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SUMMARY
This report describes work conducted under Contract F33615-75-C-5130, an Air Force
Materials Laboratory program to determine the fracture mechanics design properties for three
titanium alloys, Ti 6-2-4-6, Ti 6-2-4-2, and Ti 8-1-1. The material testing and evaluation was
accomplished in five broad areas:
1. Basic tensile property characterization was completed.

2. Stress intensity thresholds were determined.

3. The effects of temperature, stress ratio, and frequency on fatigue crack
propagation were established.

4. Critical stress intensities (fracture toughnesses) were measured for three
specimen thicknesses for each alloy.

5. Crack initiation on Ti 8-1-1 was studied under strain-controlled conditions.

This program provides data which can be used in an integrated methodology for damage
tolerant design of titanium gas turbine engine components.

xi



SECTION |
INTRODUCTION

Damage tolerant design is accomplished through the use of fracture mechanics analysis of
component life by predicting crack propagation from an initial, inspectable flaw size to a critical
crack length. This program provides data useable in an integrated methodology for the design of
titanium gas turbine engine components commonly life limited by thermal and mechanical
fatigue.

Three advanced titanium alloys, Ti 6Al-2Sn-4Zr-6Mo, Ti 8Al-1Mo-1V, and Ti
6Al1-2Sn-4Zr-2Mo (Ti 6-2-4-6, Ti 8-1-1, and Ti 6-2-4-2, respectively) were tested at room
temperature and two elevated temperatures to provide fracture mechanics data. Stress intensity
thresholds and slow crack growth rates were determined for positive stress ratios (R) in Region I
(da/dn <10-° inch/cycle). In Region II (da/dn >10-° inch/cycle) the effects of frequency and
positive and negative stress ratios were determined. Region III fracture toughness testing
included three specimen thicknesses. Low-cycle fatigue crack initiation time under constant
cyclic strain was determined for the Ti 8-1-1 alloy at two elevated temperatures under two
different test cycles. Life curves relating strain range, mean strain, and stabilized mean stress
have been constructed for strain ratios of zero, —1, and —o.

The materials forgings were microstructurally characterized and tensile and creep
properties measured.



SECTION 11
MATERIALS

The three alloys being tested in this program were Ti 6Al-2Sn-4Zr-6Mo (Ti 6-2-4-6), Ti
8Al-1Mo-1V (Ti 8-1-1), and Ti 6Al-2Sn-4Zr-2Mo (Ti 6-2-4-2). The forgings were heat treated to

the following specifications:
Alloy Nominal Heat Treatment
Ti 8-1-1 1830°F/1 hr, Water Quench + 1100°F/8 hr, Air Cool
Ti 6-2-4-2  (8* —25°F)/1 hr, Air Cool + 1100°F/8 hr, Air Cool

Ti 6-2-4-6  1690°F/2 hr, Air Cool + 1550°F/2 hr, Oil Quench + 1100°F/8 hr, Air
Cool

*Beta Transus Temperature

The selection of a heat treatment entails a balancing of properties to meet the particular
requirements of a gas turbine component. Pratt & Whitney Aircraft Group selected heat
treatments which produce a set of properties it believes results in optimum use of these alloys.
However, the materials also can be used in other heat-treat conditions.

The Ti 8-1-1 alloy is classified as a ‘“near alpha’ or alpha-rich titanium alloy which is heat
treatable for moderate tensile and creep strength in the 500 to 900°F range. In addition, its low
density (0.158 1b/in.?) relatively high modulus (17 X 10° psi) combine to give it an exceptionally
high specific modulus compared to other alloys. These features make it most attractive for
stiffness limited components at lower temperatures. Currently, this alloy is extensively used in
military gas turbine compressor disks, blades, and vanes.

Normal heat treatment for Ti 8-1-1 consists of a duplex cycle with a solution anneal within
the range of 1625 to 1875°F (1 hour) followed by air cooling or quenching. The precipitation
(aging) treatment consists of an 1100°F (8 hour) air cool cycle. Solution treating at the higher end
of the range of 1775 to 1875°F, generally enhances elevated temperature tensile strength, creep
capability, and notched toughness properties with only a slight decrease in room temperature
tensile ductility. Data reveal that material with a higher primary alpha content resulting from
relatively low solution temperature has improved low temperature properties with decreased
toughness. Therefore, the higher solution temperature has the net result of producing the best
balance of properties for gas turbine application.

The heat treatment used in this program for Ti 8-1-1 yields a microstructure of 40 to 50
percent primary equiaxed alpha phase in a transformed beta matrix as shown in Figure 1. In the
lower magnification photomicrograph a slight amount of elongated alpha phase can be observed.

The Ti 6-2-4-2 alloy is, like Ti 8-1-1, a near alpha alloy which was heat treated to produce
a good combination of high creep and tensile strengths in the 800 to 1000°F range. This alloy is
superior in creep strength to Ti 8-1-1 and Ti 6-2-4-6 above 900°F and has excellent metallurgical
and surface stability up to approximately 1050°F depending on length of service. Current military
applications include high compressor disks and blades.

The heat treatment used in this program for the Ti 6-2-4-2 alloy is one chosen for a good
combination of creep and low-cycle fatigue strength, as well as creep strength stability. It
produces a microstructure of 20 to 40 percent primary equiaxed alpha phase in a transformed beta
platelet matrix as shown in Figure 2. The prior beta grain size is generally comparable to the Ti
8-1-1 alloy.
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Figure 1. Microstructure of Ti 8-1-1 Alloy Forging
LYSJ-8438, Krolls Etch
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Figure 2. Microstructure of Ti 6-2-4-2 Alloy Forging,
Krolls Etch

The Ti 6-2-4-6 alloy is a high strength heat treatable alpha-beta alloy which exhibits high
tensile and creep strength up to 800°F with good fatigue properties. The alloy is currently used
in military engine compressor disks and blades.



The Ti-6-2-4-6 alloy is a solid solution and precipitation strengthened alloy which strongly
responds to heat treatment due to the beta stabilizing effect of 6 percent molybdenum. The beta
stabilizers are isomorphous and do not induce precipitation of brittle phases as a result of
conventional heat treatments. However, the alloy can exhibit wide ranging strengths, ductilities
and fracture toughness depending upon heat treatment. Solution temperature and the cooling
rate from high solution heat-treatment temperature appear to be especially critical in relation to
plane-strain fracture toughness and tensile properties. These characteristics indicate the alloy is
more sensitive to microstructural variations caused by heat treatment than the lower strength Ti
8-1-1 and Ti 6-2-4-2 alloys. Consequently, different heat treatment specifications and resultant
microstructures are used depending on the particular application. The heat treatment evaluated
in this program produces exceptionally high tensile and fatigue strength which is used in
production Air Force engines.

The heat treatment utilized in this program was chosen to produce a good high temperature
tensile yield and creep strengths, along with acceptable fracture toughness. Representative
microstructures in the test forging (Figure 3) consist of approximately 10 to 20 percent primary
alpha with secondary acicular alpha resulting from the 1550°F cycle. The morphology of the
secondary alpha has been found to correlate with toughness change. It should be noted that the
Ti 6-2-4-6 alloy microstructure is somewhat finer than the other two alloys.

The following fully heat treated forgings were utilized for test material.

Forging Designation OD Thickness
Alloy (Heat Code) (inch) (inch)
Ti 8-1-1 LULS, LYSJ, LZDH, LZBF 24 1.0
Ti 6-2-4-2 LWDD, LWCC 24 2.0
Ti 6-2-4-6 LYKD 22 2.8
LYNC 24 1.8

Each forging was from a different heat code and therefore is identified by that designation
only. Test specimens were identified by inclusion of the forging/heat code letters from which they
were obtained.

The forgings were found to conform to production requirements by measuring mechanical
properties, chemistry, and microstructure. These data are presented in Tables 1 through 4.

For each alloy and temperature at which crack growth data were obtained, a tensile test was
conducted. The tensile test specimens were cylindrical round specimens (Figure 4) with
extensometer ridges. These were tested at a strain rate of 0.005 inches per inch per minute. Stress-
strain curves, reduction in area, yield strength, ultimate strength, and modulus of elasticity were
determined. Figure 5 shows the 0.2 percent offset yield strength, Figure 6 shows the tensile
elongation, and Figure 7 shows the modulus of elasticity as a function of temperature for each
alloy. The Ti 6-2-4-6 alloy has the highest yield strength, lowest ductility, and an average
modulus for the three alloys being investigated. The Ti 6-2-4-2 alloy has the highest ductility,
lowest yield strength and lowest modulus of these alloys. The Ti 8-1-1 alloy has the highest
modulus, yield strength about the same as Ti 6-2-4-2, and ductility slightly higher than Ti 6-2-4-6
alloy.

Table 5 gives a summary of the tensile test data for each alloy at those temperatures for
which crack propagation tests were conducted. The data given in Tables 1 through 4 was for
qualification of the selected heat codes of each alloy and does not appear on the above mentioned
figures.
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Figure 3. Microstructure of Ti 6-2-4-6 Alloy Forging
LYKD-2019, Krolls Etch



TABLE 1. QUALIFICATION DATA FOR Ti 8-1-1

ALLOY FORGINGS
Tensile
Temperature YS UTS EL RA
Heat Code (°F) (ksi) (ksi) (%) (%)
LYSJ 70 149 161 15 38

146 158 15 42
136 149 18 42
137 150 13 28

800 92 113 17 48
89 112 19 55
79 105 20 51
81 103 16 47

LULS 70 151 165 16 40
150 163 10 41
140 154 20 39
142 155 16 31

800 93 119 16 52
91 115 12 50
90 117 18 51
87 111 18 51

LZDH 70 141 154 14 33
137 149 14 42
134 149 16 42
130 142 13 42

800 82 106 20 61
78 102 18 49
n 102 20 49
i 102 20 48

LZBF \70 145 160 16 46
140 155 18 49
132 150 16 46
133 148 18 44

800 82 105 20 60
82 105 19 59
72 102 20 50
80 104 20 53

Note: Materials control data obtained in qualifying this alloy

V-Notch Stress Rupture

Temperature  Stress Time  Fracture

Heat Code (°F) (ksi) (hr) Observed
LYSJ 70 150 5.0 None
5.0 None
5.0 None
LULS 70 150 5.2 None
5.2 None
5.2 None
LZDH 70 150 5.1 None
5.0 None
5.1 None
LZBF 70 150 5.0 None
5.1 None
5.1 None

Creep Elongation

Temperature  Stress Time Creep

Heat Code (°F) (ksi) (hr) (%)
LYSJ 850 40 23 0.07
23 0.06

LULS 850 40 23 0.03
23 0.04

LZDH 850 40 23 0.04
23 0.06

LZBF 850 40 23 0.05

23 0.05
Note: Materials control data obtained in qualifying this alloy.




TABLE 2. QUALIFICATION DATA FOR Ti
6-2-4-6 ALLOY FORGINGS

Tensile

Temperature YS UTS EL RA
Heat Code (°F) (ksi)  (ksi) (%) (%)

LYKD 70 164 180 13 30
161 177 10 28
168 184 14 34
171 188 12 19

400 129 156 14 40
128 154 14 36
135 162 14 40
134 161 14 42

LUNC 70 165 180 12 28
158 173 11 30
161 176 14 28
167 183 12 31
168 184 11 29
174 189 12 32

400 128 157 16 39
132 162 14 44
131 158 16 45
132 160 15 43
133 162 15 44
128 157 16 52

V-Notch Stress Rupture

Temperature Stress Time Fracture

Heat Code (°F) (ksi) (hr) Observed
LYKD 70 190 5.0 None
5.0 None
LUNC 70 190 5.0 None
5.5 None

Note: Materials control data obtained in qualifying this alloy.




TABLE 3. QUALIFICATION DATA FOR Ti
6-2-4-2 ALLOY FORGINGS

Tensile

Temperature YS UTS EL RA
Heat Code (°F) (ksi) (ksi) (%) (%)

LWDD 70 147 161 14 35
138 150 13 38
142 152 15 33
140 151 14 37
137 151 13 35
136 145 15 36
136 151 15 39

900 84 111 16 46
80 103 18 50

84 107 18 43

80 105 18 50

46

48

82 105 18
79 104 18
79 101 18 50

LWCC 70 144 153 14 32
137 149 14 38
138 148 14 34
1563 163 14 46
136 149 14 34
138 150 14 36
140 154 15 40

900 81 107 19 47
78 102 20 56
80 103 18 50
81 107 20 58
80 102 19 51
80 104 19 51

Note: Materials control data obtained in qualifying this alloy

V-Notch Stress Rupture

Temperature Stress Time Fracture

Heat Code (°F) (ksi) (hr) Observed
LWDD 70 170 5.0 None
5.0 None
5.0 None
LWCC 70 170 5.0 None
5.0 None
5.0 None
Creep
Temperature  Stress Time Creep
Heat Code (°F) (ksi) (hr) (%)
LWDD 950 35 35 0.08
35 0.10
35 0.06
LWCC 950 35 35 0.08
23 0.10
35 0.05

Note: Material control data obtained in qualifying this alloy
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TABLE 5. TENSILE TEST DATA FROM TITANIUM ALLOY

FORGINGS
Modulus of

Temperature Elasticity 02% YS UTS EL RA

Alloy Heat Code (F) (ksi) (ksi) (ksi) (%) (%)
Ti 8-1-1 LULS 70 20.0 X 10° 145.7 1593 114 414
800 15.3 X 10° 87.5 1121  13.0 408

900 13.2 X 10* 83.4 106.3 14.0 477

Ti 6-2-4-2 LWCC 70 16.2 X 10* 143.2 1521 141 314
800 14.2 X 10° 84.2 109.6 140 29.1

1000 11.2 X 10 82.0 1045 163 404

Ti 6-2-4-6 LYKD 70 189 X 10° 169.0 1820 103 28.1
600 15.56 X 10° 121.0 150.2 11.1 308

800 145 X 10° 1142 1490 120 34.6

®Strain rate was 0.005 in./in./min
@Single test results plotted on Figures 5 through 7.
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SECTION Il
FRACTURE MECHANICS
EXPERIMENTAL PROCEDURES

All positive stress ratio tests were conducted in accordance with the test methods given in
Reference 1. Center-cracked specimens, shown in Figures 8 and 9, were used for threshold
determination, Region I crack propagation testing, and plane stress (K.) fracture toughness
testing. A modified compact tension specimen (Fignure 10) was used for plane strain (K, ) fracture
toughness testing.

Threshold tests were conducted using a high frequency (1000 Hz) magnetostrictive
machine. Here, both alternating and static loads are controlled by a closed-loop system and are
automatically maintained constant as specimen compliance changes. Region II crack propaga-
tion tests were performed using hydraulic test equipment for the 10 cpm and 2-minute dwell tests
and a Sonntag SF-1-U fatigue testing machine for the 30 Hz tests. All tests were load controlled.
Load accuracy for this frequency range was better than 2%.

Crack lengths for the threshold and 30 Hz tests were measured using cellulose acetate tape
replicas with an accuracy of 0.001 in. (0.0025 mm) for changes in crack length. All other tests were
monitored with a 50X traveling telescope at intervals of approximately 0.01 to 0.02 in. The
accuracy of this method is approximately 0.002 to 0.004 in.

Data reduction methods are described in the Fatigue Crack Propagation Section.

Negative stress ratio tests were conducted using the specimen shown in Figure 11. This
specimen was designed at the Pratt & Whitney Aircraft’s Commercial Products Division and the
K-calibration was obtained in Reference 2. The specimen has been used extensively at P& WA for
the design of turbine airfoil and disk components. Crack lengths were monitored with the
traveling telescope and verified with cellulose acetate tape replicas. Testing was performed in
load control on servo-hydraulic test machines.

Specimen heating was accomplished using induction methods for all Region I 1000 Hz tests,
while resistance furnaces were used for region II crack propagation and fracture toughness tests.
LCF crack initiation tests were heated with a resistance furnace.

All optical crack length measurements were made at temperature, without stopping the
actual cycling, through windows in the resistance furnaces or through the induction coil.

The specimen thicknesses were determined to maintain elastic conditions in the specimen
as well as to simulate typical gas turbine engine hardware.

THRESHOLD
Both the stress intensity threshold (AKyy) and low crack growth rate were determined at a
test frequency of 1000 Hz. The threshold values were determined at three high stress ratios for

each test temperature, using the center crack tension specimen design shown previously in
Figure 8.
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Figure 11. Fatigue Crack Propagation Tubular Specimen for Negative
Stress Ratio Testing

The final stage of precracking was done at the test temperature, with a stress ratio of 0.1,
and a maximum stress intensity equal to or less than the mean stress intensity of the high stress
ratio test condition. This procedure minimizes both planar change in the crack front and
retardation effects (Reference 3). Changes in crack length of less than 0.001 in. (25 um) were
detectable by taking cellulose acetate replicas of the specimen and examining them under an
optical microscope. The specimen was examined every 107 cycles, and if no growth was detected,
the range in stress intensity was raised by 0.2 ksi /. (0.22 MN/m?®?) keeping the stress ratio
constant. This periodic increase was continued until the crack was observed to grow. The AK 1y
value reported here is the last increment before crack growth was measured, and represents a
growth rate of less than 10~ in. per cycle (2.5 X 10-°* mm per cycle).

The results of the AKy tests on Ti 8-1-1, Ti 6-2-4-2, and Ti 6-2-4-6 are given in Table 6. A
comparison of these values shows Ti 6-2-4-2 to be superior at room temperature and Ti 8-1-1 to
be superior at 800°F (700°K), a common test temperature for each alloy.

The AKry results for Ti 8-1-1, Ti 6-2-4-2, and Ti 6-2-4-6 are shown in Figures 12 through 14,
respectively. All three alloys show a decrease in AKyy with increasing stress ratio.

Figures 12 and 14 show that AK,y for R = 0.5 increases with increasing temperature;
however, this trend does not hold at the higher stress ratios. The 900°F (755°K) data drop below
that obtained at 800°F (700°K), probably due to an increasingly important role of Knax at the
higher temperatures where creep and oxidation effects become controlling factors in the fracture
process.
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TABLE 6. THRESHOLD STRESS INTENSITY
LEVELS FOR TITANIUM ALLOY FORG-

INGS
Threshold Stress
Intensity
Temperature R - Ratio Range
Alloy Heat Code (F) (Omin/Omax)  (kRSi /)
Ti 8-1-1 LULS-16B 70 0.5 2.2
LULS-16A 70 0.7 2.0
LULS-16C 70 0.9 1.6
LULS-17B 800 0.5 2.6
LULS-17A 800 0.7 2.4
LULS-17C 800 0.9 2.2
LULS-18A 900 0.5 2.8
LULS-18B 900 0.7 2.4
LULS-19C 900 09 1.8
Ti 6-2-4-2 LWDD-6A 70 0.5 2.6
LWDD-6C 70 0.7 <212
LWDD-6H 70 0.9 1.6
LWDD-6E 800 0.5 2.2
LWCC-11B 800 0.7 1.8
LWCC-6J 800 0.9 <14
LWCC-11E 1000 0.5 2.8
LWCC-11C 1000 0.7 2.0
LWCC-11D 1000 0.9 1.2*
Ti 6-2-4-6 LYKD-1A 70 0.5 2.2
LYKD-1C 70 0.7 1.6
LYKD-1B 70 0.9 14
LYKD-1G 600 0.5 2.4
LYKD-1D 600 0.7 2.2
LYKD-1M 600 0.9 2.0
LYKD-11 800 0.5 2.6
LYKD-1K 800 0.7 22
LYKD-1L 800 0.9 2.0

*Net section creep evident.

3.0
3.0
25
=
s |2
E 25k S
Z P
= 220
T T
co.0—
b
4 -
Ti 8-1-1
1.5 1000 Hz
1.5% @ 70°F (294°K)
[l 800°F (700°K)
.900°F (755°K)
1.0 -

0.3 0.5 0.7 0.9 1.0

Stress Ratio’
FD 121068

Figure 12. Effect of Stress Ratio on Stress Intensity Threshold for Ti 8-1-1
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The results on Ti 6-2-4-2 are given in Figure 13. The AK 1y was significantly higher at room
temperature than at 800°F (700°K). The 1000°F (811°K) results give the highest threshold level,
2.8 ksi «/In. (3.1 MN/m??), at a stress ratio of 0.5.

Following the determination of the stress intensity thresholds, crack growth rates below
10 in. per cycle (2.5 X 10-® mm per cycle) were obtained on the same specimens. The cyclic
frequency was maintained at 1000 Hz and the stress intensity levels were increased 0.2 ksi
V. (0.22 MN/m*?) above the threshold level, keeping the stress ratio constant. The direct
secant method was used to reduce the a, N data because of the limited number of data points
collected in the 1000 Hz testing.

The results of this testing are given in Figures 15 through 23 for Ti 8-1-1, Ti 6-2-4-2, and Ti
6-2-4-6. Each of the figures shows the crack growth rate data for stress ratios of 0.5, 0.7, and 0.9
for each temperature tested. In a few cases, the specimens failed during the threshold testing with
no crack growth data being obtained.

Figures 15 through 17 show the low crack growth rate data for Ti 8-1-1 at room temperature,
800 and 900°F (700 and 755°K) respectively. The high stress ratio, low growth rate data show the

crack growth rate to increase with increasing stress ratio.

The results for Ti 6-2-4-2 are given in Figures 18 through 20 for room temperature, 800 and
1000°F (700 and 811°K) respectively. Testing on this alloy resulted in several specimens failing
during the threshold runs with no crack growth rate data being obtained. The 1000°F testing
resulted in excessive creep in the net section of the center flaw specimen at R = 0.9, even though
the maximum net stress was well below the yield stress of the material. This prevented the
determination of the threshold and crack growth rate at this condition.

The results for Ti 6-2-4-6 are given in Figures 21 through 23 for room temperature, 600 and
800°F (588 and 700°K) respectively. The growth rate again is shown to increase with increasing
stress ratio.

In general, the Region I crack growth rates obtained at room temperature were less than
those obtained at elevated temperature for each alloy. For example the lowest growth rate
obtained at 800°F (700°K) was near 10-7 in. per cycle (2.5 X 10-® mm per cycle), while at room
temperature growth rates near 10° in. per cycle (3 X 10~ mm per cycle) were consistently
measured.
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FATIGUE CRACK PROPAGATION

Extensive fatigue crack growth data were obtained in Region II, da/dn > 10~ in. per cycle
(2.5 X 10~®* mm per cycle), for various frequencies, stress ratios, and temperatures as shown in
Tables 7 and 8. The same test conditions, with the exception of temperature, were run on the Ti
8-1-1, Ti 6-2-4-2, and Ti 6-2-4-6 alloys.

TABLE 7. TEST MATRIX IS THE SAME FOR EACH ALLOY; TEMPERATURES ARE SHOWN IN

TABLE 8
Region ! Region IT
AK.y Crack Growth Data Region IIl
Test Frequency Fracture Toughness
Temperature R-Ratio 1000 CPS 1000 CPS 30 CPS 10 CPM 2 Min Dwell Temperature Thickness K.

70° -5.0 X 70° 0.05 X

70° =1.0 X 70° 0.10 X

70° 0.1 X X 702 0.50 X

70° 0.5 X X X T 0.05 X

70° 0.7 X X X T 0.10 X

70° 0.9 X T, 0.50 X
800° =5.0 X g 5% 0.05 X
800° —1.0 X T 0.10 X
T 0.1 XX X X T, 0.50 X

T, 0.5 X X X X

T 0.7 X X X

L 0.9 X X

T, 0.1 XX X X

Ty 0.5 X X X X

Ty 0.7 X X X

Ts 0.9 X X

TABLE 8. FRACTURE MECHANICS TEST TEM-
PERATURE MATRIX FOR T, AND T,

Ti-8Al-1Mo-1V  Ti-6Al-2Sn-4Zr-2Mo Ti-6Al1-2Sn-4Zr-6Mo

(°E) (&) (°F)
T, 800 800 600
T, 900 1000 800

The test techniques used in this program conform to methods presented in Reference 1. The
majority of the data was reduced to da/dn vs AK by the Seven Point Incremental Polynomial
Technique (Reference 1). There are two exceptions; the Region I data were reduced using the
direct secant method, and data from tubular specimens (Figure 11) utilized in the negative stress
ratio tests were reduced by smoothing the a, N data. These smoothed a, N data were reduced to
da/dn in a computer program using a 5th-order curve. This curve is differentiated obtaining
da/dn at each of the input points while AK is calculated for the same crack length.

The Region II crack growth data are plotted on log-log coordinates with da/dn on the

ordinate and AK on the abscissa. The stress intensity range (AK) was calculated in the following
manner: AK = Koy - Ky for R > 0, AK = Ko, for R < 0, in accordance with Reference 1.
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Alloy Ti 8-1-1

The crack propagation data for Ti 8-1-1 are illustrated in Figures 24 through 33. The effects
of stress ratio, temperature, and frequency are shown.

The room temperature data are given in Figure 24 for stress ratios (0min/0max) of 0.1, 0.5, 0.7,
0.9, —1, and —5, and cyclic frequencies of 1000, 30, and 0.17 Hz (10 cpm). The 1000 Hz data agree
well with the lower frequency tests at R = 0.5 and R = 0.7. The 30 Hz test shows slightly faster
crack growth rates than the 0.17 Hz test at a stress ratio of 0.1.

Figure 25 presents all of the Region II crack growth data at 800°F (700°K), showing the
effect of stress ratio on Ti 8-1-1. The crack growth rate generally increases with increasing stress
ratio, R > 0, for equrvalent applied stress intensities. The effects of negative R on crack growth
rates, as plotted, were to increase them over the R = 0.1. Figure 26 illustrates the effect of

" frequency on the crack propagation rate at 800°F (700°K), stress ratio = 0.1. The 2-minute dwell
crack growth rate is slower than the 0.17 Hz rate, possibly due to crack tip creep relaxation
effects. Figures 27 and 28 show the effects of frequency at 800°F (700°K) at stress ratios of 0.5 and
0.7 respectively. There is a significant reduction in crack growth rate at 1000 Hz.

Figure 29 shows the Region II crack growth data at 900°F (755°K) showing the effect of
stress ratio on Ti 8-1-1 at several frequencies. Figures 30 through 32 show the effect of frequency
at stress ratios of 0.1, 0.5, and 0.7 respectively. The 1000 Hz data are also compared to the 0.17
Hz and 2-minute dwell data. With exception to the R = 0.1 data, crack growth rates tend to
decrease with increasing frequency.

Figure 33 illustrates the effects of temperature on the fatigue crack growth rate of Ti 8-1-1
at 0.17 Hz and a stress ratio of 0.1.

Alloy Ti 6-2-4-2

The results for the Ti 6-2-4-2 alloy are presented in Figures 34 through 42. The effects of
stress ratio, frequency, and temperature on fatigue crack growth rate are shown.

Figure 34 shows the effect of stress ratio on crack growth rate at room temperature. The 0.17
Hz (10 cpm) data show an increase in crack growth rate with increasing stress ratio, R > O, at
equivalent stress intensities. The 30 Hz test at a stress ratio of 0.1 shows no difference in crack
growth rate when compared to R = 0.1, 0.17 Hz data. The 1000 Hz data are also given for stress
ratios of 0.5 and 0.9 with no appreciable difference in the crack propagation rates due to stress
ratio effects.

Figure 35 gives all of the Region II crack growth data at 800°F (700°K) showing the effect
of stress ratio on the Ti 6-2-4-2 alloy. These data are for cyclic frequencies of 30, 0.17, and 0.008
Hz (2-minute dwell cycle).

Figures 36 through 38 show the effect of cyclic frequency on crack growth rate for stress
ratios of 0.1, 0.5, and 0.7 respectively at 800°F (700°K). Figure 36 shows no significant frequency
effect at a stress ratio of 0.1 for frequencies from 30 Hz down to 0.008 Hz (2-minute dwell). Figure
37 shows no significant difference between 0.17 Hz and 0.008 Hz for a stress ratio of 0.5. The 1000
Hz data were added to Figure 38 for comparison.
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Figure 35. Crack Propagation Data for Ti 6-2-4-2 at 800°F
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Figure 39. Crack Propagation Data for Ti 6-2-4-2 at 1000°F
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Figure 39 presents the Region II crack growth data at 1000°F (811°K), showing the effect of
stress ratio on Ti 6-2-4-2 alloy at various frequencies. Figures 40 and 41 show the effect of
frequency at stress ratios of 0.1 and 0.5 respectively at 1000°F (811°K). Figure 40 shows a decrease
in crack growth rate for the 30 Hz data compared to the 0.17 Hz and the 0.008 Hz (2-minute
dwell) data below an applied stress intensity range of 20 ksi v/In. (22 MN/m*?). The 2-minute
dwell and the 0.17 Hz tests resulted in similar crack growth rates (Figure 41). However, these
tests were discontinued prior to failure due to net section creep. The final portion of these tests
has not been reported because of the questionable validity of the data.

Figure 42 shows the effect of temperature on the fatigue crack growth rate of Ti 6-2-4-2 for
a cyclic frequency of 0.17 Hz and 0.1 stress ratio. The room temperature data increase at a faster
rate and cross the 800°F (700°K) data at AK ~ 25 ksi \/In. (22.7 MN/m*?). This was not
expected because the K¢ for this specimen thickness is highest at room temperature.

Alloy Ti 6-2-4-6

The fatigue crack propagation data for Ti 6-2-4-6 are given in Figures 43 through 52,
showing the effects of stress ratio, frequency, and temperature. The effect of stress ratio at room
temperature is given in Figure 43. The low fracture toughness of this alloy is evident at room
temperature resulting in early failure of the positive stress ratio tests. A larger than expected
decrease in growth rate was observed in the first specimen run at R = —1.0. A second test yielded
similar results. These specimens were examined on the Scanning Electron Microscope (SEM)
and revealed no abnormalities. R = —1.0 and 0.1 tests were examined on the SEM with cleavage
dominating both fracture surfaces (Figures 44 and 45). The remaining data showed the crack
growth rate to increase with increasing stress ratio as observed in Ti 8-1-1 and Ti 6-2-4-2.

Figure 46 shows the fatigue crack propagation data for Ti 6-2-4-6 at 600°F (588°K). The
effect of increasing stress ratio is to increase the crack growth rate.

Figures 47 through 49 show the effect of frequency on crack growth rate at 600°F (588°K) for
stress ratios of 0.1, 0.5, and 0.7 respectively. The effect of frequency is minimal at 600°F between
30 and 0.008 Hz; however, the 1000 Hz testing shows a substantial reduction in crack growth rate
at the high stress ratios.

Figure 50 shows the fatigue crack propagation data at 800°F (700°K). The effect of
increasing stress ratio is again to increase the crack growth rate for a given applied stress intensity
(AK). The R = —1 tests resulted in an increase in crack growth rate, while the R = —5 showed
a decrease when compared to the R = 0.1 data and plotted as Knax.

Figures 51 through 53 show the effect of frequency on crack growth rate at 800°F (700°K) for
stress ratios of 0.1, 0.5, and 0.7 respectively. The effect of frequency is minimal at 800°F (700°K)
for Ti 6-2-4-6 between 30 and 0.008 Hz. The 1000 Hz data show a reduction in crack growth at the
high stress ratios.

Figure 54 shows the effect of temperature on the crack growth rate of Ti 6-2-4-6 at a stress
ratio of 0.1 and a cyclic frequency of 0.17 Hz. The temperature influence is unusual with the
600°F (588°K) crack growth rate being slower than room temperature rate and the 800°F (700°K)
crack growth rate being between the room temperature and 600°F (588°K) rates below AK of
about 40 ksi /in. (44 MN/m?®?).
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Figure 43. Crack Propagation Data for Ti 6-2-4-6 at Room Temperature
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Figure 44. SEM Fractographs Showing a Cleavage
Mode of Crack Propagation in the R = —1
Test for Ti 6-2-4-6 at Room Temperature
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Figure 45. SEM Fractographs Showing a Cleavage
Mode of Crack Propagation in the R = 0.1,
Room Temperature Test For Ti 6-2-4-6
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Figure 46. Crack Propagation Data for Ti 6-2-4-6 at 600°F
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Figure 48. Effect of Frequency on Crack Growth Rate of Ti 6-2-4-6 at

600°F, R = 0.5
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FRACTURE TOUGHNESS

Region III analysis consisted of fracture toughness (K;,) tests at various temperatures on the
Ti 8-1-1, Ti 6-2-4-2, and Ti 6-2-4-6 alloys. Three specimen thicknesses were precracked in
accordance with the standards given in ASTM E-399. In addition, a precracking procedure was
employed at the test temperature to ensure crack propagation in the proper mode for the final
test.

The results of K;_testing are given in Table 9, and Figures 55 through 57 for Ti 8-1-1, Ti
6-2-4-2, and T 6-2-4-6, respectively. Three thicknesses, 0.050, 0.10, and 0.50 in. (0.127, 0.254, and
1.27 mm) were chosen to represent actual engine hardware thicknesses rather than to give
theoretically valid K;_ values. The room temperature 0.50 in. thick specimens gave the only valid
K, values of 38.2, 42.9 and 24.4 ksi \/in. (42.0, 47.1, 26.8 MN/m*) for Ti 8-1-1, Ti 6-2-4-2, and
Ti 6-2-4-6 respectively. Valid values of K;_ were also obtained at a thickness of 0.10 in. (0.254 mm)
on the Ti 6-2-4-6 alloy at room temperature.

Figure 55a shows the fracture toughness of Ti 8-1-1 to increase substantially with
temperature for the thicker 0.50-in. (1.27-mm) specimen. Figure 55b shows that fracture
toughness increases with thickness at 800 and 900°F (700 and 755°K) while at room temperature
there is a decrease in the fracture toughness as it becomes a valid K, in the 0.50-in. thick
specimen.

The fracture toughness of Ti 6-2-4-2 is given in Figure 56. Figure 56a shows the K. to
decrease with temperature for the 0.05 and 0.10-in. thick specimens. The 0.50-in. thick specimen
again shows an increase in K. with increasing temperature. Figure 56b shows that K. increases
with thickness at 800 and 1000°F (700 and 811°K).

Figure 57 shows the effects of temperature and thickness on the fracture toughness of Ti
6-2-4-6. At room temperature, this alloy exhibits the lowest K. of the three alloys tested. Figure
57a shows the K. of Ti 6-2-4-6 to increase with temperature in all three thicknesses tested. Figure
57b shows the K. to increase with thickness in the 0.05 to 0.10-in. range at high temperatures but
to level out very quickly above 0.100 in. in thickness. The value for the 0.50-in. (1.27 mm) thick
specimen at high temperature is approaching valid K|, levels. At room temperature, the K. level
shows a very slight decrease with thickness with both of the thicker specimens giving a valid
K, value.

Figure 58 shows representative fracture surfaces for the three fracture toughness specimen
types and thicknesses used in this program. The room temperature and high temperature
precracks show up very clearly on the 0.5-in. (1.25-mm) MCT specimen as labeled on Figure 58.

LOW-CYCLE FATIGUE CRACK INITIATION

Low-cycle fatigue tests were performed on the Ti 8-1-1 alloy to determine its strain-
controlled crack initiation capabilities. Such conditions occur on the surface of fan blade airfoils
and fillets where local stresses are high. When combined with the fracture mechanics data, a total
cyclic life prediction, including crack initiation and propagation, is possible.

The Ti 8-1-1 alloy was chosen for characterization since it is widely used in military engines
and is not subject to a wide variety of heat treatments.
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Figure 55. Fracture Toughness of Ti 8-1-1 Showing the Effect of Temperature and Thickness
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Figure 58. Comparison of Fracture Surfaces from Specimens
Used for K. Testing: 0.05 inch Thick Center Flaw,
0.10 inch Thick Center Flaw, and 0.50 inch Thick

Modified Compact Tension

The techniques used in the LCF testing were previously described in the literature
(Reference 4), and in the recommended practice for constant amplitude, low-cycle fatigue testing
now being drafted by the E-9.08 committee of ASTM. A smooth strain-controlled cylindrical
specimen (Figure 59) was used because it produces a nearly uniform strain field and evaluates
both a relatively large surface area and volume. The specimens were tested on a closed-loop servo-
hydraulic test rig using a sine wave function. The dwell tests utilized the same loading rate as the
10 cycles per minute tests with a 2-minute hold at maximum tensile strain. The axial strains were
controlled through the use of an averaging type extensometer measuring displacements between
ridges defining a 1-in. gage length. The gage section of the specimen was electropolished before
testing to remove any residual surface stresses resulting from the machining process.

The LCF tests were run at three strain ranges and three strain ratios to produce failures
between 10® and 3.0 X 10* cycles. A list of the test conditions and resulting stresses, plastic strain,
and cycles to failure are given in Table 10. Tests were also run at two cyclic frequencis used in the
crack growth testing, 10 cycles per minute and 2-minute dwell cycle. The 2-minute dwell tests at
800 and 900°F (700 and 755°K) showed a small amount of stress relaxation, and the resulting
inelastic strain observed at maximum tensile load is also given in Table 10. The 10 cycles per
minute testing indicated no stress relaxation.

Figure 60 shows a typical hysteresis loop obtained from the 10 cycle per minute and 2-

minute dwell testing with a schematic representation of stress range, mean stress, elastic and
plastic strains, and strain range.
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Four specimens were tested at several of the strain ranges to increase the statistical
significance of the data while only two specimens were run at others, allowing the effect of strain
range on life to be established for a broader range of data. The specimens run in groups of four
were inspected for crack initiation, designated to be a surface macrocrack equal to 1/32 in. (0.0128
mm). The results of these inspections are given in Table 10. Difficulties were encountered in
determining a 1/32-in. (0.0128-mm) crack because of multiple crack initiation sites in most of the
testing. Cracks approaching 1/32 in. (0.0128 mm) in surface length generally linked up with
adjacent small cracks, increasing the total crack length to greater than 1/32 in. (0.0128 mm). This
made it very difficult to make comparisons of the data to initiation of 1/32-in. (0.0128-mm)
cracks. These data are shown in a later figure showing the same trends as failure data discussed
below.

The effect of alternating strain on fatigue life to failure of Ti 8-1-1 is shown in Figure 61 for
800°F (700°K) and Figure 62 for 900°F (755°K). At both temperatures little effect of mean strain
or strain ratio (emin/€émax) 18 indicated for cycles to failure. The tests run at strain ratios of zero and
—o, given in Figure 61, show small differences in life with the strain ratio of —» having a shorter
life above a strain range of 1.5% and a longer life below that level.

Increases in strain range and a positive shifting of stabilized mean stress are shown to
decrease fatigue life of Ti 8-1-1 alloy in Figure 63. Constant life lines are given on Figure 63 for
1, 10, and 30K lives showing a strong dependence on alternating strain range and a limited effect
caused by stabilized mean stress. These curves were developed by interpolation of the data given
on Figures 61 and 62 for 800 and 900°F (700 and 755°K) respectively to the 1, 10, and 30K levels
for a specific point. Similar plots were made for stabilized mean stress, which were also
interpolated for the 1, 10, and 30K life levels.
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Figure 59. Strain Controlled LCF Specimen
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Figure 60. Waveforms and Resulting Hysteresis Plots for LCF Test with Mean Strain on One-Half
Maximum Strain
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Figure 62. Low-Cycle Fatigue Life for Ti 8-1-1 Showing the Effect of Mean Strain,
Duwell, and Alternating Strain at 900°F (755°K)
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Figure 63. Fatigue Life Curves for Different Strain Ratios (R),
Constant Life Lines
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Figure 64. Low-Cycle Fatigue Life to Indication for Ti 8-1-1 Showing Effect of
Mean Strain and Alternating Strain at 800°F (700°K)

The effect of alternating strain range on crack initiation is similar to that on failure and is
shown in Figures 64 and 65 for 800 and 900°F (700 and 755°K) respectively. The initiation data,
as given in Table 10, represents life to a crack length near 1/32 in. (0.0128 mm) or larger.
Inspections made prior to the indicated life revealed no cracks 1/32 in. (0.0128 mm) or larger.

The 2-minute dwell cycle testing at 800°F (700°K) showed no decrease in life over the 10
cycle per minute data in Figure 61 and showed a small decrease in life to initiation in Figure 64.
At 900°F (755°K) a decrease in failure life and initiation life is shown in Figures 62 and 65,
respectively, due to the 2-minute dwell cycle. The mean stress in the dwell tests stabilized at a
negative value due to the stress relaxation while the 10 cycle per minute test remained slightly

positive.

Figures 66 and 67 show the Weibull analysis for tests conducted at a strain ratio of zero.
Figure 66 shows the results for the three strain ranges tested at 800°F (700°K). Figure 67 shows
a decrease in life with increasing temperature and a decrease in life with dwell time at 900°F
(755°K) for tests run at 2.0% strain and a strain ratio of zero.

Figure 68 shows the stress history between tests run at three different strain ranges for a
strain ratio of zero. Figure 69 is the same basic plot for a strain ratio of —.
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Figure 65. Low-Cycle Fatigue Life to Indication for Ti 8-1-1 Showing the Effect of
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Figure 66. Weibull Distribution Analysis for Ti 8-1-1 LCF Data
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SECTION IV
CONCLUSIONS

Fracture mechanics properties for three titanium alloys, Ti 6-2-4-6, Ti 6-2-4-2, and Ti 8-1-1
were determined. Since mechanical, fatigue, and fracture properties of titanium alloys can be
strong functions of microstructure, special attention should be given to Section II.

1. Basic tensile property characterization was completed. The Ti 6-2-4-6 alloy
has the highest yield strength, lowest ductility, and an average modulus for
the three alloys. Ti 6-2-4-2 alloy has the highest ductility, lowest yield
strength, and lowest modulus. The Ti 8-1-1 alloy has the highest modulus,
yield strength similar to Ti 6-2-4-2, and ductility slightly higher than Ti
6-2-4-6.

2. Stress intensity thresholds were determined on the three alloys. Ti 6-2-4-2 is
superior at room temperature and Ti 8-1-1 is superior at 800°F (700°K), a
common test temperature. All three alloys show a decrease in AK.y with
increasing stress ratio. Crack growth rates were determined in Region I
following threshold evaluations. In general, lower crack growth rates were
obtained at room temperature than at elevated temperature for each alloy.
Net section creep occurred in several elevated temperature tests.

3. The effects of temperature, stress ratio, and cyclic frequency on fatigue crack
propagation were established. Complicated possible mechanistic changes

preclude straightforward qualitative conclusions. For example, crack growth
rates can decrease at intermediate temperatures, 600°F (588°K) as compared
to room temperature and 800°F+ (700°K+). In general, increases in stress
ratio resulted in increased crack growth rates at equivalent AK’s. The effects
of cyclic frequency are complicated. Significant reductions in crack growth
rates occurred in Region II for 1000 Hz as compared to 30 Hz+. Two-minute
tensile dwells sometimes resulted in decreased growth rates possibly due to
inelastic zone growth associated with creep at elevated temperatures.

4. Critical stress intensities (fracture toughnesses) were measured for three
specimen thicknesses for each alloy. For Ti 8-1-1, K. remains stable with
increasing temperatures in the thin section while increasing substantially
with temperature in the thick specimen. For Ti 6-2-4-2, K. decreases with
increasing temperatures in the thin sections and K increases with
temperature in the thick specimen. For Ti 6-2-4-6, K. (Kg) increases with
temperature in all three thicknesses investigated.

5. Crack initiation was studied under strain-controlled conditions in Ti 8-1-1.
Increases in strain range and a positive shifting of stabilized mean stress are
shown to decrease fatigue life.

The data generated in this program have utilitarian value in a design life analysis to the
extent they can be empirically modeled. A new interpolative model, based on the hyperbolic sine,
has been developed under AFML contract F33615-75-C-5097. The effects of temperature, stress
ratio, and cyclic frequency on crack propagation rate can be quantified. An example of the SINH
model’s ability to fit fatigue crack growth data as applied to Ti 6-2-4-6, is given in Figure 70.
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