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ABSTRACT

The fracture resistance properties of Ti-6Al-2Mo (6-2)
and Ti-6AI-4V (6-4) alloys in 3 in. (7.6 cm) rolled plate
section were investigated using the Dynamic Tear (DT) test
and fracture mechanics tests, together with associated
Ratio Analysis Diagram (RAD) procedures. The subject mate-
rials were low-oxygen (02 < 0.08 wt percent) alloys rolled
from 12,000 lb. (5450 kg) ingots; the 6-2 alloy was beta
forged and beta rolled from 2050°F (1120'C) while the 6-4
alloy was beta forged at 2050OF (1120*C) and alpha-beta
rolled at 1750°F (970 0 C). Full-thickness DT tests and
standard 1 in. DT tests of specimens at plate surface and
center locations of both plates in the as-rolled condition
revealed considerable anisotropy with respect to fracture
resistance for both plates. A high degree of variation of
toughness properties through the thickness of the as-rolled
plates was also recorded; both plates featured higher
toughness levels at the center than at the surfaces. Heat-
treatment schedules developed for optimization of thinner
plate sections did not improve the properties of either
plate, though gradient effects were reduced. Indexing DT
data and the valid Kic data on the RAD showed that the
full-thickness DT test results and the KIc values corre-
lated more closely with the tougher plate center properties
than with the properties at the plate surfaces for both
materials.

PROBLEM STATUS

This report completes one phase of the problem; work

is continuing.

AUTHORIZATION

NRL Problem 63M01-25
Project 51-541-005-12393
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FRACTURE RESISTANCE CHARACTERISTICS
OF Ti-6A1-2Mo AND Ti-6AI-4V IN 3 IN. THICK SECTIONS

R. W. Judy, Jr., R. W. Huber, R. J. Goode, and C. N. Freed

INTRODUCTION

The fracture-.safety of large, welded structures
requires material having a high inherent resistance to
propagation of cracks. This is because cracks or crack-
like defects coupled with high residual stresses induced
by welding, or due to geometrical discontinuities, can
be expected to exist in the structure after fabrication.
Such conditions often lead to catastrophic failure due
to use of material featuring low crack tolerance charac-
teristics. The most practical design recourse to preclude
premature loss of such structures is the selection of a
material with an adequate level of fracture resistance.
For most engineering cases, adequate fracture resistance
is commensurate with the ability of the material to
undergo plastic straining in the presence of a flaw of
the largest size expected in the structure without the
occurrence of fracture.

Titanium alloys as a group have very good strength-
to-density properties; in addition, some of these alloys
possess high levels of fracture resistance. Other favor-
able properties of many titanium alloys include good
weldability and high resistance to the effects of corro-
sion and stress-corrosion cracking. Recently, a consid-
erable amount of work has been directed to definition of
the fracture characteristics of 1 in. (2.5 cm) thick
sections of high-strength titanium alloys. However,
since projected applications of titanium alloys require
sections sizes significantly greater than 1 in. (2.5 cm),
a knowledge of the fracture characteristics of these
thicker materials is imperative. This report presents a
study of the fracture resistance characteristics of two
principal high-strength titanium alloys in the form of
commercially produced 3 in. (7.6 cm) thick rolled plate.

MATERIALS

Table 1 gives chemical compositions of the titanium
alloys Ti-6A1-2Mo (6-2) and Ti-6A1-4V (6-4) studied in
this investigation. A single 12,000 lb (5450 kg) ingot,
32 in. (81.3 cm) diameter, of each alloy was prepared by
triple melting using the vacuum arc, consumable electrode
process. Both ingots were then forged to discs approxi-
mately 80 in. (203 cm) diameter x 15 in. (38 cm) thick;
the final forging starting temperature was 2050OF (1120 0 C),
which is well above the beta transus for each alloy.
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The final Ti-6A1-2Mo plate was then beta rolled in two
stages to the final 3 in. (7.6 cm) thickness. The tempera-
ture at the start of rolling was the same as the forging
temperature, 2050OF (1120 0 C). The first stage of rolling
consisted of seventeen straight away passes that reduced
the plate to an oval shape 7.5 in. (19 cm) thick by 78 in.
(198 cm) x 152 in. (387 cm). The reduction per pass was
1/8 in. (3.2 mm) at the first pass and was gradually
increased to 1/2 in. (12,7 mm) at the sixth pass. The
surface temperature was 1640WF (895'C) at the last pass;
the plate was relatively flat and smooth at this point
in the rolling operation. For the second stage of rolling,
the plate was reheated to 2050'F (11200C) for one hour.
The final reduction to 3 in. (7.6 cm) thickness was accom-
plished by rolling direction (cross-rolling) to decrease
anisotropy; the reductions were 1/8 in. (3.2 mm) to 1/4 in.
(6.4 mm) per pass except for the final pass, which was
0.1 in. (2.5 mm). The finished plate was generally oval
in shape and had the dimensions of 3.14 in. (8 cm) thick x
151 in. (384 cm) x 181 in. (460 cm). Its surface was
slightly crazed, and it was slightly bowed near the center.

The Ti-6A1-4V plate was rolled from 1750OF (9700C)
(alpha plus beta) in two stages in the same manner as the
Ti-6AI-2Mo alloy. To preclude excessive loading of the
rolls, the maximum reduction for this material was 1/4 in.
(6.4 mm) per pass. The first stage of rolling reduced the
plate to a 7.8 in. (19.8 cm) thick x 80 in. (203 cm) x
150 in. (382 cm) oval, and the finishing temperature for
this stage was 1470OF (8000C). The second stage consisted
of reheating the plate to 1750OF (9600C) and then cross-
rolling with 1/4 in. (6.4 mm) reductions per pass to a
final size of 3.13 in. (80 cm) thick x 150 in. (382 cm) x
200 in. (508 cm). The finishing temperature was 1440*F
(7800C). The resultant plate was flat and had a smooth
surface.

The macro appearance of the cross section for each
as-rolled plate is shown in Fig. 1. The microstructure for
the 6-2 material was a typical transformed beta structure
with some of the large original beta grain boundaries still
discernible. The 6-4 material had a deformed alpha plus
beta structure as a result of the lower rolling temperature.

FRACTURE TOUGHNESS TESTS

Plane Strain (K I)

Full-thickness bend specimens of each alloy were used
to determine the Kic fracture toughness values for both
6-2 and 6-4 plates. The recommended practice outlined in
Ref. 1 was followed for these studies.
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The DT fracture toughness characteristics were inves-
tigated for the 6-2 and 6-4 materials in both the as-rolled
and heat-treated conditions. A schematic illustration of
the DT specimen is shown in Fig. 2 along with the dimensions
of the specimen used. Full-thickness DT energy values were
obtained for both RW and WR fracture orientations for the
as-rolled plates; only the WR direction was investigated
for the heat-treated materials. The surface and mid-
thickness fracture toughness characteristics of the plate
were also examined in the RW and WR fracture orientations
for the as-rolled condition using the standard I in. (2.5 cm)
DT specimen; only the WR orientation was studied for the
heat-treated material.

The DT energy values obtained in the fracture toughness
studies are presented in Tables 2 and 3 along with the corre-
sponding tensile properties. The solution anneal and aging
heat-treatment schedules noted in Tables 2 and 3 were
carried out for 3 in. (7.6 cm) thick K, and DT specimens
in an argon atmosphere for all cases. hor each condition
noted, full-thickness KIc and DT specimens were heat treated
at the same time. The I in. (2.5 cm) DT specimens and ten-
sile specimens were machined from fractured KIc specimens.
The code letters assigned each material in Tables 2 and 3
identify that material in subsequent figures of this report.
The fracture surfaces of 3 in. (7.6 cm) and 1 in. (2.5 cm)
WR DT specimens are shown in Fig. 3 for 6-2 and 6-4 plates
in the as-rolled condition. The 6-2 material had a woody,
fibrous appearance typical of beta processed material while
the alpha plus beta forged 6-4 plate had a smooth, silky
texture.

DISCUSSION OF RESULTS

The 1 in. (2.5 cm) DT results indicate that the plates
for both alloys had a significant degree of fracture resist-
ance anisotropy in the as-rolled condition. Also, the
longitudinal tensile properties were lower at both mid-
thickness and surface than corresponding transverse tensile
values for as-rolled plate.

Both plates in the as-rolled condition exhibited con-
siderable variation in fracture toughness at different
locations with respect to thickness. Figure 4 illustrates
the through-thickness variations as measured by a 1 in.
(2.5 cm) DT test. For both alloys, the mid-thickLess DT
values were significantly higher than for the surface mate-
rial. The trend for higher DT energies at the center of
the plates was also accompanied by a general trend for lower
tensile properties at the plate center compared to the
surface material. The subsequent heat-treatments were inef-
fectual in eliminating this through-thickness variability
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although they did tend to reduce the range of spread of
surface to mid-thickness fracture resistance properties.

INTERPRETATIONS OF FRACTURE TOUGHNESS MEASUREMENTS

Direct interpretations of the 3 in. (7.6 cm) DT energy
values in terms of expected critical flaw size-stress level
relations to cause fracture are not possible at this time.
However, the Ratio Analysis Diagram (RAD) procedure can be
utilized for such interpretation of the full-thickness frac-
ture toughness measurements by examining the results of the
DT studies involving I in. (2.5 cm) specimens cut from the
3 in. (7.6 cm) plate. Alternatively, the flaw size-stress
level relationships can be determined using the appropriate
fracture mechanics expression and the KIc value for each
plate.

The fracture toughness characteristics of the 6-2
material in as-rolled and various heat-treated conditions
are displayed on the R&D in Fig. 5 as zonal regions, each
of which encompasses all the 1 in. (2.5 cm) DT energy data
for a given condition. The 3 in. (7.6 cm) DT values are
also indexed to the RAD according to a preliminary rela-
tionship between the two DT tests. Only data for the WR
orientation are shown on the RAD.

The DT data for both as-rolled plate and two of the
heat-treated 6-2 materials fall in the transition region
between the ratio 1.0 and ratio -, i.e., the through-the-
thickness variations in fracture resistance cover this
range. Note in Tables 2 and 3 that for both as-rolled
plates, tensile specimens were tested at only one surface,
while DT specimens from both surfaces were tested. The
shape of the zone for the as-rolled 6-2 alloy results
from plotting the surface DT energy value at the lower
ays value; the small error that may be introduced by this
is insignificant in view of the wide range in through-
thickness fracture toughness for this material. For an
edge-cracked condition, plane strain fracture would begin
in the highly constrained center of the plate. Since this
material is toughest (near - ratio) in this region, brittle
fracture of the 3 in. (7.6 cm) section would be considered
unlikely. The position of the DT energy zones significantly
above the 1.0 ratio line would also indicate overall non-
plane strain ductile type behavior. By appropriate solution
anneal-and-aging heat-treatment schedules, overall fracture
toughness levels above the - ratio can be attained for 3 in.
(7.6 cm) thick sections for the 6-2 alloy. However, inves-
tigation of heat-treatment variables would be required to
determine if high (optimum) levels of toughness can be obtained
in heavy sections for levels of yield strength above the 110-
115 ksi (77-81 kgf/mm2 ) range.
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The fracture resistance properties of the as-rolled
6-4 plate, Fig. 6, also vary between ratios of 1.0 and -.
As was the case for the 6-2 material, the center portion
of the 6-4 plate had a higher level of fracture toughness
than the as-rolled plate surfaces. For reasons described
earlier, brittle fracture of this material would not be
expected due to the high mid-thickness fracture toughness
(• ratio). However, the heat treatments investigated for
this material lowered the fracture toughness properties,
particularly for the mid-thickness location, to the
extent that brittle fracture could be expected. This is
particularly true for the material over 120 ksi (84 kgf/mm2 )
yield strength.

The values of K obtained for the heat-treated 6-2
and 6-4 plates are afso shown in Figs. 5 and 6. The values
obtained for the 1700OF (9750C) and 1650OF (8990C) solution
annealed 6-2 materials (followed by 1100'F (5900C) age)
wer,'e invalid due to non-plane strain conditions resulting
from lack of through-2"-ckness constraint (see Table 2) and
thus are not presented on the RAD. The remainder of the
KIc studies for both plates met the ASTM proposed require-
ments for plane strain fracture toughness testing. Calcu-
lations of critical surface flaw sizes (3:1 to 10:1 length
to depth) at yield strength stress levels show that all the
materials for which valid plane strain K,, values were
obtained could be expected to fracture from flaws 0.1-0.3 in.
(2.5-7.6 mm) deep. The KIc values were all lower than the
expected values indicated by the DT energy zonal regions.
Howeover, studies currently underway aimed at refining the
preliminary KIc-DT relationship developed for 1 in. (2.5 cm)
thick titanium alloys indicate that a modest expansion of
the RAD Kic scale relative to the DT may be necessary, which
would effectively move the KIc data points to a position more
consistent with the DT data. In any case, it is noteworthy
that for I in. (2.5 cm) DT energy values corresponding to
KIc/Oys values of about 1.0, valid KIc data were obtained
for 3 in. (7.6 cm) thick sections. This would be predicted
from the RAD interpretation of the 1 in. (2,5 cm) DT results.

CONCLUSIONS

The results obtained from this initial study on the
fracture toughness characteristics of 3 in. (7.6 cm) thick
Ti-6AI-2Mo and Ti-6A1-4V plate indicate the following:

1. The DT fracture toughness properties for both alloys
indicated a considerable degree of anisotropy in the as-rolled
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condition. (A study of the anisotropy in the heat-treated
materials was beyond the scope of this investigation.) An
increased amount of reduction in thickness by cross-rolling
would be required to minimize this problem.

2. The plates of both alloys had large through-
thickness fracture toughness gradients. For each alloy,
the as-rolled and heat-treated plates featured higher DT
energy values at the mid-thickness of the plate compared to
the values obtained for the surfaces. In addition, the
level of fracture toughness for each surface of a plate
was substantially different. Consideration of all of these
factors would indicate a need for further work concerning
effects of processing factor variables on fracture tough-
ness of heavy section plate for producing material with
more uniform properties.

3. The most advanced method currently available for
interpretation of fracture toughness data for the spectrum
of titanium alloys is that provided by the Ratio Analysis
Diagram procedure. Such an analysis of the 1 in. (2.5 cm)
DT results of this study indicates that the range of frac-
ture toughness of the as-rolled plate of each alloy
extended from a ratio of 1.0 for surface location to about
- for the mid-thickness location. For this condition, the
full-thickness DT results corresponded more closely to the
1 in. (2.5 cm) DT-RAD predictions of performance for the
tougher'mid-thickness material than for the surface
material.

4. The heat treatments employed, which were modifica-
tions of those used for optimization of thinner sections,
had the effect of reducing, but not eliminating, the extent
of the through-thickness fracture toughness gradients.
However, they did not result in major improvements in the
materials and,in fact, were detrimental to the Ti-6A1-4V
alloy. Further work is clearly needed to evolve heat
treatments for effective optimization of 3 in. (7.6 cm)
thick plates.

5. The full-thickness Kic results tended to index
on the RAD at slightly lower KIc/ays ratios than the DT
data. However, valid KIc values were obtained only for
those conditions where the RAD analysis of the 1 in.
(2.5 cm) DT results indicated the possibility of brittle
fracture for 3 in. (7.6 cm) thicknesses,
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Ti -6AI-2Mo Ti-6AI-4V

Fig. 3 - Fractured DT specimens of (a) 6-2 and (b) 6-4 materials
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