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Procedures for design of structures to preclude 
catastrophic fracture extension must be predicated on 
accurate fracture resistance characterizations of struc
tural material that can only be provided by rational test 
procedures. For titanium alloys, there are two rational 
fracture resistance test procedures that apply - Kie tests 
for brittle materials and Dynamic Tear (DT) tests which 
apply to the entire range of strength and fracture 
resistance. 

The Ratio Analysis Diagram (RAD) is a framework for 
determining the significance of fracture resistance data in 
terms of stress level and crack size required for fracture. 
The RAD is derived from ba~ic linear elastic fracture con
cepts involving Kie and material yield strength; indexing 
of the RAD is accomplished from scales of Kie and DTenergy. 
Full-thickness K1c tests and 1-in. DT tests were conducted 
for several 3-in. thick titanium alloy plates to confirm the 
relationship between the two parameters and to locate the 
RAD scales for thick sections. It was shown that K1c and 
DT could be used for indexing to the RAD with equal accuracy. 
Moreover, the DT test accurately predicted that several of 
the titanium alloys would not satisfy standard ASTM require
ments for valid test results. Therefore, the results of the 
very expensive Krc test can be predicted by the far less 
costly DT test for the full range of titanium alloys. 
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Introduction 

Safe use of high-strength titanium alloys in 
structures must be predicated on a complete knowledge 
of both the materials' inherent resistance to fracture 
extension and the particular requirements of the struc
tural application. A diagrammatical procedure, called 
the Ratio Analysis Diagram (RAD), for interpretations of 
fracture resistance properties of structural metals, has 
existed for several years. The RAD was developed for 
steels (1), aluminum alloys (2), and titanium alloys (3) 
in section sizes up to 3-in. thick. 

The RAD combines metal quality and mechanical con
straint aspects of fracture to provide analyses of 
conditions for fracture extension in terms of parameters 
measured by rational test procedures. Rational test 
methods are required to determine a metal's intrinsic 
resistance to fracture; such tests impose the condition 
of maximum crack-tip constraint for the section size. 
There are a number of test methods for measuring frac
ture properties; however, at present there are only two 
rational test methods that can be applied for titanium 
alloys. Linear-elastic fracture mechanics technology is 
based on use of the critical crack tip stress-intensity 
factor, Kic• to describe the fracture resistance proper
ties of brittle materials. The quantitative aspects of 
the RAD are derived from linear-elastic calculations of 
relations between critical defect or flaw sizes and 
applied stress levels, which are expressed in terms of 
the ratio of Kic to material yield strength (cr s). 
Linear-elastic methods are not suitable for de¥inition 
of fracture properties of semi-ductile or ductile metals, 
i.e., metals that require high elastic or over-yield 
stresses for fracture, The Dynamic Tear (DT) test was 
developed to characterize the fracture resistance prop
erties of metals over the entire range of strength and 
fracture resistance (plane strain, elastic-plastic and 
plastic). In the DT test the energy required to frac
ture a standard specimen indicates the level of fracture 
resistance. 

For brittle materials, values measured in Kic tests 
and in DT tests have a definite relationship, because 
both tests are rational methods which characterize a 
single property of the materials. Thus, both the Kic 
and DT energy provide an entry to the RAD for the pur
pose of assessment of fracture safety of structures. 
It must be recognized that a limit of applicability for 
linear-elastic principles is given in terms of the sec
tion size, or material thickness. For titanium alloys, 
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the RAD was based on Kie and DT test results from plate 
materials of 1-in. thickness, with reasonable extrapola
tions to include thicker sections up to 3 in. It is 
necessary to validate these early predictions by extend
ing the experiments to include higher values of Kie and 
DT energy from tests involving thicker sections. This 
report describes the results of Kie and DT tests on3-in.
thick titanium alloys for the purpose of corroborating 
the capabilities of the RAD in this size range. 

Ratio Analysis Diagram for Titanium Alloys 

The RAD provides a format for analysis of the frac
ture resistance of titanium alloys over the entire range 
of strength and fracture resistance levels. As a group, 
titanium alloys have a continuous range of yield strength 
and fracture resistance levels from very low to very high. 
To understand the significance of fracture resistance 
measurements, it is necessary to divide the alloys into 
three general groupings - brittle, plastic, and ~ transi
tion region called elastic-plastic - and to analize each 
group separately. -

Brittle materials are those that fracture at elastic 
nominal stress levels; the technology of linear-elastic 
fracture mechanics applies only to materials of this type. 
The unique characteristic of brittle materials is that 
unstable crack propagation follows any crack initiation 
event; because of this, use of these materials concerns 
only prevention of crack initiation. Equations relating 
crack size and shape, applied nominal stress level, and 
Kie exist for several different geometrical configura
tions. One of the most often used equations for a part
through surface flaw is presented in graphical form, 
Fig. 1, for engineering use. This chart relates critical 
flaw depths at different applied stress levels to the 
ratio of K1clcrys• It is important to note that in this 
and all other fracture mechanics calculations, critical 
flaw size is related directly to this ratio. Therefore, 
the K1clcrys ratio provides an index of merit with respect 
to fracture properties. 

It must also be cautioned that the diagram of Fig. 1 
does not apply directly to all cases - only that of 
brittle materials. In strict terms, brittle materials 
are those that meet the criterion B ~ 2.5 (K1clcrys)2; 
this specification was established by the ASTM E-24 
Committee on fracture as the upper-limit of application 
of linear-elastic fracture mechanics (5). A reference 
limit~ called the Plane Strain Limit, separating brittle 
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materials from elastic-plastic materials, is established 
by this specification as a function of material thickness. 

The elastic-plastic case is that of fracture at 
medium-to-high elastic stress levels with sufficient 
crack-tip plasticity to preclude use of strictly elastic 
analysis procedures. Elastic-plastic criteria involve 
through-thickness cracks that are large compared to the 
thickness. A through-thickness crack is illustrated in 
Fig. 2, along with the appropriate equation for linear
elastic flaw size calculations and an engineering diagram 
depicting the use of the equation for thick sections. 
Figure 2 shows that on an increasing fracture resistance 
(K1clcrys) scale, the elastic-plastic regime is the tran
sition between the plane strain state and the plastic 
fracture state. The elastic-plastic regime for any 
given thickness of material is bounded by the plane 
strain limit and by the ge~eral yield limit, which is 
given by B 2 1.0 (K1clcrys) (6) where K1c is referenced 
by other test methods. The general-yield limit as 
defined is the ratio value where nominal stresses in 
excess of yield are necessary to cause fracture extension 
for flaws of reasonable size, say of length 3 times thick
ness (3T). The important point is that the fracture 
stress rises dramatically from 0.3 crys at the plane strain 
limit to crys in the narrow elastic-plastic range. This 
transition effect is relatively insensitive to material 
thickness factors and is independent of changes in flaw 
length, i.e., flaw sizes in the range of 2T to 6T do not 
significantly alter the intercepts on the plane strain 
limit and yield strength lines. 

The third group is ductile or plastic materials, 
which are those that require nominal stresses over yield 
to cause fracture extension. The basic characterization 
tool for plastic materials is the fracture extension 
resistance curve (R curve) defined by DT test methods (7). 
No general relations of critical defect sizes and applied 
stress levels exist because the plastic fracture case is 
geometry dependent. For each geometrical configuration, 
different failure criteria and, accordingly, different 
materials requirements exist and problems in design with 
plastic materials must be solved on a case by case basis. 

In the RAD, Fig. 3, all these factors are combined 
into a single "plotting board" for interpretation of frac
ture principles from laboratory test results. The RAD 
framework is formed from the scales of yield strength vs 
Kic and DT energy. The most prominent features of the 
RAD are the limit lines and the system of lines of con
stant K1clcrys ratio. The Technological Limit (TL) line 
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represents the highest values of fracture resistance 
measured to date by either K1c tests or DT tests over 
the entire yield strength range; the Lower Bound repre
sents the lowest levels of fracture resistanceo A 
reference to the critical flaw size charts, Figso 1 and 
2, is provided by the system of ratio lines constructed 
from the scales of K1c and crys. As an example, critical 
sizes for a long, thin surface flaw for half-yield and 
full-yield loading conditions are shown on the RAD for 
each ratio line. 

The ratio lines also serve to divide the diagram 
into regions of expected plastic, brittle, and elastic
plastic fracture behavior for gi~en material thicknesses. 
The separations are determined according to thickness as 
shown for 1-in. section size in Fig. 3. The critical 
edge between brittle behavior and elastic-plastic 
behavior is the plane strain limit. The boundary between 
the elastic-plastic and ductile regimes is the general
yield limit. The division of the RAD into three regions 
provides an engineering index of the fracture state and 
thereby serves to indicate the type of more detailed 
design approach required for each caseo 

The most important feature of the RAD is that both 
DT and K1c data can be indexed to the system of ratio 
lines 0 There is a definite advantage to using the DT 
test for indexing to the RAD; compared to K1c tests, DT 
tests are relatively inexpensive in the costs of specimen 
preparation, test procedures, and in the amounts of 
materials required. An additional advantage to using DT 
tests is that the entire range of materials from brittle 
to ductile can be characterized by DT test procedures, 
while use of K1c is limited to the brittle materialso 

Materials and Test Procedures 

The wide variety of near alpha and alpha-beta 
titanium alloys in 3-ino rolled plate form listed in 
Tables 1 and 2 were included in this investigation. Kic 
tests, 1-in.-thick DT tests (8), and tensile tests were 
conducted for each alloy. Standard .505 ino dia. tensile 
and standard 1-ino DT test specimens were machined from 
surface and plate center locations, while K1c test speci
mens included the full plate thickness. Dimensions of 
the Kic and DT specimens are shown in Fig. 4o All speci
mens were oriented in the "WR" or weak fracture direction 
with respect to anisotropy due to rolling. DT tests were 
conducted at 30°F, and all other tests were at room 
temperatureo 
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TABLE 2 

Mechanical Properties of Three-Inch Thick Titanium 
Alloys Elastic-Plastic or Plastic 

Avg~ Avg. 
Nominal 1-In. Yield 

Composition DT Energy Strength 
(ft-lb) (ksi) 

Ti-6Al-2Mo 1268 109.5 

Ti-7Al-1Mo-1V 1455 107.7 

Ti-6Al-2Mo 1455 119?3 

Ti-6Al-2Cb-1Ta-0.8Mo 1517 107.4 

Ti-6Al-2Cb-1Ta-l.2Mo 1706 107.6 

Ti-6Al-2Mo 1706 108.1 

Ti-7Al-2.5Mo 2303 109.4 

Specimen preparation procedures, test procedures, 
and test record analyses for the Kie tests conformed to 
ASTM Specification E-399-70T. In many cases, materials 
in the mill-annealed condition had fracture resistance 
levels sufficiently high that the thickness specifica
tion (B ~ 2.5 [K1clcrysJ2) could not be satisfied; the 
results of these tests are not reported. To overcome 
this, it was necessary to heat-treat the plates to 
higher yield strength levels so that valid test results 
could be obtained. In these cases all specimens of a 
given material were heat-treated at the same time. 

Discussion of Results 

The results of the tests are presented in Tables 1 
and 2. Table 1 contains the results of Kie, DT, and 
tensile tests for materials where Kie could be measured. 
Table 2 contains DT and tensile test results for those 
alloys which failed the thickness requirement. The 
characteristic Kie values reported in Table 1 were deter
mined by averaging the results of 2-4 specimens; the 
range of Kie values is also indicated. Tensile and DT 
test results in Tables 1 and 2 reflect an average of two 
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specimens at each location. Some significant gradients 
in fracture resistance properties through the thickness 
are apparent from DT test results, and gradients in 
yield strength are also evident to a lesser degree. 

The relation of DT energy and Kic is presented in 
Fig. 5. A slight downward adjustment of the locus from 
that extrapolated from 1-in. plate (4) studies was 
necessary. Previously determined 1-in. plate data are 
included in Fig. 5 to give a full range of values. The 
line drawn through the points was determined by a least
squares procedure. This line determines the matching of 
the DT and K1c scales on the RAD; the non-linearity of 
the curve is reflected in the location of the scales on 
the RAD. The fit of the data in Fig. 5 is very good when 
all the variables are considered. Variability of proper
ties from one point to another in a given plate and the 
observed gradients in fracture properties through the 
thickness, as well as normal experimental variations, can 
account for much scatter. 

The significance of tlE relation between DT energy 
and K1c can only be realized by comparing these two 
indices of fracture resistance on the RAD (Fig. 6). The 
plane strain limit and general yield limit were deter
mined for· 3-in. section size in this figure. The close
ness of K1c and DT values (circles vs triangles) plotted 
at the average yield strength for each material under
scores the accuracy of either method for indexing to the 
RAD. Note that both values give essentially the same 
indication of fracture resistance in all cases, as 
derived from the ratio lines. The flaw sizes that are 
expected to be critical for given stress levels can be 
determined for each material by reference to Fig. 1. 

The primary difference between the two test methods 
is a matter of cost. A K1c test costs approximately $100 
or more; a DT test might cost $10. An even more signifi
cant factor emerges from the DT data for materials where 
K1c could not be measured in a valid manner. The "x" 
symbols in Fig. 6 represent average DT energy values for 
seven materials for which K1c tests were conducted but 
the fracture resistance was high enough that the ASTM 
specifications could not be satisfied, i.e., 
B < 2.5 (K1c/crys)2. (See Table 2.) Such values, termed 
"KQ", are not reported because, as invalid data, they· have 
no capability for defining the fracture resistance of the 
test materials. In Fig. 6 the data points predict that 
five of the seven tests would definitely be invalid and 
that the other two would be very near the plane strain 
limit line for 3-in. plate (K1clcrys = 1.1). It should 
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be noted that the behavior predicted for materials very 
near the line on either side are not greatly different, 
particularly for thick sections. Therefore, predictions 
of valid Kie properties by the two "x" points just below 
the ratio 1.1 line, when Kie could not be measured, are 
not significant discrepancies. In any event, the values 
fall within the scatter of the correlation plot. 

Use of the titanium RAD is illustrated in Fig. 7, 
which summarizes data for 1-in. thick titanium alloys. 
It has been known for several years that a reduction of 
interstitial oxygen content to low levels is necessary 
to attain plastic fracture properties in titanium alloys 
in heavy sections (9). The dashed line across the RAD 
separates low oxygen materials (0.08 wt. percent or less) 
from commercial grade alloys and depicts the capabilities 
of each type as a function of yield strength. Since 
oxygen is a strengthening agent, low oxygen materials are 
not found above 150 ksi crys values. Conventional titanium 
alloys produced to commercial-practice oxygen levels and 
even ELI (Extra-Low Interstitial) grades occupy the two 
boxes in the plane strain region of the RAD, To climb 
from conventional materials to the plastic fracture region 
of the RAD, it is necessary to reduce both oxygen content 
and yield strength. In addition, special processing of 
commercially produced alloys, such as Ti-6Al-4V, is 
necessary to optimize fracture resistance and yield 
strength combinations typified by TL line quality mater
ials. Most of the 3-in. plates of this study had low 
oxygen levels but lacked the special processing necessary 
to maximize fracture resistance. Whether the properties 
of 1-in. plates can be duplicated in 3-in. plate is not 
known at the present time. 

Summary 

Design of structures using titanium alloys requires 
a knowledge of the fracture properties of the materials 
in relation to the imposed loadings to preclude catas
trophic failures. A systematic method for making such 

~~~~~a_s_sessments is provided by the Ratio Analysis Diagram, 
which is formulated from linear elastic calculations. 
Both Kie and DT test data can be entered on the RAD for 
indexing purposes. Therefore, it is necessary to have a 
good knowledge of the relation between these two indepen
dent parameters. 

Fracture resistance tests of 3-in. thick plate 
materials showed that the correlation between the DT 
energy and Kie is very good. Combining the data from 
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tests of 3-in. thick materials with data from earlier 
studies of 1-in. thick materials permitted validation 
of the RAD interpretations for section sizes up to 3-in. 
thick. Comparing the data (Kie and DT energy) on the 
RAD showed that they are equivalent and that either 
method could be used for indexing to the RAD; however, 
because of the much lower cost of DT tests compared to 
the Kie tests, DT tests are preferred for general use. 
Most importantly, it was shown that the DT test could 
be used to predict when Kie tests would be invalid, 
thereby saving expensive tests that would not have any 
value. 
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