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The notch fiactui-Ctoughness characteristics of titanium alloy plate are being investigated to provide

alloy selection design and specification criteria for the use of titanium alloys as hull materials for deep-

diving submarines and for other structural applications.
Although the Navy's primary interest is in 120-ksi yield strength alpha or near-alpha titanium alloys,

the entire spectrum of titanium alloys is under study. The results obtained from laboratory fracture-

toughness tests, such as the Charpy V-notch test (C,) and the newly developed NRL drop-weight tear

test (DWTT), are correlated with explosion tear test (ETT) results. The explosion tear test is a simulated

submarine-hull structural prototype test in which the metal is explosion loaded to establish its plastic

deformation capability in the presence of a crack-like flaw.

Variations in notch fracture-toughness associated with alloy composition and interstitial level, pro-
cessing, heat treatment, nmicrostrtucture, and sweld deposits were evaluated and assessed with the various

fiacture-toughness tests. The results of these studies show that it is possible to predict the expected

structural performance of the titanium plate and forgings from the DWTT energy values through the

correlation ivitb the ETT. The relationships of the C, test and the DWTT have been established for

these materials. The relationships show that the sensitivity of the C, test in measuring fracture-tough-
ness differences is significantly less than that of the DWTT for the strength levels of interest.

Certain titanium alloy plates have exhibited a high level of fracture toughness in a prototype accep-
tance test and at a strength-to-density ratio equivalent to 200-220-ksi yield strength steels.

INTRODUCTION

For certain military applications it is important

to develop information concerning the capability
of structural materials to withstand plastic de-
formation overloads. Because crack-like flaws may
be expected in real structures, it is essential to
insure that overloads will not result in propagation
of fractures from the cracks. This information
is desired to serve not only for design guidance
but also for the development of alloys, heat
treatment, and the processing of materials which
will have the maximum capabilities for fracture
resistance for the strength level of interest.

For the present, linear elastic analysis based on
fracture mechanics does not permit the develop-
ment of information for the case of plastic over-
loads. However, it is possible to develop such
guide lines by correlation of the performance
of prototype structural elements with the results

NRL Problem MO1-05; Projects SR 007-01-02-0704, RR 007-01-46-5405,
and WW 041 (R05-24A). This is an interim progress report; work on
this and on other aspects of the problem is continuing. Manuscript
submitted November 27, 1964.
Note: This report was initially presented at the 1964 AIME Symposium
on Fracture Toughness, October 20, 1964, Philadelphia, Pa.

of practical small-scale laboratory fracture tests,
for example, the Charpy V-notch test.

There are other cogent reasons for investigating
the significance of such laboratory tests. The
Charpy V-notch is a widely used test, and a great
deal of existing fracture-toughness information
is related to this test. Therefore, it becomes im-
portant to develop an improved understanding of
its significance. For alloy development and pro-
cess studies of titanium, evaluation of the material
may have to be accomplished with small specimens
since the amounts of material will not permit
tests involving large specimens.

Interest in titanium as a hull structural material
has developed principally because of its high
strength-to-weight ratio. Other considerations
are its salt-water corrosion and erosion resistance,
nonmagnetic properties, good fatigue endurance
limits, good weldability, and the notch fracture-
tougnness characteristics of certain of its alloys.
The reliability of military hull structures is
dependent upon the fracture-toughness charac-
teristics of the hull material. Unfortunately,
most of the fracture-toughness information pre -

sently available for titanium alloys was obtained
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from sheet material of relatively high interstitial
levels (intentionally kept high for added strength),
for aircraft and aerospace applications. It is well
known that the fracture-toughness properties of
titanium alloys are very sensitive to the oxygen,
nitrogen, and carbon content, and for good
fracture toughness in thick sections these elements
must be kept at a low level, e.g., 0.08 wt-%c max-
imum for oxygen.

Two years ago a program was initiated in the

Metallurgy Division of the U.S. Naval Research

Laboratory to determine the notch fracture-
toughness characteristics of titanium alloys in
thick sections using the standard Charpy V
(C,,) test and other new laboratory test methods.
The significance of values obtained from these
tests was evaluated by the use of a structural
prototype element test which could be related
directly to the service performance of these
materials.

EXPERIMENTAL PROCEDURE

The spectrum of titanium alloys used to establish
correlations between the laboratory tests and a
structural prototype element test is listed in
Table 1. The alloys were 1-in-thick commercially
produced plates of approximately 0.15 wt-%
(minimum) and 0.08 wt-% oxygen, standard and
low interstitial grade, respectively, as well as
specially produced and processed 0.04 wt-%
oxygen 125-lb laboratory heats. This variation
in oxygen provided different combinations of
strength and toughness. The alloys were tested
in the annealed and heat-treated conditions
to explore other combinations of strength and
toughness. The dependence of toughness on
specimen orientation was also investigated.
These tests included the RW and WR orientations
(1), i.e., the directions which are longitudinal
and transverse to the principal direction of rolling,
respectively.

Room temperature tensile properties of the
alloys were obtained using 0.313-in.-diam speci-
mens tested at a strain rate of 0.002 in./in./min.
The C, specimens were tested over a temperature
range of -320'F to +212'F using a machine cali-
brated according to ASTM specifications.

The other fracture-toughness tests used were
the drop-weight tear test (DWTT) and explosive
tear test (ETT). The DWTT is a small-scale

TABLE 1

Titanium Alloys Studied in the Charpy V-Notch,

Drop-Weight Tear, apd Explosion Tear Tests

ALPHA ALLOYS:

Unalloyed Titanium
Ti-5A1-2.5Sn

NEAR-ALPHA ALLOYS:
Ti-7A1-2Cb- 1Ta
Ti-8A1 2Cb- 1Ta
Ti-6Al-4Zr-IV

Ti-6AI-4Sn- IV
Ti-6.5AI-5Zr- 1V
Ti-6A1-2Sn- 1 Mo- 1V
Ti-6AI-4Zr-2Mo

ALPHA AND BETA ALLOYS:

Ti-6Al-4V

Ti-8A1-1Mo- IV
Ti-6Al-2Mo

Ti-7AI-2Mo
Ti-7AI-2.5Mo

Ti-7AI-3Mo
Ti-7AI-3.5Mo
Ti-7A1-4Mo
Ti-6A1-6V-2.5Sn

BETA ALLOYS:
Ti-13V- 11Cr-3A1

laboratory test which provides a measurement
of the full-thickness fracture toughness of plate
materials. The name was derived from the original
use of a falling weight method of load application
and is depicted in Fig. 1. The specimen size is
17 in. X 5 in. X 1 in., and a brittle crack-starter
weld is employed on the tension loading edge of
the specimen to provide a sharp, natural crack
which impinges into the material of interest.
The test section is 3.5 in.2 . A bracketing technique
requiring three or more specimens was used to
determine the fracture energy. An acceptable
test using this method requires establishing a
250-500 ft-lb difference between incomplete
and complete fracture. In order to economize
on test material, a 5000 ft-lb pendulum-type
impactor, shown in Fig. 2, was constructed to
obtain a fracture-toughness measurement with
one test specimen.

The ETT is a new method of full-thickness,
fracture-toughness evaluation that can be classified

2
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Fig. I - Schematic of the drop-weight tear test (DWTT)
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Fig. 2 - Impact machine of 5000 ft-lb capacity for testing 1 - and
2-in.-thick plates of high-strength materials
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Fig. 3 - Schematic of explosion tear test (ETT)

as a structural prototype element test. The test
features, depicted in Fig. 3, include:

a. a 12 in. X 18 in. restrained test section in a
22 in. X 25 in. plate that can be elastically or
plastically loaded to a cylindrical configuration

under a high rate of loading;
b. a system of premarked grid lines for measure-

ment of the strain deformation pattern; and
c. a crack-like flaw for evaluation of fracture

resistance when subjected to predetermined levels
of elastic or plastic strain.

The ETT may be used to simulate a wide variety
of service loadings in the presence of flaws of

various selected dimensions. Initial investigations
centered on the use of a 2T 2-in. through-the-
thickness crack as a practical flaw size of concern
in large welded structures. Such flaws can develop
during the fabrication process and remain un-
detected, or they can develop early in the service
life of the structure under low-cycle fatigue pro-
cesses. The relative ability of the hull material
to undergo explosive depth charge attack with
corresponding large or small amounts of plastic
strain in the presence of these flaws, but without
the occurrence of catastrophic failure due to
high-speed propagation of a fracture from one
of these flaws, was an item of primary interest.
Three levels of fracture toughness are indicated
in Fig. 4. The relative level of toughness is indi-
cated by the amount of plastic strain that the
plate can undergo, with arrest of the fracture
originating from the sharp crack, within the
test section.

The flaws in the DWTT specimens and in the
ETT plates are provided by the brittle crack-
starter weld which is made by melt diffusion of
an embrittling element, such as iron (iron or
stainless steel wire), using electron-beam welding
techniques. The amount of energy required to
develop the crack in the brittle weld for the
DWTT is below 300 ft-lb.

HIGH

INTERMEDIATE

LOW

Fig. 4 - Explosion tear test plates showing high, intermediate, and low
levels of fracture-toughness performance for titanium alloys
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TEST RESULTS
70

Relationships of Charpy V-Notch Energy
to Yield Strength and Temperature

The temperature dependence of C, notch prop-
erties of the titanium alloys in different ranges
of yield strength (ys) is indicated in Fig. 5. As
would normally be expected, the C1, energy
decreases with decreasing temperature and in-
creasing ys. These energies are represented as
bands for different ranges of ys. Generally, for

each band the low ys values lie in the upper
portion of the band and the high ys values in
the lower portion of the band. The fact that
there is no sharp transition in the curves over
a narrow range of temperature can be seen in
the individual curves for several of the more
widely used commercially produced alloys at an
0.08 wt-% oxygen level (Fig. 6).

Charpy curves obtained using precracked
specimens of high and low interstitial alloys
have not provided any better interpretation
of the Cr test on titanium alloys. The use of the
precracked specimens shifts the C, curves to
lower energy values, as would be expected, but
no other additional features are observed (Fig. 7).
The curves obtained with the precracked speci-
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Fig. 5 - Relation of Charpy V-notch energy to temperature
for different ranges of yield strength for high-strength titanium
alloy plate material

mens essentially parallel those of the standard
specimen for the same material. It is not shifted
to higher or lower temperature values nor are
any other features of the curve more accentuated.

Fractographic studies of fracture surfaces of
a number of these alloys have shown that, over
the extremes of fracture toughness, temperature,
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Ys. 108

TI-RAI-2Ch-ITci

ACTURE DIRECTION YS. 112 'x
-RW '+" 1' TI-5AI-2.5Sn
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Fig. 6 - Fra(ture-toughness tharacteristics of some low interstitial
titanium alloys as determined by Charpy V-notch energy
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and interstitial levels, the mode of fracture is
dimpled rupture-a ductile mode of fracture
(2). A typical example of the appearance of the
fracture surface for these materials is shown in
the fractograph of a Ti-6A -4V low interstitial
alloy, shown in Fig. 8. The absence of a change
in fracture mode may explain the lack of an
abrupt transition in the C, curve, as is usually
the case for conventional structural steels.

300

Relation of Charpy V-Notch Energy
with Drop-Weight Tear Energy

The relation between the C, energy and DWTT
//×/ - energy at 30'F for a 1-in.-thick plate is shown

/ / in Fig. 9. The selection of this particular tem-
/ perature to make this comparison is based on

".- the intended use of this material. The lowestWR
test temperature that a submerged hull structure

RW could experience is approximately 30'F. A band
PRERýACKED is defined by the data points; it is noted that

100 200 300 above 2500 ft-lb DWTT energy, there is a reason-
ably direct correlation between the two tests.

notch properties of Below the 2500 ft-lb DWTT energy value, the
(b) high interstitial C, test shows a decreased sensitivity to differences

in fracture toughness as compared to the DWTT.

-320°F 212 0 F

(a) (b)
Fig. 8 - Electron microscope fractographs of a low interstitial Ti-6AI-4V alloy fracture
surface showing a dimpled rupture. Fracture surface generated at (a) -320'F and (b)
+212'F, original magnification 4000X; printing' reduction 38-1/2 %.
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Fig. 7 - Standard and precrack Charpy V-r

(a) low interstitial Ti-6AI-2Mo alloy, and

Ti 13V-1 1Cr-3AI alloy
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2000 3000
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Fig. 9 - Relationship between Charpy V energy and drop-weight tear
energy for 1-in.-thick titanium alloy plate

Unfortunately, this is also the region where
most of the high-strength titanium alloys above
110 ksi ys lie.

Relation of Laboratory Tests
with Explosion Tear Test

The significance of the DWTT energy values
for the titanium alloys has been established by
correlation with the performance in the ETT
prototype element test. The correlation of these

tests with the ys of the 1-in.-thick titanium alloy
plate is presented in Fig. 10. It is noted that a
wide range of fracture toughness can be developed
by different alloys of the same strength level.
The curve delineated by the maximum levels of
fracture toughness for given yield strengths has
been designated the "optimum material trend
line" (OMTL). This limiting curve establishes
a good reference point for evaluating alloys,
for optimizing structural design, and for purchase
specifications. Explosion tear tests of a limited
number of specimens containing 2-in. flaws have
tentatively established the plastic strain limits
illustrated by the hatched lines. These limits
indicate that materials having DWTT energy
values below 1500 ft-lb will fracture under elastic
loading conditions in the presence of the 2-in.

flaw. Above 2500 ft-lb a high level of plastic
loading (5-7 percent plastic strain) can be attained
in the presence of the 2-in. flaw with limited
propagation of the fracture. Between these
extremes, intermediate levels of plastic loading
can be attained in the presence of the subject
flaw. The relationship also suggests that no
materials of over about 140 ksi ys are capable
of withstanding plastic loading in the ETT in
the presence of the 2-in. flaw without catastrophic
failure. Titanium alloys up to about 125 ksi ys
should be capable of withstanding a plastic strain
of 5-7 percent with the development of a short
(arrested) fracture. Between these ys limits,
lesser amounts of plastic strain may be applied
with resulting restricted fracture. The range
ot C, energy values is also indicated for the
corresponding DWTT values.

DISCUSSION

The test results have established for 1-in.-thick
titanium plate that there is a useful engineering
correlation between the C, and DWTT results
at high fracture-toughness levels. However, for
lower levels of fracture toughness the DWTT is a
more sensitive test than the C, test.

C•1..
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Fig. 10 - Relation of cl op-tveight tear energy and explosion tear test performance for
1-in.-thick titanium allos plate (ontaining 2-in. flaws. The range of Charpy V energy for
corresponding drol-weight tear energy valoes is also indicated.

The ability to reliably predict the performance
of titanium alloy plate material in the ETT by
means of the DWTT energy value has been dem-
onstrated. Therefore, the performance of titanium
struclures involving equivalent loading conditions
of the ETT can be foretold with confidence from
the DWTT.

Because of the fact that the C, test is the prin-
cipal fracture-toughness test- upon which present
engineering specifications are based, a continued
investigation is required to define the possibilities
for calibration and correlation of test data. Also,
the determination of the significance of the values
obtained in these tests at low levels of fracture
toughness must be established. However, from
the present data it is generally established that
at 30'F temperatures a C, value of 30-40 ft-lb is
required for assuring that a titanium alloy has
the capability to withstand stresses in excess of
yield in the presence of small flaws. For C, values
less than 20 ft-lb there is evidence that rather
small flaws would provide for brittle-fragmen-
tation-type fractures for loading at elastic stress
levels. Values of Cc above 40 ft-lb indicate that
the material has a large capacity for resisting
fractures with 2T flaws and at load levels that

extend into the plastic deformation range. The
use of C, tests thus can provide a general guide
for screening alloy developments, heat treatments,
processing variables, and specification purposes.
Because of the better definition of relative fracture
toughness afforded by the DWTT, a final deter-
mination of fracture performance and of differ-
ences between promising alloys as related to the
prototype test should be made by the DWTT,
while the C,. data can serve as a useful rough
guide.

This recently evolved fracture-toughness in-
formation on titanium alloys has not been pre-
viously available and should prove to be of
widespread interest to the metal industry and to
users of titanium alloys.

CONCLUSIONS

The fracture-touighness characteristics of a

spectrum of titanium alloys have been determined
using small laboratory tests-the C, test and the
DWTT, the latter being a laboratory test which
measures the full-thickness fracture-toughness
properlties. Correlation was obtained with the
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ETT, a full-thickness structural prototype element
test that incorportates a flaw of the acuity that
would develop in fabrication and/or service,
and plastic overloads that may be experienced in
military service. The results of these studies
show that it is possible to predict the expected
structural performance of the titanium plate and
forgings from the DWTT energy values through
the correlation with the ETT. The relationships
of the C, test and the DWTT have been estab-
lished for these materials. The relationships show
that the sensitivity of the C, test in measuring
fracture-toughness differences is significantly less

9 C,:1
F-....

than that of the DWTT for the strength levels of 4

interest.
Certain titanium alloy plates have exhibited a

high level of fracture toughness in a prototype ::
acceptance test and at a strength-to-density ratio
equivalent to 200-220-ksi ys steels.
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