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ABSTRACT 
\ 

Two titanium forging alloys have been evaluated for aerospace applica- 
tions:  (a) Ti-6Al-6V-2Sn and"(b) Ti- 13V- llCr-3Al (both solution heat- 
treated and aged).   Both small-size specimens and full-size helicopter 
components were tested. 

The small-size specimens were tested for resistance to fatigue crack 
initiation, resistance to fatigue crack propagation, and fracture tough- 
ness.   Fatigue crack initiation tests included tension-tension tests both 
of unnotched specimens and of joints.   Helicopter main rotor cuffs were 
evaluated in fatigue crack initiation and fatigue crack propagation tests 
with expanded holes and with reamed holes.   The titanium alloy cuff test 
results were compared to those for Ti-6A1-4V (annealed) and 4340 steel 
(heat»treated to a 125-ksi minimum ultimate tensile strength) cuffs and to 
small-size specimen tests.   Tensile test data, chemical analysis and 
forging parameters are also presented. 

The crack initiation resistance of Ti-6Al-6V-2Sn was found to be superior 
to that of Ti-13V-llCr-3Al.   Axial tension-tension fatigue results showed 
50% higher fatigue strengths for Ti-6Al-6V-2Sn than for Ti- 13V-11 Cr-3Al. 
Joint fatigue tests also showed higher strength values for the Ti- 6A1- 6V- 
2Sn alloy.   Fracture toughness results were comparable for both alloys. 

Joint fatigue test evaluations were made for reamed, shot peened, and 
expanded holes.   The highest fatigue strength values were associated 
with specimens having expanded holes. 

The Ti'6Al-6V-2Sn cuffs with both reamed and expanded cuff-to-spar 
attachment holes showed higher fatigue crack initiation strength values 
than those of the Ti-13V-llCr-3Al. 

The Ti ■ 6A1-6V-2Sn cults showed higher resistance to crack propagation 
than Ti- 13V- llCr-3Al, with both reamed and expanded holes, and were 
comparable in resistance to crack propagation with 4340 steel and Ti-6A1- 
4V shot peened. 

in 
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FOREWORD 

This report is submitted in accordance with United States Army Aviation 
Materiel Laboratories Contract DA 44-177-AMC-256(T;, Evaluation of 
Two Titanium Forging Alloys.   Research was conducted from May 1965 
to January 1967 in the contractor's test facilities located at 

Sikorsky Aircraft Division of United Aircraft Corporation 
Main Street 
Stratford, Connecticut 

The following personnel were directly associated with this research 
program: 

Administrative Task Coordinator - William G. Degnan 
Technical Task Coordinator for Small-Size Specimen 

Testing and Metallurgy - Leonard Robins 
Technical Task Coordinator for Cuff Testing - Walter A. Lane 
Test Engineer - Henry M. Borowy 
Test Engineer - Joseph P. Franko 
Test Engineer - Charles J. Matusovich 

Acknowledgement is given to the following for the cooperation freely 
given to make this program a success:  J. J. Zecco, Jr., and R. E. 
Sparks of Wyman-Gordon Company, forging subcontractor; W. H. Heil 
of Titanium Metals Corporation, material supplier; and J. H. Mile of 
Metal Improvement Company, shot peening vendor. 
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SYMBOLS 

The following symbols are used throughout the report: 

E modulus of elasticity 

ir constant, equal to 3.141 

psi pounds per square inch 

ksi thousands of pounds per square inch 

0F degrees Fahrenheit 

The following symbols are primarily associated with fatigue crack 
initiation tests: 

Sy vibratory stress in fatigue curve shape equation, 

SV = E8 + 

E8 estimated endurance strength at an infinite number of 
cycles (used in the fatigue curve shape equation) 

E.p sample mean endurance strength at an infinite number of 
cycles 

N number of cycles of applied vibratory load 

a evaluated constant in the fatigue curve shape equation 

y evaluated constant in the fatigue curve shape equation 

X sample arithmetic mean 

s sample standard deviation 

s/x sample coefficient of variation 

The following symbols are associated with fatigue crack propagation and 
fracture toughness tests: 

2a fatigue crack length (natural fatigue crack in fatigue 
crack propagation and fracture toughness specimens) 
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2b, w      width of specimen 

v vertical displacement of two points ( 1   inch above and 
1    inch below a crack under static load) as measured with 

a compliance gage 

S gross stress across uncracked cross-sectional area of 
fatigue crack propagation or fracture toughness specimens 

K stress intensity factor (psi /inch) of elastic stress field 
in the vicinity of the crack tip 

Kj critical stress intensity factor associated with initiation 
of unstable plane-strain fracturing (stress intensity factor 
needed to start a crack propagating under a static load) 

Kc critical stress intensity factor associated with initiation 
of unstable plane-stress fracture (stress intensity factor 
needed to produce an unstable crack under a static load) 

G energy to propagate a crack (inch- pounds per inch) or 
strain- energy release rate as the crack extends 

Gjc critical crack extension force associated with initiation 
on unstable plane-strain fracturing 

Gc critical crack extension force associated with initiation 
of unstable plane-stress fracturing 

The following symbols are primarily associated with (static) tensile 
tests: 

e elongation (tensile) in a    2-inch gage length 

R. A. reduction in area 

Ft, ultimate tensile strength 

F», 0.2% offset tensile yield strength 

li Poisson's ratio, unit lateral contraction divided by unit 
longitudinal elongation 

The following symbols are associated with graphical illustrations through- 
out the report: 

G indicates data point for small-size specimen tests 
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^ indicates data point in Figures 15 and 18 for specimen 
failure originating in hole proces«ed with roller burnishing 
tool 

^ indicates data point in Figures 15 and 18 for specimen 
failure originating in hole processed with bearingizing tool 

V- indicates data point for specimen "run out" in Figures 15 
and 18 

O indicates data point for Ti-6Al-6V-2Sn cuff with expanded 
holes 

^ indicates data point for Ti-13V- llCr-3Al cuff with expanded 
1 oles 

Q indicates data point for Ti- 6A1- 6V- 2Sn cuff with reamed 
holes 

D indicates data point for Ti- 13V- llCr-3Al cuff with reamed 
holes 

Ü indicates data point for Ti-6A1-4V cuff with shot peened 
holes 

O indicates data point for 4340 steel cuffs with reamed holes 
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INTRODUCTION 

Aerospace applications constantly demand the greatest strength-to-weight 
ratio available in materials.   Interest in two titanium forging alloys, 
Ti-6Al-6V-2Sn and Ti- 13V-llCr-3Al, is based on the high strength-to- 
weight ratio attainable in the tensile properties of these alloys in the 
heat-treated condition.   Additional factors which cause interest in these 
alloys are the good formability and the attainment of uniform, high 
mechanical properties throughout heavy sections. 

These two alloys represent the most promising of two separate families 
of titanium alloys.   The Ti-6Al-6V-2Sn is one of a series of alpha-beta 
alloys based on the original and highly successful Ti-6A1-4V.   The 
Ti- 13V- llCr-3Al is an all-beta alloy which has shown good mechanical 
properties throughout heavy sections. 

This research evaluation concerns only fatigue pi operties and support 
data for fatigue properties.   General mechanical property data existed 
for these alloys, but specific information on fatigue properties, partic- 
ularly as affected by production surface conditions, was lacking.   Finally, 
fatigue crack initiation and propagation data for a full-size structure pro- 
duced by current forging practices were desired for these forging alloys. 

In organizing this report, procedure, results, and discussion of results 
have been reviewed separately for each of the mechanical properties 
evaluated.   A list of the mechanical properties evaluated is given below. 

1. Fatigue crack initiation strength in shot peened open sections. 

2. Fatigue crack initiation strength in joints with reamed, shot peened, 
and expanded hole surfaces.   (NOTE:  Stress concentration factors 
of joint geometry and fretting corrosion are combined in this test 
series.) 

3. Fatigue crack propagation strength in shot peened open sections. 

4. Fracture toughness. 

5. Full-size component fatigue crack initiation and propagation 
strengths and comparison of full- size component results and 
small-specimen results. 

Supporting information, such as tensile properties, chemical analyses, 
forging, and heat-treating variables, has been presented in the appendix. 



SECTION I - AXIAL TENSION-TENSION FATIGUE TESTS 

EXPERIMENTAL TROCEDURE 

Three forgings of each alloy were cut into specimen blanks and identified 
as shown in Figure 1.   The blanks were machined to the required dimen- 
sions shown in Figure 2.  The reduced section of the specimen shown in 
Figure 2 was shot peened with S-110 shot to a 6A intensity.   Specimen 
identification was retained throughout all processing operations. 

With the specimen identification and a table of random numbers, the 
specimens were arranged in a random manner from the three forgings. 
Eighteen specimens were obtained from each forging and were listed. 
Groups of specimens were chosen from this list and were assigned to 
specific stress levels.   From this same list, without reference to stress 
level, the specimens were scheduled for testing on the ".ix fatigue ma- 
chines, described below, using the same randomization technique. 
Finally, the completed schedule was examined to assure that no anomalies 
in the randomization had occurred.   Typical of the anomalies considered 
was that a large portion of the specimens from one forging might have 
been scheduled to be tested on the same fatigue machine.   No anomalies 
of this type were found. 

The constant load fatigue machines with five-to-one amplifiers, Sonntag 
Scientific Corporation, Model SF- 1-U, are shown in Figure 3.   In this 
figure (right, center) is also an Ellis Company Model BA-12 bridge 
amplifier and a cathode ray oscilloscope which was used to measure the 
applied loads. 
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Figure 2. Dimensioned Sketch of Axial Tension-Tension 
Fatigue Specimen. 

Figure 3. General Facilities of Applied Research Laboratory. 
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Figure 4 shows a specimen installed 
in series with a load cell in the 
five-to-one amplifying fixture on a 
constant- load fatigue machine. Each 
load cell was calibrated statically in 
a Riehle IS-60 tensile machine; 
the Ellis BA- 12 bridge amplifier and 
oscilloscope were used to read the 
load cell strain gage bridge output. 
The calibrated load cell was used to 
read the static and dynamic loads 
applied to each specimen. The 
estimated accuracy for load measure-
ments is ± 2%. The overall testing 
accuracy for true stress measure-
ment is estimated to be approximately 
± 4% including the potential inherent 
bending stresses due to eccentricity 
of loading. 

Figure 4. Axial Specimen 
Installed in SF- 1-U 
Five-to-One Ampli-
fier. 

an infinite number of cycles, were 
of the form 

The axial fatigue data were analyzed 
statistically, and parameters were 
determined as follows. At each test 
level (example: + 70, 000 ± 60, 000 
psi) the logarithmic mean ( i .e . , 
arithmetic mean of the logarithm of 
the cycles to failure) was determined. 
A best-fitting smooth curve was 
drawn through these logarithmic 
mean points. Coordinate points of 
the mean curve and E s , the esti-
mated mean endurance strength at 

substituted into a curve shape equation 

and the constants of the equation (a and y) were determined. 

The IBM 7094 digital computer located in United Aircraft Research Lab-
oratories, East Hartford, Connecticut, was used in processing the indiv-
idual test failure point coordinates, the equation stated above, and the 
constants of that equation. The computer calculated the sample standard 
deviation, the sample mean endurance strength at an infinite number of 
cycles, E-p, and the sample coefficient of variation. The computer also 

5 



calculated specific stress and cycle intercepts of the mean curve.   These 
values were used to draw mean curves shown in this report. 

EXPERIMENTAL RESULTS AND DISCUSSION OF RESULTS 

A minimum of 30 specimens of each alloy were tested with mean stress 
(70,000 psi) held constant to produce the S/N curves shown in Figures 5 
and 6.   In analyzing the fatigue data, the results shown in Table I were 
obtained. 

TABLE I 

AXIAL TENSION- TENSION FATIGUE TEST RESULTS 

Alloy                      Ex 
(psi) 

a            y s              X 
(psi)*    (psi)* 

s/x 
(%)* 

Ti-6Al-6V-2Sn            14,900 

Ti-13V-llCr-3Al        16,000 

37,000      .20 

17,000      .35 

1640     29,500 

1680     19,400 

5.6 

8.6 

♦Applicable at lO^ cycles of vibratory stress. 

o 
Comparison of the mean strength and the coefficient of variation at 10 
cycles shows the higher strength of Ti-6A1-6V-2Sn over Ti-13V-llCr- 
3A1. 

It should be noted that the equations whose constants are listed in Table I 
above are based on results in the rai^e of from 10^ to 10^ cycles. 
Beyond 108 cycles or at less than lO^cycles, the equations should be 
used with caution, since no test data were obtained in these regions. 

Figures 7 and 8 shown typical fatigue fracture surfaces of the two alloys 
in the high cycle (above 10^) portion of the S/N curve.   Subsurface origins 
are evident due to the compressive stresses induced in the specimen sur- 
face by shot peening. 



Figure 5.   Ti-6Al-6V-2Sn Axial Tension-Tension Fatigue Results, 
Mean Stress = 70,000 psi. 

CYCLES 

Figure 6.   Ti- 13V- llCr-3Al Axial Tension-Tension Fatigue Results 
Mean Stress = 70,000 psi. 
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Figure 7. Fatigue Fracture Surface of Ti-6Al-6V-2Sn Axial Tension-
Tension Fatigue Specimen. 

Note: Arrows on both photographs indicate origin of failure. 

Figure 8. Fatigue Fracture Surface of Ti-13V-llCr-3Al Axial Tension-
Tension Fatigue Specimen. 
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SECTION II - JOINT FATIGUE TESTS 

EXPERIMENTAL PROCEDURE 

Ten forcings of each alloy were cut into specimen blanks, twelve blanks 
per forging, and were identified as shown in Figure 10. The blanks were 
machined to the required specimen dimensions shown in Figure 11. 

Randomization of test specimens was done in the same manner described 
in the section on axial tension-tension specimens. Initial randomization 
was made based on specimen identification; groups of specimens were 
assigned to specific surface conditions and loads f rom this list; the list 
was randomized a second time to avoid effects due to calendar time or the 
fatigue machine. 

Constant-load fatigue machines, Sonntag Scientific Corporation Model 
SF- 1-U, with five-to-one amplif iers 
were used to test the joint fatigue speci-
mens. These fatigue machines were shown 
in Figure 3. An Ellis Company Model 
BA- 12 bridge amplifier and cathode ray 
oscilloscope were used to measure the 
applied fatigue loads. 

Figure 9 shows a specimen installed in 
ser ies with a load cell in a five-to-one 
amplifying system on a fatigue machine. 
The calibrated load cell was used to 
measure the static and dynamic loads 
applied to each specimen. 

The procedure used to analyze the fatigue 
data was the same as that used for the 
axial tension-tension specimens. 

Figure 9. Joint Specimen 
Installed in Five-
to-One Amplifier 
on SF- 1-U. 
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The specimens were tested with holes in three conditions:   reamed, shot 
peened, and expanded.   All holes were drilled ard reaned in a fixture in 
accordance with normal shop practice.   Shot peened specimens were pre- 
pared using S-110 shot to a 6A intensity.   For the expanded specimens, 
expansion of 0,0005 inch on the diameter was accomplished using a roller 
burnishing tool in the bore at one end of the joint specimen and a bearing- 
izing tool in the bore at the opposite end of the joint specimen.   For all 
three hole conditions tested, the clearance between the bolt and hole was 
approximately 0.001 inch. 

The roller burnishing tool uses smooth tapered pins rotating on a smooth 
tapered mandrel, as illustrated in Figure 12.   The amount of expansion 
is controlled by mechanical stops which limit the travel of the mandrel, 
forcing the pins into the surface of the hole.   The bearingizing tool imparts 
a burnishing and peening effect with smooth straight pins rotating on a 
straight mandrel with ground flats on its circumference.   The amount of 
expansion is controlled by the dimei.sions of the bearingizing tool.   The 
straight pins are forced into the surface of the hole by a cam action; i. e.( 

the pins are driven from the minimum diameter at the center of the ground 
flats to the maximum diairfter at the edges formed between the ground 
flats. 

SURFACE OF HOLE 

TAPERED ROLL- 

TAPERED    „___ 
MANDREL 

)F HOLE ^       r 4 

AM 
7 

AFTER 

Figure 12.   Schematic of Roller Burnishing Tool. 
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EXPERIMENTAL RESULTS AND DISCUSSION OF RESULTS 

A minimum of 30 specimens of both alloys were tested at a nominal steady 
stress (not allowing for the stress concentration factor of the hole) of 
21, 600 psi.   This configuration of joint fatigue specimen has a theoretical 
stress concentration factor, due to the hole and geometry, of 2. 7, based 
on the theory described in Reference 5.    The fatigue test results are 
illustrated in the form of S/N curves, shown in Figures 13 through 18. 
Figures 15 and 18 show the specimen failures originating at the holes 
processed with the roller burnishing tool (indicated by the symbol V) and 
the failures originating at the holes processed with the bearingizing tool 
(indicated by the symbol ^J).   The results of the fatigue data shown in 
Figures 13 through 18 are summarized in Table II.   The mean endurance 
strength is given without allowing for the stress concentration factor of 
the hole. 

TABLE II • 

JOINT FATIGUE TEST RESULTS 

Alloy and Condition ET 
(psi) 

a. y s 
(psi)* 

X 
(psi)* 

s/x 
(%)* 

Ti-6Al-6V-2Sn 
Reamed 
Shot Peened** 
Expanded 

4,850 

10,300 

2,400 

1,440 

.667 

.667 

853 

1,350 

4,970 

10,300 

17.2 

13.1 

} 

• 

Ti-13V-llCr-3Al 
Reamed 
Shot Peened 
Expanded 

4,340 
7,080 
8,510 

1,440 
1,440 
1,440 

.667 

.667 

.667 

1,040 
1,250 

847 

4,410 
7,160 
8,570 

23.6 
17.5 
9.9 

* Applicable at 10** cycles of vibratory stress. 

\ 
1 

♦»Because of the large scatter in the data for the Ti-6Al-6V-2Sn shot 
peened joint specimens, the mean S/N curve, shown as a dotted line in 
Figure 14, was only estimated.   Therefore, the curve shape parameters, 
mean endurance strength, standard deviation, and coefficient of variation 
are not presented. 

Figures 19 and 20 illustrate the mean curves (without points) for each 
condition of each alloy.   For each condition, Ti- 6A1- 6V- 2Sn is superior 
to Ti- 13V- llCr-3Al.   Surface working of the holes (shot peening or ex- 
panding) improves the endurance strength of the joint, with expanding 
giving the greater improvement. 
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Table n illustrates the superiority of expanding over shot peening of 
relatively small holes by giving a higher endurance strength and a 
smaller standard deviation.   Expanding is considered to be a more eco- 
nomical process than shot peening for preparing close-tolerance, cold- 
worked holes.   Normally, for a shot peened hole, the hole is drilled and 
reamed in a fixture, removed for shot peening, and set up once again for 
a final reaming or honing operation.   However, the three operations are 
combined into one for the expanding process. 

The roller burnishing tool is the preferred expanding tool over the 
bearingizing tool.   Greater flexibility of this tool is possible relative to 
hole tolerances and amounts of expansion.   No significant difference in 
fatigue strength was apparent as a function of the expanding tool, within 
the limit of the same amount of expansion, 0.0005 inch, for both tools 
applied in this test series. 

Figures 21 and 22 are typical joint fatigue fracture surfaces of both 
alloys for each condition. 
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Figure 13.    Fatigue Test Results, Ti-6Al-6V-2Sn Joint Specimens, 
Reamed Condition, Mean Stress =21,600 psi. 
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Figure 14.   Fatigue Test Results, Ti-6Al-6V-2Sn Joint Specimens, 
Shot Peened Condition, Mean Stress =21,600 psi. 
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Figure 15.   Fatigue Test Results, Ti-6Al-6V-2Sn Joint Specimens, 
Expanded Condition, Mean Stress =21,600 psi. 
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Figure 16.   Fatigue Test Results, Ti-13V-llCr-3Al Joint Specimens, 
Reamed Condition, Mean Stress - 21, 600 psi. 
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Figure 17.   Fatigue Test Results, Ti-13V-llCr-3Al Joint Specimens, 
Shot Peened Condition, Mean Stress =21, 600 psi. 
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Figure 18.   Fatigue Test Results, Ti-13V-11 Cr-3A1 Joint Specimens, 
Expanded Condition, Mean Stress = 21, 600 psi. 
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Figure 19.   Mean Curves of Ti-6A1-6V-2Sn Joint Specimens for Three 
Hole Conditions, Mean Stress = 21,600 psi. 
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EXPANDED 

SHOT PEENED 

REAMED 

CYCLES 
Figure 20. Mean Curves of Ti- 13V- llCr-3Al Joint Specimens for 

Three Hole Conditions, Mean Stress = 21, 600 psi. 

Figure 21. Typical Joint Fatigue Fracture Surfaces, Ti-6Al-6V-2Sn. 

Note: Fractures, from left to right, are shot peened, reamed, and 
expanded. 
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Figure 22. Typical Joint Fatigue Fracture Surfaces, Ti-13V-llCr-3Al. 

Note: Fractures, from left to right, are shot peened, reamed, and 
expanded. 
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SECTION m - FATIGUE CRACK PROPAGATION TESTS 

EXPERIMENTAL PROCEDURE 

Twelve specimens oi each alloy were tested, four specimens at each of 
three test levels: 

1. 
2. 
3. 

+ 13,400 ± 5,000 psi 
+ 13,400 ± 10,000 psi 
+ 20,000 ±   5, 000 psi 

Each specimen was machined from a forging, Figure 23, to dimensions 
shown in Figure 24.   After machining, the specimens were shot peened 
with S-110 shot to a 6A intensity.   Randomization of forgings was accom- 
plished relative to test level and type of test in the same manner des- 
cribed previously. 

FORGING  DIM 
LENGTH    10.25 IN. 
WIDTH 5.87IN. THICKNESS    .56IN. 

Figure 23.   Location of Crack Propagation Specimen in Forging. 
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The specimens were precracked by flexing between a pair of preloaded 
1/8-inch-wide knife edges with an electric-motor-driven Krouse eccentric 
head, Figure 25. The length of the precrack was controlled to approx-
imately 3/8 inch by a microwire technique (cementing small copper wires, 
which are connected to a relay in the motor control circuit to the specimen 
at the desired end points of the crack). 

Figure 25. Crack Propagation Precrack Setup. 
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Fatigue crack propagation tests were conducted on a Wiedemann -
Baldwin IV-4 constant-load fatigue machine with a five-to-one load 
amplifier. The overall test setup is shown in Figure 26. 

Figure 26. Fatigue Crack Propagation Test Setup on the IV-4. 
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A calibrated load cell in series with the specimen was used to 
control the applied loads. Prior to testing, a strip of birefringent 
plastic, 1-1/2 by 4 inches, was bonded to the specimen in the pre-
crack area. A close-up of a specimen mounted in the fatigue machine 
is shown in Figure 27. 

Figure 27. Fatigue Crack Propagation Specimen Mounted in 
the IV-4. 

The crack length was measured after testing by projecting photographs 
of the specimen taken with polarized light at the maximum load applied 
by the fatigue machine. A scale, attached to the specimen, served as 
a base for the measurements taken. Four IBM 7094 digital computer 
routines were used to calculate and compare the following: 
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t 

1.    Stress intensity factor, K, psi /inch, where K is calculated from 
the equation   

S  V/I/4T2 (a/b)4 

K = 
2 - (a/bf - (a/b)4 

2. Crack propagation rate, microinches per cycle. 

3. Plots of fatigue crack length versus number of cycles of 
vibratory load. 

4. Plots of stress intensity factor versus fatigue crack 
propagation rate.   A least-squares-fit curve was obtained 
for the slow and fast propagation portions of these curves 
by means of another computer routine. * 

EXPERIMENTAL RESULTS AND DISCUSSION OF RESULTS 

The computer-reduced data are given in the following two graphical forms: 

1. Crack length versus cycles of vibratory load, Figures 28 
through 33. 

2. Stress intensity factor versus fatigue crack propagation 
rate, Figures 34 and 35. 

For comparison of the two alloys at each stress level, the fatigue 
crack propagation stress intensity factor at static failure and the cycles 
to failure from a 3/4-inch initial crack length are both given in Table in. 
The arithmetic average of the cycles to failure and the stress intensity 
factor at static failure for four test specimens are listed.   An initial 
crack length of 3/4 inch was chosen to eliminate variations in the effective 
specimen width due to the initial crack orientation and length produced by 
the precrack techniques. 

The slow crack propagation portions of the stress intensity factor versus 
crack propagation rate plots are defined only by a horizontal dotted line 
for the Ti- 13V- llCr-3Al alloy.   Not enough data points were available in 
the slow crack propagation region to determine the slope of this line 
accurately.   This lack of data is due to the relatively small amount of 
slow crack propagation before the onset of rapid fatigue crack propagation 
in this alloy. 

♦A more complete description of the computer routines for reduction 
of these data is given in Reference 2. 
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Figure 28.   Crack Length versus Cycles to Failure for Ti-6A1-6V-2Sn, 
First Stress Level = 13,400 ± 5,000 psi, Specimens 1, 2, 
3A, and 4. 
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Figure 29.   Crack Length versus Cycles to Failure for Ti-6A1-6V-2Sn, 
Second Stress Level = 13,400 ± 10,000 psi, Specimens 5, 
6, 7, and 8. 
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Figure 30. Crack Length versus Cycles to Failure for Ti-6Al-6V-2Sn, 
Third Stress Level = 20,000 ± 5,000 psi, Specimens 9, 10, 
llA,and 12A. 
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Figure 31. Crack Length versus Cycles to Failure for Tl- 13V- HCr- 
3A1, First Stress Level = 13,400 ± 5,000 psi, Specimens 
1, 2, 3, and 4. 
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Figure 32.   Crack Length versus Cycles to Failure for Ti- 13V- UCr- 
3A1,   Second Stress Level = 13,400 ± 10,000 psi. Specimens 
5, 6, 7, and 8. 
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Figure 33.   Crack Length versus Cycles to Failure for Ti- 13V- llCr- 
3A1,   Third Stress Level = 20,000 ± 5,000 psi, Specimens 
9, 10, 11, and 12A. 
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Figure 34.   Mean Curve of Stress Intensity Factor versus Crack Propa- 
gation Rate for Ti-6A1-6V-2Sn at Three Stress Levels. 
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Figure 35.   Mean Curve of Stress Intensity Factor versus Crack Propa- 
gation Rate for Ti- 13V- llCr-3Al at Three Stress Levels. 
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TABLE HI 

FATIGUE CRACK PROPAGATION TEST RESULTS 

Item Cycles to K 
Failure (at static fracture) 

(psi / inch) 

Ti-6A1- 6V-2Sn 

+ 13,400 ± 5, 000 psi 130,000 24,200 
+ 13, 400 ± 10,000 psi 25, 000 27,900 
+ 20, 000 ± 5, 000 psi 55,000 28,400 

Ti- 13V- HCr-3Al 

+ 13, 400 ± 5, 000 psi 112,000 23,500 
+ 13, 400 ± 10, 000 psi 29,000 26, 700 
+ 20, 000 ± 5, 000 psi 80, 000 31, 100 

Examination of the specimen fracture surfaces revealed a relatively 
rougher fracture surface for the Ti-13V-HCr-3Al alloy than for the 
Ti-6A1-6V-2Sn alloy (Figure 36). This condition was attributed to the 
larger grain size of the Ti-13V-llCr-3Al alloy. 

Ti- 6A1- 6V-2Sn 

Ti- 13V- llCr-3Al 

Figure 36. Typical Fracture Surfaces for Fatigue Crack 
Propagation Specimens. 
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SECTION IV - FRACTURE TOUGHNESS TESTS 

EXPERIMENTAL PROCEDURE 

Fracture toughness specimens were precracked in the same manner as 
the fatigue crack propagation specimens. The precrack was then ex-
tended to approximately 1 inch (Figure 24) by running at a low vibratory 
stress in a fatigue machine. The same microwire technique described 
previously was used to control the length of the crack. 

Fracture toughness testing was done in a Riehle PS-60 tensile testing 
machine. The overall test setup is shown in Figure 37. Test equipment 
and procedures followed the recommendations of Fracture Toughness 
Testing in Reference 4. A compliance gage, patterned after the unit 
described in Reference 1, was used to measure crack extension. A 
strain-gaged bent beam was used to measure compliance gage vertical 
displacement so that the electrical signal (representing vertical displace-
ment) could be recorded directly on the X axis of an Electro-Instruments 
Model 420 X-Y recorder. A calibrated load cell in series with the spec-
imen was used to measure load and was recorded on the Y axis of the same 
recorder. 

Figure 37. Fracture Toughness Test Setup. 
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Prior to testing, a calibration curve was constructed to correlate verti- 
cal displacement (v) measured by the compliance gage to crack extension 
in the specimen.   Several specimens with initial crack lengths (2a) vary- 
ing from zero to 3 inches were tested to determine their load- deflection 
curves under elastic loading conditions.   From these results, a plot was 
drawn of Ev/Sg w (corrected specimen compliance term) versus it a/w 
(relative crack length term).   A family of curves was then plotted by vary- 
ing the modulus of elasticity (E) in the corrected specimen compliance 
term as shown in Figure 38. 

The plane-strain fracture toughness (Kic) was calculated from the follow- 
ing equation: 

E Gfc = (1 - pi3) KIc
3 = Sg3 w tan (ir a/w) 

The point of load deviation from linearity or the load-deflection curve 
was used as the load determination in the Kjc calculation. 

At the point of maximum load, the value of Kc, plane-stress fracture 
toughness, was calculated from the following equation: 

E Gc = Kc
3 = Sg3 w tan (TT a/w) 

Before the Kc calculation was made, the half- crack length (a) was deter- 
mined from the compliance gage calibration curve. Figure 38.   The 
corrected specimen compliance and the relative crack length were cal- 
culated for the point of load deviation.   These quantities established a 
point on the calibration curve.   If the point did not fall on one of the 
previously drawn lines, a new curve was established that had the same 
shape as the family of curves.   From this curve and the calculated value 
of the corrected specimen compliance for the point of maximum load, the 
value of the relative crack length was determined and the plane- stress 
fracture toughness was calculated. 
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EXPERIMENTAL RESULTS AND DISCUSSION OF RESULTS 

Tabulation of the plane-strain fracture toughness (Kic) and plane-stress 
fracture toughness (Kc) values for the two alloys tested are given in 
Table IV.   Pop-in was observed in only a few specimens.   Consequently, 
the Kjc loads were taken at the point of load- deflection curve deviation 
from a straight line.   Plane-straii fracture toughness values are consid- 
ered to be conservatively low,   since it is generally stated in the litera- 
ture that pop-in occurs above the load-deflection-curve deviation point. 

Brittle fracture of the specimens occurred before general yielding for 
both alloys, which allowed valid calculation of plane-stress fracture 
toughness values (Kc).   Fracture toughness specimen failures are shown 
in Figure 39. 

TABLE IV 

FRACTURE TOUGHNESS TEST RESULTS 

Material Plane Strain (Kic) 
(psi yinch) 

Plane Stress (Kc) 
(psi /inch) 

1 

1 

Ti-6Al-6V-2Sn 

Ti-13V-llCr-3Al 

42,300 

45,800 

69, 400 

81,200 

S^SHHES 
• Ti-6Al-6V-2Sn 

.0 ISSSf? 
Ti-13V-llCr-3Al 

Figure 39.   Typical Fracture Surfaces for Fracture Toughness 
Specimens. 
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SECTION V - MAIN ROTOR CUFF TESTS AND COMPARISON OF 
THE CUFF RESULTS TO THE SMALL-SPECIMEN RESULTS 

EXPERIMENTAL PROCEDURE 

Helicopter main rotor cuffs, fabricated of Ti-6Al-6V-2Sn, T i -13V- l lCr -
3A1, Ti-6A1-4V,*and 4340 steel, * were fatigue tested on helicopter 
inboard main, rotor blade specimens installed in a Sikorsky constant-
displacement blade test machine. The test setup is shown in Figure 40. 

Figure 40. Main Rotor Blade Cuff Fatigue Test Setup. 

*The tes ts on the Ti-6A1-4V (annealed condition, minimum ultimate ten-
sile strength of 130, 000 psi) and 4340 steel (heat-treated to 125,000-psi 
minimum ultimate tensile strength per MIL-H-6875) cuffs were not per-
formed under the current contract, although the resul ts a r e included in 
this report for comparative purposes. 
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A helicopter cuff is shown in Figure 41. 

Figure 41. Helicopter Main Rotor Cuff. 

Vibratory flatwise and edgewise bending loads were applied simultane-
ously by means of an eccentric crack arrangement, while simulated cen-
trifugal loading was applied by compressed disc springs. The ratio of 
flatwise to edgewise vibratory loads and the magnitude of the centrifugal 
load closely simulated flight conditions. Vibratory loads were acceler-
ated well above flight values to initiate fatigue cracks within a reason-
able test time. 

Each test specimen was instrumented with resistance strain gages. The 
ga^es were physically calibrated in terms of the applied load and were 
used to measure the vibratory load distribution. An Ellis Company Model 
BA- 12 bridge amplifier and a cathode ray oscilloscope were used to read 
the vibratory loads. Centrifugal loadings were measured by calibrated 
load cells on the test machine and were verified by disc-spring deflection 
measurements. Microwire was installed in the critical areas of each cuff 
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specimen and was connected to the test machine motor control circuit so 
that a wire failure associated with fatigue crack initiation would stop the 
fatigue test. 

Each specimen was tested in fatigue crack initiation followed by fatigue 
crack propagation testing. The crack initiation phase was performed at 
vibratory load levels well above flight conditions until cracks were 
detected either by visual inspection or by microwire. 

Once fatigue cracks were generated, vibratory loads were reduced to 
levels simulating flight conditions. These levels were maintained until 
complete fracture of the cuff occurred. For these tests, cracks were 
considered to be detectable only when they had extended from the bolt-
hole to the outer edge of the cuff plate, as shown in Figures 42 and 43. 

Figure 42. Typical Main Rotor Blade Cuff Fatigue 
Crack a. Detection. 

Note: Arrow indicates fatigue crack. 
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Crack Initiation Tests 

For the specific cuff configuration 
tested herein, the number of cycles 
during crack propagation is for hole-
to-hole propagation prior to final 
fracture of the cuff. Figure 44 shows 
the complete fracture of a cuff. 

The crack initiation S/N curve shapes 
used for Figures 45 through 48 are the 
same as those established from joint 
fatigue tests reported in Section n of 
this report. 

Figure 43. Enlargement of 
Fatigue Crack Area at 
Detection. 

EXPERIMENTAL RESULTS AND DISCUSSION OF RESULTS 

The results of the cuff crack initiation fatigue tests are summarized and 
ranked in order of mean strength in Table V. The vibratory stress used 
for the cuff fatigue evaluations is the sum of the flatwise and edgewise 
stress derived by dividing the flatwise and edgewise vibratory loads by 
theoretical section moduli at the inboard bolt-holes. These stress values 
were used to rate the cuff materials and are not comparable to the stress 
values listed for the small-size specimens. Figures 45 through 47 are 
plots of the test points and respective mean crack initiation curves for 
each material and bolt-hole condition. Figure 48 illustrates the relative 
mean strength of all materials and bolt-hole surface conditions tested. 
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O Ti-6Al-6V-2Sn EXPANDED HOLES 
0  Ti- 13V- HCr-SAl EXPANDED HOLES 
O Tl-8Al-8V-2Sn REAMED HOLES 
D  Tl- 13V- llCr-3Al AS REAMED HOLES 

Figure 45. 

io5 10B 10' 10« 
CYCLES TO CRACK INITIATION 

HeUcopter Main Rotor Cuff, Ti-6Al-6V-2Sn and Ti- 13V- 
llCr-3Al, Vibratory Stress versus Cycles to Crack 
Initiation, Steady Centrifugal Load = 45,000 Pounds. 
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10' 10° 
CYCLES TO CRACK INITIATION 

10' 10" 

Figure 46. HeUcopter Main Rotor Cuff, Ti-6A1-4V, Shot Peened 
Holes, Vibratory Stress versus Cycles to Crack 
Initiation, Steady Centrifugal Load = 45,000 Pounds. 
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Figure 47. 

105 io8 108 IO' 
CYCLES TO CRACK INITIATION 

Helicopter Main Rotor Cuff, 4340 Steel, Reamed Holes, 
Vibratory Stress versus Cycles to Crack Initiation, 
Steady Centrifugal Load = 45,000 Pounds. 
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t. 
1 - Tl-6Al-6V-2Sn EXPANDED HOLES 
2 - Ti- 13V- llCr-3Al EXPANDED HOLES 
3 - T1-6A1-4V SHOT PEENED HOLES 
4 - 4340 STEEL AS REAMED HOLES 
5 - Tl-6Al-6V-23n AS REAMED HOLES 
• • Tl- 13V- llCr-3Al AS REAMED HOLES 

-1- _i_ 

10° 10° 
CYCLES TO CRACK INITIATION 

10' 10" 

Figure 48.   Helicopter Main Rotor Cuffs, Titanium Alloys and 4340 
Steel, Vibratory Stress versus Cycles to Crack Initiation, 
Steady Centrifugal Load = 45,000 Pounds. 
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Table VI shows the improvement in crack initiation fatigue strength 
obtained by cold working the cuff- to-spar bolt-holes, in comparison to 
th» resul ts for the reamed bolt-holes, for both the Ti-6A1-6V-2Sn 
and the Ti- 13V- l lCr-3Al alloys. The resul ts in this table a r e based on 
both the small-specimen joint test and the cuff test data. 

TABLE VI 

COMPARATIVE CRACK INITIATION FATIGUE STRENGTH OF 
Ti- 6A1- 6V-2Sn AND Ti-13V-l lCr-3Al SPECIMENS 
WITH COLD-WORKED OR REAMED BOLT-HOLES 

Specimen Type 
and Material 

Mean Crack Initiation 
Fatigue Strength @ 10® 
for Various Bolt-Hole 

Conditions (psi) Fatigue Strength Ratio 
Reamed Expanded Expanded/Reamed 

Joint Specimens 
(Section H): 

Ti-6A1-6V-2Sn 
Ti- 13V- l lCr-3Al 

4800 
4400 

10200 
8400 

2. 1 
1.9 

Full-Size Cuffs: 

Ti-6Al-6V-2Sn 
Ti- 13V- l lCr-3Al 

3700 
2900 

6450 
5800 

1.7 
2 .0 

Crack Propagation Tests 

Results of cuff fatigue crack propagation tests a re plotted in Figure 49. 
The materials with the best fatigue crack propagation resistance appeared 
to be Ti-6Al-6V-2Sn with expanded holes and 4340 steel with reamed 
holes. The resul ts indicate that the crack propagation resis tance of 
Ti-6Al-6V-2Sn (expanded, 4) and 4340 steel (reamed, 13) is comparable. 
The t e rms in brackets refer to the bolt-hole condition and the number of 
specimens respectively. The resul ts for the remaining cuff alloys with 
various bolt-hole conditions, in order of decreasing crack propagation 
resistance, were estimated to be as follows: Ti-6A1-4V (shot peened, 4) 
and Ti-6Al-6V-2Sn (reamed, 2), Ti- 13V-llCr-3Al (reamed, 3), Ti-13 V-
l lCr-3Al (expanded, 1). 

In all cases, fatigue cracks originated at the bolt- holes. Figures 50 and 51 
show typical f rac ture surfaces for the Ti-6Al-6V-2Sn and Ti-13 V-11 Cr-3 A1 
cuffs. 
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O Ti-6Al-6V-2Sn EXPANDED HOLES (4) 
0 Ti-13V-l lCr-3Al EXPANDED HOLES (1) 
O Ti-6A1-4V SHOT PEENED HOLES (4) 
O 4340 STEEL AS REAMED HOLES (13) 
O Ti- 6A1- 6V- 2Sn AS REAMED HOLES (2) 
• Ti- 13V- l lCr-3Al AS REAMED HOLES (3) 

a. P CO >« 
OS 

2 s 
- n — O -

&> o 
S a n o & 

O o 
0D 

105 10® 10' 108 

CYCLES FROM DETECTION TO FRACTURE 

Figure 49. Helicopter Main Rotor Cuffs, Titanium Alloys and 4340 Steel, 
Vibratory Stress versus Cycles From Crack Detection to 
Fracture, Steady Centrifugal Load = 45, 000 Pounds. 

Figure 50. Typical Fracture Surface for Ti-6Al-6V-2Sn Cuff. 

Figure 51. Typical Fracture Surface for Ti-13V-l lCr-3Al Cuff. 
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CONCLUSIONS 

For the alloys and heat treatments tested -   Ti-6A1-6V-2Sn and Ti- 13V- 
llCr-3Al solution heat treated and aged, Ti-6A1-4V annealed, and 4340 
steel heat treated to a 125-ksi minimum ultimate tensile strength -   it 
is concluded that: 

1. The fatigue crack initiation strength of Ti-6Al-6V-2Sn is superior 
to that of Ti- 13V- llCr-3Al on the basis of both small-specimen 
and full-size component tests. 

2. The fatigue crack propagation resistance for small-size speci- 
mens of Ti-6Al-6V-2Sn and Ti- 13V- llCr-3Al is not signifi- 
cantly different. 

3. Fracture toughness properties of Ti-8Al-6V-2Sn are comparable 
to those of Ti- 13V- llCr-3Al. 

4. The titanium alloy and the steel cuffs with various bolt-hole con- 
ditions are ranked us follows, in order of decreasing crack 
initiation strength:   Ti-6A1- 6V-2Sn (expanded), Ti- 13V-1 ICr-3A1 
(expanded), Ti-6A1-4V (shot peened), 4340 steel (reamed), 
Ti-6Al-6V-2Sn (reamed), and Ti- 13V- llCr-3Al (reamed).   Since 
some of these full- scale test results are based on a limited 
number of specimens, observed differences may not be statisti- 
cally significant. 

5. Both full-scale cuff tests and joint tests of small-size specimens 
indicate that the crack initiation strength of Ti-6A1-6V-2Sn and 
Ti- 13V- llCr-3Al are improved approximately 2:1 by cold working 
the bolt-holes.   Expanding the reamed holes resulted in a greater 
improvement in the endurance strength over that achieved by shot- 
peening the holes. 

6. The results indicate that the crack propagation resistance of Ti- 
6Al-6V-2Sn expanded, 4340 steel reamed, Ti-6A1-4V shot peened, 
and Ti-6A1-6V-2Sn reamed is of the same order.   Cuffs of Ti- 
13V-llCr-3Al expanded and reamed show a trend toward lower 
resistance to fatigue crack propagation; however,these results 
are based on a limited number of specimens and observed dif- 
ferences are not statistically significant. 

v 
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RECOMMENDATIONS 

1. Investigate the practicability of employing Ti-6Al-6V-2Sn for heli- 
copter applications in a salt-water enviionment.   Determine the 
influence of salt solutions on fatigue crack propagation and fracture 
toughness behavior. 

2. Investigate the Influence of forging above the beta transus on the 
fatigue crack initiation, crack propagation, and fracture toughness 
properties of Ti-6A1-4V and Ti-6Al-6V-2Sn. 

3. Ti- 13V- llCr-3Al is a heat-treatable material which can be heat- 
treated to very high yield strength values for titanium alloys.   Con- 
duct an investigation to determine the influence of heat-treatment 
conditions (especially solution heat-treatment temperature) on the 
fatigue crack initiation properties. 

4. Since cold working the holes resulted in an improvement in the 
joint strength of bolted titanium alloy specimens, this effect should 
be further investigated.   Determine the influence of expanding 
(roller burnishing and bearingizing) and shot peening on fatigue 
crack initiation in other useful materi?.ls (various steels, aluminum, 
and additional titanium alloys). 

5. The fatigue crack propagation and fracture toughness ratings of 
materials are influenced by various factors, including surface con- 
dition, grain structure, stress level and specimen size.   Investigate 
the effect of specimen dimensions on fatigue crack propagation and 
fracture toughness in materials of interest. 

46 



■"' •      •"'    ' 

3. 

4. 

BIBLICX}RAPHY 

Boyle, R., "A Method for Determining Crack Growth," 
Materials Research and Standards, Volume 2, No. 8, 
August 1962, pp. 646-651. 

Degnan, W. G., Dripchak, P. D., Matusovich, C. J., "Fatigue 
Crack Propagation in Aircraft Materials, " USAAVLABS 
Technical Report 66-9, U. S. Army Aviation Materiel Laboratories, 
Fort Eustis, Virginia, March 1966. 

Federal Test Method Standard No. 151a, Method 211.1, Tension 
Test , May 6, 1959. 

Fracture Toughness Testing and Its Applications, ASTM Special 
Technical Publication No. 381, American Society for Testing and 
Materials, Philadelphia, Pa., 1965. 

Heywood, R. D., "The Strength cf Lugs in Fatigue, " Royal 
Aircraft Establishment Technical Note Structures 182, Ministry 
of Supply, London, W. C. 2, January 1956. 

47 

■an 



■11      I      IWIWMIW —        ■    ■■ ■ ■ 

w^Kk ■ ■ 
■ 

APPENDIX 
MATERIAL CHEMICAL ANALYSIS, 

TENSILE STRENGTH AND FORGING METHODS 

SECTION I - AXIAL TENSION-TENSION FATIGUE TEST SPECIMENS 

The initial bar forging stock (3-3/4-inch round-cornered square) was 
supplied by Titanium Metals Corporation of America (TMCA) for both 
alloys.   Tables VII and Vm list TMCA's chemical analysis of the 
material supplied and the chemical analysis of the forging vendor, 
Wyman-Gordon Company (WG). 

TABLE VH 

CHEMICAL ANALYSIS OF Ti-6A1 -6V- 2Sn 

Analysis 
| Source 

C     Fe        N       Al     V        H O Sn Cu Ti 

Heat Number D-6423    Beta Transus   1650° F 

T^CA .022    .82    .016    5.5   5.7    .003 .10 2.0 .76 bal. 

TMCA .026    .68    .018    5.4   5.7      - - 2.0 .62 bal. 

1  WG .012    .86    .015    5.6   5.6    .003 .115 2.0 .79 bal.      | 

TABLE Vm 

CHEMICAL ANALYSIS OF Ti- 13V- llCr-3Al 

Analysis 
| Source 

C      Fe N       Al      V         H       O        Cr Ti              j 

Heat Number D-6999 

ITMCA .029   .18 .019    3.0    13.4    .009    .12    11.3 bal 

TMCA .028    .16 .026    3.1    13.4       -         -      11.0 bal.           j 

WG .021    .15 .025    2.8    13.6    .007    .12    11.2 bal.       _J 

The Ti-6A1- 6V-2Sn forging bar stock was heated to 1625°F for 2 hours 
before the first forging operation, was returned to the furnace at the 
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same temperature for 1 hour before sizing to final dimensions, and was 
water quenched.   The finished forging was solution heat-treated at 
1550° F for 1 hour, water quenched, aged at 1050° F for 4 hours, and air 
cooled. 

The time-temperature conditions for this heat treatment were determined 
by preliminary time-temperature-tension test experiments on specimen 
blanks cut from the forging to determine the optimum heat treatment 
conditions prior to heat treating the finished forgings.   The minimum 
desired ultimate tensile strength was 165,000 psi.   Table DC lists the 
tensile properties obtained (longitudinal direction) on the finished forging 
for this alloy.   These tensile tests and all other tensile test results 
reported were performed in accordance with Federal Test Method 
Standard 151a, Method 211.1, with a type R-3 specimen. Reference 3. 

TABLE IX 

TENSILE PROPERTIES OF Ti-6A1-6V-2Sn                           1 

Ft« 
1                                       (psi) 

Ft, 
(psi) 

e 
(%) 

R. A.                                  l! 
(%)                                   1 

171,000 162,000 8.5 25.1 

172,000 162,000 7.0 16.6 

171,000 163,000 8.5 18.8 

170,000 161,000 10.0 21.7                                   j 

Average -   170,800 162,000 8.5 20.5                                   | 

The Ti- 13V- llCr-3Al forging bar stock was heated to 1700°F for 2-1/2 
hours before the first forging operation, was returned to the furnace at 
the same temperature for 1 hour before sizing to final dimensions, and 
was air cooled.   The finished forging was solution heat-treated at 1335°F 
for 1 hour, air cooled, reheated to 1450° F for 1/2 hour, fan cooled, aged 
at 900° F for 20 hoars, and air cooled.   The temperatures and times listed 
in this heat treatment were determined on capability tests prior to heat 
treating the finished forgings to obtain a minimum ultimate tensile 
strength of 175,000 psi.   Table X lists the tensile properties obtained 
(longitudinal direction) on the finished forging for this alloy. 

Photomicrographs indicating the structure of the finished forgings of 
both alloys are shown in Figures 52 and 53.   This structure is not 
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considered to be optimum by the forging vendor because of the relatively 
small amount of reduction (29%), the short heating time at forging tem-
perature, and the possible retention of the structure of the original bar. 
This condition could be present in a normal forging. 

TABLE X 

TENSILE PROPERTIES OF Ti- 13V- l lCr-3Al 

F t u 
(psi) 

F t , 
(psi) (%) 

R. A. 
(%) 

182,000 170,000 6.0 9.3 

183,000 168,000 7.0 10.8 

181,000 170,000 8.5 12.3 

180,000 168,000 9.2 10.0 

Average - 181, 500 169,000 7.7 10.6 

Figure 52. Photomicrograph of Ti-6Al-6V-2Sn 
Axial Fatigue Specimen. 

Note: Magnification 200X, Etchant HN03 + HF. 
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Figure 53. Photomicrograph of Ti-13V-l lCr-3Al 
Axial Fatigue Specimen. 

Note: Magnification 200X, Etchant HNOa + HF. 

SECTION II - JOINT FATIGUE TEST SPECIMENS 

The initial bar forging stock (3-inch round-cornered square) was supplied 
by Titanium Metals Corporation of America (TMCA) for both alloys. 
Tables XI and XII list the material supplier 's chemical analysis of both 
materials and the chemical analysis of the forging vendor, Wyman- Gordon 
Company (WG). 

TABLE XI 

CHEMICAL ANALYSIS OF Ti -6A1- 6V-2Sn 

Analysis 
Source 

C Fe N A1 V H O Sn Cu Ti 

Heat Number D-7804 Beta Transus 1640° F 

TMCA .020 .79 .014 5.7 5.5 . 007 .11 2 .0 .73 bal. 

TMCA .022 .70 .015 5 .9 5.5 - - 2 .0 .65 bal. 

WG .016 .85 .012 5.7 5.6 . 004 .12 2 .0 .85 bal. 
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TABLE XTT 

CHEMICAL ANALYSIS OF Ti- 13V-J HCr- 3 Al 

Analysis 
Source 

C       Fe N Al V H O Cr Ti 

Heat Number D-7590 

TMCA .018    .16 .029 3.1 13.6 .003 .13 10,6 bal. 

TMCA .018    .16 .027 3.0 13.5 .008 .13 10.6 bal. 

WG .015    .14 .036 3.2 13.4 .009 .13 10.6 bal. 

The Ti-6Al-6V-2Sn forging bar stock was heated to 1625° F for 3 hours 
before the first forging operation, was returned to the furnace at the 
same temperature for 1 hour before sizing to final dimensions, and was 
water quenched.   The finished forging was solution heat-treated at 1550°F 
for 1 hour, water quei.ched, aged at 1100° F for 4 hours, and air cooled. 
The time-temperature conditions for this heat treatment were determined 
by preliminary time-temperature-tension test experiments prior to the 
heat treating of the finished forgings.   The minimum desired ultimate 
tensile strength was 165,000 psi.   Table Xin lists the tensile properties 
obtained on the finished forgings for this alloy.   Tensile tests were made 
in the longitudinal direction of the forging. 

TABLE Xm 

TENSILE PROPERTIES OF Ti- 6Al-6V-2Sn 

Ftu 
(psi) 

Ft, 
(psi) 

e 
(%) 

R.A. 
(%) 

164,000 161,000 13.5 44.4 

164,000 159,000 15.5 50.0 

180, 000 172,000 10.5 26.6 

168, 000 166,000 14.5 47.2 

Average-   169,000 164,500 13.5 42.0 
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The Ti- 13V- llCr-3Al forging bar stock was heated to 1700° F for 2 hours 
before the first forging operation, was returned to the furnace at the same 
temperature for 1 hour before sizing to final dimensions, and was air 
cooled.   The finished forging was solution heat-treated at 1335°F for 1 
hour, air cooled, reheated to 1450° F for 1/2 hour, fan cooled, aged at 
900° F for 15 hours, and air cooled.   This heat treatment was determined 
on the basis of preliminary time-temperature-tension tests prior to 
heat treating the finished forgings.   The tests were aimed at obtaining 
minimum ultimate tensile strengths of 175,000 psi.   Table XIV lists the 
tensile properties obtained on the finished forging for this alloy.   All 
tensile tests were taken in the longitudinal direction of the forging. 

Photomicrographs indicating the structure obtained in the finished forgings 
of both alloys are shown in Figures 54 and 55.   The structures obtained 
for these forgings were considered to be better than the structures obtainei 
for the axial tension-tension fatigue specimens.   Forging reduction for 
the joint specimen forgings was 37. 5%. 

TABLE XIV 

TENSILE PROPERTIES OF Ti- 13V-llCr-3Al                        I 
i 

Ftu 
(psi) 

Ft, 
(psi) (%) 

R.A.                                      1 
(%)                                        1 

182,000 171,000 5.5 11.6 

180,000 169,000 6.0 12.2 

190,000 178,000 6.0 10.0                                      | 

194,000 182,000 6.0 7.8 

Average - 186,500 175, 000 5.9 10.4                                       1 
i                                                                                                                            i V 
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Figure 54. Photomicrograph of Ti-6Al-6V-2Sn 
Joint Fatigue Specimen. 

Note: Magnification 200X, Etchant HNOa + HF. 

Figure 55. Photomicrograph of Ti-13V-llCr-3Al 
Joint Fatigue Specimen. 

Note: Magnification 200X, Etchant HNOa + HF. 
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SECTION m - FATIGUE CRACK PROPAGATION AND FRACTURE 
TOUGHNESS TEST SPECIMENS. 

The initial bar forging stock (2-inch round-cornered square) was 
supplied by Titanium Metals Corporation of America (TMCA) for both 
alloys.   Tables XV and XVI list the chemical analysis of the material 
supplier and of the forging vendor, Wyman-Gordon Company (WG). 

TABLE XV 

CHEMICAL ANALYSIS OF Ti-6A1-6V-2Sn 

Analysis 
| Source 

C        Fe       N       Al V        H O      Sn Cu Ti 

Heat Number D-7804  Beta Transus 1640°F 

TMCA .020    .79    .014    5.7 5.5    .007 Al    2.0 .73 bal.      | 

TMCA .022    .70    .015    5.9 5.5 -      2.0 .65 bal. 

WG .016    .85    .012    5.7 5.6    .004 .12    2.0 .85 bal.  _] 

1 
TABLE XVI 

CHEMICAL ANALYSIS OF Ti- 13V- llCr- 3 Al 

Analysis 
Source 

C       Fe N       Al       V         H O Cr Ti 

Heat Number D-5769 

TMCA .025    .15 .030    3.1    13.6    .007 .13 11.2 hal. 

TMCA .022    .12 .033    3.1    13.6 - 11.0 bal.            j 

WG .018    .17 .028    2.8    13.7    .009 .13 11.2 bal.           j 

The Ti-6Al-6V-2Sn forging bar stock was heated to 1625° F for 2 hours 
before the first forging operation, was returned to the furnace at the 
same temperature for 1/2 hour before sizing to final dimensions, and 
was water quenched.   The forging was reheated to 1625° F for 2 hours, 
flattened, and water quenched.   The finished forging was solution heat- 
treated at 1650° F for 1 hour, water quenched, aged at 1200° F for 2 hours, 
and air cooled.   Tensile properties obtained for this alley are listed in 
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Table XVEL   Tensile specimens were tested in both the longitudinal and 
the transverse direction of the forging.   The time-temperature conditions 
employed for this heat treatment were determined by time-temperature- 
tension tests prior to heat treating the finished forgings    The minimum 
desired ultimate tensile strength was 165,000 psi. 

TABLE XVH 

TENSILE PROPERTIES OF Ti-6Al-6V-2Sn 

Ft« 
(psi) 

Fty 
(psi) (%) 

R.A. 
(%) 

Direction 

181,000 173,000 8.0 20.3 longitudinal 

1P0,000 170,000 9.0 23.7 longitudinal 

184,000 174,000 6.5 13.0 transverse 

181,000 169,000 7.5 14.4 transverse 

The Ti- 13V- llCr-3Al forging bar stock was heated to 1800° F for 2 hours 
before the first forging operation, was returned to the furnace at the same 
temperature for 1 hour before sizing to final dimensions, and was air 
cooled.   The forging was reheated to 1800° F for 2 hours, flattened, and 
air cooled.   The finished forging was solution heat-treated at 1335° F for 
1 hour, air cooled, reheated to 1450° F for 1/2 hour, water quenched, 
aged at 900° F for 16 hours, and air cooled.   Tensile properties obtained 
from this forging are listed in Table XVIII.   Tensile specimens were 
tested in the longitudinal and transverse directions of the forging.   The 
time-temperature conditions for this heat treatment were determined by 
time-temperature-tension tests prior to heat treating the finished forgings. 
The desired ultimate tensile strength (minimum) was 175,000 psi. 
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TABLE XVIH 

TENSILE PROPERTIES OF Ti- 13V- l lCr-3Al 

F t u F t , e R. A. Direction 
(psi) (psi) (%) (%) 

197,000 182,000 7 .0 9.3 longitudinal 

195,000 178,000 7.0 13.0 longitudinal 

190,000 176,000 6.5 15.2 t ransverse 

185,000 171,000 7.0 16.0 t ransverse 

Photomicrographs showing the structure obtained on the finished forgings 
of both alloys are presented in Figures 56 and 51 The forging reduction 
was 72% for these specimens. 

Figure 56. Photomicrograph of Crack Propagation 
Specimen, Ti-6Al-6V-2Sn. 

Note: Magnification 200X, Etchant HN03 + HF. 
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Figure 57. Photomicrograph of Crack Propagation 
Specimen, Ti-13V-l lCr-3Al . 

Note: Magnification 200X, Etchant HN03 + HF. 

SECTION IV - CUFF FATIGUE TEST SPECIMENS 

The initial forging stock (6-inch-round and 8-1/4-inch-round billets) was 
supplied by Titanium Metals Corporation of America (TMCA) for both 
alloys. The 8-1/4-inch-round stock was used for th j two additional 
Ti-6Al-6V-2Sn cuffs required for the supplementary contract, since 
6-inch-round stock was not available at the time. Tables XIX and XX list 
TMCA's chemical analysis and the chemical analysis of the forging vendor, 
Wyman-Gordon Company (WG). Separate analyses a re presented for the 
original four Ti- 6A1- 6V- 2Sn cuffs and the two additional cuffs under the 
supplementary contract. 
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TABLE XK 

CHEMICAL ANALYSIS OF Ti-6Al-6V-2Sn CUFF FORCINGS 

Analysis 
Source 

C       Fe       N      Al      V        H O Sn Cu Ti 

(A) Original Four Cuffs 
Heat Number D-6423   Beta Transus   1650° F 

TMCA .022    .82    .016   5.5    5.7    .003 .10 2.0 .76 bal. 

TMCA .026    .68    .018    5.4    5.7 - 2.0 .62 bal. 

WG 012    .86    .015    5.6    5.6    .003 .115 2.0 .79 bal. 

(B)  Two Additional Cuffs 
Heat Number G-68  Beta Transus   1705° F 

TMCA .022    .73    .013    5.6    5.7    .004 .16 1.9 .70 bal. 

TMCA .026    .60    .014    5.7    5.6 - 1.8 .55 bal. 

TMCA .022    .61    .014    5.6    5.4    .008 .19 1.9 .58 bal. 

WG .018    .68    .012    5.7    5.4    .005 .16 2.1 .60 bal. 

TABLE XX 

CHEMICAL ANALYSIS OF Ti- 13V-llCr-3Al CUFF FORCINGS 

Analysis 
Source 

C       Fe N       Al V H       O       Cr      Ti 

Heat Number D-7641 

TMCA .028    .17 .023    3.0 13.6 .008    .15    11.2    bal. 

TMCA .025    .16 .024   3.1 13.8 .008    .15    11.3    bal. 

WG .018    .12 .039   3.2 13.1 .006    .14    10.4    bal. 

V 
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Table XXI gives the forging operations, temperatures, times,and cooling 
methods employed in forging the Ti-6Al-6V-2Sn cuffs. Figure 58 shows 
the configuration of the cuffs after the final forging operation. 

TABLE XXI 

S3 CO
 1 

p 6V-2Sn CUFF FORGING PROCEDURE 

Forging Operation 
Heat 

Cycles-Hrs. 
Furnace 
Temp. °F Method of Cooling 

Upset Forge 2-1/2 1625 Air cool to room temp 

Flatten 2-1/2 1625 Air cool to room temp 

1st Finish 2-1/2 1625 Reheat immediately 

2nd Finish 1 1625 Water quench 

Figure 58. Titanium Cuff After Final Forging Operation. 

The forging procedure for the two additional cuffs was the same as out-
lined above with the following two exceptions: 

1. All forging operations were performed at 1675° F. 

2. A preliminary operation of drawing down the stock from 
8- 1/2 inches to 6 inches was required. 
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The finished forgings were solution heat-treated at 1500° F for 1 hour, 
water quenched, aged at 1100° F for 4 hours, and air cooled.   The two 
additional forgings were heat treated in the same manner except that the 
solution heat treatment temperature was 1600° F. 

The time-temperature conditions for the heat treatments were deter- 
mined by heut treatment-tension test studies prior to heat treating the 
finished forgings.   The minimum desired ultimate tensile strength was 
165,000 psi.   Table XXU lists the tensile properties in the longitudinal 
and transverse directions obtained, employing test coupons from each 
forging. 

TABLE XXH 

TENSILE PROPERTIES OF Ti-6A1- 6V-2Sn CUFFS 

Ftu 
(ksi) 

LONGITUDINAL 
Ft_         e      R.A. 

(ksi)      (%)      (%) 
Ft« 

(ksi) 

TRANSVERSE 
Fty         e 
(ksi)      (%) 

R.A. 
(%) 

171 162 13.5 45.1 171 162 13.0 40.1 

172 164 13.0 41.7 176 166 14.0 43.1 

178 168 12.5 40.1 178 167 12.0 40.1 

170 160 12.0 37.6 174 166 13.0 41.7 

175 164 12.0 38.2 172 162 13.0 43.1 

Average      173.2 163.6 12.6 40.5 174.2 164.6 13.0 41.6 

Additional Cuffs 

178 169 10.0 35.7 178 169 10.5 53.5 

179 171 10.0 32.7 178 172 12.0 44.4 

Average      178.5 170.0 10.0 34.2 178.0 170.5 11.3 49.0 

Table XXm gives the forging operations, temperatures,and times in 
forging the Ti- 13V-11 Cr-3Al cuffs.   The finished forgings were heat 
treated at 133 5° F for 1 hour, air cooled, solution treated at 1450° F 
for 1 hour, air cooled, and aged at 900°F for 11 to 15 hours.   The tem- 
peratures and times listed in this heat treatment were determined by 
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heat treatment time-temperature-tension test studies prior to heat treat- 
ing the finished forgings to obtain a minimum ultimate strength of 175,000 
psi. 

TABLE XXm 

|                       Ti- 13V- llCr-3Al CUFF FORGING PROCEDURE                      \ 
Heat Furnace 

| Forging Operation Cycles-Hrs. Temp.  DF Method of Cooling 

Upset Forge 2-1/2 1800 Air cool         | 

j     Flatten 2- 1/2 1800 Air cool         j 

1st Finish 2-3/4 1700 Reheat immediately 

2nd Finish 1 1700 Air cool         | 

Table XXIV lists the tensile properties in the longitudinal and transverse 
directions obtained, employing test coupons from each forging. 

TABLE XXIV 

i                   TENSILE PROPERTIES OF Ti- 13V-1 ICr- 3A1 CUFFS                 i 

1                         Ft" 
1                      (ksi) 

LONGITUDINAL 
Fty       e     R.A. 

(ksi)     (%)     (%) 
Ftu 

(ksi) 

TRANSVERSE                          1 
Fty        e     R.A.                | 

(ksi)     (%)      (%) 

1                     180 166 4.5 9.3 175 167 3.5 4.7 

184 172 5.0 7.8 181 168 4.0 6.2                   | 

182 170 4.5 6.2 177 164 3.0 6.2 

179 168 2.5 7.0 179 168 3.0 7.0                   1 

188 170 5.0 7.8 188 165 5.0 7.8                  j 

Average      182.6 169.2 4.3 7.6 180.0 166.4 3.7 6.4                  ! 

One cuff forging of each alloy was sectioned to observe the uniformity of 
tensile properties throughout all sections.   Figures 59 and 60 show the 
test specimen locations in the Ti-6Al-6V-2Sn and Ti- 13V- llCr-3Al 
cuffs.   Tensile test results are given in Tables XXV and XXVI. 
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All the Ti-6Al-6V-2Sn specimens from the sectioned forging exceeded 
the minimum desired ultimate tensile strength value of 165,000 psi. 
Some of the ultimate strength values from the sectioned Ti- 13V- llCr-3Al 
forging were slightly below the minimum desired 175,000-psi ultimate 
level, with the lowest value being 170,000 psi.   In general, the tensile 
properties throughout all regions of the sectioned forgings of both alloys 
were uniform. 

TABLE XXV 

TENSILE TEST RESULTS 
FOR SECTIONED Ti-6A1-6V-2Sn CUFF FORGING 

Location 
Ft» 

(ksi) 
Ft, 

(ksi) (I) R.A. 
(%) 

1 173 160 12.0 33.2 

2 176 162 14.0 43.1 

3 176 164 12.0 40.1 

4 172 160 12.0 40.1 

5 174 160 8.0 20.3 

6 173 160 7.0 17.4 

7 173 162 7.5 18.1 

8 173 162 7.5 16.0 

9 178 166 9.0 25.1 

10 178 166 9.5 26.6 

11 174 166 10.0 31.1 

12 172 160 8.5 25.1 

13 172 159 8.5 29.2 

14 170 160 10.5 25.9 

15 170 160 13.0 31.9 

16 173 162 11.0 31.9 

65 

r        • 

MM 



TABLE XXV - Continued 

Location Ft« 
(ksi) 

Ft, 
(ksi) {%) 

R.A. 
(%) 

17 177 164 10.0 28.6 

18 178 166 11.0 32.7 

19 170 156 8.5 23.7 

20 175 160 7.0 18.1 

r* 
TABLE XXVI 

TEN3T.E TEST RESULTS 
FOR SECTIONED Ti- 13V- 11 Cr-3Al CUFF FORGING 

Location Ftu 
(ksi) 

Ft, 
Ocsi) (%) 

R.A. 
(%) 

1 175 166 4.0 4.5 

2 172 161 4.0 6.2 

3 173 160 3.5 6.2 

4 176 165 5.0 6.2 

5 174 163 4.0 4.7 

6 176 165 4.0 5.5 

7 170 161 4.5 7.0 

8 176 166 4.0 8.6 

9 182 171 5.0 7.0 

10 174 164 4.5 9.3 

11 182 171 4.5 7.0 

12 174 164 4.5 10.0 
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TABLE XXVI - Continued 

Location Ftu 

(ksi) (ksi) (%) 
R.A. 

13 173 162 5.5 8.6 

14 181 170 5.0 7.8 

15 178 167 6.0 8.6 

16 r4 163 6.0 12.2 

17 186 174 6.0 7.8 

18 182 172 3.5 7.8 
 1 

t 

67 

.       i< , ": -   ,-:,  \^-  '.•■   •>■>■    ■'-.'iV:-. 

I 

■■■■■■■riMaaia 



Photomicrographs indicating the structure obtrined on the forgings in the 
hub and web area for both alloys are shown in Figures 61 and 62. 

Figure 61. Photomicrograph of Ti-6Al-6V-2Sn Cuff Forging -
Hub (Top) and Web (Bottom). 

Note: Magnification 250X, Etchant HN03 + HF. 
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Figure 62. Photomicrograph of Ti- 13V- llCr-3Al Cuff Forging -
Hub (Top) and Web (Bottom). 

Note: Magnification 250X, Etchant H.PO + HF + C^H^Oo 
o 4 b 14 £ 
(Electrolytic) 
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