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PROPERTIES OF TEXTURED TITANIUM ALLOYS

SUMMARY

This report reveals that many important engineering
properties of titanium and its altoys are anisotropic and that
this anisotropy can be used to achieve improvements in
structures and other applications. From this review of tex-
tures found in commercial titanium products and the way
in which they develop, it can be seen that a wide variety of
different types are possible and many others will undoubt-
edly be developed as the knowledge increases or a specific
need arises., The current principal types of textures are
simple or compound. A simple texture is one basic type,
and a compound texture is a combination of two or more
basic types. The eight main basic types are illustrated
schematically in Figure 1.

The variation of properties, for a predominately
alpha structure, with texture and specimen orientation
is summarized and illustrated schematically for certain
specific cases in Figures 2 and 3. [n the illustrations, ¢«
is the angle between the rolling direction and the specimen
axis. A longitudinal specimen would coincide with 0
degrees and a transverse specimen with the 90-degree
orientation. Evident in Figures 2 and 3 is the large
variation on property control possible through a texture/
specimen-orientation interrelationship. For example,
Young’s modulus can range from a minimum of 14.5 x 108
psi to a maximum of 271.0 x 106 psi. The schematics
present some of the current significant variation in engi-
neering properties that are affected by texture. Itis
clear that important improvements are possible through
texture control. The application of anisotropic yield
theory to the design of pressure vessels {the major effort
in this field) has been carried through to the experimental
stage, and successful improvement of structural efficiency
has been demonstrated up to 1.6 times the uniaxial
strength. An obvious extension of anisotropic yield
theory is the design of hydraulic tubing. Of the many
possibilities that exist, one extremely attractive area is
that of improved fatigue properties. Although consider-
able additional work is needed, the early results are quite
promising.

A popular belief is that texture intensity is a minor
consideration in most commercial alloys. This is generally
not true for wrought titanium mill products, even in fairly
large sizes, and it takes very little work in the alpha-plus-
beta field to generate intense textures, which cannot be
eliminated. They may be minimized or made nearly
orthotropic {i.e.. longitudinal and transverse properties
similar) by beta annealing or heat treatment, but the
intense texture will remain although it is of a different
type. The important point concerning anisctropic
properties is that they cannot be ignored and must be
reckoned with.

Even if one is content to accept the anisotropic
properties and use isotropic design, the variation in
properties in *‘real’’ materials must be considered, i.e.,
the material must be completely characterized. Vastly
improved properties through exploitation of anisotropic
properties will be difficult, for it will require tailor-made
materials applied with anisotropic design principles.

Although many of the characteristics have been
known to the research community for years, there is a
general lack of appreciation of the magnitude of effects.
Several empirical approaches have revealed the nature
and extent of anisotropy in titanium ailoys. Although
there has been a fairly large effort in anisotropic yielding
under biaxial loading directed toward pressure vessels,
there has not been a widespread application. It appears
that a wider appreciation of anisotropy due to texturing
is needed among designers or materials-application people,
and, greater amounts of information or data on this
subject will strengthen and provide a greater awareness of
the potential. it has been shown that there is great improve-
ment in certain properties. And, if these improvements can
be further documented, this will provide the necessary
driving force for industrial application.

Many important problem areas remain to be
investigated. Some of the significant ones are listed below.

® Characterization of texture
® Rapid, inexpensive method of texture determination

® Development of industrial methods to produce specific
desired textures

® QOptimization of properties
® Development of a data base for application to design

® [Development of increased awareness by materials-
applications personnel and designers of texture effects

® Conduct of research on effects of texture effects on
properties other than those discussed in this report

® Development of prototype or model demonstration.

To briefiy illustrate some of the above items, the
characterization of textures has been receiving increasing
attention, and progress in this field has reached the point
where accurate and detailed information can be produced
by using so-catled axis distribution charts. These charts
portray the texture in a quantitative manner and will be
important in future accurate prediction of properties. For
routine texture determination, either for quality control
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FIGURE 1. SCHEMATIC OF THE EIGHT BASIC TEXTURES IN TITANIUM MATERIALS



Polssons Rotie, p,

Youngs Madulus (E), 10°% pai

3
220} 2
SN 1D
200— an Oyy + 30—
]
18.01— ™ £
3
c
L
n
o
)
16.0— >
RO
wol- J ol
I i ]
SN TO Qo 45 50
12.0 J L ! Specmen Orientation, Angle Belween Specimen Axis ard
[ q5 20 Ralling Directicn ,{al, degrees
Speeimen Orientetion, Angle Between Spec'men Axis and )
Ralling Direction, {a), cegress b. Yield Strength
a. Young's Modulus
RD
0.50— x! -
3 To-
RO /
I D !
10 B
RO I
. RD
T [
D
TO
0.20—
010 J ! ! | 1 |
[s] 45 90 <] 95 90
Sgecimen Qrienletion, ingle Between Specimen Arxis cnd Specimen Orientation, Angle Between Spec'men Axis and
Rolling Dirgction, (g}, cegrees Roliing Direction, {e}, cegrezes
¢. Poisson’s Rario d. Stress Carrasion Cracking
RD
RT
To
o
o
L}
>
[
5 1
=
w
)
o .
o v
£g
wT
RW WR
| I |
[e] 45 80

Specimen Oriznlaotion; Ang'e Belween Specimeén Aws cnd

Rolling Directicn,{a), degrees

e. Charpy Impact

FIGURE 2. SCHEMATIC REPRESENTATION OF THE VARIATIGN IN PROPERTIES OF TITANIUM AND IT’'S ALLOYS
WITH SPECIMEN ORIENTATION AND (0002) TEXTURE



RD

TD

Impaoct Energy ——————o=

~RT

Testing Temperature —————=

FIGURE 3. SCHEMATIC REPRESENTATION OF THE EFFECT
OF (0002) TEXTURE AND SPECIMEN NOTCH
ORIENTATION ON THE CHARPY-IMPACT
TRANSITION TEMPERATURE

or screening testing purposes the current method of

obtaining pole figures will probably offer the best procedure.
The main difficulty in this area is that texture determination
requires fairly lengthy experimental runs on X-ray equipment
which most materials-application personnel and designers

do not have. Before this area can move forward, standardized
methods or procedures will have to be developed for
specifications.

Although some laboratory progress has been made in
texture development and control, there is, to date, no
off-the-shelf inventory of different quaranteed textures
available. Once the industrial availability of textures comes
into being, and before industrial applications can be made, a
data base must be developed in order to establish design
allowables and specification minimums.

Exploitation of the large improvements cannot proceed
until the designer or materials application people are aware of
potential benefits that are possible. In some cases, this will
cause extreme difficulty in design procedures because it
will require use of anisotropic design procedures rather than
the simplified isotropic methods which designers are most
commonly using. In many cases, control of textures will
produce a variety of “highs’’ and “lows’ in other
secondary properties and in other directions, and this
complicates the design procedures. Consideration of the
total picture will have to be made.

Considerably more research on the eflect of texture
upon properties is needed. Although the in-tial framework
has been illustrated, quantitative values do not allow
predictions to be made; and the theory in some areas such
as fatigue, is considered vague or unknown.

Finally, success is the best cure for inactivity or lack
of utilization of textures for improved performance. Thus
it appears that selected prototype or succes:ful mode!
demonstration could stimulate the exploitarion of texture
for improved materials utilization.

INTRODUCTION

During the late 1950’s and early 196G’s considerable
efforts had been directed towards classical lloy develop-
ment of titanium through basic physical-metallurgy
research. As the alloys became more advanced and com-
plex, greater emphasis was placed upon microstructural
correlations with properties. Although major improve-
ments in strength, toughness, and other prooerties have
been and will continue to be made, an impcrtant under-
tying variable, crystallographic texture, conzinues to be
neglected. It is the purpose of this report to present the
current information on the effects of texture upon
properties and to show the untapped poten-ial for
improvements that texture control offers. The authors
believe that texture control could provide a new generation
of materials with greatly improved and mor2 consistent
properties, and thus add a third dimension 1o alloy devel-
opment along with composition and microstructure.
Proper selection of texture would increase structural
efficiency because current design allowables reflect low
material properties which are obtained in tizanium when
texturing is not controlled or taken into account.

These material improvements can be demonstrated
to varying degrees in the laboratory. Although the
research and development efforts have been small,
significantly improved properties have been illustrated
in severatl areas. The practical applications of textured
titanium recently demonstrated will be difficult to
implement because of the newness of the idea. Yet,
there is a growing awareness of the gains possible and a
rapidly growing interest. In fact, the conclusions
reached in the titanium-technology phase o’ the SST
materials[1-8) development program stated that texture is
a primary metallurgical factor causing property variation
and must be controlled.

. Much of the past efforts in texture control have been
directed towards randomizing crystal orientations. These
efforts have been motivated by the so-callec| need to
eliminate anisotropy because most designs zre based upon
isotropi¢ theory and do not take into account the vastly
improved properties that are possible from .inisotropic
materials. Since most engineering applications involve a



single critical property in one principal direction, it should
be possible to use anisotropic design theory and specify a
mill product which will have the optimum property in the
desired direction, thus maximizing the potential strength,
toughness, or other engineering properties desired in a
given application.

BACKGROUND

It is well known that polycrystalline materials can be
anisotropic.[9] This anisotropy arises from the directional
properties of singte crystalé and is dependent upon the
degree of preferred orientation or texture of the poly-
crystalline aggregate. Metals of hexagonal-close-packed
structure are particularly anisotropic, with titanium
being an outstanding example. Many physical and mechani-
ca! properties exhibit this anisotropy and it forms the basis
for improvement of processing techniques or materials for
certain applications. QOne example of improved processing
is the increased drawability for sheet metals.[10,11]

During deformation or metal processing, such as
roiling the single crystals which make up the polycrystalline
aggregate acquire a crystallographic preferred orientation.
The deformation process or subsequent heat treatments
may result in a texture with more than one distinct
preferred orientation or create a structure that approaches
a single crystal, with or without scatter. A schematic
representation of the two extremes, “‘random’’ orientation

Random Texture

)

N

and a one-point or pseudo single-crystal preferred
orientation, is illustrated in Figure 4. Textures that are
developed can be illustrated by pole figures, using data
obtained from X-ray diffraction. Sheet textures can be
defined by specifying Miller indices of a plane paralle! to
the rolling plane (hkl} and a direction parallel to the
rolling direction [uvw].

A schematic illustrating the relation of a one-
quadrant, stereographic representation for two common
preferred orientations is shown in Figure ba. Imagine that
the grains making up the material are under a hemisphere
and that normais to a family of planes within each of the
crystallographic unit cells contained in the grain, basal
plane (0002) type in this example, are constructed and
intersect the hemisphere at points. When the material is
textured, the intensity of pole intersections will be
nonuniform, with point concentrations about the theoreti-
cal points representing the “ideal’ case, and the distribution
perhaps somewhat more diffuse at increasing distances from
the ideal points, for example 2, 4, 8 (arbitrary scale of
numbers proportional to density of pole intersections).

For a random orientation of crystallites within the grains,
the intensity and concentration of poles will be uniform.
For convenient two-dimension representation, the poles

on the hemisphere are projected to a plane that is related
to some known directions of the material being examined.
For rolled material, these can be the rolling and transverse
directions and sheet normal. Pole figures can be considered

Preferred
Orientation

==
=

=

=

HCP unit cell

FIGURE 4. SCHEMATIC OF RANDOM AND PREFERRED TEXTURES FOR A PURE METAL OF HCP STRUCTURE

Note: The irregular lines represent grain boundaries.
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as maps for orientation distribution of crystallites within
grains with principal directions of the material. The
construction of pole figures, utilizing various techniques,
is adequately covered by several authors,[12,13}

Because sheet metal normally receives a large amount
of reduction from the ingot it is usually considered a
potential material for exhibiting intense preferred
orientation and much of the understanding of preferred
orientation has been developed from research on heavily
worked sheets and plate. Therefore, this review will high-
light sheet and plate properties. This is not to say that
similar results could not be achieved in large forgings[14],
because it has been demonstrated that intense textures
can be formed in titanium with small reductions, and these

textures persist throughout further working[15] and thermal

treatments[16,17] .

Two principal kinds of anisotropy exist in sheets:
normal and planar, 1n normal anisotropy the properties
through the thickness of the sheet are different from those
in the plane of the sheet; in planar anisotropy, the
properties vary in the plane of the sheet. [t has been shown
that if the through-thickness strength is greater than that
in the plane of the sheet, normal anisotropy, then the
material has improved drawability. On the other hand,

a large degree of planar anisotropy is detrimental in
drawing and causes the formation of "ears”.[18]

The anisotropy of strength and piasticity undoubt-
edly causes other major effects in primary working
operations. For example, in sheet metal, when hexagonal
close-packed {hcp) metals form a {0001} [1030] “ideal”
texture {sheet textures can be defined by specifying the
Miller indices of a plane parallel to the rolling plane and a
direction parallel to the rolling direction), it becomes very
difficult to reduce the sheets further by rolling; higher
roliing pressures are needed, and sometimes edge or surface
cracking results. The term ‘ideal’ arose from the interest
in pressure-vessel applications and the similarity of this
texture to the standard projection for a hexagonal metal.

Probably the most successful practical use of
anisotropy has been in the field of magnetic properties.[19]
Technologically, the control of preferred orientation, or
texture control, in iron-silicon sheet is further advanced than
that in any other material. In iron single crystals, the cube
edge, or [100], direction is known as the easy direction of
magnetization, and the [111], or cube diagonal, is the
hardest direction of magnetization. Thus, in a poly-
crystalline magnetic sheet material, control of the texture
provides a means for improvement of magnetic properties.
Anisotropic magnetic sheet materials have been produced
commercially for several years and are used throughout the
electrical industry.

The modulus of elasticity may be anisotropic. For
most cubic-structure alloys, the [111] direction is the

direction of maximum elastic modulus, with the cube edge
or [100] direction being the lowest. Thus, a rod or wire
with a strong [111] fiber texture would be stiffer than
one with a [100] fiber texture. (A fiber texture is one in
which a crystallegraphic direction is specified in relation
to the axis of a cylindrical product and other directions
are disposed randomly about this axis.} Although there
has been no large-scale exploitation of this fact, it has
been proposed for making a superior phosphor-bronze
spring material [20], and undoubtedly special commercial
applications will be forthcoming. The elastic properties in
titanium have been shown to be anisotropic and will be
discussed in detail later in this review.

Another potential use of anisotropy is for the
improvement of yield strength. Although this has received
little commercial attention, it has been the subject of
recent research.[21-24] “Texture hardening”[21] of
titanium has been demonstrated in the laboratory for ptane
stress loading of sheet materials. It has been shown that,
for biaxial loading in tension-tension, the largest improve-
ments in yield strength would probably occur in an hep
metal with creation of an ideal texture, i.e., basal planes
oriented parallel to the sheet surface,

Other beneficial effects are possible. For example, a
rod in which the ¢ axis is parallel to the rod axis should be
50 to 80 percent stronger than one with a [1120] fiber
texture. Texturing of other metals should also produce
significant increases in strength. For example, a [111]
fiber-textured steel wire should be 2Q percent stronger than
arandomly oriented material and 50 percent stronger than
steel wire with a [100] fiber texture.[26] Similar comments

can be applied to textured face-centered cubic ifcc) sheet.[26]

Much interest has been shown in titanium and its
alloys because they are highly competitive to high-strength
steels on a strength-to-weight basis. Although much of
the research on texture strengthening has been directed
toward plane-stress applications such as in pressure vessels,
other applications might prove to be equally beneficial.
Considerable research on anisotropy and preferred
orientation in zirconium and its alloys has also been carried
out.[27] The findings of this research parallel in many
ways those for titanium and its alloys. The information
found for zirconium and its alloys probably can be
directly translated to titanium, for these two metals have
identical crystal structures and similar lattice parameters.

The potential improvements available through texture
control seem to have been adequately demcnstrated.
Why, then, are the practical applications so few? There
appear to be many facets to the answer to this question; the
most important is that, except for magnetic sheet material
and a few cases of deep-drawing sheet, industry is not in a
position to supply commercial products controlled to a
specified texture. The difficulty in obtaining quantitative
preferred-orientation information has probably impeded



progress. However, improved instrumentation for automati-

cally determining pole figures will alleviate this. In some
early cases, prototypes or laboratory mockups of end
iterms have not illustrated the predicted improvements,
thus failing to convince management of the advantages of
texture control. These failures can be directly attributed
te the lack of specific intense textures in the materiai
employed for the construction of these prototypes.
Recent research and development has been successful and
it is felt that commercial practice will be arrived at shortly
and controlled textures will be “off the shelf” items.
Thus, it is imperative to develop substantial technical
information so that the required texture control can be
achieved. One purpose of this report is to disseminate
knowledge on this subject.

Textures in Titanium

Before a review is set forth describing the influence
of texture upon the properties of titanium, a fairly
detailed discussion of how textures develop, along with
some examples of common types found in commercial
alloys, is proper.

There are several mechanisms by which the texture
or preferred orientation can be developed. The most
important are deformation, recrystallization, grain growth
or secondary recrystallization, and phase transformation.
In addition, texture development can be affected by
alloying and deformation temperature. Several complete
reviews[28-31] have been published on this subject.
Probably the most complete, at least on titanium, is that
by Dillamore and Roberts.[29] To summarize briefly,
considerable study has been made of the deformation
texture of heavily rolled sheet material of high-purity
titanium, somewhat less work on the annealing texture of
this material, and some work, but very little reported, on
the study of the effects of phase transformation of the
same material, A limited amount of work has been
reported on the effect of alloying elements on the cold-
rolled texture of titanium sheet materials in which |large
changes of preferred orientation were observed. There-
fare, this section will concentrate upon sheet and plate
textures.

The first step in texture control would originate
with processing at the mill. In most cases, ingot texture
is of little significance since the large shape change
resulting from subsequent processing is usually sufficient
to eliminate ingot texture; thus, the entire history of
deformation and heating produces changes in the texture.
Therefore, effective texture control can be obtained via
precision heating and deformation schedules in the

fabrication of titanium mill products. However, because
the process control of textures is not well urderstood,
one of the first steps in developing understanding of
textures in commercial titanium alloys woul- be to
determine textures in different sheets fabricuted from
various alloys.

Deformation Mechanisms

A complete knowledge of the hasic de‘ormation
mechanisms is important in order to understand how
preferred orientations occur during the working of a metal.
Several workers have studied the plastic defarmation of
titanium single crystals and have found three important
modes of slip and six modes of twinning. The relative
contribution of the various modes to the overall deforma-
tion varies with temperature[32-35). These are summari-
zed in Table 1. For more complete discussion on
crystallography and deformation of hexagoral metals see
the excellent review by Partridge.[36]

Cold-Rolled Textures

The textures that form upon cold rolling of pure
titanium sheet have been studied by several nvestigators[29]
and can be described as (0001) [1010] type with the basal
pole rotated about 30 degrees toward the triansverse direction,
as snown in Figure bh, Williams and Eppelsheimer[37],
utilizing the method of Calnan and Clews{33-41], have
described the general formation of this texture by a
combination of {1122 twinning and (0001) slip. The (1122)
twinning is thought to rotate the basal poles toward the
transverse direction, and (0001) slip rotates the basal poles
toward the sheet normal.

Annealing Textures

Keeler and Geisler[42] have studied the changes in the
cold-rolled texture of high-purity titanium cccurring upon
heating. Their results are shown in Figure €. Annealing at
various temperatures below the beta transus {about 1620 F
in pure titanium) has little effect on the basal pole figures,
that is, only a sharpening and slight rotatior. {compare
Figures 12 and 13). The main changes can b observed by
studying the [10'-|O) pole figures. On heating, the first
change noticed may be described as a rotatinon of about 30
degrees around the ¢ axis so that the (1120 is nearly
aligned with the rolling direction. Hu and Cline[43] have
also studied recrystallization textures and report that a
rotation of 20 degrees about the ¢ axis accompanies
recrystallization. Upon heating high into the beta field, a
transformation texture results due to alpha-beta transforma-
tion relationships.
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TABLE 1. TITANIUM DEFORMATION MODES

Slip Modes {all in [1120] Direction}[33]

Plane Designation
(1010} Prism
{1011} Pyramidal
(0001} Basal

Comments

Lowest critical resolved shear stress
Highest critical resolved shear stress
Intermediate critical resolved shear stress

Twinning Modes @)

Type(®) K1 0 K _m
1 (1011) (1012] (1013)  [3032)
2 (1012) [1011] (10120  [1011]
3 {1121) [1726] (ooo1)  [1120]
4 (1122) [1123] (1122} [1123)
5 (1123) [1122) (0001)  [1120)
6 (1124) [2243] (1124} [2243]

Shear Comments Reference
0.100 Compression parallel to c axis 34
0.189 Tension parallel to ¢ axis 32
0.638 Tension parallel to ¢ axis 32
0.957 Compression parallel to ¢ axis 32
0914 Tension paralle! to ¢ axis 32
0.468 Compression parallel to ¢ axis 32

{a) Here K1 is the composition or twinning plane, T is the direction of shear in the twin plane, Ko is the second undistorted plane in the twin,

and 73 is the direction of intersection of the plane of shear with K3.

(b} Type 1 observed anly at high temperature; Types 4, 5, and 6 increase with decreasing temperature.

Effect of interstitial Alloying Elements
on Cold-Rolled Texture

The effects of various interstitial alloying elements
have been studied, to a limited degree, by several investi-
gators. It has been established that the interstitial elements
up to the amounts sometimes found in commercially pure
titanium can give rise to secondary peaks in the basal-plane
poie figures at about 20 degrees toward the rolling
direction(37,44] as illustrated in Figure 7.

Effect of Solid-Solution Alloying
Elements on Cold-Rolled Texture

The effect of solid-solution alloying elements has been
studied by McHargue et al.,[45,46] and it has been found
that columbium {<3.6 wt %), tantalum {<15,4 wt %}, and
zirconium {<{14.7 wt %} have very little effect upon the
cold-rolled texture of titanium.[47] On the other hand,
aluminum {=4.0 wt %) reduces the tilt of the basal planes
toward the transverse direction and produces a texture
which may be described as ideal, or (0001) [1010] [46)

(see Figure 8).

More recent extensive studies by Larson et al{48] on
the influence of solid-solution alloying elements have
corrcborated the studies of McHargue.[45] Textures
obtained during these studies are similar in many features
to those reported by previous investigations.

Effect of Beta-Eutectoid Stabilizer

Beta-eutectoid-type elements alloyed with titanium,
with the exception of copper, produced similar changes
in the titanium texture patterns. It was not possible to
determine the behavior for cobalt and nickel additions to
titanfum because the higher composition altoys cracked up
during rolling and thus were not available for texture
determination. However, manganese, iron, and chromijum
showed similar patterns. With zero-to-intermediate alloy
additions, the basal pole moves slowly from the unalloyed
position toward the transverse direction. Sometimes two
components in the texture are observed, one near the
unalloyed position and one in the transverse direction.
As will be shown later, the peak in the transverse direction,
all 150) [IO:I-O] texture, is a stable end orientation.
With a further increase in alloying addition the beta phase
becomes stable, and at approximately 16 to 20 percent
beta phase an abrupt change in the texture is observed.
This behavior is best seen by examining the manganese
series, illustrated in Figure 9. The new basal pole
texture is similar to that of zinc or magnesium (28,29}
sheet material. However, the titanium alloy still has
the [1010] parallel 1o the rolling direction, whereas in zinc
and magnesium, the [1120] is paraliel to the rolling
direction.

An exception to the above general behavior was
found with the 0.55 wt % copper additions which formed
nearly an ideal {0001} [1010] type texture. The ideal
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texture produced tn copper alloys at and above 0.55 wt %
may be due to the finely dispersed second phase which is
clearly visible in the microstructures. This finely dispersed
second phase occurs because of the high solubility of

copper in alpha titanium near the eutectoid temperature and
the decreasing solubility with decreasing temperature. One
of the important factors in influencing twinning tendency is
the grain size.[28] The presence of a finely dispersed second
phase within a grain has the effect of reducing the "‘effective’
grain size and probably would be influential in the
suppression of [1122] twinning.

Effect of Beta-lsomorphous Stabilizers

For alloy additions of molybdenum, vanadium,
and columbium, the beta-isomorphous stabilizers,
texture changes that occurred were similar to those in
the beta-stabilized eutectoid alloys described in the
previous section.[46]

Effect of Alpha Stabilizers

Additions of aluminum, an alpha stabilizer, caused
the basal pole to move toward the sheet normal, producing



an ideal or {0001} [1010] type texture similar to that
observed by Sparks et al. {Figure 8)[46] Thornburq[49,50]
also studied the influence of aluminum additions and found
essentially the same results. He found that the texture
typical of commercially pure titanium changed to an ideal
or basal texture suddenly at a given percent reduction and
an aluminum concentration of >>2.0 percent. It was also
found that split TD textures {low aluminum concentrations,
Figure B) had microstructures which contained large
amounts of twinning, which suggests that twinning was
required for the formation of split TD textures. ldeal or
basal texture microstructures did not show twins.
Thomburg developed an isostrain model for texture forma-
tion, counterpart to the Calnan and Clews[40] isostress
model, and used it to predict texture. This model is not
capable of handling twin formation easily. Thornburg
indicates that {c + a) slip may be important in the forma-
tion of basal textures.

Effect of Neutral Elements

Additions of tin and zirconium had only minor effects
upon the unalloyed texture. The changes noted were
primarily that of intensifying the unalloyed texture.[46]

THE FORMATION OF
DEFORMATION TEXTURES

The Calnan-Clews Method

Theories of the development of deformation textures
are not well advanced. This is probably due to the complex
nature of polycrystalline deformation. The most complete
treatment of the formation of deformation textures is that
advanced by Calnan and Clews.[39-41] Williams and
Eppelsheimer have applied the Calnan-Clews method to
titanium and conclude, after several assumptions, that by
suitable choice of slip and twinning modes and their
relative critical shear stresses, it is possible to develop a
satisfactory explanation of deformation textures in
tension, compression, and cold rolling. The weakness of
this method is the tack of information about critical shear
stresses for different slip planes and the assumption that
twinning is achieved by a critical shear stress. In spite of
all these difficulties, this method does have value because
it allows qualitative discussion of how textures develop.

The main feature of the Calnan-Clews method is the
determination of slip rotation and twinning reorientation
caused by an applied stress system. To determine the
general grain-rotation behavior, a resolved-shear-stress
contour diagram for each slip and twinning system having
the highest resolved-shear-stress ratio is plotted in a unit
triangie. It is then assumed that only the slip or twinning
system having the highest resolved-shear-stress ratio will be
active. The resolved-shear-stress ratio is defined as the
ratio of the resolved shear stress to the critical shear stress.

The grain-rotation tendencies for various slip and twinning
systems are as follows:

1. Simple siip
al) Tension — slip direction rctates toward
stress axis
b} Compression — slip plane normal rotates
toward stress axis.

2. Duplex slip
a) Tension — the great circle |0ining two
active slip directions rotates toward the
stress axis
b)  Compression — the great circle joining two
slip plane normals rotates toward the stress
axis.

3. Multiple slip
a) Rotation occurs until stress axis is located
symmetrically.

4. Twinning
a) Stress direction does not coincide with
shear direction — no prediztable direction
b)  Stress direction coincides with shear
direction — rotations obtained from
analysis of twin mode.

Thus, it can be seen that in order to determine the grain
rotations, it is necessary to know the stress system that is
causing the deformation.

Roll-Gap Stresses and Deformation

One of the main problems in applying any method of
determining rolling textures is the tremendous variation in
deformation and stresses throughout the roll gap.[51,52]
This makes computation of grain rotations ¢n almost
impossible task. This complexity can be overcome to some
degree by making the gross assumption that sheet rolling
can be described as a deformation caused by tension in the
rolling direction and compression perpendicular to the
rolling plane.[51-63] This simple model of roll-gap stresses
has been used by Calnan and Clews[3B-40] , Williams and
Eppelsheimer[37], and Hobson [54] . From this model it
is possible to calculate the resolved shear stresses on grains
of any orientation within a sheet and to det:rmine which
slip or twinning mode has the highest stress. 1t is then
assumed that when this stress exceeds a critical value
yielding will occur along with the grain rotation associated
with that mode of deformation. Hobson[54], studying
cold rolling of zirconium single crystals, reported a
computerized program for carrying out the above calcu-
lations. Figure 10 shows the results of one such calcu-
lation, assuming that all slip and twinning modes yield at
the same critical stress and that the tensile stress is equal
to the compressive stress.
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FIGURE 10. STEREOGRAM SHOWING THE DEFORMATION
SYSTEMS WITH THE LARGEST SCHWID FACTOR
IN A ZIRCONIUM SINGLE CRYSTAL AS A
FUNCTION OF BASAL POLE ORIENTATION([54]

Calculations based on loading with 07 = 09 and the
assumption that each mode has the same critical stress
for activation. Between dashed boundaries, more
than one mode may operate, depending on rotation
of the basal pole,

Grain Restraints

Hobson's work [64] was performed on zirconium,
which has similar slip and twinning modes to titanium, and
itis implied that polycrystalline material behavior is
similar to that of single crystals. It is known that this is not
entirely true, for Taylor[55] pointed out that in order to
maintain grain-to-grain continuity it was necessary that five
independent deformation modes accur simultaneously.
This continuity requirement and other |ocal grain-grain
interactions will undoubtedly cause major effects upon the
stresses and deformation modes. Thus it is convenient to
accept from the work of Calnan and Clews, of Williams and
Eppelsheimer, and of Hobson that the main deformation
mode is that which has the highest resolved-shear-stress
ratio. Furthermore, this main deformation mode produces
the principal changes which occur in the texture, even
though other accommeodation modes are also active.

Application to Unalloyed Titanium

Starting with a random initial orientation and
cansidering that rolling textures are a combination of
tension and compression textures, it is now possible to
develop a description of how titanium textures form.

First, it can clearly be seen that {1012} and {1121} twinning
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reorients all the grains which have their basal poles in those
areas labeled in Figure 10. The {10712} twinning rotation
{about B85 degrees) is such that the new basal-pole orienta-
tion would be in or near the area labeled {1122}, The

{1121} twinning rotation would be such that the basal poles

move along a great circle toward the transverse direction,
about 35 degrees. This is illustrated in Figure 11. The
absence of basal poles near the rolling direction in real pole
figures for titanium supports the twinning theory. Since it
is well established that titanium pole figures have a strong
[1010] component in the rolling direction, it is evident that
tension in the rolling direction causes (1120} duplex slip on
either {1010} or {1011} , or on both. From the compres-
sion stresses, {1 1-22} twinning causes a rotation of the grains
which have their basal poles near the sheet normal. This
rotation, about 64 degrees, occurs about the rolling direction
toward the transverse direction. However, real textures of
unalloyed titanium do not have basal pole peaks in the
transverse direction; thus an additional rotation back toward
the sheet normal is required. The most likely mechanism,
considering basic principles, would be basal slip. There is a
possibility that {1121} twinning could also cause the
rotation back toward the sheet normal, since the stress
direction would be correct for second-order {1121}
twinning within the {1122} twins. The rotation for this
second-order twinning would be about 35 degrees from the
transverse direction toward the sheet normal; further
rotation by slip would be required in order to orient the
basal poies properly. In any event, the position of the

RD

~840°

SN
~35°
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FIGURE 11. ROTATIONS OF THE {(0001) POLE IN TITANIUM
DUE TO VARIOUS TWIN (T) AND SLIP (S}
MODES{48]

The T subscript refers to the twinning modes.



basal poles along the transverse direction—sheet normal
great circle may be considered as the end result of a
dynamic process of £ 1122} twinning, possible {1121}
twinning, and basal slip. Therefore, the observed cold-
rolled texture of unalloyed titanium of {0001) [1070]
rotated about 27 degrees toward the transverse direction
can be thought of as a combination of [1070] tension
textures and a rotated [0001] compression texture. Since
totation occurs about the (1010 ) axis, both are compatible.
Some of the principal twinning reorientations are shown in
Figure 11.

Modification of Texture by Alloying

Changes in texture caused by alloy additions or
variations in processing procedures can be explained by
modification of the above mechanism. For the aluminum
and copper alloy series, the change is quite clear. The ideal
{0001) 1010} texture produced in these alloys seems to be
a result of the suppression of {1122} twinning. A decrease
in the critical resolved shear stress for basal slip could also
be effective in producing this texture. For the alloys where
a strong (1 120) [1010] component shows in the texture,
that is in high-molybdenum and intermediate-manganese
alloys, it is similarly clear that this is caused by an increased
{ 1122 } twinning tendency and/or a low critical resolved
shear stress for (1010} [1120] stip which produces a stable
end texture of this type.

The transformation from a titanium- to 8 magnesium-
type texture is through the introduction of an additional
second-order twinning mode. The texture transition is not
a true one, for although the basal-pole figures for highly beta-
alloyed titanium are similar to those for magnesium, zinc,
and cobalt, the titanium has a strong [1010] in the rolling
direction, whereas magnesium has a strong [1120] in the
rolling direction. Thus the main features of the tension tex-
ture in titanium stili remain after the texture transition.

The texture formed by highly beta-alloyed titanium
can be produced by a second-order twinning of {101_2}
type occurring within the {1122} twin. The stress axis
is in the favorable direction for this mode of twinning.
It is interesting to note that the texture transition occurs
only when there is a two-phase structure and the amount of
the beta phase is greater than approximately 16 to 20 volume
percent. It appears that the deformation of the beta phase,
which is softer than the alpha, ts producing a strain field
which is conducive to this twinning mode. The twinning
rotation would be about 85 degrees along a great circle,
30 degrees from the sheet normal and passing through the
transverse direction.

TEXTURES IN COMMERCIAL UNALLOYED
AND ALLOYED TITANIUM SHEET

The textures found in commercial titanium sheet
materials are reviewed in this section. The most prominent
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of several hasic types of titanium-sheet textures is found

in cold-rolled sheet.[421 A similar type is also 1ound if the
sheet is warm rolled between room temperature and about
1400 F. This texture is characterized by having a basal
(0002) pole intensity on the sheet norma!l {SN), transverse
direction (TD), and a great circle at about 27 to 30 degrees
from the SN. This texture is further defined by stating that
the (1010) poles lie near, or in, the rolling direction {(RD).
This texture, shown in Figure 12, is called an albha-deforma-
tion texture.

Annealing of cold- or warm-rolled sheets has only a
slight sharpening effect upon the (0002} poles. However,
the (1010) poles rotate through an arbitrary anygle of
approximately 30 degrees about the ¢ axis, resulting in the
texture shown in Figure 13. This is called an arinealed
alpha-deformation texture.

In most cases, it is not necessary to distinguish between
an annealed and a cold-worked texture since many properties *
are symmetrical about the ¢ axis. Thus, a basal-pole figure
is sufficient to define the crystallographic influ:nce, and the
above texture can be medified by either hot ro’ling[56]
(above 1400 F but not above beta transus} and ‘or alloying.
Important observations in relation to texture sirengthening
were that additions of approximately 4 percent
aluminum[45,46] (an early discovery) and approximately
0.5 percent copper {the most recent disclosure} produce
the “‘ideal” texture.[48] 1t has also been established that
the ideal texture can be produced by round rolling.[57] In
fact, it seems possible to change the angle at which the basal
pole lies from the sheet normal by combinations of alloying
and hot rolling.[48] Figure 14 illustrates this “or several
cases.

A sufficient amount of beta stabilizers {riore than
15 volume percent retained beta at room tempzrature) or
hot rolling in the alpha-beta field will cause a t2xture
transition, and the new texture will have a basal-pole figure
which looks like the magnesium or zinc type, ¢s shown
in Figure 15.

The final important texture found in titenium is that
which develops from a beta-worked material and is a
result of the Burgers transformation relationship
{0001} o I {110} g, (1120)4 1| ¢111)3.[58] It can be seen
that since the hasal plane in the alpha is parallet to {110}
in the beta, a determination of the {110) pole figure will
give the basal-pole figure after transformation. As in most
bcec metals, hot or warm sheet rolling produce:. a texture
which has a strong (100} [011] texture component.[59]

Other minor orientation peak componerits are not
usually found in titanium, If the composition has
sufficient alloying to retain the beta at room tamperature,
textures like those in Figure 16 witl usually be found. On
the other hand, if the beta deformation texture is developed
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by hot working in the beta field and transformation occurs
on cooling or on aging as part of the heat treatment, the
alpha {0002} basal-pole figure will bear a simple relation-
ship to the beta texture, and may look just like cne of the
textures shown for the {110) pole figures in Figure 16.
However, there are some other textures that can be formed,
but, these are of less commercial importance because they
are infrequent and are a result of special processing or heat
treatments. For example, a cube or {100) [001] texture
can be formed by heating very high in the beta field, but this
rarely happens in production because of the excessively
large grain growth. For the most part, the textures found

in commercial sheet are either single type, as described
above, or a simple combination of two basic types. Koh[60]
reported cold-rolled and annealed textures in thin foils and
found that they are also composed of multiple texture
components. These were illustrated in a previous report[61]
tor many unalloyed and alloyed titanium sheets.

RD
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Commetrcially Pure Titanium

For the most part, commercially pure sheets show
classical alpha-deformation textures. Howevzr, notable
exceptions were found in two lots of unalloyed titanium,
RC55 and Ti75A, each having remnants of a transformed-
beta-deformation texture.[61] Examples of texture types
found in several unalloyed titanium sheets are shown in
Table 2a. In titanium RC55 heat, heated besween 1400
and 1700 F, there is no change of the alpha-deformation
texture with increasing temperature.

Titanium-6Al1-4V

The most actively studied of the commercial allays is
Ti-6Al-4V.[22,62-6B] A great deal of the research effort
has been directed toward development of pracedures
designed to produce “ideal textures” for pressure-vessel
applications. In these programs it has been <hown that
cross rolling at temperatures below 1500 F will produce
such textures, and that once developed they are very
persistant.

The Ti-6Al-4V alloy sheet examined had several dif-
ferent texture types as shown in Table 2b. Jne common
texture observed for this atloy was a two-co nponent
texture where one component was in the T[) and the other
was near the SN (Heat 1). In some cases, the peak near
the SN was very smail and that near the TD very intense,
Heat 3 (0.070 in.). However, there was a uriique case
where the texture was nearly random, Heat 4. Heats 3
{0.030 in.) and 2 had a transformed-beta-deformation
texture. The effect of heat treatment (Heat 3, 0.070 in.)
is also shown, with the material undergoing a texture
change from an alpha deformation type to & transformed-
heta-deformation type as it was heated higher through the
alpha-plus-beta field toward the beta field.

RD

=

(1Q)

TD

FIGURE 16. BETA-DEFORMATION TEXTURES FOR TITANIUM
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TABLE 2. CHARACTERIZATION OF SHEET MATERIALS AND TEXTURES[61]

Unalloyed

Titanium Grade

RC55
RCbb

RCb5
RC55
RC55
Ti100A
Ti100A
Ti75A
Ti75A

a. Commercially Pure Titanium

Heat
1
2
3
4
4
1
2
1
2
Thickness,
Heat in.
1 0.060
2 0.130
3 0.070
3 0.030
3 0.060
3 0.060
3 0.060
4 0.040
5 0.040
Thickness,
Heat in.
1 0.060
1 0.060
1 0.060
1 0.060
2 0.065
3 0.060
4 0.020

Thickness,

_in. Condition{a)
0.125 A.R.
0.050 A.R.
0.130 A.R.
0.140
0.140
0.065 A.R.
0.030 A.R.
0.0860 A.R.
0.100 A.R.

b. Ti-6Al-4V
Condition{al
A.R.
A.R.
A.R.
A.R.

STA — 1450 F 1/4 hr
1000 F 4 hr
STA— 1650 F 1/4 hr
1000 F 4 hr
STA — 1750 F 1/4 hr
1000 F 4 hr
A.R.
A.R.

c. Ti-4Al-3Mg-1V

Conditionia)
STA — 1400 F 1/4 hr
1000 F 4 br
STA — 1600 F 1/4 hr
1000 F 4 hr
STA — 1600 F 1/4 hr
1000 F 4 hr

STA — 1700 F 1/4 hr

AR.

A.R.
AR.

ST 1400 F 1 hr
ST1700F 1 hr

Texture Typetb)

a deformation
Dual a deformation

{ideal and TD Orienta-

tions)

a deformation

a deformation

a deformation

Dual a deformation

a deformation

a deformation

Dual a deformation
and transformed-f
deformation

Texture Type(b)

Dual {TD ¢ deformation
and Mg type)

Transformed-3 deforma-
tion

Dual {TD a deformation
and weak Mg type)

Dual {strong TD a defor-
mation)

a deformation {TD peak)

a deformation (TD peak)
Transformed-3 deformation

Random
Dual {a deformation and
TD poles)

Texture Typelb)

Dual a deformation and
Mg type

Dual a deformation and
Mg type — slight peak

Complex a deformation
and Mg type — stronger
peak in RD

Transformed-8-deforma-
tion type

Transformed-3-deforma-
tion type

Very near ideal

Alpha phase transformed
B deformation — beta phase

Continued
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TABLE 2. Continued

d. Ti-8Mn
Thickness,
Heat in. Condition{a) Texture Typefb)
1 A.R. Near ideal
2 0.065 A.R. a deformation — TO peak
3 0.030 AR, a deformation — very strong
TD peak
4 0.120 A.R. Dual (a deformation — strong
TD peak + Mg pealk)
e. Ti-4Al-4Mn
Thickness,
Heat in. Condition{a) Texture Type(b)
1 0.065 A.R. a deformation — strong TD peak
2 0.055 A.R. a deformation — strong TD peak
2 0.055 STA — 1300 F 3/4 hr Dual {a deformation — TD peak
1000 F 8 hr + weak Mg peak)
2 0.055 STA — 1600 F 3/4 hr Dual (a deformation — TD peak
1000 F 8 hr + weak Mg peak) slight RD
peak
2 0.055 STA — 1700 F 3/4 hr Beginning of 3-deformation type
f. Ti-16V-2.BAl
Thickness,
Hiat in. Condition(a) Texture Type{b!
1 0.030 STA — 1200F 1/2 hr 3 deformation
975 F 4 hr
1 0.030 STA — 1300 F 1/2hr {3 deformation
975 F 4 hr
1 0.030 STA — 1400 F 1/2 hr Complex
975 F 4 hr
1 0.030 STA — 1450 F 1/2 hr Complex
975 F 4 hr
1 0.030 A.R. + Aged 976 F 4 hr 8 deformation
1 0.030 ST +WQ Complex
1450 F 1/2 hr {coarse grain}
2 0.025 A.R, 8 deformation
3 0.045 A.R. 3 deformation
3 0.045 AR.+975F 4 hr Transformed- defcrmation
4 0.025 A.R. Transformed-3 defcrmation
b 0.040 A.R. § deformation
6 0.070 A.R. Near transformed-3 defor-
mation
7 0.065 A.R. Dual a deformatior
8 0.130 A.R. Dual a deformatior
{a) A.R. — as received. ST — solution treated followed by air cooling. STA — solution treated, water quenched and aged.

(b} {0002} pole figure, except where noted.
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Titanium-4Ai-3Mo-1V

The alloy Ti-4Al-3Mo-1V showed several cases of
transformed-beta-deformation textures (Heats 1, 2, and 4}
in the heat-treated condition as illustrated in Table 2c. A
dual-texture type similar to that found in Ti-6Al-4V was
found in the case of Heat 1 and, with increasing tempera-
ture, it went to a beta-transformation-type texture. Heat 3
displayed a nearly ideal texture.

Titanium-8Al-1Mo-1V

The Ti-8Al-1Mo-1V alloy single sheet examined had a
transformed-beta-deformation texture.

Titanium-6AIl-6V-2Sn

The sheets of Ti-BAI-6V-25n examined also have
textures which appear to be of the transformed-beta-
deformation type.

Titanium-8Mn

The Ti-BMn material examined, except for one sheet
which was nearly random, had textures of the dual-aipha-
deformation type with the TD pole being of high intensity.
A single sheet examined had the ideal-type orientation,
basal planes parallel to the sheet surface.

Titanium-4Al-4Mn

Two heats of the Ti-4Al-4Mn alloy showed a defor-
mation-type texture with a single peak near or at the TD.
Upon heating, Heat 2 developed a secondary peak near the
SN; then, at 1700 F, a transformed-beta-deformation
texture resulted. (Data are given in Table 2e.)

Titanium-16V-2.5Al

Ti-16V-2.5Al metastable beta alloy developed textures
characteristic of the (100) [011] beta deformation in
either the beta-structure component or in an alpha-
transformation counterpart. (see Table 2f.)

Commercial Significance

It can be seen from the above review that a wide

range of textures are formed in the titanium-alloy
sheet produced commercially. This wide range of textures
is of commercial significance from two major viewpoints.
First, from the standpoint of anisotropy of properties, it
appears that a beta-deformation or a transformed-beta-
deformation texture will appear least anisotropic because
itis orthotropic. Second, an alpha-deformation texture
composed of basal poles in the transverse direction gives
rise to highest degree of planar anisotropy. The technolog-

ical barrier for the application of texture hardening or use
" of texture for dramatic improvements in many properties

is not that the desired textures cannot be developed, but
that mill techniques and procedures have not been
determined and employed. It appears from textures
found that virtually any described texture can be achieved.

EFFECT OF TEXTURE ON
TITANIUM ELASTICITY

The increasing use of titanium and titanium alloys
for critical structural applications has required that more
precise information concerning elastic properties be made
available. Unlike steel, titanium can exhibit considerable
differences in Young's modulus and Poisson’s ratio,
depending upon alloying, heat treating, mill product shape,
and processing history. The prohlem is further aggravated
by the lack of basic information concerning the effects of
preferred orientation upon the elastic properties. Probably
the most complete study on this subject was reported by
Roberts.[44]

Basically, there are two parts to the problem: (1}
the anisotropy of the single-crysta! properties and (2} the
preferred orientation developed in the final polycrystalline
mill product. Both of these factors are operative in a
product that displays a high degree of anisotropy. [tis
apparent that if the single crystal is isotropic the final
product will be isotropic, no matter what the preferred
orientation. 1t s also true that if the product has a random
texture the properties will be isotropic, no matter how
anisotropic the single-crystal properties are. The authors
of this report have studied the influence of preferred
orientation on elastic properties and found wide variations,
which indicates that these properties are very sensitive to
texture.[66]

THEORETICAL BACKGROUND

The elastic constants, which can be correlated to other
physical properties, have been determined for titanium
single crystals, and the results of Flowers et al [67,68] are
shown in Table 3. The C constants (stiffness) are usually
used in ultrasonic work; the S constants {(compliances) are
used in strain-gage experiments and can be used to describe
the variation in elastic properties of titanium.

Using the compliances in Table 3 and Hooke’s
Law(69,70], it can be shown that when stress is applied
to a single crystal of titanium parallel to the basal plane,
Young's modulus is:

E=1/Sq1=14.5x 106 psi, (1

and when stress is applied perpendicular to the basal plane,
Young’s modulus is:

E=1/533=21.0x 106 psi. (2)



TABLE 3. ELASTIC CONSTANTS OF HCP
TITANIUM SINGLE CRYSTALS

Elastic Stiffness, Elastic Compliances,

108 Ib/sq in. 107 sq in./lb
Constant Value Constant Value
Cq4 22.33 511 0.688
Cq9 12.47 519 -0.325
Cia 9.74 513 -0.133
Caa 26.54 S33 0.476
Caq 6.71 Sa4q 1.475

and when stress is applied perpendicular to the basal plane,
Young's modulus is:

E = 1/Sar = 21.0 x 105 psi. (2)
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Furthermore, Young’s modulus is symmetrical about
the ¢ axis, and its variation can be described by an equation
which is a function of v, the angle between the stress axis
and the ¢ axis, This equation is as follows[69] :

1/E =511 (1-(:0527)2 + 593 cos4‘y +
{2513 + Sq4) (cos2y) {1-cos2y). ()

A plot of the above equation for titanium, based on
the constants determined by Flowers et al[B6], is
illustrated in Figure 17 which shows how Young’s modulus
for single crystals varies with testing orientation.

The next step is to translate these single-crystal
properties to polycrystalline behavior. Alers and Liu[71]
have examined the various methods and assumptions
which are available to calculate Young's modulus for a
polycrystalline sheet. Liu and Alers[72] have used these
calculations to study the texture transition in Cu-Zn alloy
sheet. These investigators concluded that, for the cubic
case, one could not accurately calculate absolute values of
Young's modulus; however, the variation of Young’s
modulus with testing direction could he determined.

Of the several models discussed, two are worth con-
sideration[71,72] . Qne model assumes that all the grains
within a polycrystalline aggregate are stressed uniformly;
the other assumes that the strain is uniform. Neither case
is completely valid, for there must be a discontinuity in
stress and strain at or near the grain boundary of adjacent
grains that have different orientations. However, the error
from this source would probably decrease as an intense
texture develops because of the smaller misorientation of
adjacent grains. A very strong textured polycrystalline
aggregate would probably behave much like a single crystal.
The disagreement in the values calculated by the constant-
stress or constant-strain model is reduced as the texture
becomes more intense. As Liu and Alers[72] point out,
the constant-stress model is more convenient to work
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with and in fact reduces to the equations commonly
employed for single crystals.[69]

To employ Equation (3) it is necessary to express the
orientation of the polycrystalline texture in terms of the
specimen axis. This can be done by utilizing Matrices | and
11 where « is the angle hetween the roliing direction and the
specimen axis and @ is the angle between the basal pole and
the sheet normal.”

MATRIX |
X Y _z
X' cos 8 sin cos a sin 8 sin
Y cosf cos o -sin sin 0 cos
z -sin @ 0 co: b
and in contracted form:
MATRIX 1T
X Y Z
X’ Q] m1 n1
’ 22 my ny
' £3 m3 n3

where X is the tensile axis, Y’ is the transverse tensile
direction, and Z'is the sheet normal, and X, Y, and Z are
coordinates of the texture where Z coincides with the
maximum intensity of the basal poles or the C direction of
a single crystal. Transforming Equation {3) 2y using the
above contracted matrix, we find that: ;

1/E =S11'= Saz+ (1-n12) (511-533) -
n12 (1:n42) (S17 +S33- 2513~ Sag). (4)

Another elastic property that can be anisotropic is
Poisson’s ratio. The general definition of Pcisson’s ratio
(1) is the ratio of the contraction strain to the extension
strain, at right angles and in the direction of the applied
stress, respectively. The solution for the variation of
extension strain as a function of orientation is given by
Equation {4). To find Poisson’s ratio, the variation of
contraction strains with orientation is needed. Martin[73],
using tensor analysis, has solved the general hexagonal case
for sheet specimens cut at various angles from the rolling
direction. His results are as follows:

Si1 (5)
2,2 .
Syg +ng? (819 -Sqg) +n1°np% (S19 + 33° 2513 Saa

- 2
533+ (1'“12) (311 '333) - r'l12 (1-“1 ) (811 +333'2313'S44)

*For most titanium textures, the maximum intensity of the basal
pole usually lies in the plane which contains sheet rormal and
transverse direction,
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FIGURE 17. VARIATION OF YOUNG'S MODULUS (E} IN TITANIUM SINGLE CRYSTALS
WITH THE DECLINATION ANGLE {y)[66]

Equation (5) is illustrated in Figure 18 for various as previously defined by Matrices | and 11, Alternatively,
angles of o and § employing the constants determined by 249, m1, and nq would be the direction cosines of a
Flowers, et al.[67] This equation also has the identical polycrystalline material which has a strong simple texture
direction casines as shown in Matrices | and I[. It is and could be represented as a single crystal.

interesting to study this figure for the boundary values.
Examination of these curves reveals the large variation in

Poisson's ratio in single crystals. When the stress axis is
paralle! to the basal plane, and the contraction strains are 0.501— 6
measured at right angles in the prism plane, Poisson’s 200
ratio will be approximately 0.20. On the other hand, if
both strains are measured in the basal plane, Poisson’s 0.40—

ratio will be about 0.47. Consequently, a variation in —_—-/”—— 45°

Poisson’s ratio of more than two to one is possible. 1. 60°
0.30

In the case of certain highly alloyed compositions, 90°

titanium can exist in a body-centered cubic form. Under

these conditions it becomes necessary to apply Hooke's 0.20

law for the cubic crystal where only three compliances or

three stiffness constants are employed. The variation of

Young’s modulus with crystal orientation can then be 0.10 [ [ l Pl | | | | |

described by [69,70,74] 0 10 20 30 40 50 60 70 BO 90

a, degrees
1/E=S1‘['2(511’512'1/2544) (912m12+m12012+’212n12), ! g
() FIGURE 18. THEORETICAL POISSON’'S RATIO (1) AS A
FUNCTION OF SPECIMEN ORIENTATION
where £1, m1, and nq are the direction cosines of the angles {od WITH VARYING ANGLES OF (9) IN

between the tensile axis and three edges of the unit cell TITANIUM([79]



Similarly, the equation for Poisson’s ratio for the cubic
crystal can be described as

.. 812 + (511 . S-[2 - 1/2544) (Q12Q22 + m12m22 + n12n22)

A7)
Sy1- 20895 - Sy3- 1/2549) 4 2m 2+ my 0y ? + 1y 0y 2)

Unfortunately, the values of Sq1, S99, and Sy4 are not
known for body-centered cubic titanium. However, it

is demonstrated later how it is possible to use the foregoing
to deduce the elastic constants from a strongly textured
polycrystalline material with a known preferred orientation
which can be represented as a single crystal.

Actual Titanium Elastic Anisotropy

Figure 19{a, b, and c) illustrates the {0002) pole
figure for alpha-type and two extreme alpha-plus-beta-type
textures. These textures are characteristic of the extreme of
alpha-deformation textures which are commonly found in
titanium sheet alloys.

60
a. (0002) Pole Figure of Ti-I100A
RD
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Figure 19 illustrates the {2000) pole figura for the only
body-centered cubic titanium alloy reported here. This is
a {100 }{110) type of texture and is characteristic of body-
centered cubic metals which have been subjected to heavy
cold deformation. This type of texture is common in
several beta-stabilized titanium alloys.

Typical sheet tension-strain-gage results for Young's
modulus and Poisson’s ratio are iliustrated in Figures 20
and 21. The data are presented along with solid lines
derived from the constant-stress model previously dis-
cussed. No calculated curve is drawn on the
Ti-4Al-3Mo-1V alloy test results for it has been established
that the alloying elements in this material significantly
changed the elastic constants.[15] For the hexagonat
phase materials, Figures 20 and 21 {a, b, and ¢}, Young’s
modulus was calculated from Equation (4) and Poisson’s
ratio from Equation {B}. In order to utilize Equations
{(4) and (5), a value for the angle § must be established.
This angle was determined by using a value of 'Young’s
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FIGURE 19. POLE FIGURES OF TITANIUM SHEET ALLOYS
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modulus measured from a transverse test. Figures 20 and 21
show that the test points compare favorably with the curves
drawn from data calculated from the constant stress model.

Figures 20d and 21d illustrate the test results tor the
body-centered cubic metastable beta alloy. Since the
compliances or stiffness constants for this bedy-centered
cubic titanium alloy are unknown, it was necessary to
deduce them. This was done by utilizing a knowledge of
the texture. In this example, the Ti-16V-2.5Al sheet had a
very intense { 100 } (110) texture so the procedure was
simplified. As a tension specimen cut at an angle of 45

degrees to the rolling direction would have its axis
parallel to the [100] direction, by Hooke's law
1/E45=S11. (8)
Furthermare, since S11 is defined as the extension
strain parallel to the edge of a unit cell, a measurement of

the lateral contraction strain would determine S¢9
because:

H45 = -S12/511.



Finally, Sq4 can be determined by empioying a longitudinal
specimen since

G= 1/544, {10)

where G = shear modulus calculated as follows:

G=E/2(1 +u). (11)
Thus, from the above equations, it is possible to
determine experimentally the elastic constants for this body-

centered cubic titanium alloy. The resultant values are
sP117=0972,5P 15" = 0.40,and P44 = 1.8 107 sqin./
Ih. Employing these constants and Equation {6) for Young's
modulus and Equation (7} for Poisson’s ratio, it is possible
to calculate the variation of these properties within the
plane of the sheet. Figures 20 and 21 illustrate that
calculated data compare favorably with the actual test data.
Similar results could be obtained by considering the sheet
orthotropic and applying the method described by Pursey
and Cox.[74]

Several investigators[64,75,76] have attempted to
characterize the texture through the measurement of
elastic constants. Other investigators[77,78] have attempted
to follow the procedure, outlined above, for calculating
or estimating the elastic properties from the single-
property data and the pole figure. Neither has met with
great success, although the latter can give good results when
the pole figure consists of only a simple single-point
texture.

Summary

Moderately accurate predictions of elastic anisotropy
can be made for polycrystalline aggregates with elementary
textures. The constant-stress model is adequate for
describing the behavior patterns found in titanium sheet
material.

It appears that considerable improvements in values of
Young’s modulus or Poisson’s ratio may be achieved
through texture control. This could provide an improved
material for critical applications.

EFFECT OF TEXTURE UPON
UNIAXIAL MECHANICAL PROPERTIES

Yield Strength

Titanium and titanium alloys[79-81] exhibit
anisotropy with regard to their plastic properties. The
magnitude of plastic anisotropy in such polycrystalline
hexagonal materials is much greater than that found in

*5P denotes that this constant was determined from polycrystalline
material.
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face-centered and body-centered cubic materials. This

is probably due to the fact that the slip directions all lie

in the basal plane. The fact that these slip directions are
coplanar gives rise to a simplification when analyzing for
strains to determine the plastic-flow anisotropy. Yielding
has been shown to be governed by the criticzl resolved
shear stress (CRSS) for the case of 51ip.[69] Thus, it is
clear that the orientation is the controlling factor for the
stresses that appear on various slip planes. The applied
tensile stress for yielding would vary as the r:ciprocal of
the Schmid factor {CRSS) which is the trigonometric
resolution of the tensile stress upon the slip plane and in the
slip direction. Since the hexagonal crystal major axis of
symmetry is the ¢ axis, the yield strength should be
primarily sensitive to the angle gamma between the stress
axis and the basal pole. Rotation of the cry<tal around the
¢ axis has only a slight effect for various gamma angles.
The yield-strength factors (K) for the {10710} <1120) and
{10113} {1120 families are included in Figure 22 which shows
the retationship between yield strength and orientation for
these families. The yield-strength factors fo1 basal slip are
not included because it is not considered a major
deformation mechanism, although it is observed in
titanium,

The variation of yield strength as a furction of
orientation when twinning is involved is less clear; however,
the observations of Reed-Hill [82] for zirconium probably
would apply to titanium also because the c/a rattos are
nearly the same. In the case of twinning, both the
magnitude and the direction of the stress nead be
considered. For example both the {1012} end {1121} type
twinning systems form when the tension axis is near the
basal pole. On the other hand, the { 1122 } "ype forms when
the tension axis is parallel to the basal ptane Reed-Hill[82]
has also shown how the Schmid factors vary for {1012}
11121} and the {1122 twin types for zirconium. These
would be nearly the same for titanium, and t is easy to
construct the curves for yield-strength facto-s on the basis
of his assumption.

From the foregoing discussion, and th2 work of
Rogers[83], it is evident that the yield strergth of a
crystal is influenced by both the crystal orientation and the
mode by which it deforms. Thus, a polycrystalline material
with a very strong texture should also be strongly governed
by the same factors.

The variation in the yield strength in strongly
textured material is discussed below for several commercial
sheets of various alloys. From the known textures of
unalloyed titanium sheet, it is apparent that the stress axis
for a longitudinal specimen will be 90 degre:s from the basal
pole. Hence, the critical resolved shear stress will be a
maximum for the {1010} (1120 family. Thus, Kp for the
slip on {10_10} can be determined from this orientation. As
the angle of the specimen is rotated toward the transverse
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direction, gamma will decrease from 90 degrees to some
intermediate value, depending upon the texture. As the
declination angle, {7y}, decreases, relative stresses on the
various planes change, and the deformation modes are
forced to change also.

As previously mentioned, for textures that have basal
pole tilts toward the transverse direction, a longitudinal
specimen will deform by slip on the L1010 } {1120} family.
This is because gamma is near 90 degrees and the resolved
stress is highest on this plane. With increasing angles of
alpha (varying the specimen axis from the rolling direction
toward the transverse direction), gamma decreases and the
apptied stress required to cause yielding by deformation on
the {10107} planes would increase. With this changing
specimen orientation, maximum stress soon shifts from the
{1010 slip planes to the {1122 } twin planes and hence the
mode of deformation changes. Similarly, the maximum
stress shifts from the {1122 ; twin planes to the {1011} slip
planes with increasing alpha and so on. Thus, it is clear that
the measured yield strength of a strongly textured material
should be dependent upon texture orientation and the
relative yield strengths for various modes of deformation
(see Figure 23). It is evident that when the texture is
known, certain specific specimen orientations can be
employed to determine the critical stresses for deformation
by that mode. It has been known for a fong time that
the critical stresses for deformation by various modes are

sensitive to factors such as grain size, alloying, temperature,
strain rate, and many others.

Figure 24{a through m) shows typical textures and
Figure 25{a through m) shows resulting yield-strength
variation. For the alpha-deformation type, the variation
will be small when the basal poles are near the sheet
normal and large when they are near the transverse
direction. An example of this large variation is shown in
Figure 25(a and m).

For the other two texture types, the variation of
yield strength with specimen orientation is small. In some
cases, the value of yield strength is somewhat lgss in the
region of specimen orientations around 45 degrees with
high yield strength appearing in the rolling and transverse
directions. Figures 257 and [ illustrates this.

Tensile Strength

The variation of tensile strength with specimen
orientation is dependent upon two major factors. The
first is the yield strength and the second is strain harden-
ing. Strain hardening increases the range between the yield
and tensile strengths. Materials at equivalent yield strengths
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Note: @ = angle between rolling direction and specimen axis

but different strain hardening will have various tensile
strengths. It has been reported[69] that the twinning
mode of deformation produces little or no strain hardening
conversely to the slip mode. Thus, a specimen that deforms
primarily by twinning will have a lower tensile-to-yield
strength ratio than one that deforms by slip.

Figure 26 portrays typical data for a series of test
specimens from sheet at various angles, alpha. For angles
of alpha around 45 degrees, there is a minimum, and the
tensile strength increases on either side of this. This
behavior pattern is generally what would be expected since,
from the yield-strength analysis, the {1122} twin mode
would be operative at intermediate angles of alpha. As
alpha increases or decreases, it can be seen that the { 1030_-
or the <1011} slip mode would predominate. At large
deformations in the loading region approaching the
ultimate tensile strength, the deformation modes would
probably be quite complex. Figure 27, which shows the
tensile-yield strength ratio for this case, illustrates these
points more clearty.

Since both yield strength and the rate of strain
hardening can vary with specimen orientation, a
complicated pattern can easily develop, as shown in
Figure 28. An analysis of these curves reveals that except
for the case where the basal poles are near the sheet normal
[Figures 28(j and k}] , which we cannot explain, the curves
follow two types: an alpha type and a beta type. The
alpha-phase type included both the alpha-deformation
texture and the alpha-transformed-beta-deformation type.
The primary feature of these curves is a low value of tensile
strength at specimen orientation around 40 to 50 degrees, a

high value in the rolling direction, and sometimes higher
value in the transverse direction.

The beta-phase type [Figure 28(d and e)] shows a
high at 40 to 50 degrees and a low in the rolling and
transverse directions.

Plastic Strain Ratios

One of the important properties of anisoiropic
materials is the difference in plastic straining in different
directions. These variations in plastic flow for different
orientations quite frequently give rise to “ears’ in
deep-drawing operations. This plastic flow anitotropy may
aiso reveal itself in many ways in other metal-forming
operations. |t has been shown that the deep drawability is
guite sensitive to the normal anisotropy for sheet
materials.[84,85] The normal anisotropy R is usually
defined for sheet specimens as follows:

£
R= 2%, (12}
t
where €, is the width strain measured in a tension test and
€¢ is the thickness strain.

Because the volume at constant stress do2s not change
during plastic strains, various strain ratios can ke used to
define the plastic-flow anisotropy and they are interrelated.
During the course of one investigation, it was faound that
greater precision could be obtained by using strafn gages
oriented at 90 degrees and bonded to the face of the
specimens. Under these test conditions, the width and
longitudinal strains are measured, and it is convenient to
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represent the anisotropy as a ratio of these strains as
follows:

p = % (13)
and
R= o
T

Since the anisotropy is related to the deformation
mechanisms and texture, it should be possible to predict the
texture from the measure values of R or up. Utilizing the
direction cosines and assuming €z equals zero, it can be
shown for a longitudinal test that

up = -cos2f . {14a)

Thus, a test in the longitudinal direction in the normal
titanium sheet texture should measure the average basal-pole
tilt and should be quite sensitive, due to the range of values
from zero to one. The strain ratios would also be dependent
upon specimen orientation and for the case outlined above,
that is, €z equal to zero, the variation of up would depend
upon alpha as follows:

[p = cos28 cosx +sinZa
P cos20 sina +sinZa

(14b)

Figure 29 illustrates this equation. It predicts that
when a specimen is tested for alpha angle of 45 degrees,

ip will be equal to one and independent of theta. This
is because the resolution of the ratio of strains is
independent of the orientation of this type of texture. As
the stress axis moves away from lying in the basal plane
toward the hasal narmal, the possibility of a deformation
mode which will produce a strain component in the 2
direction increases. 1t has previously been shown in the
case of yield strengths that for only slight increases in
alpha (20 degrees), the deformation mode changed from
{10103 {1120} slip to { 1122 twinning. This twinning
mode has a €7 strain component, and it is diffi:ult to
assess the amount. In order to develop a more complete
picture, it is necessary to solve the general case.

Poisson’s Ratio

Figure 30 portrays the variation in up as a function
of alpha. The experimental data are compared with the
theory when a value of 45 degrees is chosen for theta.
The experimental data fit the theoretical curve fairly welt
up to an angle of 30 degrees for alpha, and then diverge.
The divergence is probably due to the increasing €z strain
with increasing alpha. The probability of larger €; strain
as the stress axis moves cut of the basal plane toward the
¢ axis or Z direction obviously increases. Thus, the
strain-ratio behavior pattern is not expected.

Of all the mechanical properties, the rati s of plastic
strains is probably more sensitive to texture than the
others studied. This is clearly evident from the large
variations shown in Figure 31. As painted out
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previously [15], the values of Poisson’s plastic strain ratios
are related through constancy of volurne to the more
commonly used value, the strain ratio R. R is very impor-
tant because it defines the biaxial yield locus as is discussed
in the next section. Itis difficult to describe the pattern
displayed by this data. It appears, however, that the lowest
value of R or ytp is in the rolling direction and, as the
specimen orientation moves to the transverse direction, the
value increases to a maximum at 40 to 50 degrees and then
decreases. The value for the transverse test, in general, is
somewhat higher than that for the rolling direction. |t
seems the alpha-deformation-type texture produces the
largest spread in values when the basal poles are tilted
farthest toward the transverse direction.

Compression Yield Strength

It has been shown that tensile properties are anisotropic
in nature, and the compression properties can also be
anisotropic. Compressive elastic properties, Young's
modulus, and Poisson’s ratio are equivalent to the tension
values because the sign of the stress does not matter. Nor
does the sign of the stress matter in the case of plastic flow
by slip. However, when twinning is involved, the twin mode
is dependent upon the direction of the stress. Thus, for
certain types of textures, the tension and compression yield

strengths are not equivalent. A striking example of this,
(Table 4} is seen if an intense TD texture is tested for
yield strength in tension and compression.[2]

Compression yield strength is useful as aa indicater
of the balanced biaxial plane stress strength of pressure
vessels. This is because the balanced biaxial yizld and
compression yield are equivalent since hydrostatic tension
does not effect yield behavior. In this case, we are interested
in ¢ direction compression and ideal textures produce the
highest values.

Summary

We have shown that titanium and titanitm alloys can
be anisotropic with respect to their uniaxial tensile
properties. The most sensitive measure of this anisotropy
appears to be the strain, although the other mechanical
properties such as yield strength and tensile strength are
also influenced. We have shown the general behavior
patterns observed in commercially obtainable ‘extures of
several types. The patterns of behavior observed can be
described in a gualitative way and further wor< is needed to
more fully develop a quantitative understanding of the
interrelationships between texture and mechanical
properties of titanium sheet materials.



TABLE 4. TENSION AND COMPRESSION PROPERTIES OF HIGHLY TEXTURED,
CONTINUOUSLY ROLLED, Ti-6Al-4V SHEET(2]

Elongation
Thickness, Grain TUS, TYS, in 2 tnches, ET. CYS, E
inch Direction ksi ksi percent 108 psi ksi 106 psi

L 144.2 1255 10.0 14.8 126.4 15.6

0.050 T 158.5 155.2 10.0 19.4 196.5 19.7
45° 133.5 130.6 10.8 15.9 143.3 16.4

L 152.0 134.5 8.2 14.8 134.7 15.7

0.060 T 163.5 162.0 9.3 18.8 192.5 19.9
45° 137.3 135.8 11.7 16.0 145.2 17.4

L 146.3 129.4 8.8 _ 133.6 —_

0.080 T 153.3 147.5 8.5 — 172.3 —
45° 136.1 129.8 10.5 — 143.3 ——
L 143.7 129.0 10.8 14.7 134.1 15.3

0.125 T 150.9 142.5 10.0 17.7 165.1 17.1
45° 139.5 1318 12.8 16.2 143.1 16.6

L 136.9 124.8 12.7 14.8 130.0 15.9

0.150 T 148.8 147.3 11.3 18.9 177.4 19.4
45° 1333 130.9 14.7 15.3 149.8 18.0

BIAXIAL ANISOTROPIC
YIELDING BEHAVIOR

In the past, mechanical anisotropy was regarded
as undesirable, and every effort was made to eliminate
it. Recently there has been a shift in viewpoint, for
attempts are being made to employ plane-stress anisotropic
yielding theory for achieving an engineering advantage in
hydraulic tubing and pressure vessels. Of special interest
have been applications invaolving thin-wall pressure vessels
such as those used in missiles.

To perceive the potential benefits which would arise
from designing with anisotropic materials, first consider a_
polycrystalline aggregate which is random and will likely be
isotropic. Then the isotropic criterion for yielding proposed
by von Mises[86] would be:

(0x-0y 12 + 10y -0712 + (0,-0¢)2 + 6 (T2 247, 2475, 2) = 272, (15)
where Y is the yield stress in tension, ¢ is narmal stress, and
7 is shear stress. When a,, Oy. and g, are the principal

stresses, then

{ctx-ay)2 + (ov-oz)2 + (oz-ctx)2 =2v2, (16}

For plotting simplicity and to represent the
plane-stress state (g, = 0} for the abave-mentioned

thin-wall pressure vessels, the equation reduces
to:

2.g,.0,=Y2. (17)

2
ac+a y

Y

Equation (17} is plotted in Figure 32 along with the
Tresca criteria[87], illustrating the variation of biaxial
yield strength. The maximum vyield strength occurs in the
2-to-1 field, either tension-tension or compression-
compression, and a value of 1.15 times the yield in
uniaxial tension is predicted.

%y
+Yy
von Mises
Tresca
-y 0 o

+y

-y

FIGURE 32. von MISES AND TRESCA
YIELD CRITERIA {0, = 0}[86.87]



To consider yielding of anisotropic materials, it is
necessary to generalize the yield equations. Hill’s
formulation seems the most applicable.[88] Backofen([71,89]
recognized the importance of this theory and carried much
investigation in this area. He assumed orthogonal symmetry
and chose the principal axis as the Cartesian axis of
reference. Then if the yield criterion is assumed to be a
quadratic in stress components, it must be of the form

Floy-07)2 + G0,-0,)2 + H(0,-0,)2 + 2L T2yz +
2M T2zx + 2N 72xy = 1, {18)

where F, G, H, L, M, and N are parameters defining the
current state of anisotropy.

For principal stresses
F(OV'OZ)2+G(OZ'UX)2+ H(Ux'oy)2= 1. (19)

The anisotropic parameters F, G, and H can be evalu-
ated by performing two tension tests. If we are considering
sheet or pfate material, then the rolling, transverse, and
thickness directions are usually desiynated as x, vy, and z,
respectively. The x direction uniaxial tension yield strength
is X, y direction is Y, and the z direction is Z.

It is easy to show that

x—‘z = G+H (20)
1

W = H+F (203)
L -FiG

7 . (20b)

From an x-direction tension test, one can measure X
and a value of incremental strain ratio which is a measure
of the current state of anisotropy. This strain ratio,
designated R, is defined as

&e
R=_Y (21)

(Sez

From the strain-increment relations it can be shown
that

-H
R=%. (22)

Similarly, for a y-direction test it can be shown that P,
which is defined as

=6ex

P
bey

. {23)

is also

P=

H
- {24)

Substitution of R and P for G, H, and F into
Equation {19) yields
R{oy-0212 + Play-0,)2 + RP{0x-0y)2 = P(1+R) X2 = R(1+P)Y2. (25}
and for plane-stress (o, = 0 then
P(R+1)0,2 - 2RP 0,0, + R{P+1)0,2 = P(R+1)x2 = R(P+1)1Y2. (26)

If the properties show rotational symmetry about the
z axis, planar isotropy, then X = Y and R = P so that

Equation (26) simplifies to

oxz - {2R/(H+1 )J Oy Oy + ay2 = X2 (27)

Equation {27} is plotted in Figure 33. Under the
restrictions specified, it can be seen that the yield ellipses
specified by Equation {27) predict large increases in
strength for both biaxial tension and biaxial compression.

The effect of anisotropy (R and P} can be shown for
yielding in various stress fields which are of engineering
importance. f we define the plane-stress state (0, = 0) as

oW, (28)

Equation (26) becomes

2|P{1+R) . 2., 2P | _v2
oy [R(1+P)+w w Y2, (29)

and with rotational symmetry about z (P =13 and X = Y),
then

-
0,2 L1+w2-wR2—f1 - x2 (30)

For a cylindrical thin-wall pressure vessel, w = 1/2,
yielding in the side wall is governed by
a
= =2 /B+1 . (31)
R+5

For a spherical thin-wall pressure vesse’, yielding is
predicted by

g

x - /4R | (32}
X 2
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FIGURE 33. HILL'S YIELD CRITERIA FOR PLANE-STRESS {07 = 0] AND WITH
ROTATIONAL SYMMETRY AROUND Z[89]

Equations {31) and (32) are plotted in Figure 34.

The foregoing analysis is based upon ¢continuum
plasticity and does not consider the crystallographic nature
of the deformation process. In order to consider the
crystatlographic aspects of plastic yielding, it is necessary
to select a crystal structure. Probably the most interesting
are those metals which are hexagonal clase packed {hcp)
since they usually exhibit the largest degree of anisotropy.
This is because the number of deformation mechanisms
available is limited. All of the slip directions, (1120}, b
which are the close packed directions, are coplanar and
make an angle of 90 degrees to the ¢ axis. In hcp metals,
twinning plays an important role in plastic deformation
but, unlike slip, twinning is sensitive to the direction of the
applied stress. By assuming an ideal orientation of a {0001}
[1010] texture, and that the critical stresses for prism slip, 1
11122} twinning are in the ratio of 1:1.5:2, it is possible o)
to construct a yield locus considering the crystallographic
nature of plastic yielding. This is shown in Figure 35 along R
with the Hill locus of R =P = 5. It can be readily seen
that the continuume-plasticity and crystal-plasticity results o
are in disagreement. The main difference is in the FIGURE 34. STRENGTHENING RATIO xiVE RSUS R FOR
compression-compression quadrant where the directiona-
bility of the twinning deformation takes effect.[90]

M

—

{0 =01 AND {R =P X =Y) NORMAL ISOTROPY

Symbols defined in text
Many experiments have been conducted to compare

the continuum plasticity and crystallographic plasticity
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FIGURE 35. YIELD LOCUS CONSIDERING CRYSTALLOGRAPHY (g, = 0), [1010] (1120) SLIP, {1012} AND{ 1122 }
TWINNING WITH CRITICAL STRESS RATIO OF 1:1.5:2[80]

Hill lacus for R = P = 5 is indicated by dotted line

with the experimental yield loci, but few results are available
on strongly anisotropic material. Probably the most
complete, recent yield-locus determination for an hcp

metal (Ti-4Al-0.2509) was carried out by Lee and
Backofen[91], who used a series of uniaxial, plane-stress
tension and compression tests. In addition to determining
the stresses, they also measured the slope of the locus by
considering that the strain vector is normal to the [ocus and
computing the tangent to the locus.

€
‘cam?3=d—x ,
Ey

{33)

where & is the angle from the x axis to the tangent of the
yield locus.

For an x-direction uniaxial tension test,

- (1+RY
tan & —R (34)
and for y-direction test
tan = {2F) (35)

The results of these experiments are shown in
Figure 36. [t can readily be seen that isotropic theory is
poor because it fails to predict the potential strengthening
that is passibie in the tension-tension guadrant. Hill’s
anisotropic theory also is deficient because it fails to

predict the weakening that occurs in the com aression-
compression quadrant. Obviously, a more generalized
theory that considers the directionality of the twinning
defarmation is needed.

Results of Experiments With Textured
Titanium Pressure Vessels

Although the indications of texture strengthening are
clear, the practical applications have been slow to
develop. This has been because of two problims. The
first is associated with the difficulty in obtaining highly
anisotropic sheet or plate with the high R values in high-
strength titanium alloys such as Ti-6Al-4V; second, there
have been practical problems such as welding connected
with the fabrication of end items stems from these
materials.

There have been many investigations into the yield
and burst behavior of pressure vessels fabricated from
titanium sheet metal. One was carried out by Sliney.[92,93]
His work was limited to two sheets of Ti-5Al-2.58n,
which were made into pressure vessels by roll and weld
techniques. One of the sheets had a low R and not the
carrect anisotropy. However, the other sheet showed much
improved properties as shown by the data of Table 5.

An important observation made by Sliney which has
also been ohserved by other researchers is the high ratios
of burst to ultimate strength for pressure ve:usels as
tabulated at the bottom of page 43.
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Points and slopes were determined as follows: a and f, x-direction tension and
compression; e and i, y-direction tension and compression; ¢, z-direction
compression; b, d, g, and h, plane-strain compression. The loci predicted by
the von Mises and Hill criteria are shown for comparison.

TABLE 5. MEASURED AND PREDICTED UNIAXIAL-
BIAXIAL YIELD STRENGTH RATIO

a)

Vessel
1A 2A  1Bla) 28l
Measured Hoop Yield op 1.25  1.25 1.00 1.10
to Uniaxial Yield ?;
Ratia,
Calculated(b? oy, 135  1.39 1.37 1.36
XO
{a} Sheet B had poor anisotropy.
) Y (1+RT) R K2
Xo  (+A7) R K2+ (R +1) RT-2R RTK
Tabulation:
Vessel
1A 2A 1B 2B
o8 1.81 1.70 .36 1.36
uTsS

These high ratios of burst to ultimate strength may be
due to the fact that R may change with the strain and stress
system, and the yield- or flow-strength locus is a function
of the current strain ratio or incremental strain ratio, and
not the initial strain ratio.

Sullivan[94,95] also ran pressure tests on anisotropic-
titanium-alloy pressure vessels to demonstrate texture
strengthening. This program was carried out over a range
of temperatures above and below room temperature. The
results are shown in Figure 37. Notch-toughness and
uniaxial tensile tests were conducted for both smooth and
flawed vessels. The alloys he employed were Ti-BAI-2.55n
and Ti-4A)-0.204. Both alloys develop the “ideal” or
desired texture during processing.

Workers at Douglas{96-98] have also pursued the
texture strengthening of titanium-alloy pressure vessels.
Their work on Ti-5AIl-2.55n alloy vessels has also shown
large increases in both biaxial yield strength and
biaxial burst strength. One of their programs[94]
resufted in the curves shown in Figures 38 and 39. These
curves clearly demonstrate the vastly improved biaxial
properties achievable through texture strengthening.
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FIGURE 38. BIAXIAL BURST STRENGTHS OF Ti-5Al-2.5S8n

ALLOY PRESSURE VESSELS(96]

Note: R calculated from uniaxial strength and hoop
strength for approximate 1:2 stress state. Predicted
strength for a 1:1 stress state was 221 Ksi. Average

experimental hoop stress obtained was 224 ksi.[96]
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FIGURE 39. BIAXIAL YIELD STRENGTH CF Ti-5A1-2.55n
ALLQOY PRESSURE VESSELS[18]

The Douglas investigators[97] have also worked on
Ti-6Al-4V, a higher strength alloy, which uniortunately
does not develop the ideal texture so easily. The results
of this work clearly illustrate that Ti-6Al-4V with a lower
R can have a higher burst strength {see Figure 40). Another
important point brought out by these invest gators was the
variation of R with plastic strain and stress s:ate.

A program carried out at Lockheed[99,100] has also
demonstrated the value of texture strengthening. This
program was designed to come to grips with the multifaceted
features in the manufacture of highly texturad-strengthened
pressure vessels. Phase | centered on sheet rolling and heat
treatment to determine suitable processes by which
texture-strengthened sheet could be produced, a difficult
task at this stage of development. Phase Il was an investi-
gation of a shear-forming process for producing Ti-6Al-4V
cylinders. Phase [I| was a study to determinz the effect of
different welding procedures on texture. Phase IV was a
demonstration of a spherical-tank fabrication and hydroburst
test using texture-strengthened Ti-6Al-4V. The program
was a very successful one in that it demonstrated that
texture strengthening can be achieved in real pressure
vessels. The results of the program are shown in Figure 41,
Here actual biaxial strengths are given along with predicted
biaxial strengths from the known uniaxial yizld strength
and R values. Other investigations[101,102; have also
demonstrated the value of texture strengthening.
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The increased strength of these spherical pressure
vessels {average yield strength of 221,700 psi and burst
strength of a range of 254,000 to 263,000 psi) clearly
demonstrates the value of texture control. Here again, this
program pointed up the difficulty of obtaining high-R
materials, and more work needs to be carried out in this area.
area.

The research on anisotropic yielding can be also
applied to hydraulic tubing. Considerable work has been
carried out on zirconium for this type of application
probably because this is a principal application of zirconium.
Only limited work with titanium has been accomplished
viz., that on the development and control of crystallographic
texture in Ti-3Al-2.5V alloy[103] tubing. Spurr and

100}— & Ti-5A1-255n
Quist[104] have related the effects of crystallographic
0 - texture on the mechanical and fracture properties of the
B same alloy.
0 I I | | l
o 50 100 150 200 250 300 350 Summary

Heop Stress,ksi

FIGURE 40. BURST LOCI{97] AT -423 F FOR PRESSURE

VESSELS OF TWO TITANIUM ALLOYS[97]

The utilization of texture as a method for improved
performance in engineering applications is more highly
developed in the case of plane-stress or biaxial-stress
applications than in other fields. 1t, however, appears that
considerable work is necessary in both the mill and the
secondary-fabrication sides of the problem. The most
important barrier yet to be overcome is the commercial

N 240N ~
N 220N ~
61—
200 ~ @
K S
S
x| 44—
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FIGURE 41. OBSERVED BIAXIAL YIELD STRENGTHS OF Ti-6Al-4V SPHERICAL PRESSURE VESSELS AND

PREDICTIONS FROM HILL’S THEORY [99]
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production of the “ideal” texture in which high R's can
be guaranteed or specified. Such processing procedures are
currently being worked on[64] and undoubtedly the
answers will be forthcoming. 1t is apparent that large
improvements in biaxially stressed pressure vessels can be
achieved through texture control. These large gains will
not be easy to come by, yet they are possible if the
resources are devoted to this area.

EFFECT OF TEXTURE ON KNOOP HARDNESS

Hardness varies with crystallographic and indenter
orientation in hexagonal-close-packed single crystals.[105-
107] For titanium it has been established that on the
basal plane, no variation of hardness exists with varying
indenter orientation. On the prismatic planes, however,
minimum hardness values will be found when the long
axis of the Knoop indenter is parallel to the ¢ axis, and
maximum hardness values will be obtained when the long
axis of the indenter is perpendicular to the ¢ axis. Results
clearly illustrate that hardness variations found in the
titanium hcp single crystal are evident in the polycrystalline
unalloyed titanium material, Definite indications of a
preferred texture giving rise to hardness anisotropy are
evident.[108)

The Knoop indenter may be used advantageously to
detect hardness anisotropy because of its unidirectional
design, which accentuates the directionality of the material,
and the fact that the long dimension of the indentation is
not affected by elastic recovery. In a study by Zarkades(108],
readings were taken at 10-degree intervals. For measurements
made on the longitudinal and rolling planes, this interval
was the angle between the long axis of the indenter and
the rolling direction and was designated as alpha (a).

On the transverse planes, however, & was the angle between
the long axis of the indenter and the transverse direction.
Reported Knoop hardness numbers (Khn} were an average
of a minimum of two readings at each orientation and
were calculated from the farmula,

where

I = Knoop hardness number
L = load in kilograms
Ap = unrecovered projected area of indentation, mm?2
£ = measure length of long diagonal, mm
Cp, = constant relating £ to the projected area (for the
Knoop indenters, it is equal to 7.028 x 10-2
kg/mn12).

The hardness data obtained on commercially pure
titanium sheet were averaged and plotted as shown in
Figure 42. 1t is evident that the hardness variation

existing within a plane of polycrystalline hcp material is
similar to the variaticn found in the titanium hep single
crystal {see Figure 42a.} As would be expected, a
similar variation of hardness was found on the transverse
plane, as shown in Figure 42b. The surface or rotling
p!ane was also examined and, in this instance, rasults
plotted in Rgure 42c are the average of four incentations
at each orientation. Less regularity in change of hardness
with indenter orientation was observed.

The X-ray pole figure for this material, F gure 42d,
shows some degree of preferred orientaticn of the
aggregate with the maximum intensity at a tilt >f the
{0002) planes of approximately 22 degrees toward the
transverse direction. Knowing that no hardness variation
is found in the basal plane of single-crystal titanium, one
cculd expect to find no variation of hardness when the
basal plane lies in the plane or surface of the palycrystalline
sheet material. This type of texture is considered ideal.
As the texture under study is not ideal, results shown in
Figure 42c¢ reflect the basal tilt causing the variation of
hardness data within the rolling plane. Comparison of
average values in Figure 42 clearly illustrates tt e variation
of hardness that can be found between planes of a textured
material. It is observed that little difference ex.ists between
the longitudinal and transverse planes, while a large variation
is found between rolling and cross-section planes.

Since primary concern was with hardness; variations
of textured materials and not of a single crystel as such,
tests were conducted to ensure that results oblained were
indeed measurements of a preferred-orientation
polycrystalline aggregate. The ASTM grain siz2 number
for the commercially pure material was 8. Photomicrographs
of the specimens showed hardness indentations covering a
various number of grains {typically nine), depending on the
material and the orientation of the indenter.

The directionality of hardness has been -itilized to
develop the plane-stress yield locus of sheet material and
indicate a measure of material anisotropic resistance to
plastic deformation.{109-112] Knoop-hardness readings are
taken on surfaces normal to the three principel directions
with the Knoop-indenter orientations, as shown in Figure
43. The proposed methods for the construction of the
yield locus from hardness values of Wheeter and ireland[109]
and Wonsiewicz and Wilkening[111] define the stress for
the X and Y directions as:

oo = Khn
X1 -atali2
g = aKhn ;

Y o {1-a+ad)l/2

however, Wheeler and Ireland propose a to be 3/5, 5/3,
-2/3, 2/5, 5/2, and -3/2 for indentations positions
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a through f, and Wonsiewicz and Wilkening propose « to
be

_A(R+1) +R
AR+R+1 '

having A equal to de, /de,, so thata is 1/7,7,-7/8,-1/8,
-8, and -8/7.

Yield loci are illustrated in Figure 44 and the
approach was successful for titanium with anisotropy ratios
Rupto 6.[113] As seen in Figure 44a, the agreement of
hardness data with proposed theories and tensile results is
excellent but may be fortuitous. For material with high
through-the-thickness plastic-flow anisotropy, the data
for the ¢ and f impressions (Figure 41) fall outside the
Hill ellipse, as shown in Figure 44b.

Summary

Hardness anisotropy similar to that for hexagonal-
close-packed (hcp} structured material does occur in body-
centered cubic {bce) and face-centered cubic {fcc)
metals.[114,115] With cubic material {bcc) and (fcc),
itis a function of indenter orientations, with the plane of
indentation having a minor effect.

Although microhardness testing is primarily a
laboratory testing method, it is being utilized more and
more for quality control. When specifications are requested
with ¢ertain Knoop-hardness-number limitations, the
initiator of such specifications should be cognizant of the
anisotropic characteristics of the crystals and the texture
of the aggregate for the polycrystalline material.
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Comiplete mathematical analyses and exhaustive
studies are needed to fully explain the pherromenon and to
define the modes and processes of plastic d:formation
taking place during a hardness test. Once this is accomplished
satisfactorily, hardness measurements may 2e used to
determine the degree of anisotropy of poly:rystalline metals.

EFFECT OF TEXTURE ON TOUGHNESS AND
STRESS CORROSION CRACKING

Charpy Impact and Transition Temperature

Most of the work conducted concerning titanium
texturing has centered around the increases in strength that
can be expected in biaxial loading. This work on preferred
orientation has dealt mainly with yield and flow, with very
little attention being directed toward fractire or toughness.
The basic problem of predicting the effects of texture upon
the toughness is extremely difficult and cornplicated
because it includes yield and flow effects. For the sake of
simplicity, toughness can be viewed as the integral of the
area under the stress-strain curve. From this it can be seen
that the total work on toughness is a function of both the
strength fevels and the fracture ductility. The problem is a
complicated one, as the strength level and the fracture
ductility are related. The effects of texture on yielding and
flow are fairly well understood from the wark of Hili[88]
and Backofen et al[21], yet the quantitative definition of
the effects of texture on fracture is illusive and ill defined.
Recent work has revealed that significant toughness vari-
ations can be found in titanium plate as a function of
specimen and notch orientation.[118] This impact-energy
anisotropy was found to be related to texturing.

Transverse
Direction, y

7
Rcm

Direction, x

FIGURE 43. CORRESPONDENCE BETWEEN ORIENTATION OF THE KNOOP HARDNESS IMPRESSION AND

THE BIAXIAL STRESS RATIOS[113]
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In the study mentioned[116] standard 0.394-inch-
square Charpy V-notch specimens were machined at
10-degree increments from the rolling direction to the
transverse direction. Two notch orientations were examined,
One orientation has the specimens notched parallel to the
plate surface, and the second orientation has the notch
normal to the plate surface or in a through-thickness
direction. With ASTM designations for longitudinal and
transverse directions, specimens with notches as indicated
would be RT, WT, and RW, WR. In this form, the first
fetter indicates the direction the notch is normal to, and
the second letter the direction of crack propagation (see
Figure 45).

SN

g

Specimen Orientat or

60 40 3
80 X . 210 g
9
Degrees

=

To help define the specimen orientation and crack
propagation in relation to the texture, a systern is shown
in Figure 46 where the strong texture is consitlered as a
single crystal, and only the principal specimen and
hexagonal unit cell directions need to be considered. For
the first letter, the specimen axis is referred tc the pole of
the plane which lies parallel to it, and the second letter
specifies the direction of crack propagation. F and B
stand for prism and basal poles. Furthermore, a and ¢ are
conventional hexagonal directions; thus, for a titanium
texture which had a strong concentration of basal poles in
the transverse direction, the (1070) poles ususlly are
strongly concentrated in the rolling direction «o that a
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FIGURE 45. SCHEMATIC OF CHARPY SPECIMEN AND NOTCH ORIENTATION[118]
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transverse-face-notched {(WT) specimen would have a
crystallographic or texture designation of Ba.

Since the primary concern was about the effects of
texture, it was necessary to rule out the effect of fibering.
Mechanical fibering is noncrystallographic in nature and
brings about anisotropy through existing elongated grain
structure, inclusions, porosity, and segregation. Although
not completely conclusive, the variation of toughness
caused by fibering can be detected by the metallographic

observations of delaminations associated with the fracture
surfaces.[117] The effect of an elongated second phase
can also be evaluated in this manner to a lesser degree. A
large number of fracture samples were studied, and
delaminations of the type associated with mechanical
fibering were not found in the magnitude as described by
English.[117] Nor did there seem to be a pronounced
preferential fracture path associated with the elongated
alpha-beta duplex structures found in some of the alloys.
Also, the Charpy energies did not show the anisotropy
difference for the WT and WR orientation normally
attributed to mechanical fibering or elongated grain
structure.

The results of the study by Zarkades and Larson are
shown in Figures 47 to 50. To orient the reader, complete
pele figures, tensile and microstructural properties are includ-
ed. Analysis of the data indicate that Charpy-impact fractures
can be categorized into two general types, brittie and ductile.
In the case of brittle fracture (less than 10 ft-Ib) very little
anisotropy of toughness was found (see Figure 48).

It appears from preliminary observation that the
anisotropy of Charpy-impact properties is related to
plastic-flow anisotropy. One of the most dramatic cases
found was for the Ti-4AI-4V alloy, as shown in Figure 49.
Charpy specimens for that case were taken from the top and
bottom of a 1.0-inch plate, and average impact values are
plotted. Another case showing significant anisotropy was
the Ti-6Al-4V alloy, as shown in Figure 50. For the
Ti-4Al-4V alloy, the RW and WR specimen orientations gave
about 25 ft-lb. The WT orientation was also low at about
35 ft-Ib. However, the RT results were three times as high, or
about 75 ft-lb. These results can be explained if we examine
the texture orientation and the alloy’s ability to ptastically
deform. From a texture standpoint, the highest energy-
absorbing orientations are those with a Pa designation.
Considering the fact that slip occurs in the [1120]
direction, it can be seen that the Pa orientation would be
the "‘softest” and hence the greatest plastic deformation
would be allowed; for the other orientation, either {112:2)
or (1012} twinning would be required for deformation.
Subsequent to the twinning, the lattice reorientations
would not be favorable for slip.

The high toughness of the Pa orientations unfortu-
nately was not demonstrated for ‘“‘ideal’” textures in this
program, for they were generally brittle. However, they
were clearly shown in the work of Hatch,[118] (see Table
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Table 6). For idea! textures, the tough orientation (Pa)
would occur for all edge-notched specimens (RW and WR).
Backofen[119] studied impact energy transition for a
duplex texture in Ti-BA[-2.55n and showed the effect of
specimen orientation. These results are illustrated in
Figure 51.

TABLE 6. CHARPY IMPACT AND R VALUES FOR
Ti-4A1'2), 0.5.INCH PLATE ROLLED AT
1700 F[118]

Charpy V-Notch Impact Energy,

Test {ft-Ib)
Direction Edge Notch Face Notch Rrib)
L RW 63.5 RT17.5 5.1
T WR 67.0 WT 17.3 9.5

(a) Oxygen content = 0.21 percent
{b} R = strain ratio, €w/ct.

In order to verify the effect of texture on the transi-
tion temperature, several specimens were cut from unalloyed
grade Ti-75A. This plate had a texture with a basal pole
intensity near the plate normal with little transverse spread.
The tough Pa specimen orientation would correspond to the
through-thickness notch orientation. From examination of
data at several test temperatures, it can be seen that the
transition temperature is [ower and the toughness is
higher for the Pa specimen crientation {see Figure 52).[116]
These results are in agreement with the results for Zircaloy
2 which has deformation modes simflar to those of
titanium. [120,121]

The RW or WR orientation specimen for material
with a near ideal texture would have a texture orientation
of Pa and the RT and WT would have a Pc orientation.
The argument is that for the soft Pa orientation, plastic
flow occurs and high energy is absorbed. For the Pc
orientation, higher levels of strength are required to induce
flow, and then fracture occurs at lower strains, resulting
in a less tough condition. As the temperature is raised, the
Pc orientation becomes tougher due 1o a relaxation of the
higher stresses by the introduction of ¢ + a slip or slip with
a non-basal vector.

A better understanding of the relationship between
plastic deformation and fracture can be had from studying
Figure 53 and References [122] and [123]. At high tem-
peratures, the critical resolved stress for {1010) [1120]
slip is low, and the specimen in a Pa orientation {Figure
53aj} is favorable for this type of deformation. As the
temperature is [owered, the criticgl resolved stress for
{1010) [1120] slip rises until {1122 twinning begins;
microcracks are then formed at the twin-matrix interface
and brittle fracture ensues. For the Pc specimen orienta-
tion {Figure b3b} a similar behavior is apparent; however,
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Yield Strength | Tensile
Orien-|Thick (psi) Strength|Elon.|E x 10°©
tation] (in.)| 0.1% 0.2% (psi) % (psi) Mg Hp
L 0.443] 59,600|60,900 | 79,500 }|35.5 | 15.0 ]0.400(0.681
T 0.443] 66,200)68,000 ) 77,500 |31.5 16.7 ]0.393|0.857
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FIGURE 47. TYPICAL CHARPY IMPACT TEST DATA FOR UNALLOYED TITANIUM[116]
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. Yield Strength |Tensile
Orien- |Thick (psi) Strength|Elon. |E x 10%
tation|(in.)| 0.1% 0.2% (psi) % (psi) Vg Vp
L 0.460| 93,500} 97,400}4110,700 }|19.0 16.5 0.24210.188
T 0.475} 99,600{102,500f115,600 |21.5 16.2 0.24610.226
L 0.472]112,300/114,800}119,100 {17.0 17.7 0.250]0.369
T 0.507(118,300]120,700)127,400 ]20.5 19.7 0.30070.321
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owing to the plane-strain constraints at the base of the
notch, a higher temperature is needed for plastic flow and
high toughness. Predictions are for large compressive
deformations at the back side of the specimen. Finally,
the Ba-orientation specimen is not favorably oriented
for slip or any of the known slip systems since the stress is
perpendicular to the [1122)] direction. In this case {1012)
twinning probably occurs, and the reoriented matrix would
now be favorably oriented for (1122) twinning and
susceptible to fracture (Figure 53c).

While the mechanisms proposed above are somewhat
speculative, and further research is required, they do provide
a simple model for the description of texture and its
influence on toughness, and this beginning of understanding
should allow us to utilize textures to produce high-toughness
materials.

Fracture Toughness, K|, and K

Very little information has been published on the
influence of texture upon fracture toughness, K;. or K.
Although there has been some discussion[95,124,125],
most of the reports have not had pole figures and fracture-
toughness values for the same material. Probably the most
complete investigation was carried out on the SST
program at the Boeing Co.[1-8] This program has shown
that a large anisotropic variation in fracture toughness is
present in Ti-6Al-4V extrusions, plate and sheet.
Unfortunately, no clear simple description of the nature
of the directional fracture-toughness properties is available
at this time. However, textures can affect fracture
toughness parameters K| and K; through a complicated
influence upon strength and ductility. Plane-stress {K.)
toughness values are influenced in a different way than are
plane-strain {K|.) values. The influence of preferred
orientation upon toughness is very specific with each
texture-specimen orientation relationship.

The plane-stress (K} values are usually lower in the
longitudinal direction, as illustrated in Table 7. This
appears to reflect the higher strength in the transverse
direction when the texture consists mainly of basal poles
parallel to the transverse direction. An “ideal’’ texture
of course would have similar longitudinal and transverse
properties. As the constraint of the notch increases or as
plane-strain conditions are approached, there is a shift to
higher longitudinal values (see Table 8). Itis possible to
also have higher K values in the longitudinal direction of a
product that has strong transverse basal poles. This usually
occurs in a thicker product as seen in Table 9. The
variation of fracture toughness with texture and specimen
orientation is a complex matter, and it really depends upon
whether ductility or strength dominates in contributing
10 the energy consumed during fracture. In the case in
Table 9 ductility dominates.

TABLE 7. FRACTURE TOUGHNESS (K.} OF
CONTINUOUSLY ROLLED Ti-6Al-4V

SHEET([2]
Ke, ksi Jin.
Thickness, Grain Direction
Heat inch L T
A 0.050 135.3 165.2
134.8 167.2
B 0.060 149.5 178.7
C 0.016 134.9 140.0
D 0.035 131.0 161.9
E 0.058 158.4 203.9
160.1 196.4
F 0.050 141.4 187.9
G 0.031 136.4 184.6
136.0 188.6
TABLE 8. FRACTURE TOUGHNESS OF THICK
CONTINUQUSLY ROLLED Ti-6Al-4v
SHEETI[2]
Thickness, Grain Ke
Specimen inch Direction ksi Jin.
1 0.125 T 109.5
2 0.110 L 148.5
3 0.110 L 154.1
4 0.110 L 164.3
1 0.150 T 157.0
2 0.150 L 163.0
3 0.160 L 165.1
4 0.150 L 160.5
TABLE 8. FRACTURE-TOUGHNESS DATA FOR
20-ft-long HAND-MILL Ti-6Al-4V
SHEETI[2]
Thickness, Grain Ke
Specimen inch Direction ksi Jin.
1 0.168 T 87.5
2 0.158 T 82.8
3 0.158 T 99.5
4 0.158 L 190.8
5 0.168 L 193.9

Frederick[125] reported the fracture toughness of
0.080-inch sheet of A-70 commercially pure titanium
tested at -423 F. The results of these tests are shown in
Figure 54. The basal pole figure is also included, which
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Note: a = depth of crack
Q = shape factor after ASTM STP 381, p 249

reveals a duplex type of texture with both ideal and TD
peaks, It is evident from this figure that the fracture
toughness is somewhat higher in the longitudinal direction
than in the transverse direction. This anisotropy in fracture
toughness was attributed to the differences in ease of slip,
the longitudinal specimens being favorably oriented for
(1010) (1120) slip.

The main bulk of the fracture-toughness data that are
available come from the SST[1-8] program. Because of
the interactions between chemistry, microstructure, and
texture and their effect upon strength and ductility, the
results are complicated. However, it can be shown that in
many cases where there is a large component of basal poles
in the TD, the K values are high in the transverse direction,
as shown in Table 10. These results, which are for a mildly
textured hand-mill sheet (see Figure 55 for texture}, show
that high K. values are obtained in a direction perpendic-
ular to the basal plane where the strength is highest. A
more severely textured continuously rolled sheet (see
Figure 55, Sheet B) was tested and the results also show a
similar result as shown in Table 11.

Data on the effect of texture upon K, values are much
more limited and difficult to assess; however, it appears
that the transverse values are high for conventional notch
orientation, that is, through the plate. There are indications
from other fracture tests that notches parallel to the plate
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surface can have very high toughness (see impact «ata in
Figures 49 and 50). The main problem in understanding

the influence of texture upon fracture toughness is the
complicated three-dimensional interactions between
specimen and notch orientation with the various 1ypes of
textures. Probably the best way to elaborate upos the above
discussion is to use illustrations from some of the limited
data reported.

TABLE 10. AVERAGE FRACTURE TOUGHNESS OF
Ti-BAI-4V SHEET

Gage Direction Ke
Mill Annealed
0.060 L 157.3
0.060 T 200.84
Duplex Annealed

0.075 L 170.2
T 182.0

0.105 L 163.7
T 172.3

0.100 L 148.2
T 172.5

TABLE 11. FRACTURE TOUGHNESS AND STRESS-
CORROSION RESISTANCE OF SUPER
ELI CONTINUCUSLY ROLLED Ti-6Al-4V

SHEET 8]
Sustained K
Grain- Kc, Level in 3 5% NaCl,
Specimen Direction {ksi Jin.) {ksi Sin,)
ST-310-3 Longitudinal 177.0
ST-310-4  Longitudinal No failure at 159
Failure at 177 (50
sec)
ST-310-1 Transverse 199.4
§T-310-2 Transverse No failure at 180,
200, 21¢
Failure at 239 (40
sec)

Harrigan[76] reported K|, fracture toughress values
for textured Ti-6Al-2Sn-4Zr-6Mo for three specirnen
orientations along with the basal pole figure and tensile
properties. These results are shown in Table 12 and Figure
56. The basal pole figure shows essentially a duplex
texture with a heavy concentration of poles in the TD, The
anisotropy of fracture toughness and tensile properties is
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SN Sheet A

SN Sheet B

FIGURE 55. BASAL-PLANE POLE FIGURE FOR Ti-6A1-4V CONTINUOUSLY ROLLED SUPER ELI SHEETI[8]



TABLE 12. SUMMARY OF MECHANICAL PROPERTIES
FOR TEXTURED Ti-6Al-2Sn-42r-6Mo[76]

Fru- Fry. Elong., R.A, Kjer
Orientation ksi ksi % % ksi Jin.
L or RW 148.7 138.2 11.5 18.0 67.8
T or WR 196.9 1738 11.3 135 83.0
ST or TW 136.1 134.3 6.5 26.0 44.5
RD
6X
I X
X 14X
SN TD

FIGURE 56. {0002) POLE FIGURE OF Ti-6Al-25n-4Zr-6Mo(76]

quite large. This investigation shows that the highest
strength, modulus, and K. are obtained in the transverse
direction. Harrigan explains the higher transverse Ky, as a
modulus effect.

Backofen[21], using Hill’s[BB] mathematical theory
of anisotropic yieiding has shown that the effect of a notch
in a textured product is dependent upon the specimen
orientation and notch location. As an example, it was
shown that an edge notch should be less embrittling, the
higher the value of R. However, a face notch should be-
come more embrittling. No actual values of K. are
available, although Hatch[113] does report some impact
energy data which seem to support this.

Some results of the K. testing showed only minor
differences between WR and RW orientation in a plate
with a heavy concentration of basal poles in the TD direc-
tion. These results are shown in Table 13. The higher
K¢ perpendicular to the highest concentration of basal
poles, however, is still evident. The textures of the plates
described in Table 13 are iHustrated in Figure 57.

60

TABLE 13. FRACTURE TOUGHNESS OF ALPHA-PLUS-
BETA-WORKED MILL ANNEAL.ED Ti-6Al-4V

PLATE[8]
Grain Kqla,
Sheet Specimen Direction ksi v in.
A 1 WR h4.4
2 RwW 68.5
B 5 WR 43.4, retest 48.5(b)
6 RW 32.4, retest 52.5(b)

{a) Kq values are pravisional values for K.

{b} Not valid due to low deviation on load-deflection curve.

Stress-Corrosion Cracking

An excellent review of the status of stress-corrosion
cracking of titanium has recently been published. [ 126]
1t has been shown that many material factors influence
stress-corrosion cracking, among which are chemistry,
microstructure, and texture. The sensitivity of stress-
corrosion cracking to texture arises from the fect that the
nature of stress-corrosion cracking is in part cry'stallographic.
Several investigations have shown that stress-ccrrosion
cracking occurs upon a plane about (1017) near the basal
orientation[127,128] (see Figure 58). This can lead to the
development of large differences in the stress-corrosion
cracking of various textured products.

One of the most outstanding examples waere large
effects can be demonstrated are in products that have highly
textured basal poles which lie in the transverse direction.[129}
Thus, through-notched samples cut longitudinally would
not stress the basal plane, and transverse specimens would
have the maximum stress on the basal planes.

Dramatic visual evidence of texture effects in stress-
corrosion cracking in methanol-0.4 HCI can be obtained
by observing the crack morphologies. This is iliustrated
in Figure 59. The crack path is very sensitive to the
anisotropic nature of the cracking plane, and unusual
crack-branching tendencies are observed. The influence of
texture for crystallographic stress-corrosion cracking is
manifested upon the threshold K. values. When the
texture is such that the specimen does not stres; the basal
plane, then Ki. is roughly equal to K|g.c, or it can be said
that the sample is not very susceptible to stress corrosion.
On the other hand, when the texture is such that the
maximum stress is applied to the basal plane. then the
Kisce values will be very low. In these tests, longitudinal
Kjscc was 63 ksi Jin. and transverse Kisce was 2B ksi Jin,
over a two-to-one difference.
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FIGURE 57. BASAL PLANE POLE FIGURE FOR ALPHA-PLUS-BETA-WORKED Ti-6Al-4V PLATE[8]
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The left side is the {1120} zone; the right side
is the {1010} zone.

Differences in salt-water K. for longitudinal and
transverse tests are further illustrated by data from the SST
program[1] shown in Table 14. In almost every case the
transverse tests were lower, which is indicative of textures
which had high or moderate tendencies to develop TD peaks.

An excelient example of the directional characteristics
of Kjgcc i5 shown in the work of Fager.{130] The results
of his investigation clearly demonstrate the three-dimensional
characteristics of stress-corrosion cracking and the influence
of preferred orientation. These are shown in Figure 60.
The crack morphology attributed to anisotropic crack prop-
agation was also observed and is illustrated in Figure 61.
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TABLE 14. LONGITUDINAL {RW) AND TRANSVERSE
{(WR) K|¢c, OF AS-RECEIVED Ti 6AI-4V

PLATE{1]
Kisce: Ksi Vin.

Heat Transverse Longitudinal
A 36 55
B 36 -
C 36 53
D 36 55
E 44 —
F 35 65
E 36 36
G 45 -
H 36 —
| 36 36
J 36 -
K 37 -
L 36 -
M 36 55
L 53 -
M 22 53
N 35 -
0 35 46
P 35 -
Q 45 55

The crystaliographic nature of stress-corrosion cracking
suggests that texture could be employed as a reans of
alleviating stress-corrosion cracking. An “ideal” texture
might be applied to resist stress-corrosion cracking.
Collectively, the limited data available indicate the
influence of texture upon stress-corrosion cracking, but
also that much additional research work is needed to clearly
define the interactions between cracking media, chemistry,
microstructure, and texture.

EFFECT OF TEXTURE UPON FATIGUE

Of the various mechanical properties of metals that
might be improved, fatigue is the most interesting and
challenging. There has been an impressive amount of work
on the fatigue properties of metals, yet, in spite of this, very
little study has been made of fatigue anisotrooy as related
1o texture. Chandrathil[131] studied fatigue of textured
face-centered cubic sheet and concluded that it required
work. He suggested that: “In the case of hep metals the
anisotropy of fatigue behavior might be expe:ted to be
particularly great when strong preferred oriertations exist
due to the limited number of slip systems”’.

Although considerable fatigue propertizs have been
generated for titanium and its alloys, very little effort has
been directed toward defining the effects of “exture. The
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FIGURE 60. THE EFFECT ON STRESS CORROSION SUSCEPTIBILITY OF ORIENTATION OF Ti-8Ail-1Mo-1V PLATE SPECIMENS[126]



\

MR

| — Basal planes
/ (0001} 4

a. (O001) Planes Paral lel to General Cracking
Plane

—

Basal planes
é (0001}

)

b. (O00I} Planes Normal to General Cracking
Plane

FIGURE 61. PROPOSED MECHANISMS FOR INFLUENCE OF
TEXTURE ON CRACK PROPAGATION IN DCB
SPECIMENS OF o OR ot ALLOYS(126]

importance of texture can be demonstrated as an influence
upon crack nucleation rather than on crack propagation.
However, texture ¢an be shown to also affect propagation
through an influence upon slow-frequency propagation

via a stress-corrosion-aided crack growth. One of the most
disturbing aspects concerning the generation of smooth-bar
fatigue data has been the scatter in the test data, and it is
believed that texture plays a dominant role in influencing
this scatter. Large variations have been found in both the
endurance limit and the high-stress finite region.

The variation in fatigue properties as influenced by
texture is also manifested in notched fatigue-crack-initiation
results. Unfortunately, for both smooth and notch results,
very little definitive results relative to the influence of tex-
ture are available. The limited results that have been ob-
tained, however, are based upon fundamental reasoning and
have been quite spectacular.
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One of the most dramatic discoveries from recent tex-
ture research is related to a large improvement in fatigue
properties. This finding could have widespread use in practi-
cal applications. Heretofore, there have been isolated cases
of reported good fatigue properties in titanium, yet this has
not been understood.[132] It is now believed thatitis
related to texture, as described in the follov/ing paragraphs.

Partridge[133] and others[134-136] have shown that
the formation of deformation twins in hexagonal-close-
packed metals like titanium can be very dariaging to
mechanical properties. In some cases, twin-matrix inter-
actions have resulted in fracture nucleation sites, and the
easy cyclic motion of a twin-matrix boundary can result
in early crack initiation. Slip-band extrusios have also been
noted as a mode of crack nucleation in fatigue-crack initi-
ation.{137,138] Additional research has shown that slip-
band extrusions and twin-matrix cracking are competing
mechanisms.[139,140] It is possible to suppress twin
formation and favor slip in single crystals by proper orienta-
tion. Likewise, it may be possible to suppress twin forma-
tion in highly textured polycrystalline material by similar
considerations of orientation. Through consideration of
texture-twin-orientation relationships, it should be possible
to bring about a vast improvement in fatigus properties.

To test this hypothesis, two sets of smooth-bar
fatigue samples from a highly textured Ti-4.A1-4V[141] alpha-
beta titanium alloy plate {see Figure 49 for static
properties) were tested.

The first set was with the ¢ axis of the texture
parallel to the loading axis. This orientation is such that
the principal mode of deformation is twinning. The
second set was oriented in the a direction; s!ip is the
principal mode of deformation. These specimens were
tested in tension-tension (R = 0.1) and the results are shown
in Figure 62.

As can be seen from Figure 62, there is a vast difference
in the high-stress finite life region as was predicted. The
¢ oriantation {whicr. forms twins) has a very short finite
life. The a {slip orientation) samples have mrore than two log
cycles superiority in this region and a remaricably long
duration. Actually, one sample of the a ori¢ntation ran
over 1.5 x 106 cycles at 90 percent of the y eld strength.

Another important feature of these tests is the high
ratio of 0.73 of the endurance limit to tensile strength for
both orientations. This ratio has been widely variable in
titanium, running from 0.25 to 0.80.[132] This large
spread has been confusing and of concern tc the designers.
In retrospect, it now appears that since ease of cross slip is
thought to be related to the endurance limit, the relation-
ship between specimen orientation and texture can be
controlled to suppress cross slip, thus favoriing a high ratio
of endurance limit to ultimate tensile strength.
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FIGURE 62. EFFECT OF SPECIMEN ORIENTATION ON FATIGUE LIFE

The high endurance limit could also be related to the
perfect nature of the texture and lack of the stress concen-
trations that might be expected between adjacent anisotropic
hexagonal grains. Just imagine the incompatibility of two
adiacent hexagonal grains which are 90-degrees apart in
orientation.

Since these improved fatigue properties appear to be
related to crack nucleation rather than propagation, a
difference in crack origin should be apparent. Scanning-
electron-microscope studies clearly revealed this. Figure
63 illustrates the important crack-nucleation differences.
For the good — fatigue, slip, orientation — examination of
the test sample revealed a surface origin which was a
classical slip-band extrusion-intrusion mechanism. In the
twin-deformation grientation, crack origins were volumetric
in nature occurring anywhere internally, and appeared
earlier in the fatigue life, similar to that reported for twin-
matrix cracks. Frederick [64] has carried out fatigue tests
on highly basal textured Ti-6Al-4V sheet and has also
found a high endurance limit. His results are shown in
Figure 64. The mechanism of crack initiation in
Ti-6Al-4V has also been studied[142,143], and both slip
and twinning have been evident. Bowen{144] studied
the directionality of a Ti-6Al-4V bar forging which
apparently had a mild and varying texture. He found a
large difference in endurance limit for various directions
and much scatter was evident.. The results are shown in
Figure 65.

It has generally been established[145-148] that a
heavily worked a and §8 structure has superior fatigue

properties. This may be due to texturing as previousiy
indicated.

The influence of a notch can be looked upon as
enhancing or controlling nucleation. Crack initiation in
hexagonal metals such as titanium is very complex when
notches are considered. The deformation at the root of a
notch is also affected by the thickness of the specimen,
that is, whether the material is subjected to plane-strain or
plane-stress loading. The results for thin specimens
{plane stress) are quite different than those for thick
specimens (plane strain). One of the best illustrations of
thin-specimen results comes from the SST program. (8]
S-N fatigue longitudinal data were generated on two notched
{060-inch-thick sheets with different texture. For the
highly textured sheet (Figure 66) which had an intense
TD peak, the endurance limits are quite high. The
longitudinal values are superior to the transverse, probably
because of the ineffective nature of the notch when

‘plastic deformation can occur by prism slip in the through-

thickness direction. In the case of a transverse specimen,

the notch-reduction factor for the endurance limit is

about what would be expected for a highly textured material,
i.e., 2.5. The lower endurance limits for milder textures

or textures which have orthogonal components are also
indicated in Figure 66. Here agzin the damaging effects of
grain misalignment are evident.

In thicker specimens the effect of specific deformation
mechanisms is more evident, because the constraints
imposed by the notch require plane-strain deformation, and
the actual mode of deformation which is operative may be
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surmised. In this case, the notch will cause a specific twin
mode to activate. Different twin modes cause different
degrees of damage to ductility, and the lattice strain is very
unique with each mode. Thus, each notch orientation-
texture type will have specific behavior characteristics which
are related to the damage done by the twin formation. An
example of this behavior is shown in Figure 67 where the
specimen having the (1012) type twin, which is less damaging
to ductility, exhibits a large number of cycles to fatigue
initiation. In this case, it was also shown that once the crack
starts, the propagation stage is nat much affected by notch
orientation. Generally speaking, it has been found that

propagation is not greatly affected by texture or specimen
orientation {see Figure 68).

In opposition to the general case, there are cases
where large propagation effects are shown. These,
however, can be related to stress-corrosion cracking, as
was illustrated in the section on influence of texture on
stress-corrosion cracking. Suffice it to say again that
stress-corrosion cracking is in some cases crystallographic
in nature and occurs near the (1017) or almast on the
basal plane. Thus, in an aggressive environment where slow
cyclic loading is occurring, an accelerated crack growth can
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FIGURE 67. EFFECT OF TWIN FORMATION ON CRACK INITIATION
Transverse bend specimens subjected to about 20 percent higher loads.
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develop through stress-corrasion assists. This phenomenon

is best shown by running longitudinal and transverse tests

on textured materials where the basal poles are parallel to

the transverse direction. Figure 68 illustrates this. A detailed
comparison of various environments and their influence on
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FIGURE 69. CREEP CURVES FOR TEXTURED Ti-aAl-4V IN
TRANSVERSE AND LONGITUDINAL ORIENTA-
TIONS AT 850 F AND 50,000 PSI
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the fatigue-crack propagation rate of material with a
preponderance of basal poles parallel to the transverse
direction is shown in Table 15.
TABLE 15. CRACK-GROWTH-RATE SUMMARY FOR
CONTINUQUSLY ROLLED TEXTURED
Ti-6Al-4V SHEET
K. ksi Grain  A2a/AN, 106 in./eycle
Jin. Environment Direction Range Avg Tests
50 Air L 17-28 20 7
T 17-29 21 7
50 3.5% NaCl L 21-56 32 7
T 64-245 146 8
50 Distilled L 20-53 31 7
H,0 T 53-158 105 6
60 Air L 27-44 33 7
T 27-44 33 7
60 3.5% NaCl L 37-84 60 7
T 142-280 228 8
60 Distilled L 33-74 53 7
Ho0 T 83-182 125 6

CREEP AND STRESS RUPTURE

Limited results of creep and stress-rupture tests
conducted on a textured a-8 titanium alloy indicate a
significant variation in these properties with relation
to specimen orientation.[141,149] Two sets of creep-
stress-rupture bars from a highly texture plate of
Ti-4Al-4V alloy (see Figure 49 for typical texture and
static properties) were tested. The first set was with the
¢ axis of the texture parallel to the loading direction
(specimen axis transverse to the rolling direction). This
orientation is such that the principal mode of deformation
is twinning. The second set was oriented in the a direction
(specimen axis longitudinal to the rolling direction) where
slip is the principal mode of deformation. These
specimens were creep tested at 850 F, in air, in constant-
load creep machines. Creep curves at a 50-ksi level as well
as stress-rupture curves for each orientation are shown in
Figures 69 and 70.

The strain rate for secondary creep in the specimen
cut in the longitudinal or a direction is 8.83 x 104 in./in./br
and that for the transverse or c direction is 1.38 x 10°%
in./in./hr. This is a 6.4 times greater creep rate in the
longitudinal direction than the transverse direction.
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FIGURE 70. LARSON-MILLER PLOT OF STRE3S-RUPTURE
DATA OBTAINED FOR TEXTURED Ti-4Al-4V
IN THE TRANSVERSE AND LONGITUDINAL
ORIENTATIONS AT 850 F

The transverse specimens also have a superior stress-
rupture life compared with the longitudinal specimens. For
a given parameter there is a 5,000-psi increase in stress capa-
bility at the low-stress end and approximately a 12,000-psi
increase in stress capability at the higher stres;es. Thus,
these data indicate that texture and orientaticn significantly
affect creep and stress-rupture properties of titanium alloys.
Results for zirconjum and its alloy have yielded similar
conclusions and it is clear that considerable additional work is
needed to fully define this important area.
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