titanium parts in hot-sizing presses.

A number of recommendations that attempt to identify problem
areas and advancements needed to further titanium heat-treatment
technology are included in this report.

INTRODUCTION

At the present time (1965), titanium and titanium alloys are used
extensively in a variety of applications, ranging in sophistication from
critical missile and aircraft components to corrosion-resistant
anodizing racks., Manufacturing concerns that have had extensive
experience in fabricating this material have found that it is only
slightly more difficult to handle than are most of the other structural
materials. As with most structural materials, certain procedures
must be followed to produce high-quality end items from titanium.
This report presents the metallurgical background underlying the heat
treatment of titanium and titanium alloys, specific thermal treatments
applied to the various alloys, and methods, techniques, and precau-
tions used in actual practice. Specific recommendations identifying
problem areas and advancements needed to further titanium heat-
treatment technology are also outlined,

METALLURGICAL BEHAVIOR OF TITANIUM ALLOYS

The various thermal treatments applied to titanium and its alloys
to develop desirable structural characteristics for metalworking and
end-product properties are best understood from a fundamental con-
sideration of titanium metallurgy. Therefore, this section of the re-
port is intended to illustrate the principles used in titanium heat
treatment,

CLASSIFICATION OF TITANIUM ALLOYS

Titanium has two crystal structures. Alpha titanium, the low-
temperature modification, has a close-packed hexagonal structure
which is stable up to about 1625 F, Beta titanium, the high-
temperature allotrope, has a body-centered cubic structure and is




stable from the 1625 F transformation temperature up to the melting
ﬁéint of 3035 F. The temperature at which a-titanium begins to trans-
form to beta is raised by the alloying of a-stabilizing elements and
lowered by the alloying of p-stabilizing elements. The temperature

at which the last remaining a~titanium transforms to B-titanium on
heating is called the p-transus. Titanium alloys are classified as
containing principally a-phase, S-phase, or a mixture of - and
B-phases,

The three principal types of phase diagrams for titanium alloys
are illustrated in Figure 1. The alpha peritectoid type of system is
characteristic of titanium alloys with aluminum, carbon, nitrogen,
and oxygen. These elements have a greater solubility in the a-phase
than in the B-phase. The addition element stabilizes the a-phase and
the o - B region is elevated to high temperatures with increasing
a-alloy content. Tin, zirconium, and possibly antimony appear to be
neutral, stabilizing neither a-phase nor 3-phase preferentially. In
general, however, these elements are considered a-stabilizing
elements.,

1 1 "
o1 B B+ compound
@ e
5 2
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-
T Alloy Content — A-52344

c. Beta Isomorphous

FIGURE 1. PRINCIPAL TYPES OF TITANIUM-ALLOY
CONSTITUTION DIAGRAMS



The R-eutectoid type of system is characteristic of titanium alloys
with such additions as manganese, iron, chromium, nickel, copper,
and silicon. These B-stabilizing elements dissolve preferentially in
the p-phase causing a lowering of the transus temperature with in-
creasing alloy content, A eutectoid reaction occurs in this type of
system at a temperature between the transformation temperature of
pure titanium and room temperature in which the f-phase decomposes
to form the a-solid solution and an intermediate phase richer in the
alloying element — usually an intermetallic compound. Although under
equilibrium conditions, chromium, manganese, and iron form -
eutectoid systems. The eutectoid reaction in these alloys is very
sluggish, and in actual practice, these alloys behave as if the eutec-
toid reaction did not occur, Additions of copper and silicon form true
eutectoid type of alloys.

The beta isomorphous type of system includes alloys with molyb-
denum, vanadium, tantalum, and columbium, These elements are
appreciably more soluble in the f-phase than in the a-phase and the
B/(a - B) and a/(a - B) boundaries are depressed towards lower tem-
peratures with increasing B-concentration, Sufficient amounts of these
additions render B-titanium stable at room temperature. In a binary
alloy, there is a minimum amount of any f-stabilizing element that
enables the retention of 100 per cent metastable beta on quenching
from the B-phase field, For the common f-stabilizers these amounts
are shown below (Ref. 1)%:

Approximate Weight Per Cent

Stabilizing to Produce 100 Per Cent
Element Metastable Beta on Quenching
Iron 4
Copper 12
Manganese 6
Chromium 7
Molybdenum 11
Vanadium 15
Columbium 36
Tantalum 40

In the foregoing discussion, consideration has been given to those
conditions which exist favoring g-type or g-type of alloy structures,
Another most important group of titanium alloys are those that contain
both @- and f-phases. These are termed (a-f) type of alloys. Since
the B-phase is not retained in the absence of a -stabilizing alloy

* References are given on page 56 of this report,
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~addition, such an element is an essential constitutent of the a-5 type of
alloys. In addition to the p-stabilizing elements, a-B-type of alloys
may contain an a-soluble element, such as aluminum, to add greater
strength to the a-phase. The a-soluble elements are also soluble to an
appreciable extent in the B-phase. Thus, a~f types of alloys are not
only affected by the amount of B-stabilizing element present but also
by the presence of a-phase stabilizing additions,

The metallurgical changes that alloying brings about in titanium
form the basis for dividing titanium alloys into three classes, depend-
ing on whether they are normally used in a condition in which they
consist entirely of a-phase, entirely of the S-phase, or a mixture of
the two phases,

STRUCTURE OF TITANIUM ALLOYS

Alpha Alloys. In a-alloys, the g-phase transforms com-
pletely to the a-phase during cooling through the transformation-
temperature range. Either a nucleation and growth Widmanstatten
type alpha or a martensitic type alpha may be formed. The martensitic
structure formed during rapid cooling is designated as a”. The a” is
of equilibrium composition even when the alloys are rapidly quenched
from temperatures above the B-transus. (Ref. 2) The alloys are,
therefore, not responsive to heat treatment.

Alpha-stabilizing additions of aluminum in excess of about 6 per
cent introduce the probability of a superlattice structure which has
been identified as an ordered Ti3Al structure (ap). The ordering may
be dilute long range, but its effect is generally to increase strength
and creep resistance, while decreasing fracture toughness and perhaps
hot workability. (Ref. 3). Thus, long holding times or slow cooling
in the critical ordering temperature range (950 to 1250 F for the
near-a Ti-8Al-1Mo-1V alloy) should be avoided in the fabrication or
heat-treatment cycles for a-stabilized titanium alloys containing
appreciable amounts of aluminum, (Ref, 1)

As indicated above, the Ti-8Al-1Mo-1V alloy is not a pure a-alloy.
It is an a-B alloy with so little f-stabilizer content, it is often called a
near-a alloy. Another popular term used for this grade and other
near-a grades (such as the Ti-679 alloy) is "super-alpha'. Two all-a
grades, Ti-7Al-12Zr and Ti-5A1-5Sn-5Zr, also are called super-
alphas. The heat treatment and metallurgy of the latter follow
exactly that of other pure or all-a alloys. The heat treatment and
metallurgy of the B-containing super-alpha alloys, Ti-8Al-1Mo-1V and



Ti-679 are in general similar to a-83 alloys but differ because of the
small B-stabilizer content,

The microstructure of a-titanium alloys consists essentially of
100 per cent a-phase, Alpha alloys, such as commercially pure un-
alloyed titanium and Ti-5Al-2,5Sn, contain a small amount of f-phase
as a result of impurities, such as iron; however, this is not in suf-
ficient quantity to alter their transformation behavior,

Depending upon the method of treating the metal, oa-titanium can
appear in several modifications. Three different microstructures of
fully annealed unalloyed titanium are shown in Figure 2: equiaxed
alpha, Widmanstatten alpha, and martensitic alpha (a”). The latter
two are frequently lumped together under the name acicular alpha,
Widmanstitten alpha occurs by transformation of beta to alpha on cool-
ing through the transformation-temperature range at a moderately
slow rate, A more rapid cooling rate leads to the development of
martinsitic alpha (¢”). Both forms of acicular alpha are therefore
transformation products. Equiaxed alpha on the other hand, can only
be produced by recrystallization of material that has been significantly
deformed in the a-field. The presence of acicular alpha is therefore an
indication that the material has been heated into the p-field, (Ref, 4)

LD
;o
- \X o (
oS T~ :
N15088 100X N15087 100X N15085
a. Equiaxed Alpha b. Widmanstatten Alpha c. Martensitic Alpha

Annealed 1 hour at 1290 F

FIGURE 2. MICROSTRUCTURES OF FULLY ANNEALED TITANIUM (REF. 4)




. Alpha-Beta Alloys. Depending upon the f-stabilization ele-
ments and their relative amounts, a-3 alloys may be classed as
strongly or weakly B-stabilized. By definition, martensitic types of
a-p alloys contain a” after quenching from a-f or B-phase fields. The
amount of ” produced by quenching decreases with increasing 8-
stabilizing-alloy content., Therefore, weakly stabilized p-alloys are
generally martensitic, On the other hand, alloys containing a higher
percentage of B-stabilizer will retain metastable beta upon quenching
from thea - B or f-phase fields,

Although a-p alloys are strengthened by quenching from tempera-
tures above the f-transus, such treatments are not used in commer-
cial heat-treating practice. Rather, solution treatments, followed by
aging, are used to strengthen a-f titanium alloys. The solution treat-
ment consists of (1) heating to temperatures approaching, but below,
the B-transus, (2) holding at this temperature for a given period of
time, and (3) cooling rapidly to room temperature. The solution-
treatment temperature determines the amount of 3-phase that is
present in the alloy and the composition of the 8-phase. This is
illustrated in Figure 3, By proper temperature selection and rapid
cooling, the B-phase, which is metastable below the solution-
treatment temperature, is retained to room temperature, The alloys
are then aged at temperatures in the range of 900 to 1100 F. During
aging, a-titanium precipitates from the f-phase and the alloy is
strengthened. In addition, as precipitation of alpha takes place, the
remaining B-phase is enriched in B-stabilizing content and becomes
stable. (Ref, 5)

Processing and thermal history also affect the microstructure of
a-p alloys (Figure 3). If the alloys are worked and heat treated below
the f-transus, fine-grained equiaxed microstructures result, These
structures give the best combinations of strength and ductility. If a-§
alloys are worked or heated above the f-transus, large B-grains form.,
During subsequent cooling, the f-grains transform to a final structure
that depends on alloy content and cooling rate. Acicular or marten-
sitic structures are formed when alloys with low B-stabilizing contents
are cooled or quenched. With higher g-stabilizing contents, transfor-
mation is more sluggish and the acicular structure becomes finer and,
at high enough alloy contents, finally disappears. After annealing, or
after solution treatments and aging, alloys with large primary
B-grains have the same strength, but less ductility, than fine-grained
alloys in similar conditions. Because of the lower ductility, large-
grain structures are generally objectionable, (Ref. 5) The lower
ductility associated with acicular a-8 alloys, in conjunction with the
tendency for w-transformation on cooling accompanying the heating of
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If the B-stabilizer present in the alloyis less than the critical
amount, metastable beta will not be retained after quenching from
the solution-temperature range., Rather, it transforms to martensite
(o) by a shear mechanism, Martensite formation is characteristic
of weakly B-stabilized alloys, particularly at high solution tempera-
ture. At low solution temperatures some B-phase will be retained in
the metastable condition on quenching if the solute composition of the
beta is near the critical. However, most of the beta will transform to
martensite. Any metastable beta present will transform during aging
to alpha in the manner described in Figure 4.

T00
600
Note. If hardness is around 400 VHN, as quenched,
/ omega may form during quench.
R
500 e
//
= 7
» 400
w
@
[~
=]
<]
b
300
200
100 s.f\.
Bol B+ w Btw+a —t=——f +a—- Phases
. l , ) | present
As t 10 100
quenched

Aging Time, hours A-25780

FIGURE 4, REPRESENTATIVE HARDNESS CURVE FOR AN
ALPHA-BETA ALLOY QUENCHED FROM
ALPHA-BETA FIELD AND AGED AT 800 F
(REF. 7)

*Some primary alpha would also be present unless
alloy is quenched from beta field.

Alpha prime is not an equilibrium structure in a-$ and p-alloys.

Since more alloying addition can be maintained in a“ than the
equilibrium amount soluble in o (Ref. 2), alpha prime in highly
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alloyed materials upon aging reverts to alpha, producing property
changes, including hardening. The mechanism is not completely
understood and appears to vary depending on alloy composition. The
manifestation of this in some alloys has been observed by the develop-
ment of a finely dispersed precipitate within the a“-needle, after aging
between 900 and 1400 F. (Ref. 1)

STRESS RELIEF AND ANNEALING TITANIUM ALLOYS

Stress relieving and annealing treatments are common practice
for all commercial titanium alloys. These treatments are normally
employed to condition the metal for subsequent fabrication or to re-
store desired combinations of ductility and stability after fabrication.

A stress-relief treatment is a treatment which produces a relaxa-
tion of residual stresses induced from mechanical operations or weld-
joining operations. Stress relieving is conducted at the lowest tem-
perature at which stresses may be reduced to desired levels in
practical times. In addition, treatments are selected so that oxidation
and undesirable metallurgical factors are minimized. The effective-
ness of a particular stress-relief treatment depends quite strongly
upon alloy type and alloy concentration, Recommended time-
temperature combinations for stress relieving several of the more
common alloys are given below: (Ref. 1)

Stress-Relieving Conditions

Alloy Time, Temperature,
Alloy Type hours ¥
Commercial titanium o 1/4 to 4 900-1100
Ti-5Al1-2. 55n o 1/4 to 4 1000-1200
Ti-8Al-1Mo~-1V Near a 1/2 to 5 1100-1300
Ti-8Mn o~ 1/4 to 1 900-1100
Ti-4Al-3Mo~1V o-pB 1/2 to 8 900-1050
Ti-6A1-4V o= 1 to 24 900-1200
Ti-6Al1-6V-2Sn a-p 1 to 8 900-1200
Ti-13V-11Cr-3Al B 1/4 to 1/2 1300-1350

Precautions should be taken to avoid stress relieving strongly
B-stabilized alloys at temperatures much higher than 1150 F. Above
this temperature, appreciable amounts of beta will form, If the parts
are then allowed to cool rapidly, this beta will be retained. If, at any
time in their service life, these parts are exposed to temperatures
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alloys of this type into the [-field has occasionally been referred to as
"B-embrittlement', This term is no longer in common usage.
Acicular a-p structures are generally observed in weldments and in
some extruded and forged components. Alloy compositions have been
modified to make these structures less objectionable.

Beta Alloys. A B-phase alloythat isthermodynamically stable
at room temperature can only be obtained in titanium-alloy systems in
whichthe addition element is, itself, body-centered cubic at room tem-
perature and in which a continuous series of f-phase solid solution
exists atall concentrations of the addition element (Ref. 6). Alloys of
this type are represented by the 2-isomorphous system in which the
B-stabilizing additions of vanadium, columbium, tantalum, and/or
molybdenum suppress the formation of a-phase such that f-phase de-
composition occurs below room temperature (stable beta). Metastable-
beta alloys, such as Ti-13V-11Cr-3Al, are soheavily S-stabilized that
the 8 to a-transformation is very sluggish and the alloy remains 100 per
cent beta when cooled from abovethe B-transus temperature (about
1325 F). Air cooling from the solutiontemperature is sufficiently rapid
to retain 3-phase in a metastable condition. Thus, solution treating is
synonymous with annealing for alloys of this type. (Ref. 1)

HARDENING MECHANISM IN TITANIUM ALLOYS

In strongly pB-stabilized alloys, the tendency is great for meta-
stable beta to be retained on quenching. As the p-stabilization in-
creases and the solution temperature decreases this tendency is
further enhanced. During subsequent elevated-temperature exposure,
as in aging heat treatment, the f-phase may partially decompose.
The metastable-beta decomposition during aging may be summarized
as follows: (Ref. 7)

Bo ™ Prtw

Brtw—= .ttt

prrwta— pyt+ta

Pyt a—>at TiXMY (in active eutectoid systems),

where



Bo = B-phase of original alloy content that exists at the ..
solution temperature and retained on quenching

B, = B-phase of the equilibrium or’ pseudo-equilibrium
alloy content that exists at the aging temperature

By = B-phase of the alloy content intermediate between
that of 8, and B; (During the aging process, B-phase
gradually becomes richer in B-stabilizer elements,
and eventually the composition reaches that value
indicated by the p-transus.)

w = transition phase having a complex structure
o = equilibrium alpha phase

TixMy = intermetallic compound phase.
In many alloys w is difficult to avoid on quenching or in the initial
stages of reheating for aging. Omega formation is most likely to
occur at the lower aging temperatures (below 900 F), It can be
avoided by severe quenching and rapid reheating to the higher aging-
temperature range. An aging temperature is normally selected that
is high enough to insure that the w-reaction is carried to completion
in practical times and low enough to favor sufficient a-nucleation sites
for the formation of a fine to medium a-precipitate, (Ref, 1)

An understanding of the nature of the phase changes that take
place when a B-stabilized titanium alloy is quenched and subsequently
aged may be obtained from Figure 4, This diagram may be applied,
in principle, to many titanium alloys. In the quenched condition, the
alloy contains a large percentage of beta and has comparatively low
hardness unless the quench is not rapid enough to suppress the forma-
tion of omega, (Ref, 7)

After aging a short time at temperatures below about 1000 F, the
B-phase starts to transform to omega and the alloy is hardened and
strengthened drastically, This high hardness persists for long times
at temperatures below 800 F, At aging temperatures between 800 and
1100 F, the alloy overages in practical lengths of time as the hardness
curve shows, This partial softening produces the useful mechanical
properties for which titanium alloys are noted. It is brought about by
the completion of the transformation of omega to alpha, leaving a fine,
uniform dispersion of alpha in a f-matrix. (Ref. 7)

10




higher than about 600 F, the beta could partially decompose to
" w-phase and the parts might be seriously embrittled. (Ref. 7)

It is thus apparent that for titanium-alloy sheet which is being hot
formed or stress relieved, adequate temperature control is very nec-
essary., If the stress-relief annealing temperature is too low, e.g.,
800 or 900 F, the stresses may not be sufficiently relieved. If the
temperature is too high, metastable beta might form, and the part may
fail during service if omega precipitates from the beta.

In a-alloys, annealing produces a recrystallized equiaxed grain
structure for materials worked in the a-field, Annealing of a-8 or
B-alloys produces a sluggish or stable f-phase and, in a-f£ alloys, a
slightly increased amount of alpha, Annealing treatments of a-f3
alloys are normally designed to develop maximum thermal stability,
Both the composition and the amount of f-phase in a given a- alloy
depend upon the temperature to which the alloy is heated and the rate
at which it is cooled. For example, in the Ti-8Mn alloy, the beta
which exists at 1325 F contains about 13 per cent manganese; at
1525 F the beta contains only 8 per cent manganese, but much more is
present, The composition of the beta determines its stability, There-
fore, if the alloy were quenched from 1325 F, the beta retained would
be more stable than if the alloy were quenched from 1525 ¥. To obtain
maximum stability of the beta phase, the alloy must be cooled very
slowly through the temperature range in which the a-phase is rejected
most readily.Q Since alpha will dissolve very little manganese, it is
obvious that the remaining beta must become enriched and, therefore,
more stable. Thus, for example, the beta phase in the Ti-8Mn alloy
cooled slowly to 1150 F would have a manganese content of about
16 per cent, (Ref. 7)

Slow cooling through the temperature range 1300 to 1100 F is
generally used by titanium producers for mill products. In Figure 5
the effects of three different cooling rates on the microstructures and
properties of an a-f alloy are summarized. This shows that a po-
tential source of w-embrittlement is in the strongly p-stabilized alloys
which have not been cooled slowly enough from the final rolling tem-
perature, Such material is unstable and, if reheated for hot forming,
will very likely become embrittled. Less strongly B-stabilized alloys,
such as Ti-6Al1-4V, which do not undergo an w reaction can be cooled
more rapidly from the stabilizing treatment.
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FIGURE 5. EFFECT OF COOLING RATE ON PHASE RELATION-
SHIPS AND PROPERTIES OF A TYPICAL HEAT-
TREATABLE TITANIUM ALLOY (REF, 7)

TYPICAL THERMAL TREATMENTS AND PROPERTIES OF
REPRESENTATIVE TITANIUM ALLOYS

Although currently there are about 30 titanium alloys com-
mercially available, about 10 of these account for 85 to 90 per cent of
all applications, This group includes three grades of unalloyed ti-
tanium and the alloys, Ti-5Al-2,5Sn, Ti-6Al-4V, Ti-8Al-1Mo-1V,
Ti-6Al1-6V-2Sn, and Ti-13V-11Cr-3Al, (Ref, 4) The Ti-6Al-4V alloy
is by far the most-used grade (about 60 to 65 per cent of all titanium
used). (Ref, 8) The Ti-5Al-2,5Sn (a-representative), Ti-6Al-4V
(a-B representative), and Ti-13V-11Cr-3Al (B-representative) alloys
are discussed in the following sections in detail with respect to
specific heat-treatment practice and effects on properties. The most
common thermal treatments for these and all other titanium alloys
normally encountered, together with typical mechanical properties
obtainable, are summarized in Table I. The producer designations
and the forms available for the various titanium grades are listed in
Table II.
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TABLE II.

PRODUCER DESIGNATIONS AND FORMS AVAILABLE FOR TITANIUM AND TITANIUM ALLOYS

Nominal Composition
(Balance Ti),
weight per cent

Producer Designations(a)

Forms
Available(®)

99.5Ti
99.2Ti
99. 0Ti
99.0Ti
98.9Ti
0.15-0, 20Pd

5A1-2.55n

5Al1-2.55n (low O3)
5Al-55n-5Zr
TAL-12Zr
7A1-2Cb-1Ta
8Al-1Mo-1V

2.25A1-115n-5Zr-1Meo-0. 25i

8Mn

2Fe-2Cr-2Mo

2. 5A1-16V

3A1-2.5V

4Al-4Mn

4A1-3Mo-1V
5Al-1.25Fe-2,75Cr
5Al1-1,5Fe-1.4Cr-1.2Mo
6A1-4V

6A1-4V (low 0O3)

6A1-6V-2Sn-1 (Fe, Cu)
7A1-4Mo

1A1-8V-5F¢
3Al-13V-11iCr

Unalloyed Grades
A-30, HA-1930, RMI-30, RD-30, Ti-35A, WC-30

GOC-40, A-40, HA-1940, RMI-40, RD-40, Ti-55A, WC-40

GOC-55, A-55, HA-1950, RMI-55, RD-55, Ti-65A, WC-55

GOC-70, A-70, HA-1970, RMI-70, RD-70, Ti-75A, WC-70

OMC-105, Ti-100A

A-40Pd, HA-1940Pd, OMC-103, RMI-0, 2Pd, RD-015, Ti-0, I15Pd

Alpha Alloys
A-110AT, HA-5137, OMC-166A, RMI-5Al1-2,55n, RD-110,

Ti-5Al1-2,5Sn

A-95AT, HA-S5137EL1, RMI-5A1-2,55n ELI, Ti-5Al-2.5Sn ELI

Ti-5A1-58n-5Zr

RMI-7Al-12Zr, Ti-7Al-12Zr

RMI-7A1-2Cb-1Ta, Ti-7Al-2Cb-1Ta

HA-8116, RMI-8Al-1Mo-1V, RD-8-1-1, Ti-8Al-1Mo-1V, WC-8-1-1

Ti-679 (IMI-679 British)

Alpha-Beta Alloys
C-110M, RMI-8Mn, Ti-8Mn, WC-8Mn

Ti-140A
RMI-16V-2.5A1, RD-175
RMI-3A1-2. 5V, RD-100

C-130AM, HA-4145, RMI-4A1-4Mn, RD-130

RMI-4Al-3Mo-1V, Ti-4Al-3Mo-1V

Ti-5A1-4FeCr
Ti-155A

C-120AV, HA-6510, OMC-165A, RMI-6Al-4V, RD-64,

Ti-6A1-4V, WC-6-4

C-120AV, HA-6510 ELI or HA-6148, OMC-164B, RMI-6Al1-4V ELI,

Ti-6Al-4V ELI

C-125 AVT, HA-5158, RMI-6A1-6V-25Sn, Ti-6Al-6V-2Sn, WC-6-6-2
C-135A Mo, HA-7146, RMI-7A1-4Mo, Ti-7Al-4Mo, WC-7-4

Beta Alloys

RMI-1A1-8V-5Fe

B-120VCA, RMI-13V-11Cr-~3Al, RD-120, Ti-13V-11Cr-3Al,

WC-13-11-3

{a) A-, B-, C-: Crucible Steel Company
GOC-: G. O. Carlson, Inc.
HA-: Harvey Aluminum Company
OMC-: Oregon Mctallurgical Corporation
RD-: R and D Metals Company {wire supplier)
RMI-: Reactive Mectals, Inc.
Ti-: Titanium Mectals Corp. of America (TMCA)
WC-: Wah Chang Corporation
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B,F,S,E, T, W
B,F,S,E, T, W
B,F,S,E, T,W
B,F,S,E, T, W
B,F,S,E, T, W
B,F,S,E, T,W

B,F,S,E,W

B,F,S,E,W
B,F,S, W
B,F,S, W
B,F,S, W
B,F,S,E,W
B,F

B,S

B,S

B,S
B,S,E, T
B,F

B,S

B,F

B, F
B,F,S,E,W

B,F,S,E,W

B,F,S,E,W
B,F

B,F
B,F,S,E, W

Billets and bars
Forgings

Plate, sheet, and strip
Extrusions

Tubing

Wire




ALPHA ALLOY - Ti-5Al-2.5Sn (Ref. 4)

Structure. The structure of Ti-5Al-2, 55n at room tempera-
ture is essentially all alpha. Traces of f-phase can usually be de-
tected metallographically resulting from the stabilization of this phase
by iron and manganese impurities. This small amount of f-phase can
be detrimental to very low temperature properties, however a low
interstitial grade (ELI) which also has a lower iron and manganese
content can be used for these applications, The a-structure has two
basic forms — equiaxed and acicular, The equiaxed structure is ob-
tained by working and annealing in the a-phase field. The & to a-8
transus is about 1875 F and all B-structures exist above about 1925 F,

The acicular form of alpha results from cooling from the a-5 or
B-region, All metal which was beta at the elevated temperature be-
comes acicular alpha during cooling. Rapid cooling produces a sharp
acicular martensitic a-structure. Slow cooling produces a large
rounded acicular a-grain structure. All metal which was not trans-
formed to beta during the elevated-temperature exposure remains in
the equiaxed a-form.

Stress-Relief Annealing. Stress-relief annealing is normally
conducted in the 1000 to 1200 F temperature range for 1/4 to 1 hour
followed by air cooling., Figure 6 shows that little relaxation takes
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FIGURE 6, EFFECTOF TIMEAND TEMPERATURE ON THE RELIEF
OF RESIDUAL STRESS IN Ti-5A1-2, 5Sn (REF. 4)
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place at 700 F, only partial relief of residual stress in practical times
at 900 ¥, and significant stress-relief annealing can be accomplished
in 1 hour at 1100 F,

Annealing, Ti-5Al-2.55n is annealed for 1/4 to 4 hours in
the temperature range 1300 to 1600 F. The shorter exposure times
are used with the higher temperatures., Temperatures above 1600 F
are not used because of excessive oxidation and grain growth, Cool-
ing rate has little effect on properties and material is normally air
cooled although furnace cooling may be used in vacuum annealing
(this annealing treatment restores best ductility and toughness to the
alloy).

Heating into the p-field without subsequent working in the a-field
causes lower ductility at room temperature with little effect on
tensile-strength properties (Table III). Toughness can be increased
by B-heat treatment,

TABLE III. TENSILE PROPERTIES OF ANNEALED Ti-5A1-2. 5Sn
EXTRUDED AT 1700 F(2) (REF. 4)

Tensile Yield Reduction
Strength, Strength, Elongation, of Area,
Annealing Treatment 1000 psi 1000 psi % in 4D To
- o Y 4_—_—ﬂ
2100 F, water quench 153, 1 152. 6 12.5 25.0
2100 F, air cool 149.0 138.8 8.3 15,2
2100 F, furnace cool 151.8 141.2 7.5 13.9
1850 F, water quench 146, 3 131.4 16,7 50.0
1850 F, air cool 143.5 139.0 16,7 45,7
1850 F', furnace cool 144, 2 141, 2 15,5 43,7
1600 F, air cool 138.4 131.8 16.7 50.3
1200 ¥, air cool 146.0 143, 2 16,7 43,4

(2) a - Bextruded.

Strengthening Heat Treatments. Since Ti-5Al-2.55n is
essentially an all a-alloy, heat treatment has little or no effect on
mechanical properties.
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. Thermal Stability, Ti-5Al1-2, 5S8n is metallurgically stable
inder any conditions of stress, temperature, and time up to the

annealing temperature,
ALPHA-BETA ALLOY - Ti-6Al-4V (REF. 4)

Structure., Ti-6Al-4V is an a-f alloy in which an a-stabilizer,
aluminum, and a B-stabilizer, vanadium, are combined, The re-
sponse of this alloy to thermal treatment can best be discussed in
terms of the phase relationships. Figure 7 shows a schematic vertical
section of the ternary phase diagram.
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FIGURE 7, THE PHASE RELATIONSHIPS FOR Ti-6Al-4V (REF. 4)

Annealing temperatures, indicated by Point A, usually are in the
range from 1200 to 1400 F, The resulting structure is mainly a-phase,
with beta retained in the grain boundaries. This high proportion of
alpha is a result of the relatively high solubility of vanadium in alpha,
and the presence of aluminum, an a-stabilizer. By solution annealing
and quenching from temperatures higher in the a-g field (Points B
to C), the alloy can be strengthened by subsequent aging., This in-
crease in heat-treatment response is caused both by the increased
amount of B-phase in the structure and the change in alloy content of
the B-phase with increasing temperature. As the solution-annealing
temperature is increased, the vanadium content of the equilibrium
B-phase eventually is lowered below the limit at which f-phase is re-
tained on quenching; the beta transforms partially to alpha prime
(martensite) after solution annealing at about 1750 F, whereas at
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1550 F, beta is retained. At the latter solution-annealing tempera-
ture, however, the 3-phase is mechanically unstable after quenching,
and martensite can then be formed during plastic straining. This
condition is characterized by a low ratio of yield to ultimate tensile
strengths, Maximum heat treatment response is attainable after
solution annealing in the B-field (D); however, the strength increase
is offset by a considerable loss of ductility ensuing from the trans-
formed structure, so that solution anneals usually are not carried out
in the all-beta range but rather from intermediate to high in the a-f
range (Points B to C).

The interstitial elements carbon, oxygen, and nitrogen increase
the R-transus with increasing concentration. When these elements
are in excessof the normal levels, the 8 to a-reaction is accelerated
by the presence of these elements dissolved in the f-phase, At
normal concentrations most of the interstitials are dissolved prefer-
entially in the a-phase so that in practice little effect is observed on
the transformation kinetics,

Stress-Relief Annealing, Temperatures of 1000 to 1200 F
for periods of 1/2 to 1 hour, followed by air cooling, are commonly
used to stress relieve Ti-6Al-4V. To minimize oxidation, the time

and temperatures should be as low as possible. Data covering the
effect of time and temperature on residual stress are illustrated in
Figure 8,
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RELIEF OF RESIDUAL STRESS IN Ti-6Al-4V
(REF, 4)
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. Annealing. Annealing heat treatments usually involve holding
for 1 to 2 hours at 1300 to 1500 F, furnace cooling to about 1100 F,
and then air cooling to room temperature, Time, temperature, and
cooling rate are selected so that the annealing treatment achieves a
mixed a-f structure that is ductile and stable. The majority of
Ti-6Al-4V product is supplied in the annealed condition.

Strengthening Heat Treatments. Generally the best heat-
treated properties are developed by solution annealing at 1550 to
1750 F, water quenching, and aging at temperatures from 900 to
1100 F.

Hardenability. Heat-treatable titanium alloys, such as
Ti-6Al1-4V, show a rather shallow hardenability. This is due to the
low thermal conductivity of titanium alloys which allows transforma-
tion of the pB-phase to omega or alpha during cooling from the
solution-annealing temperature (Figure 9). Data shown in Figures 10
and 11 indicate that full strength in Ti-6Al1-4V alloy sections over
about 1 inch in thickness is not expected,

Solution Annealing. Solution annealing Ti~-6Al-4V at
about 1550 F results in maximum ductility and best formability.
Solution annealing at 1700 to 1750 F develops maximum strength
properties (Figure 12).

The solution temperature is effectively lowered when the work-
piece is not immediately quenched, The effect of time delay before
quenching on the tensile properties of Ti-6Al1-4V is shown in
Figure 13,

Aging Heat Treatments, The strength of Ti-6Al-4V is
improved through aging in the temperature range 900 to 1100 F for
1 to 24 hours, Aging heat treatments must be preceded by solution
annealing, Higher aging temperatures result in overaging and a
considerable loss in strength and only a slight improvement in
ductility, Figure 14 shows the effect of aging time at 900 F on the
tensile properties of Ti-6Al-4V material solution treated at 1550 F.
Aging times in excess of 8 hours have little effect on properties.
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Thermal Stability, In general, Ti-6Al-4V, as annealed or
as aged under ordinary service conditions, is considered stable. The
alloy has the ability to retain the original mechanical properties after
prolonged thermal exposure in a variety of environments, Elevated-
temperature exposure of solution-treated material, during operations
such as forming, may lead to strength increases and a corresponding
decrease in ductility. In such cases the alloy should be stabilized by
aging or annealing prior to service.

BETA ALLOY - Ti-13V-11Cr-3Al (REF. 4)

Structure. The Ti-13V-11Cr-3Al structure is entirely beta
at room temperature after annealing from above the p-transus. The
structure is easily obtained even with slow cooling rates because of
the B-stabilizing characteristics of the high vanadium and chromium
content of the alloy,

The effect of variable chromium content on the phase relation-
ships of Ti-13V-11Cr-3Al is shown in Figure 15, The alloy is
hypoeutectoidal with a f~-transus between 1200 and 1300 F. The high
vanadium content contributes to the stabilization of the g-phase to this
low temperature,

Figure 16 shows the effect of variable aluminum content., In-
creasing aluminum content stabilizes the a-phase, which in turn
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raises the B-transus temperature. Oxygen also raises the f-transus
temperature, Without the minor aluminum addition the S-transus
temperature would be lowered by about 200 F,

The B-phase is thermodynamically stable down to about 1200 F
(with low oxygen content), however, the decomposition of the B-phase
is very sluggish even at lower temperatures., This is illustrated in
Figure 17. In addition to the decomposition products of the B-phase,
alpha and TiCr,, and w-phase is believed to be formed. The exact
conditions for the development of omega have not been established.

It is believed that omega is unstable and will decompose rapidly
above 1000 F.

Stress-Relief Annealing. Stress-relief annealing of Ti-13V-
11Cr-3Al is normally carried out by annealing for 1/4 to 4 hours at
900 to 1200 ¥, The shorter times are used with the higher
temperatures.

Annealing. Normal cooling from the annealing temperature
retains the B-phase structure. Thus, annealing treatments for
Ti-13V-11Cr-3Al are the same as solution treating.

Strengthening Heat Treatments. High strengths are de-
veloped in Ti-13V-11Cr-3Al by solution annealing above 1400 F, water
quenching or air cooling, and aging at 800 to 1000 F. The Ti-13V-
11Cr-3Al also may be strengthened by cold working which is
illustrated later.

Hardenability. Thick sections of Ti-13V-11Cr-3Al can
be hardened by aging solution-annealed material. This result is
obtainable due to the sluggishness of the f-phase which is retained
even in the center of very thick sections and is subsequently age
hardenable.

Solution Annealing. Within the solution-annealing range
of about 1300 to 1900 F there is little change in the hardness (Fig-
ure 18) of annealed or subsequent aged material with temperature.
Cooling rate seems to have essentially no effect due to the high
B-stabilizer content of the alloy. However, long solution-annealing
periods at high temperatures lower the ductility in aged material
through excessive grain growth and breakdown of favorable nucleation
site distribution.
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Aging Heat Treatments. Aging Ti-13V-11Cr-3Al in-
creases strength properties through the modification of the
metastable-beta structure to f-plus-decomposition products. De-
composition of metastable-beta phase does not occur below about
600 F. Normal aging of solution-annealed material is conducted at
800 to 950 F for relatively long periods of time, 20 to 100 hours.
Overaging does not occur for up to 500 hours at 1000 F and it appears
that maximum aging response occurs at about 900 ¥, The aging re-
action is accelerated in cold- or warm-worked material. A signifi-
cantly higher strength level can be achieved by cold working the alloy
between the solution heat treatment and the aging treatment.

Thermal Stability. The ability of the solution-annealed
B-alloy to maintain mechanical properties is limited to relatively
short exposure time at temperatures to about 600 F. Figure 19
illustrates the effect of time on the 600 F stability of annealed and
cold worked Ti-13V-11Cr-3Al. The thermal stability of aged mate-
rial is better than that of annealed material. However, the tempera-
ture limit for alloy stability remains in the range 575 to 600 F for
long~time exposure,
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TITANIUM HEAT-TREATMENT PRACTICE

Stress relieving titanium alloys relaxes residual stresses and
improves ductility and toughness. Heating titanium alloys higher into
the recrystallization-temperature range followed by air or furnace
cooling (depending on composition) develops the maximum ductility
and toughness. For strengthening purposes, titanium alloys are
first solution treated at relatively high temperatures, water
quenched, and finally aged at some intermediate temperature. Thus,
the reasons for the heat treating of titanium and the metallurgical
phenomena that heat treatments bring about are similar in principle
to those employed in other metal-alloy systems. However, since
titanium reacts with most atmospheres under normal heat-treating
conditions, consideration of contamination effects and their control
is of utmost importance. This section of the report deals with con-
tamination, furnacing, and, finally, a discussion of techniques now
being employed for the thermal treatment of titanium materials.

CONTAMINATION

Titanium is chemically very active at elevated temperatures and
reacts with almost all elements including those which are most
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readily available — carbon, oxygen, nitrogen, and hydrogen. Ti-
“tanium reacts with, and is contaminated by, most gaseous com-
pounds, including CO, CO;,, HpO vapor, NHy, and many volatile
organic materials. The results of such gas reactions are more
serious for titanium than for many other metals, since the gaseous
elements not only form compounds at the surface, but also penetrate
the metal lattice causing loss of ductility and toughness, ZFurther-
more, with the exception of hydrogen, the contaminating gases cannot
be removed by vacuum heat treatment, since the reactions are
irreversible,

Effect on Properties (Ref. 10) Small quantities of the inter-
stitial elements remain in titanium after the various metal-winning

processes and additional quantities are picked up during primary

and secondary fabrication processes. Heavy concentrations of
carbon, oxygen, and nitrogen in the metal surface, picked up during
fabrication and/or heat-treatment operations, harden and strengthen
titanium. Both nitrogen and oxygen are used to surface harden
titanium for increasing wear resistance in friction applications,
Carbon is effective as a strengthener only up to its limit of solubility
in alpha. Although hydrogen has a strengthening effect in titanium
alloys, the effect is almost nil in unalloyed titanium. Ductility and
toughness decrease with increasing amounts of interstitial content in
unalloyed titanium, Summary curves showing the interstitial effects
on titanium strength, ductility, and hardness are given in Figures 20
and 21.

The most deleterious effect of the interstitials on the properties
of unalloyed titanium is on toughness. High-purity titanium is very
tough to quite low temperatures‘, but the presence of interstitials
lowers toughness progressively with increasing interstitial content
until transition-type behavior occurs (Figure 22). A tendency toward
transition type of behavior occurs at 0,24 per cent oxygen equivalent,
and definite transition behavior occurs at 0, 36 per cent oxygen
equivalent. The effects of combinations of interstitials on toughness
appear to be additive on the same basis as their effects on strength,
that is 3C = 20 = IN. Oxygen equivalent concentrations of carbon or
nitrogen may be calculated using this relationship.
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Hydrogen has a similar effect upon the toughness of titanium,
although at much lower concentration than that observed for carbon,
oxygen, or nitrogen., Four interrelated variables have been found to
affect the tendency toward embrittlement: hydrogen content, strain
rate, stress concentration, and temperature, Typical effects are
shown in Figure 23. From these plots, it can be seen that transition

temperature is increased (i.e embrittlement becomes more

*
severe) as hydrogen content is increased, loading rate is increased,
or notches are introduced into the samples. As might be expected,
the effects are magnified in the presence of the other interstitial

elements,

The effects of interstitial content on the mechanical properties of
titanium alloys are much the same as for unalloyed titanium. In
general, strength is increased while ductility and toughness are de-
creased in the presence of interstitials, However, with regard to
embrittlement effects and especially embrittlement effects promoted
by hydrogen, certain alloys of titanium can tolerate more inter-
stitials than others and the embrittlement phenomenon occurs at
different temperatures for the different alloys. (Ref. 10)

Oxidation (Ref. 11). Titanium is noted for its excellent resis-

tance to many corrosive environments. This resistance tocorrosion is
related to the thin, natural oxide film that forms on titanium. This
oxide film does not grow significantly thicker at ambient temperatures
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nor at temperatures up through about 1000 F. Thus, oxidation of ti-
tanium in the service-temperature range is not a problem. In fact,
it would take about 300 years to form an oxide layer 1 mil thick on
titanium at 500 F, or about 6 months at 900 F. However, at higher
temperatures, particularly those used for fabrication and heat treat-
ment of titanium, the oxidation rate becomes significant and, in
addition, oxygen diffuses into the solid metal, Table IV shows the
effect of temperature on the oxide-film thickness of titanium.

TABLE IV. EFFECT OF TEMPERATURE ON THE
OXIDE-~FILM THICKNESS OF
COMMERCIALLY PURE TITANIUM
HEATED IN AIR FOR 1/2 HOUR

(REF. 1)
Measurable Oxide Thickness,
Temperature, I mils
600 None
800 None
1000 None
1200 <0.2
1400 0.3
1500 <1
1700 <2
1800 2
1900 4
2000 14

Both the oxidation and diffusion processes are time and tempera-
ture dependent, At low temperature, 1000 F and below, the oxidation
of titanium follows a parabolic rate law. A protective oxide film is
formed, and the oxidation rate decreases with time, In the service-
temperature range (up to 1000 F'), the oxidation process is self-
healing, and a protective scale is slowly formed. An example of the
oxidation rates of titanium at low temperatures is given in Figure 24.

However, at temperatures in the fabrication and heat-treatment
ranges (1400 to 2000 F), the oxidation rate of titanium and titanium
alloys becomes very rapid, as shown by the data in Figure 25,

More important than oxidation at high temperatures is the diffu-

sion of oxygen into titanium and titanium alloys. The diffusion of
oxygen into titanium hardens the surface and causes embrittlement.
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hydrochloric, sulfuric, phosphoric, oxalic, and formic acids), ioniz~-

able fluoride compounds, some low-pH salt solutions (including hot,
concentrated aluminum and calcium chlorides), and certain powerful
oxidizing agents (such as red fuming nitric acid, high concentrations
of hydrogen peroxide, liquid and gaseous oxygen), and dry chlorine
gas (Ref, 13).

Titanium displays excellent resistance to stress-corrosion
cracking in aqueous solutions. Failures are observed only on rare
occasions and then only if the right combination of stress, metal-
lurgical history, and environmental factors is present will the cracks
initiate and propagate.

Titanium alloys have a tendency to crack under stress in the
presence of chloride salts at a threshold temperature of 550 F and
above. (Refs. 14, 15, 16) This phenomenon has been termed hot-
salt stress corrosion, The extent of damage is a direct function of
time, temperature, and stress level employed, but it also varies with
the alloy and the environment. The phenomenon has been observed in
titanium parts which were formed and subsequently heat treated
(stress-relief annealing) without proper cleaning prior to heat treat-
ment, Stresses were residual from the forming operation. Chloride
ions were believed to be present from either fingerprints or from
chlorinated hydrocarbon residues (left by cleaning and degreasing
solutions). There is evidence that the residue from chlorinated
hydrocarbon solvents contained hydrochloric acid. (Ref. 17) Thus,
the importance of proper cleaning to eliminate chloride-containing
residues and proper handling to eliminate fingerprinting prior to heat
treatment cannot be overemphasized. Mill stencils, oils, and
greases should also always be removed from titanium materials
prior to pickling, stress-relieving, and annealing operations,

CONTAMINATION CONTROL

Mill products may be supplied in the annealed condition or in the
heat-treated condition. In general, bar stock and forgings can be
heat treated to high strength prior to a final grinding or machining
operation. In these cases, neither air contamination nor quench
distortion presents any great difficulty since the final metal-removal
operation gets rid of the contamination or distortion defects, For
products of this type, heating in almost any kind of furnace including
gas- and oil-fired furnaces, electric r-u:ffle furnaces, in a neutral
salt bath, or in induction furnaces is suitable,

38




The only way that this contamination can be eliminated is by removing
the contaminated layer from the surface of the metal,

The oxidation and contamination of titanium alloys do not result
in a uniformly hardened case but in a diffusion zone that extends well
into the metal. The depth of this zone is both time and temperature
dependent. Figure 26 shows the effect of time at 1600 F on the depth
of contamination in unalloyed titanium based on hardness measure-
ments. This type of information is useful in selecting time and tem-
perature combinations for heat-treatment and fabrication operations.
Information of this same type is available for titanium alloys from
Reference 12,
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FIGURE 26, SUMMARY OF HARDNESS-PENETRATION DATA FOR
UNALLOYED TITANIUM HEATED FOR VARIOUS
TIMES IN AIR AT 1600 F (REF. 11)

Corrosion. Titanium's corrosion properties, unlike those of
most metals, can be defined within fairly simple limits., The metal is
highly resistant to all natural environments (including seawater, mine
waters, body fluids, fruit juices, etc.) and a great many aqueous
chemicals up to at least their boiling temperatures, Titanium is used
most extensively in environments containing chloride salts, sulfides,

hypochlorides, nitric acid, chlorine dioxide, and wet chlorine,
(Ref. 13)

Chemicals which attack titanium include hot or concentrated solu-
tions of the reducing type of acids (including some concentrations of
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America is now using a proprietary coating for application to sheet
bar that affords good protection and has self-peeling properties at
the proper stages of strip rolling, (Ref. 20)

In general, solution-annealing temperatures and times normally
recommended for specific alloys result in about 3 to 8 mils depth of
contamination, Figures 27, 28, and 29 show curves for estimating
the depth of contamination for titanium and two alloys for any given
time-temperature conditions. It is generally accepted that the
various, commercially available, protective coatings for titanium
cut down the depth of contamination but do not eliminate the problem
entirely., Unpublished work at Battelle (Ref, 21) indicated that for
thin sheet material of Ti-6Al-4V, exposed for short periods of time
up to 1800 ¥, contamination was reduced by at least one-half over that
of unprotected material. In ahy case, scale and/or coating must be
removed after treatment by chemical milling or by mechanical tech-
niques such as grinding or sandblasting. Titanium Metals Corporation
of America reports that the development of a universal effective coat-
ing for all titanium alloy substrates is probably out of the realm of
practicality., However, specific coating systems have been proven for
specific titanium alloys. (Ref. 20) Thus, each individual thermal-
processing treatment must be considered with respect to allowable
depth of contamination and to the compatibility and usefulness of any
given protective coating. A detailed examination of the surface treat-
ments and conditioning of titanium and titanium alloys, with respect
to mechanical, electrochemical, nonmetallic, and spray coatings
treatments, is covered in another NASA report. (Ref. 22)

On the basis of recent data, the heat treatment of titanium in a
tank of water-soluble molten glass appears attractive for protecting
titanium against contamination., (Ref. 23) Solution treating Ti-4Al-
3Mo-1V sheet 1/4 hour at 1625 F by immersing it in a fritted molten
glass (82, 8 per cent boric oxide-6.5 per cent alkali oxide-10. 7 per
cent alumina) resulted in no surface contamination or any deleterious
effect on microstructure. Although glass normally acts as an in-
sulator, specimens heat treated in the above mix and quenched in
water from 1625 F cooled to less than 900 F within 10 seconds,
Residual glass remaining in contact with the alloy can be completely
removed in hot (180 F) running water, Considerable additional effort
is required before compatibility parameters are firmly established,
however, early results appear promising for the use of these molten
glasses for protection against contamination.

Descaling has been accomplished by various methods. A sodium
hydride or a Virgo bath has been frequently used, (Ref. 7) Titanium
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~ Near-finished and finished machined parts and sheet titanium -
present serious heat-treating problems. Unlike steel, titanium can-
not be protected from oxidation by conventional atmospheres such as
hydrogen, carbon monoxide, or cracked ammonia, since it readily
reacts with these gases, Inert gases such as argon and helium can
afford protection of finished titanium parts, and even these inert
gases must be highly purified, i.e., free from moisture and other
trace impurities to avoid contamination of the metal., High-purity
gas furnaces are used extensively in laboratories for solution treating
of titanium, but commercial furnaces of this type are few. Three
alternatives are (1) to solution treat for as short a period as possible,
(2) to use the best inert atmosphere economically practical, or (3) to
perform the treatment under vacuum. In the former cases, it will
be necessary to follow the heat treatment with a pickling or light-
grinding operation. No cleanup should be necessary after vacuum
treatment., A word of caution should be interjected here regarding
the use of air or inert-gas atmospheres in furnaces that are also
used for atmosphere heating of steel, Such furnaces should be purged
for several hours with the gas to be used to prevent contamination
with hydrogen from residual gas remaining in the crevices and re-
fractory parts of the furnace. In air-blown furnaces, used also for
the atmosphere heat treatment of ferrous alloys, an air-flow purge
of considerable volume and duration (e.g., 150 cu ft/min for 4 hours)
is recommended prior to using the furnace for any thermal treatments
involving titanium products, (Ref. 18) Of course these oxidation and
contamination problems may be circumvented by using vacuum-heat-
treatment facilities for heat treatments not terminated by rapid
cooling,

Perhaps one of the best methods for protecting large titanium
parts or sheets of simple geometric configuration is to encapsulate
them in low~carbon steel containers. The procedure consists
simply of seam welding the steel envelope around the titanium part,
putting a fitting in the envelope to permit evacuation of the air, and
sealing. (Ref, 18) An alternative to this procedure is to provide two
fittings so that a continuous purge of inert gas, such as argon or
helium, is presented to the workpiece in the container. (Ref. 19)

In either case the steel envelope containing the inert atmosphere pro-
tects the titanium from oxidation and hydrogen, and does not seriously
affect the cooling rate,

Some organizations, including both producers and end-product
fabricators, are using coatings, with varying degrees of success, to
protect titanium during thermal treatments. On the other hand, other
organizations do not favor coatings., Titanium Metals Corporation of
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Metals Corporation of America uses a low-temperature (400 to 425 F)
salt bath, composed of potassium compounds with additives and in-
hibitors to control oxidation, to descale almost all titanium alloys
rolled and annealed at 800 to 1900 F. (Ref. 20) Operating at this low
temperature, well below the 700 to 1000 F range common to many
salt-bath descaling processes, scale can be removed without age
hardening or causing excessive hydrogen pickup. The process is
carried out in two batch-type descaling and pickling installations in
which billets, slabs, tubing, plate, sheet, and wire are passed
through the salt bath, a cold-water rinse, 35 per cent sulfuric acid,
a hot-water rinse, and finally through a nitric-hydrofluoric acid
solution and another hot-water rinse, Short, repetitive cycles —
about 10 minutes in the salt bath and 5 minutes in the sulfuric acid —
have proved to be more effective than one longer cycle.

Shot blasting and grinding also have been used to descale titanium
alloys. Pickling is accomplished nearly universally in a HF-HNO3
water solution at slightly elevated temperatures. Although this solu-
tion will also cause hydrogen pickup, it is now standard practice to
minimize this by maintaining the HF concentration below about
3 per cent and the HNO3 concentration above about 15 per cent. Too
high a concentration of HNO3 will create fuming and make the bath
difficult, if not dangerous, to handle, (Ref. 7)

In summary, a few points should be reemphasized regarding the
mechanics of titanium heat treatment. Titanium is chemically very
active at elevated temperatures, and reacts readily with oxygen,
nitrogen, carbon, and hydrogen in a furnace atmosphere. In all heat-
treating operations, oxidation can be a very important factor, due to
the embrittling effect of titanium oxides on the properties of a part.
Primarily because of oxidation, heating times are kept as short as is
required to perform the heat treatment. This is particularly true for
sheet products, where the surface to volume ratio is large and the
difficulty of scale removal is the greatest. Most titanium forgings
are fully machined after hot working and heat treatment. Some
forgings are ground or otherwise machined to remove contamination
only in the areas of high-stress concentration, (Ref. 1)

The danger of hydrogen pickup during heat-treating operations is
probably more important, Current specifications limit hydrogen con-
centrations in titanium alloys to under 200 ppm. At high hydrogen
concentrations, the titanium becomes embrittled, showing a reduced
impact and notched tensile strength., To minimize the possibility of
hydrogen pickup or to avoid oxidation, heat treatment is sometimes
accomplished in an inert atmosphere such as argon or helium, or
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in a vacuum. Because these methods are expensive, most heat treat-
ing is done in a slightly oxidizing atmosphere; this reduces the partial
pressure of hydrogen that may be in the surrounding atmosphere

from the breakdown of water vapor or unburned hydrocarbons.
(Ref. 1)

Oxidation rates vary with the titanium alloy. Generallya-alloys
show slightly less scaling than B-alloys. Nitrogen is absorbed by
titanium during heat treatment at a much slower rate than oxygen,
and does not produce a serious contamination problem. (Ref. 1)

Titanium alloys are also subject to stress corrosion when ex-
posed to chlorides at temperatures above about 550 F in the presence
of an applied or residual tensile stress. Fingerprints or chlorides
from cleaning solutions must be cleaned off of the titanium part
prior to heat-treatment operations. (Ref. 1)

In addition, since titanium materials are very reactive at normal
heat-treating temperatures, care must be exercised to eliminate mill
stencils, oils, and greases prior to stress relief and annealing opera-
tions. The reaction of certain furnace refractories and mill scale
carried over from ferrous heat-treating operations with titanium
materials should also be carefully considered and removed if pos-
sible before any thermal treatments are performed.

FURNACING

In discussing furnaces for the heat treatment of titanium, a re-
view of the practices followed by titanium producers, fabricators,
and users affords an insight into the most acceptable methods of
heating titanium.

Since the production of titanium mill products has been carried
out almost entirely in facilities which are owned and operated by steel
companies, the heating and heat-treating equipment used for steel
have also been used for titanium, This has been a rather satisfactory
arrangement since the temperatures required for shaping and heat
treating of titanium are not very different from those used for steel
products, Unlike steel, titanium and its alloys are very reactive
with the atmosphere at mill-processing and heat-treating tempera-
tures as explained earlier in this report.

Titanium ingots and semifinished products are heated and forged
or rolled with and without protection from the air. Proprietary coat-

ings are used in many of the primary metalworking operations
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although not universally so, Heating may be carried out in any type
of furnace, and gas- or oil-fired furnaces commonly found in steel
plants have been used with success, The most important precaution
to be observed with fuel furnaces is that the stock should not be ex-
posed directly to the flame if this can be avoided. If complete
muffling is not possible, the atmosphere in the furnace should be
free from water vapor and should be slightly oxidizing., Both water
vapor and incompletely burned fuel vapor can react with titanium to
form atomic hydrogen which is readily absorbed by the titanium,
Thus, one of the principal sources of hydrogen contamination in
titanium products is the fuel-fired furnace. The only practical
method for removing hydrogen from titanium is by vacuum annealing.
Furnaces for solution treating may be gas fired or electric, with the
latter being preferred to minimize hydrogen pickup. Resistance and
induction types of heating arrangements are also used to minimize
contamination through reduced heating times. The effectiveness of a
solution-treatment operation is tied very closely to the way the
quenching medium operates in conjunction with the furnace. In many
cases of production parts, the furnaces are built together so that the
part can be dropped or rolled from the hot zone into the quenching
area in a very short time, Quench delay time is critical with regard
to obtaining optimum properties, Water is the most widely used
quenching medium, although low-viscosity oil and water containing
about 3 per cent NaOH are also employed. (Ref, 1) The NaOH addi-
tion provides for a better wetting action and consequently more
efficient heat dissipation. (Ref. 18) Therehavebeen some reports
that solution-treated and aged Ti-6Al1-4V exhibits considerable im-
provements in strength combined with good ductility when more
effective water-quenching techniques are employed. (Ref. 24) It
appears that this is facilitated for titanium alloys by incorporating
the correct quench media with violent agitation through an oversized
pumping system, (Ref. 18) For example, if a 5-hp pump is sufficient
to agitate a bath, a much larger pump, say 50-hp, might truly be
required to more ideally quench the part for optimum property
development,

Vertical gantry types of furnaces are quite popular for the heat
treatment of titanium, (Refs, 18, 25) These furnaces are normally
electric or gas fired with a maximum operating temperature of 2000
to 2100 F £ 25 F. Effective working areas of up to at least 29 feet
in height (Ref. 25) and 13 feet in diameter are available, Quench
tanks are located in pits below the floor and the furnace travels on a
track to the particular quench tank in use. Transfer time from
furnace to quench media can be accomplished in less than 5 seconds.
Sheet quenched from vertical furnaces is relatively free from
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distortion because it is suspended vertically. However, very short
transfer times can cause degradation of the part through mechanical
vibration caused by speeding up the quenching process. (Ref. 18)
California-Doran Heat Treating Company has found in solution treat-
ing Ti-6Al1-4V heavy section parts that no detriment in properties
occurs when using up to an 8-second quench delay time provided the
cooling rate is very rapid once the part enters the quench
medium, (Ref, 18) A vertical furnace of this type used in the heat
treatment of titanium is shown in Figure 30,

Very large gas-fired furnaces, such as the one shown in Fig-
ure 31, are available for stress relieving and aging of titanium parts
and structures, Creep flattering of large titanium plates has been
proposed using this type of furnace,

Although vacuum heat treatment is normally more expensive than
conventional furnacing, many applications of titanium heat treatment
are ideally suited for vacuum. Many times when comparing various
heat-treatment processes in their entirety, the vacuum treatment
becomes more economical since problems associated with contamina-
tion and necessary cleanup are eliminated, Of course, final machined
parts and thin-sheet structures requiring high-temperature thermal
exposure while maintaining close dimensional tolerances are ex-
cellent candidates for vacuum furnaces, Also, the only practical way
of lowering detrimental hydrogen content in titanium materials is by
vacuum exposure, This is usually done at a temperature between
1000 and 1400 F for 2 to 4 hours at pressures of less than 0.5 mic-
ron, (Ref, 26) Under these conditions, chemically milled and
hydrogen-contaminated Ti-6Al1-4V containing 550-ppm hydrogen can
be purified to 25 to 35-ppm hydrogen after vacuum treatment.

(Ref, 26)

Vac-Hyd Corporation has a very large vacuum furnace that is
being used for titanium heat treatment, (Ref. 26) The furnace
measures 5 feet in diameter, 5 feet high (5-1/2 feet with a lower
temperature retort), and can maintain heat-treatment temperatures
up to 2250 F (maximum) at 0.1 to 0,3 micron, Heating elements
are contained outside the evacuated retort. Thin titanium sheet,

30 to 40 mils, is normally used as a getter to protect the titanium
parts. These titanium shields are mounted around the workpiece and
are used five times before recleaning. Cooling is normally slow.
However, an argon back-fill can be used to give a quench rate of

100 F/minute. Vac-Hyd has plans for a production vacuum unit
capable of quenching from vacuum which will duplicate an oil quench,
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6 inches high, 2000 Ib at
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£5 F gradient.

Courtesy of California=Doran
Heat Treating Co.

CAR BOTTOM TYPE OF
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Furnace measures 12 feet
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Courtesy of California-
Doran Heat Treating Co.




_» Salt baths, such as NaCl or BaClp, are and have been used in
the solution treatment of titanium parts., However, some experience
in the application of a neutral BaCl, salt bath during solution anneal-
ing resulted in intergranular attack of the titanium, such that excess
material was required to allow for contamination cleanup. If excess
material is available, the heat treatment can normally be effected
better in air. (Ref. 18) In addition, the salt-bath residue, if not
properly and completely removed, may have adverse effects in
promoting salt stress corrosion as discussed earlier in this report,

For the production heat treatment of flat-rolled mill products,
Titanium Metals Corporation of America has a continuous electric-
roller hearth furnace outfitted with roller-leveler-spray-quench
apparatus on one end and a 16-foot-long tank at the other. (Ref. 1)
Production sheets are heated.to the solution-treating temperature,
going through a preheat zone first., They are finally held at the
solution temperature for about 5 minutes and then heavily spray
quenched, top and bottom, as they emerge from the furnace just
before they enter the roller leveler and also during roller leveling.
The three zones in this furnace are controlled to £5 ¥, and the tem-
perature is uniform in each zone. The roller-spray-quench
apparatus is designed to provide an even quench, and is positioned
to minimize the transfer time from furnace to quench,

Titanium Metals Corporation of America also has a continuous-
vacuum-annealing furnace in operation in conjunction with a
Sendzimer Mill, and other cutting and cleaning equipment for the
production of commercially pure and alloy strip. (Ref. 1) Strip to
be intermediate or final annealed enters the furnace tower through a
series of rollers, coming first to a cold zone., It then passes into
the hot zone in the top, front quadrant of the tower. After annealing,
the strip passes over rollers in the top of the furnace and down the
back side; the back half of the furnace is also cold. Vacuums in the
chambers are in the 0.1 to 0.5-micron pressure range, Strip up to
48 inches wide may be accommodated. This continuous-vacuum-
annealing equipment is a tremendous improvement over conventional
line air-annealing techniques, as postanneal descaling is avoided,
along with the gage control and pitting, and other problems it
Creates,

HEAT TREATMENT TECHNIQUES

There are several reasons for heating titanium parts back up to
elevated temperatures after the primary fabrication of mill products.
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Secondary fabrication, that is metal shaping, is the foremost reason ,
and various heat treatments for the development of optimum proper-
ties account for the remainder. Some of the difficulties and problems
that might be encountered, and some of the solutions to these situa-~
tions have been reviewed in the preceding sections. Thus, it re-
mains to review some ofthe operations requiredtoheat-treattitanium
using techniques that have been found to give successful finished

parts,

Four distinct types of heat treatment need be considered: stress
relief annealing, full annealing, solution annealing or solution heat
treatment, and aging. As described in the metallurgical sections of
this report, some titanium alloys are not given all types of treat-
ments, and in practice all types of treatments are never used in
producing a single part even though the alloy used might be amenable
to all four types. For example, the Ti-6Al-4V alloy may be given
all four heat treatments, but this is never done in producing Ti-6Al-
4V parts, Instead, the alloy is used in one of several conditions as
follows.

(1) Ti-6Al1-4V mill product supplied from the mill in the
annealed condition

(2) May be shaped and conditioned to final part size
then used without any additional heat treatment

(b) May be shaped and conditioned to final part size
then stress-relief annealed prior to use

(c) May be shaped (drastic deformation) and condi-
tioned to final part size then fully reannealed prior
to use

(d) May be shaped and solution heat treated, quenched,
conditioned to final part size, and aged prior to
use

(e) May be solution heat treated, quenched, shaped

and conditioned to final part size, and aged prior
to use,
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.+ (2) Ti-6Al-4V mill product supplied from the mill in the

solution-heat-treated condition

(a) May be shaped and conditioned to final part size
and then aged prior to use

(b} May be shaped (drastic deformation) resolution
heat treated, quenched, conditioned to final part
size, and aged prior to use,

(3) Ti-6Al-4V mill product supplied in the solution-treated-
and-aged condition

(2) May be used without additional heat treatment

(b) May be mildly deformed and shaped by additional
aging in fixtures prior to use.

Note: As is discussed later in this section, stress-relief
annealing and aging heat treatments can be incorporated
into the forming operation,

In the case of non-heat-treatable titanium grades, such as unalloyed
grades and a-alloys, only stress-relief annealing or full reannealing
treatments are used to condition the part for use, There are no
metallurgical reasons for solution treating and aging grades of this

type.

Until recently, the high-temperature (as in solution heat treat-
ment) heat treatment of titanium was not utilized by titanium users.
Instead, most of the titanium used was in the annealed or stress-
relief-annealed condition, or else, in a few cases, users aged the
material after forming from a producer-supplied solution-annealed
condition. With the advent of rocket technology, solution heat treat-
ment of titanium parts (and subsequent use in the aged condition)
became more common among titanium users, At first, and still the
predominant practice today, heavy section parts were those most
frequently destined for use in the higher strength, solution-treated,
quenched, and aged condition, The practice was to shape, rough
machine ({leaving considerable excess stock), solution heat treat,
quench, finish machine and otherwise finish the fabrication, and age.
The heavier contamination picked up during solution heat treatment
was removed by the finish-machining operation while light contamina-
tion, often just a surface tarnish, picked up during aging was
eliminated by various chemical and mechanical methods. Heat
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treatment in air was, and is, the most common practice, although ,
there is definitely a trend toward more usage of the sophisticated
heat-treatment techniques, inert gas or vacuum protection from the
contaminates.

At a somewhat later point in time, solution heat treatment and
aging to develop high strength in titanium alloys, started to be
applied to all sorts of titanium parts including sheet parts. For
example, the XB-70 represents the first application of heat~treated
titanium-alloy sheet for airframe structures. In this case, the
transition from fabrication of the lower strength, annealed, com-
mercially pure and Ti-8Mn materials to that of higher strength,
heat-treated Ti-6Al-4V and Ti-4Al-3Mo-1V was accomplished, The
forward fuselage of the XB-70 consists almost entirely of the above
materials, in addition to heat-treated Ti-6Al-4V forgings and ex-
trusions and heat-treated Ti-7Al-4Mo bar and forgings. In these up-
to-date applications, the alloys are heat treated to their maximum
tensile-strength levels of 160, 000 to 200, 000 psi and used as sheet,
bar, extrusions, and forgings in many sizes and configurations. In
each part, the alloys are selected and processed to achieve maximum
strength, closely controlled fracture toughness, and close dimen-
sional tolerances, {Ref, 27)

Forming, for the production of precision XB-70 parts in heat-
treated materials, is a highly refined process, involving room-
temperature forming and hot sizing at about 1200 F in precision metal
dies (Figure 32)., This is necessary to compensate for the low
amount of plasticity and the very high spring-back rate of high-
strength titanium. A final aging cycle develops the 170, 000-psi
strength level in the parts. (Ref., 27)

Elsewhere in the industry, hot sizing and creep forming are also
becoming commonplace. The further advancement of incorporating
either simultaneous sizing — stress-relief annealing or creep form-
ing — aging schedules into the production of parts is being made,
(Ref. 25) These operations are usually accomplished in air, since
temperatures are not high enough to result in severe contamination,
although as noted earlier, there is a trend to more and more usage
of protective devices that minimize contamination,
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Most titanium parts and structures are fixtured in jigs con-
structed of iron-base or nickel-base alloys to prevent distortion
during heat treatment. (Refs. 18, 19, 25, 26) It is generally recom-
mended that the titanium part be separated from the fixtures by thin
titanium sheet (Ref. 26) or sprayed Al,03 (Ref. 25) to prevent any
possible contamination from the jigging. Prior to use, the fixtures
are usually thoroughly cleaned and '""burned off' in air or vacuum,
depending upon the method of heat treatment.

Stress relieving is used extensively to remove high residual
stresses induced during forming and fabrication operations. It is
also being used to remove warpage from formed parts and from
sheet or parts that are distorted after solution treating. In some
cases, the stress-relieving forming operation is also a part of the
aging cycle,

In the past, Boeing (Ref, 7) investigated the extent of warpage
removal that occurs when Ti-6Al1-4V parts are restrained during a
stress-relief heat treatment. First, the theoretical stress relief
that occurs when the alloy is exposed to various temperatures for
different times was determined. The results are plotted as the
monograph shown in Figure 33, Data of this type may be used as a
guide for predicting warpage removal in a given part, but allowance
must be made for configuration, Boeing points out that the extent of
warpage removal is roughly proportional to the structural stability of
the part, Thus, in narrow flat strips warpage removal will be very
close to the percentage of stress relief indicated on the monograph;
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however, in formed parts the warpage removal would be greater.
The difference is due primarily to the very high stresses created by
clamping the formed part,

CONCLUSIONS AND RECOMMENDATIONS

This review of present practices for heat-treating titanium alloys
brings out several areas which require additional research and
development,

With the increased demands and uses of titanium materials, a
continued effort is required to disseminate practical information
which describes the proper technique normally employed in handling
titanium alloys. A continued practical program of this type would
eliminate many problems encountered by the initiate such as heat
treatment in incorrect atmospheres (i.e., hydrogen or nitrogen).

A more comprehensive and practical approach to reduce con-
tamination of titanium alloys during heat treatment is needed. The
need for better and more compatible protective coatings which re-
duce or prevent contamination is especially great. Furthermore,
the development of nonreactive molten baths, such as salts and
glasses, would perimit a most economical technique for heat-treating
titanium alloys.

It appears that prior research and development work which
established specifications for the quench delay and quench rates of
titanium alloys has neglected the practical aspects of adapting these
parameters to large-scale production heat treatments., For example,
rapid transfer times of large titanium parts to the quench media can
result in severe deformation of parts due to handling problems that
could have been avoided by relaxing the transfer time by only a few
seconds. . (Large, thick section parts do not require extremely short
quench delay times because they do not lose heat quickly.) In addi-
tion, work is required to better establish the effect on the properties
of titanium alloys as a function of quench-media, volume available,
and amount of agitation.

A relaxation of the aging-time specification of titanium alloys
is required. This would allow the heattreatment of complex ti-
tanium parts and shapes in the creep-form-aging operation to be ‘
done under a more realistic and practical set of conditions to meet |
required dimensional specifications, |
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