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THE EFFECT OF ROLLING TEXTURE·ON THE FRACTURE 

MECHANICS PROPERTIES OF Ti-6Al-2Sn-4Zr-6Mo ALLOY 

M. J. Harrigan, A. W. Sommer, P. G. Reimers 
and G. A. Alers 

ABSTRACT 

An experimental research program was undertaken to assess the 
plane strain fracture mechanics properties of a highly textured 
titanium alloy. Ti-6Al-2Sn-4Zr-6Mo 1/2" thick plate was unidirec
tionally rolled to sheet to produce a strong basal texture with 
the major basal pole concentration in the transverse direction. 
The texture rolled sheets were diffusion bonded to produce a 
textured billet large enough to measure plane strain properties 
in all orientations. Fatigue crack growth rate data were obtained 
as well as Kic measurements. The results of this study show that 
the preferred orientation of basal planes controls modulus, 
strength, fracture toughness and fatigue crack growth rate in 
Ti-6Al-2Sn-4Zr-6Mo. Mechanisms by which each of these properties 
is controlled are presented. 

M. J. Harrigan, A. W. Sommer, and G. A. Alers are members of the 
Technical Staff at North American Rockwell and P. G. Reimers is a 
member of the United States Air Force. 
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INTRODUCTION 

Texture in metals is defined as the preferred orientation of 
individual grains in a poly-crystalline aggregate relative to a 
given set of reference axes. Textures arise as a result of exten
sive plastic deformation such as rolling and may be modified or 
strengthened by subsequent recrystallization annealing. In X 
titanium, or titanium alloys in which the hexagonal alpha phase 
predominates, the rolling textures which develop are usually de
scribed in terms of the orientation of the basal (0001) plane with 
respect to a set of reference axes (References 1-4). The basal 
plane textures which develop in titanium alloys can be broadly 
classified as those in which the basal planes are parallel with 
the rolling plane (Figure la) and those in which the basal planes 
are normal to the rolling plane (Figure lb). The former textures 
have been found to result in improved biaxial strength properties 
(References 5 through 7) while the latter can produce anisotropy 
in mechanical properties in the rolling plane (References 3, 4, 
8, and 9). 

The textures which are produced by various rolling practices 
and the strength anisotropy which results are related to the 
available slip systems in the hexagonal alpha phase. These systems 
which are illustrated in Figure 2 all have slip vectors which lie 
parallel to the basal plane (0001). Applying a stress along the 

a) C-AXIS IN SHORT TRANSVERSE b) C-AXIS IN LONG TRANSVERSE 
DIRECTION; ASSOCIATED WITH DIRECTION; ASSOCIATED WITH 

BIAXIAL STRENGTHENING. ROLLING IN-PLANE ANISOTROPY. 
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Figure 1. Schematic view of textured plates and their correspond
ing basal plane pole figures. 
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Figure 2. Slip and twin deformation planes in alpha titanium. 

"C" axis of the hexagonal lattice will apply no critical resolved 
shear stress in the (0001) plane, or along the easy slip directions 
which lie in the basal plane, thus, producing the strength anisot
ropy. It must be noted that there do exist non-basal slip direc
tions in alpha titanium of the type <1123) which are active on 
(lOiO), (1011), and (1122) planes (Reference 10). This type of 
slip, however, is felt to involve a quite high critical resolved 
shear stress, thus, the strength anisotropy described due to 
basal slip would still be observed. Furthermore, because basal 
or basal related slip predominates, extensive unidirectional de
formation will result in a rotation of the hexagonal lattice into 
an orientation where further slip is difficult. It is this mech
anism which is responsible for the various basal plane textures 
which arise (see Reference 2). 

Another result of texture in alpha titanium is the anisotropy 
of the elastic modulus properties. This anisotropy is basic to 
alpha titanium and its hexagonal lattice structure. Figure 2 also 
illustrates the Young's modulus anisotropy of a pure titanium 
single crystal (References 11 and 12). A useful consequence of 
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modulus anisotropy is that the basal plane texture of titanium can 
be at least qualitatively assessed using standard dynamic modulus 
measurement techniques (Reference 13) or through the measurement 
of the materials elastic constants using ultrasonic shear and 
longitudinal waves and the subsequent calculation of all of the 
elastic properties (References 14, 15, and 16). 

Both the strength and modulus anisotropy have been observed 
in commercial titanium alloys (References 4 and 17). In one case, 
a strong basal plane texture was induced in Ti-6Al-4V by rolling 
(Reference 17). In this study, it was found that the strength 
was over 20 ksi higher in the directional parallel with the major 
basal pole concentration. This same product orientation also 
exhibited a Young's modulus (E) of 20.6 x 106 psi. The alloy 
Ti-6Al-2Sn-4Zr-6Mo has also been found to develop textures which 
produce anisotropic properties (Reference 17). 

It was the purpose of this research to produce a strong 
texture in a commercial material in order to study the effect of 
textures on fracture mechanics properties, as well as on strength 
and modulus. Prior studies of the fracture mechanics properties 
(References 17 through 21) were inconclusive because either the 
texture which was studied produced isotropic properties in the 
plane of the sheet (Figure la) or the dimensions of the specimens 
used were inadequate to produce quantitative results. The alloy 
selected for this study was Ti-6Al-2Sn-4Zr-6Mo because this alloy 
has been shown to texture extensively and to produce highly aniso
tropic properties in the rolling plane (Reference 17, Figure lb). 
In addition, the diffusion bonding process was utilized to produce 
highly textured specimens of sufficient thickness to allow charac
terization of the plane strain properties of the material. 

Table I 

TEST MATERIAL OlEMICAL COMPOSITION 

Composition % 

Form Al Sn Zr v ~lo Fe c N H 0 

0.5-in. plate 5.9 1.9 4.0 - 6.0 0.07 0.021 0.009 0.008 0.09 
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EXPERIMENTAL PROCEDURE 

For this study, a counnercial plate of Ti-6Al-2Sn-4Zr-6Mo 
(1/2 x 36 x 48 inches) was obtained from TMCA. The producer supplied 
chemical analysis is shown in Table I. The plate was cut into 
pieces approximately 4 x 4 inches for texture rolling. Rolling was 
accomplished at TMCA's Henderson, Nevada Research facility. The 
desired texture was induced by unidirectionally rolling the mate
rial from 1/2 inch to 0.065 inch thick at a temperature of 1375 + 
25°F. Each piece was individually rolled requiring approximately 
7 reheat cycles of 5 to 15 minutes each. At heavy gages, 4 to 5 
passes could be made between reheating while below 1/8 inch thick 
only 1 to 2 passes could be made. 

After texture rolling, two billets 7-1/4 inches long by 3-5/8 
inches wide by 3 inches thick were fabricated by diffusion bonding. 
Prior to bonding, the textured sheets were grit blasted, chem 
milled and cleaned to produce surface conditions suitable for bond
ing. Diffusion bonding was accomplished at 1700°F for 8 hours 
under a vacuum of 10-4 TORR. The microstructure of the material 
is shown in Figure 3 in the as rolled condition and in Figure 4 
in the as bonded condition. 

The type and degree of texture induced by rolling was assessed 
using standard X-ray diffraction pole figures and by measuring the 
Young's modulus at several orientations normal to the plane of the 
sheet (i.e., longitudinal plane). Transmission pole figures were 
made using the technique of Bragg and Packer (Reference 22). A 
foil sample 0.002 inches thick was made by mechanically and chem
ically thinning from both sides of the as rolled sheet. A 
similar foil was made from the as bonded billet except that the 
foil was made in the longitudinal plane (the plane normal to the 
longitudinal or rolling direction) thus allowing the average tex
ture in several full thickness laminates be measured. The as 
rolled pole figure was plotted via a Wolf net rotation so that it 
could be compared directly to the as bonded pole figure. 

The second method of texture mapping was accomplished by 
observing the Young's modulus as a function of orientation. The 
effectiveness of this technique derives from the single crystal 
elastic anisotropy of the alpha phase in titanium (Figure 2) dis
cussed previously. Using the resonant beam dynamic modulus tech
nique of Liu and Alers (Reference 13) the Young's modulus can be 
determined using the follow,ing equation: 

E = 1.45 x 10-5 (>(2L f)2 (psi) (1) 
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Figure 3. Microstructure of Ti-6-2-4-6 sheet in the as-rolled 
condition (500 X magnification). 

WIDTH 

Figure 4. Microstructure of Ti-6-2-4-6 sheet following diffusion 
bonding (500 X magnification). 
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where 

;O is the density of the material (grams) 
L is the length of the sample (centimeters) 
f is the resonant frequency of the sample 

1303 

In this study, Young's modulus measurements were made using rec
tangular beam specimens 2 x 0 .125 x 0 .065 inches. These beams were 
cut out of the longitudinal plane of the as bonded billet at 0, 
22.5, 45, 67.5, and 90 degrees to the transverse direction. 

Prior to use in this test program, the as bonded material was 
given a 1200°F anneal followed by air cooling. This was done in 
order to dissolve 1X2 which has been found to precipitate in this 
alloy during slow cooling in the temperature range 900°F - 1200°F 
(Reference 22). In order to assure that the texture was not 
significantly altered by this treatment, the texture of the mate
rial was characterized using the Young's modulus dynamic measure
ment technique after this anneal cycle as well as several others 
at successively higher temperatures. The results shown in Figure 
5 indicate that the 1200°F anneal produced only a slight change 

Figure 5. 
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in the modulus, thus, inferring that the texture of the material 
was not significantly altered. 

After the 1200°F, standard round bar specimens were made 
oriented in the longitudinal (rolling) transverse (width) and short 
transverse (thickness) directions to determine tensile properties 
of the material. In order to evaluate the fracture toughness and 
fatigue crack growth rate properties of this material, compact 
tension specimens which fall within the limitations of the specimen 
designs specified in ASTM E399-70T were used. The basic configura
tions of the compact tension specimens used are shown in Figure 6 
and Table II. The samples used were sized individually in order 
to conserve material. The sizing criteria were those developed by 
the ASTM (Reference 24) and NR/IAD (Reference 25). Fracture tough
ness testing was performed in accordance with ASTM E399. 

Fatigue crack growth rate testing was performed in room tem
perature, low humidity air at a cyclic rate of 360 cycles per 
minute and a load range ratio (R factor) of 0.08. The crack growth 
loads were selected to produce initial crack growth rates of lo-7 
inches per cycle. During testing, the loads were periodically 
lowered to produce marks on the fracture face. The test consisted 
of repeated sequences of growth for 0.1 inch and marking for 0.05 
inch. 

SHARP 

NOTCH 0.005 RADIUS MAX Hl (TYP) 

2H 

Yj' a 

H 

_ _____._il 
Figure 6. ASTM compact specimen used for measuring the plane 

strain fracture toughness (Kic) and fatigue crack 
growth rate. 
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Table II 

COMPACT SPECIMEN DIMENSIONS 

Thickness II' 11'1 II 2H 

' 
111 n c c 

KI (±0.005) (±0. 010) (±0.005) (±0 .010)(±0. 005) +0.005, N Fracture Fatigue 
da/dN c -0.000) (±0.010) (±0.010) 

0.100 0.750 1.500 1. 875 0.900 1.800 0.145 0.375 .L 0,625 0.325 
16 

0.125 1.000 2.000 2.500 1.200 2.400 0.550 0.500 _!_ 0,875 0.475 
8 

.1875 1.250 2.500 3.125 1,500 3.000 0.6875 0.625 
1 
8 

1,125 0.625 

EXPERIMENTAL RESULTS 

The pole figures obtained from the as rolled sheet and the 
diffusion bonded billet are shown in Figure 7a and 7b, respectively. 
They reveal intense basal plane concentrations in the transverse 
direction as well as some lesser concentrations about the longitu
dinal (rolling) axis. The diffusion bonding cycle is seen to have 
caused a noticable increase in the intensity of the (0002) plane 
concentrations in the long transverse direction as well as a split
ting of the secondary basal pole concentration about the longitu
dinal plane. Both of these effects are most likely due to the 
complete recrystallization which take~ place during bonding (see 
Figures 3 and 4). Of less import would be the small amount of 
plastic flow which occurs during bonding (less than 5% compressive 
deformation) although the orientation of these secondary peaks is 
consistent with this type of deformation (Reference 26). 

The tensile properties showti. in Table III display anisotropy 
which correlates well with the basal plane orientations which ap
pear in Figure 7. The magnitude of the tensile yield and ultimate 
strength are directly proportional to the basal plane concentra
tions. It should be noted in this case that the texture generated 
a tensile strength in excess of 190 ksi in this alloy in the 
annealed condition. 

• 
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Figure 7. X-ray diffraction pole figures for textured rolled 
Ti-6Al-2Sn-4Zr-6Mo. 
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Table III 

SlJM'.IARY OF MECHANICAL PROPERTIES FOR TEXTURED Ti-6Al-25n-4Zr-6Mo 

Fm FTY [ Krc K1~/F~ G1c 
Orientation (KS!) (KS!) : m : R.A. cx106 PSI) (KSIJI'<.J (I'<.) I.~. LB/I~. 2 

L OR RI\ 148. 7 I 38. z II. 5 I8.0 Is. s• 67 .8 o. 241 274 

T OR l\R I96.9 173. 8 11. 3 LI. S 19. 4:1:irc 83.0 0. 2I z 284 

ST OR 'l\i 13(), l I34. 3 ti. 5 2().n I 5. I** 44. 5 O.IIO 118 

*lfeasured dynamically after simulated diffusion-bonding cycle 

**Measured using dynamic modulus technique 

'Ihe modulus follows the pattern set by the tensile strength 
as would be predicted based upon the single crystal modulus an
isotropy (compare Figures 2, 5, and 7). The ideal maximum modulus 
of 21x106 psi was not achieved in the transverse direction because 
other basal plane concentrations had developed and because the 
microstructure is approximately 15% BCC beta phase which has a 
significantly lower modulus (estimated to be 12 x 106 psi). 

Table IV presents the fracture toughness test data and the Kic 
results which exhibit an anisotropy which is similar to that ob
served for the tensile strength and modulus properties. It should 
be noted that the transverse direction exhibits the maximum Kic 
which is somewhat anomolous because strength (also highest in the 
transverse direction) and fracture toughness are usually considered 
to be inversely proportional. 

Additional evidence for the influence of texture on the 
fracture characteristics of this alloy was observed in the gross 
mode of failure of the toughness specimens as can be seen in 

Table IV 

FRAC1URE TOUGHNESS DATA FOR TEXTIJRED Ti-6Al-2Sn-4Zr-6Mo 

ASn.J 

~~::r I' PQ K 
Validity 

Test a B w max Jc Tests 

Orientation Temp. (in.) (in.) (in.) (lb) (lb) Cksi\[Iii.1 Failed 

RW RT l. 27S 0. 804 2. so 10,438.0 9,112.0 70. 91S 0. 263 

RW RT I. 2S8 0 ·834 2. so 9 ,542 .0 8,820.5 64.8S 0. 221 

WR RT I. 308 0.858 2. so IO,S60.0 10,440.0 79. 35 0.199 

WR RT I. 276 o. 364 2. so 4,230.0 2,975.0 87 .66 Thickness 0. 2S4 

1W RT 1.258 0. 778 2. so 6,123.0 6,123.0 48. 26 - 0.130 

1W RT 1.020 O.S66 2.001 S,287.0 5,091.5 41. 08S - 0.094 

.......... -------------~-
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Figure 8. Each specimen in the RW and WR orientations fractured 
at a specific reproducible angle to the plane of the notch. The 
RW specimens failed at 32.5 degrees to the plane of the notch while 
the WR specimens failed at 28.5 degrees to the plane of the notch. 
The TW specimens failed in the expected plane of maximum normal 
stress. 

Finally, the fatigue crack growth rate dat! are plotted in 
Figure 9. Again, the data for the transverse orientation stands 
out from the other two orientations. Since the (WR) orientation 
has the highest K1c, it exhibits the lowest growth rate at high 
values of t'.lK. The unusual feature of this data, however, is the 
fact that the WR orientation changes characteristics and exhibits 
the fastest growth rate at low .6K values. These data emphasize 
the considerable influence which texture can have on the properties 
of titanium alloys. In this regard, it should be pointed out that 
the data for the RW orientation only describe a portion of the 
curve since the fracture path, beyond the last reported data point 
deviated from the plane of the notch to the same angle followed 
during rapid fracture in the Krc tests of this orientation. There
fore, L:l.K could not be correctly calculated beyond this point • 

r 
I· 

.... 
"" 

--

Figure 8. Fracture appearance of the RW and WR orientations. 
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Figure 9. Fatigue crack growth rate. Characteristics as a 
function of orientation for textured Ti-6Al-2Sn~4Zr-6Mo. 

DISCUSSION 

The results of testing have shown that textures have a strong 
influence on the properties of Ti-6Al-2Sn-4Zr-6Mo and have brought 
to light the particular effect of basal plane textures on the 
fracture mechanics properties. Table III presents an overview of 
the results of this program. This summary shows that the transverse 
direction exhibited the highest strength, modulus and Kic· This 
combination of properties correlates directly to the highest con
centration of basal planes in Figure 7. Thus, the basal plane 
orientation is seen to be a primary feature of textures which 
control property anisotropy. How this anisotropy arises is easily 
explained for modulus because of the known anisotropy of the hex
agonal lattice (Figure 2) and for strength by considering the 
critical resolved shear stress for slip in various crystallographic 
directions in and out of the basal plane as discussed in the intro-

I 
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duction. It is more difficult to explain the effect this same 
texture has on fracture mechanics properties. Therefore, this 
discussion will be concerned primarily with the fracture toughness 
and fatigue crack growth rate characteristics exhibited by this 
textured material. 

The fracture toughness of this material is seen in Table III 
to be directly proportional to strength rather than the more typical 
inverse relationship. This may be due to the fact that strength in 
textured titanium is controlled by the orientation of available 
slip planes and slip directions rather than by the dislocation 
density (as in work hardened materials) or volume percent second 
phase (as in precipitation hardened materials). However, starting 
from first principles of linear elastic fracture mechanics, it 
should be recalled that toughness is directly related to elastic 
properties (modulus in Griffith's original formulation) rather than 
strength. The fracture toughness properties can be transformed 
into energy release rate by transforming K to G using the relation
ship 

The results of this transformation are shown in Table III. As can 
be seen, the critical energy release rate Grc is the same for the 
RW and WR orientations. This indicates that the modulus anisotropy 
is primarily responsible for the ":i.n plane" toughness anisotropy. 
The distinctly different results obtained in the TW orientation 
will be discussed later in the Section. The Grc equivalence find
ing is consistent with the newly emerging crack opening displace
ment theories of fracture (Reference 27) in which the crack tip 
displacements control failure. In the case at hand, the higher 
modulus orientation would require a higher load in order to achieve 
the same COD as a lower modulus orientation. Presuming that the 
microscopic critical strain to failure is identical for both orien
tations, each would exhibit a Krc which was directly proportional 
to the modulus. This is precisely the observation in this work. 

Further evidence for the equivalence of toughness between the 
"in plane" orientations can also be obtained by normalizing the 
fracture toughness with the yield strength using the quantity 
(Kr /Fty)2. This factor is proportional to the critical flaw size 
whiEh a material can endure and is a useful means of comparison 
between materials. The results of this type of comparison are 
also shown in Table III. Again, the RW and WR orientations are 
seen to be equivalent, 

One of the unusual aspects of the fracture toughness test 
results was the fracture mode behavior. As stated previously, the 



THE EFFECT OF ROLLING TEXTURE ON FRACTURE MECHANICS 1311 

RW and WR specimens fracture at an angle to the plane of the notch 
as can be seen in Figure 8, The angles were different for each 
orientation, however, both specimens from the same orientation 
failed at angles that were within 1 degree of being identical. 
This effect is felt to be a further consequence of the texture 
present in this alloy, 

By considering that group of grains which give rise to the 
major basal plane concentration ·(that peak which lies in the trans
verse orientation of the pole figure) as a hexagonal single crystal, 
it can be seen that loads applied either parallel with or perpendic
ular to the C axis will result in the maximum shear stress being 
applied on the pyramidal planes, the twin planes, and certain of 
the prism planes (Figure 2), Specifically, it is found that the 
twin planes of the (1122) type lie at an angle of 32.3 degrees to 
the longitudinal plane, The fracture toughness specimens which 
were loaded in the longitudinal direction (i.e., the RW orientation) 
fracture at 32,5 degrees, Therefore, preferential deformation by 
twinning in this plane may have led to fracture at the angle noted. 

The (WR) orientation specimens failed at 28,5 degrees to the 
transverse plane. Loading in these specimens corresponds to a 
load applied parallel to the "C" axis of the hexagonal lattice.. In 
this case, however, the closest possible deformation system is'the 
(10l2) twin plane which lies at 42,4 degrees to the transverse 
plane. This does not seem to be a likely cause for the fractures 
which occurred at 28.5 degrees to the transverse plane, in the WR 
orientation specimens, 

An alternate explanation for angle of the fracture plane in 
the WR specimens may be due to basal slip. This is possible since 
the basal planes are distributed in a cone about the transverse 
direction, This peak spreads to 20 degrees from the transverse 
direction so that applied stress components of sufficient magni
tude could arise and cause basal slip. 

Another possibility is that the deformation occurs in two 
steps, first, by twinning, then slip. Twinning on the (1012) plane 
could orient the normal slip systems in the twinned material for 
deformation. 

Finally, the angle of failure may be due to slip 
planes (1011) in a non-basal slip direction (1123) . 
the strong texture and the loading orientation, it is 
this more difficult slip mode would be activated, 

on the prism 
Because of 

possible that 

It is difficult to ascertain the precise cause for these frac
tures to any better extent at this time for several reasons, First, 
twin planes are forbidden reflections in X-ray diffraction so that 
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detection of twinned material in the fractured specimens using 
diffraction technqiues is impossible. Furthermore, twins were not 
observed by light microscopy in this material and a limited trans
mission electron microscopic study yielded only inconclusive re
sults. Further work is required in order to develop a totally 
satisfactory explanation for the failure modes observed. It is 
felt to be almost certain, however, that this phenomenon is a con
sequence of the texture induced in this material. 

From the results and the discussion thus far, it is obvious 
that the properties measured in the TW orientation do not follow 
the pattern set by the other two orientations. The differences 
begin with the tensile properties which, upon first observation, 
show evidence of embrittlement. These signs of embrittlement in
clude an atypical 2 ksi spread between the yield strength and ul
timate strength and a much reduced total elongation to fracture. 
In addition, the fracture toughness in the TW orientation is com
paratively low. On the other hand, the reduction in area is 
higher than in the other two orientations. Furthermore, fracto
graphic examination of the fracture toughness specimens revealed 
that all three orientations exhibit almost identical fracture modes. 
Even the TW orientation specimen failed by ductile rupture. Finally, 
the fatigue crack growth rate results show that the RW and TW orien
tations have the same crack growth rate behavior. 

One clue to the underlying cause of these divergent properties 
is seen in the fracture faces of the RW and WR specimens. This is 
shown in Figure 10. In this fracture face the ma teria 1 a. t the sur
face and midplanes of the laminates exhibit different appearances 
so that a striped pattern results. This pattern which appears on 
all RW or WR specimens suggests that there is a difference between 
the properties at the center and surface of the laminates. Confir
mation that the properties differ can be seen in that the fatigue 
crack fronts in the WR orientation specimen in Figure 10 drape be
tween the laminate interfaces. In this figure, it appears that 
the growth was slower in the surface material than at the midplane. 

A surprising result is that similar examination of the RW 
specimen revealed the opposite behavior. In the RW orientation, 
the crack growth rate was highest in the surface material and low
est in the material at the midplane. This evidence suggests that 
there may be a difference in the texture present between the sur
face and center of the rolled sheets. This is reasonable since 
the fatigue crack growth rate behavior is much different for the 
RW and WR orientations as shown in Figure 9. Further evidence 
that the texture is different between the surface and center of 
the laminates is shown in Figure 11. In this figure, photomicro
graphs taken under polarized light are shown which reveal that the 
microstructure at the surface and center of the laminates respond 



THE EFFECT OF ROLLING TEXTURE ON FRACTURE MECHANICS 1313 

Figure 10. Fracture appearance for fatigue crack growth rate for 
specimen of Ti-6-2-4-6, WR orientation. 

differently to polarized light. It is also shown that the response 
is reversed in changing from the longitudinal to the transverse 
view. 

The presence of two different textures, one in the surface 
material and one in the center material, could be responsible for 
the poor tensile and fracture toughness results in the following 
manner. Textured material, regardless of its actual grain size, 
could be expected to exhibit a large effective grain size since 
each grain bears a close orientational resemblance to each adja
cent grain. In this textured Ti-6-2-4-6 where bands of different 
textures appear to be present, deformation in these bands of large 
effective grain size could impinge at the interface between bands 
and cause high local stresses. The high local stress could re-
sult in early failure of tensile specimens and could cause the 
measurement of low fracture toughness properties. The fatigue 
crack growth rate behavior on the other hand would not be affected 
by this cooperative deformation in bands since the amount of mate
rial involved in fatigue crack growth is limited to a very small 
zone at the crack tip. At low .6K levels, the fatigue plastic 
zone is very much less than the band width so that band interac
tions could not take place. It is felt, therefore, that differences 
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A 

B 

Figure 11. Polarized light micrographs of the bond zone of dif
fusion bonded Ti-6Al-2Sn-4Zr-6Mo illustrating the 
difference in texture between the edge and contour of 
each laminate. (a) Viewed in the longitudinal direction 
the surface material is dark; (b) Viewed in the trans
verse direction the surface material is light. (50 X: 
magnification) 
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in the texture which developed at the surface and in the center of 
the rolled sheets is responsible for the striped fracture appear
ance of the RW and WR specimens and for the poor properties of the 
TW orientation specimens. Evidence for this is seen in Figure 12 
where it appears that the static fracture path in the TW orienta
tion specimen did indeed follow a path near the interface between 
regions with different textures. 

Finally, it is necessary to comment on the fatigue crack growth 
rate behavior of this material. As was mentioned previously, the 
difference in behavior between the WR orientation specimen and that 
exhibited by the specimens from the other two orientations is quite 
striking. At first glance, it appears obvious that the difference 
must be explainable in terms of elastic modulus, strength or Kic• 
all of which show similar variations. Many approaches have been 
developed to attempt to predict fatigue crack growth rate. Several 
of these (References 28 through 31) contain terms which are made up 
of these same material properties. In general, these equations are 
such that the growth rate is proportional to L'.1K/E or M/Ft • 
Based upon such approaches, it should be possible to plot daia from 
various kinds of material which exhibit different crack propagation 
rates, as .6K/E, or L'.1K/Fty versus da/dn and compress these data 
onto a single curve. In the case at hand, this type of approach 

Figure 12. Polarized light micrograph of the longitudinal plane 
at the fracture surface of a TW orientation Kic 
specimen (25 X magnification). 
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leads to a worse misfit between the WR data and the RW and TW 
orientation data. Only .in the upper portion of the curves is there 
a correlation. This suggests that the current attempt to predict 
fatigue crack propagation behavior using bulk material properties 
are only adequate where large scale plastic flow processes are in
volved such as at the high growth rates where Krnax (in .1.K) ap
proaches Krc• In this regard, very recently Hickerson and Hertzberg 
(Reference 32) also have demonstrated convincingly that there is no 
fundamental relationship expressed by current predictive equations 
between crack growth behavior and conventional properties such as 
cyclic stress: strain parameters, etc. 

Despite the inability of existing concepts of fatigue crack 
propagation to shed light as to why the textured Ti-6-2-4-6 be
haves as it does, the data may offer hints as to what factors are 
influencing fatigue crack propagation. For example, the micro
structure in Figure 4 suggests that grain size is not important 
because the grains in this material are equiaxed. This is not 
surprising since the growth per cycle at low .6K levels is at least 
2 orders of magnitude smaller than the average grain diamter (grain 
size - 2 x lo-4 inches). Therefore, while existing theoretical con
structs have not aided in interpreting these results, it is hoped 
that the data will serve to help in improving the search for better 
analytical tools. 

CONCLUSIONS 

1. It has been shown that the basal plane textures control 
modulus, strength, fracture toughness and fatigue crack growth 
rate in Ti-6Al-2Sn-4Zr-6Mo. The modulus was found to vary ac
cording to the known elastic anisotropy of the titanium hexag
onal crystal structure, and the strength variations are ex
plainable in terms of the available deformation systems as a 
function of. orientation in this textured material. The frac
ture toughness properties are shown to be a function of the 
microscopic strain to failure which, in turn, is controlled 
by the modulus. Finally, the fatigue crack growth rate be
havior could not be explained within the limits of current 
theories of crack growth mechanisms. 

2. A difference in texture was found to exist between the surface 
and center of the laminates, This difference in texture is 
felt to have influenced the tensile and fracture toughness 
properties measured for those specimens loaded in the short 
transverse direction. 

3. During fracture mechanics testing, specimens taken from the 
various directions in the rolling plane exhibit a tendency 
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to fail at an angle to the plane of the notch. This behavior 
is felt to be due to the limited number of deformation modes 
available, notably twinning or non-basal slip which could have 
occurred in these specimens. 

4. Finally, the control of textures in titanium has been shown 
to be a powerful tool with which to control the properties 
of alpha-beta titanium a~loys. In this alloy, it has been 
demonstrated that it is possible to produce fully annealed 
Ti-6Al-2Sn-4Zr-6Mo which will exhibit a Young's modulus of 
19 x 106 psi, an ultimate strength of 190 ksi and a Krc of 
80 ksi v'fil. in one orientation in the plane of the sheet 
laminate product. 
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