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ABSTRACT

High cycle fatigue data of unnotched Ti-6A1-2Sn-4Zr-6Mo revealed no
~ change in fatigue strength at 900 F compared to room temperature, 400 F,
and 700 F. At 1000 F, the decrease in fatigue strength from that at
900 F and below becomes noticeable., At 1200 F the decrease is significant.
The fatigue strength-life curve of specimens coated with electroless
nickel and diffusion bonded, which were tested at 1000 F, falls midway
between results of uncoated specimens tested at 1000 F and 1200 F., Micro-
structural changes occurring with time, at temperature, indicate a re-
finement of structure. Fractography reveals three distinct ar=as: an
initial radial area which is a mixed mode of quasi-cleavage and inter-
granular fracture; followed by a radial fibrous zone, the result of
dimpled fracture; and finally a shear lip which occurs by shear fracture.
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INTRODUCTION

Continuing development of Army aircraft gas turbine engines is paced by a
combination of material improvements and mechanical design. These factors are
of particular importance for both axial and centrifugal rotors where the re-
quirement is for good high cycle fatigue properties because of the relatively
long, slender airfoils. However, further engine developments will mean higher
shaft speeds and higher pressure ratios, hence, higher peak compressor tempera-
tures. For these reasons, the materials currently in use (iron-base superalloys
and Ti-6A1-4V) have a likely probability of being replaced due to their rela-
tively low peak operating temperature capability. Army engines now in some state
of development have peak compressor temperatures in the range of 700 F to 900 F.
Future engines are expected to shift the range still higher.

Fatigue-type failures are a constant concern in critical material applica-
tions such as aircraft gas turbines. One source of fatigue is vibration, a con-
sequence of rotation and/or fluid motion. Failure may result after a large num-
ber of stress cycles. Another prime source of fatigue is a consequence of start
and stop operations, where the failure mechanism has been identified as thermal
or low cycle fatigue. Here strain is the controlling variable, induced mostly
by temperature effects such as thermal mismatch, temperature transients, etc.

The high fatigue strength-to-weight ratio, notch toughness, and corrosion
resistance of titanium alloys have attracted considerable attention and interest
in the hope of using titanium in dynamic aircraft compressor components. Since
Army aircraft turbine engines must survive in an erosion/corrosion environment,
it is likely that any titanium alloy used will require a coating. The effect of
an electroless nickel coating has been determined to deteriorate the room temper-
ature fatigue resistance of titanium alloys.! Electroless nickel is an under-
layer for an erosion-resistant coating which is quite successful. Since the
underlayer by itself degrades room temperature fatigue strength, its effect on
fatigue resistance of titanium alloys at expected operating temperatures should
be documented. However, data are unavailable on the effect of this coating on
the fatigue resistance of titanium alloys at expected operating temperatures.

New or improved alloys for use in aircraft gas turbines are constantly being
sought. There is a current interest in using the alpha/beta alloy Ti-6A1-2Sn-
4Zr-6Mo for the impeller, taking advantage of its high yield strength and creep
resistance at temperatures around 800 F. The fatigue properties for this alloy
are available up to a temperature of 700 F.2 The objectives of this investiga-
tion are to determine if the high fatigue resistance reported for this alloy at
700 F and below exists at the higher temperatures of interest to engine design-
ers (900 to 1200 F), and determine the effect of coatings, such as electroless
nickel, on the fatigue properties of Ti-6A1-2Sn-4Zr-6Mo alloy.

1. LEVY, M., and MORROSSI, J. L. Erosion and Fatigue Behavior of Coated Titanium Alloys for Gas Turbine Engine Compressor
Applications. Army Materials and Mechanics Research Center, AMMRC TR 764, February 1976.
2. Titanium Alloys Handbook, MCIC-HB-02, December 1972, p. 5-7: 72-10.




MATERIALS AND EXPERIMENTAL PROCEDURE

The material tested, Ti-6A1-2Sn-4Zr-6Mo bar, was beta rolled and mill
annealed (1300 to 1350 F for 2 hours and air cooled). The ingot chemistry in
weight percent is:

Al Sn Zr Mo 0 N C Fe H Ti

5.8 2.0 4.1 5.6 0.006 0.009 0.027 0.09 0.001 Bal.

Specimens were machined from one-inch round bars into modified 426A tensile
fatigue specimens (Figure 1). The modified specimen has oversized threads and a
decreased cross-sectional area in the gage section. These modifications were
necessary since during previous testing the standard specimen broke frequently
in the threads, a common occurrence with high strength materials. The majority
of tests were accomplished on a Sonntag Universal fatigue testing machine, Model
SF10-U. Heating of the specimens was accomplished by a Satec three-zone split
furnace, Model SF-15, controlled to + 5 F, Fatigue tests were conducted at
900 F, 1000 F, and 1200 F, at a frequency of 30 Hz and a minimum to maximum
stress ratio (R) of 0.1. Fractured specimens were sectioned parallel to the
tensile axis and the microstructures examined near the fracture surface. Micro-
structures were also compared along the stress versus life curve for each temper-
ature. Several fatigue tests were repeated at 900 F at a 30 Hz frequency on an
Instron dynamic cycler, Model 1211. The Instron tester is hydraulically operated
and, unlike the Sonntag tester, cycling can be stopped almost immediately without
fracture surfaces coming into contact and destroying themselves. Replicas of
the undamaged fracture surfaces were prepared for examination under a transmis-
sion electron microscope.
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Figure 1. Axial tension fatigue specimen.




One set of specimens with a diffusion-bonded electroless nickel coating was
tested at 1000 F to determine the effect of the coating on fatigue life. Prepa-
ration of the test specimen involved the following sequence of operations: vapor
degreasing, vapor blasting, activation, plating, aging, and heat treating.

Samples were degreased with trichlorethylene vapor and vapor blasted with
100-grit glass beads at 70 to 80 psig. The washed and cleaned specimens were
immediately immersed in an activating solution of hot (150 F), slightly acidic,
10% nickel chloride solution for 2 minutes and transferred to a modified Brenner-
Riddell plating bath.3,*

The plating bath composition is as follows:

Chemical Formula Grams Moles
Nickel Chloride NiCl,+6H,0 30 0.126
Ammonium Chloride NH,C1 50 0.934
Sodium Chloride NaCl 5 0.085
Sodium Citrate Na3CgH503+2H,0 100 0.340
Sodium Hypophosphite NaH;P05<H50 10 0.094

All chemicals used were of reagent grade.

The plating conditions were: pH range 8 to 9; temperature 190 F + 2 F; agi-
tation constant with argon gas; plating time 2 hours, with an expected deposit
of 0.5 to 0.6 mil of electroless nickel. Plated specimens were rinsed in running
water, dried, and stored in a desiccator for at least 24 hours prior to heat
treatment. The coating was subsequently vacuum diffusion bonded at 10~“ torr
and a temperature of 950 F for 4 hours, then furnace cooled in vacuum. §

RESULTS

The experimental results are summarized in Table 1., Figure 2 shows stress
versus lifetime cycles obtained at 900 F, 1000 F, and 1200 F compared with simi- ;
lar curves (taken from the Titanium Alloys Handbook?) of tests conducted at room l
temperature (RT), 400 F, and 700 F. Within the experimental spread, data at |
900 F revealed no change in fatigue strength. At 1000 F, the decrease in strength
capability from that at 900 F is 7 ksi at 10° cycles and 10 ksi at 10° cycles.

However, at 1200 F there is a significant decrease in fatigue strength. The re-
duction is now 62 ksi at 10° cycles and 80 ksi at 106 cycles over the same life-
time cycle range.

Specimens coated with diffusion-bonded electroless nickel and tested at

1000 F had a fatigue life curve midway between that for uncoated specimens tested
at 1000 F and 1200 F (Figure 2).

3. U.S. Patent No. 2,253,283, December 5, 1950.
4. Symposium on Electroless Nickel Plating. American Society for Testing and Materials, Special Technical Publication No. 265, 1959.
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Table 1, FATIGUE TEST RESULTS ON Ti-6A1-2Sn-4Zr-6Mo SPECIMEN

Stress
Alternating
Test Temp. (max a-min a
Specimen (deg F) Maximum Mean 2 Cycles Break*
Uncoated 900 95 52.2 42.8 1.0 x 107 Runout i
95 b2 2 42.8 1.2 x 107 Runout i
110 55.0 45.0 3.7 x 105 M.T,
105 57l 47.3 5.86 x 1N® M.T.
105 57.7 47.3 1.43 x 106  M.T.
110 60.5 49.5 1.7 x 19% M.T.
4 119 60,5 49,5 3.02 x 105 0.T. v
1000 75 41.2 33.8 1.75 x 126 Threads
77.5 42.% 34.9 6.0 x 106 M.T.
80 44.0 36.90 7.34 x 106 M.T.
85 46.8 38.3 9.12 x 10° Threads
85 46.8 38.3 4,91 x 196 M.T.
90 49.5 40.5 4,42 x 106 M.T.
95 52.3 42.7 1.23 x 105 M.T.
100 55.0 45.0 1.83 x 10° M.T.
105 5717 47.3 .11 x 105 M.T.
1 115 63.2 51.8 2.0 x 10* 0.T.
1200 15 8.3 6.8 1.0 x 107 Runout
20 111l0] 9.0 1.78 x 106 M.T.
35 19.3 15.8 3.95 x 105 M.T.
60 33.0 27.0 2.4 x 10% M.T.
80 44.0 36.0 8 x 103 M.T.
L 90 49.5 40.5 4 x 103 M.T.
100 55.0 45.0 3x 103 M.T.
Electroless 1000 323501728 14.6 3.56 x 107 M.T.
Nickel Coated, 35 19.3 1547 1.0 x 197 Runout
Diffusion Bonded 40 22.0 18.0 2.78 x 108 M.T.
45 24.8 20.3 . 5.83 x 106 M.T.
50 2725 22.5 9.78 x 105 M.T.
L 70 385 s 8.0 x 104 M.T.
90 49.5 40.5 8.0 x 103 0.7,

*Runout: In excess of 107 cycles
M.T. = Middle Third
0.T. = OQuter Third

The microstructural changes occurring with time, at temperature, are shown
in Figures 3a, b, c, and 4. The changes are caused by the combination of stress
and time at temperature, which in turn affects the life of the material. The
resulting microstructures in all cases are very fine; therefore the photographs
were prepared at a magnification of 2100 times. Comparing structures of fatigued
specimens with the structure in the as-received condition (Figure 5) the following
observations are made. In the as-received condition, the microstructure consists
of alpha (light) grains in the form of various sized rods and plates in a trans-
formed beta matrix. In the longitudinal direction, the alpha appears primarily
as curved rods with a mixture of globular phase. This is obviously the result
of sectioning through the aligned plates and rods observed in the longitudinal
sections. The microstructures of the fatigued specimens illustrate the rapid
refinement of the elongated as-received structure during testing. The elongated
grains are being transformed, under the action of time at temperature, to equiaxed
smaller grains.
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Figure 2. Axial load fatigue for unnotched Ti-6Al-2Sn-4Zr-6Mo.

The fracture surface contains a topographical record of the events of crack
propagation. A schematic of the fracture surface viewed at low magnification is
shown in Figure 6. A general system of classification of fracture surfaces,
based upon their macroscopic configuration, includes markings that are either
parallel or perpendicular to the direction of crack propagation or may include
areas that are fibrous, granular, or cleaved in appearance.® A macrophotograph
of the fractured surface of a specimen tested at 900 F is shown, along with the
electron micrographs, in Figure 7. The microphotograph depicts three distinctive
fracture zones. The area propagating from the origin of fracture appears radial
and was more discolored, a deep yellow, than the other fracture surfaces, giving
evidence that this fracture surface was formed early and exposed to the high
temperature environment longer. The stress increased with the reduction in
cross-sectional area leading to the radial fibrous zone. The final zone in the
fracturing process is the shear lip.

Transmission electron fractographs of each fracture surface are shown in
Figure 7. The fracture surface in the area of the origin appears to be composed
of a mixed mode of quasi-cleavage and intergranular fracture. The area behind
the origin appears to be principally dimpled while the shear lip areas appear
also to be composed of dimples, some of which have been stretched.

5. BUNSHAH, R. F., ed. Techniques for the Direct Observation of Structure and Imperfections. Techniques of Metals Research,
v. II, part I, Interscience Publishers, New York, 1968.
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Figure 3. Axial load fatigue for unnotched Ti-6Al-2Sn-4Zr-6Mo.
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Figure 4. Axial load fatigue for coated Ti-6Al-2Sn-4Zr-6Mo, diffusion-
bonded electroless nickel at 1000 F.

DISCUSSINN

The required microstructure for the alloy Ti-6A1-2Sn-4Zr-6Mo which results
in an optimum combination of both fracture toughness and tensile ductility at
yield strengths of 170 to 180 ksi has been identified.® Such a structure contains
primarily a matrix of coarse acicular alpha and aged beta.® When the alpha
particles are irregular in shape and somewhat elongated, a crack propagating in
any plane not parallel to the axial face will find a more difficult path offered
than when the microstructure consists of more equiaxed alpha. The microstructure
of the longitudinal section in Figure 5 consists of a mixture of various sized
rods and plates of alpha elongated in the direction of rolling (bar axis). Many
titanium alloys are placed in service in the annealed condition. The annealing
of titanium alloys serves primarily to provide adequate toughness and maximum
ductility at room temperature and dimensional and structural stability at elevated
temperatures. The material, therefore, was tested in the as-received annealed
condition and the microstructure, consisting of elongated alpha particles in the
rolling direction and perpendicular to direction of a propagating crack, offers
resistance to fatigue crack propagation.

The microstructural changes occurring at 900 F during fatigue testing do not
affect the fatigue life of this material as can be seen when comparing the curves
for 700 F, 400 F, and RT (Figure 2). The greatest change in fatigue life occurs
at 1200 F and the accompanying microstructural change (Figure 3c) at 108 cycles
is to a finer structure with less defined alpha grain boundaries. The micro-
structural changes which occurred at lower temperatures are less dramatic; how-
ever, it is believed that a similar refinement of structure is taking place. The

6. HALL, J. A., PIERCE, C. M., RUCKLE, D. L., and SPRAGUE, R. A. Properties Microstructure Relationships in Titanium Alloy
Ti-6Al-28n-47Zr-6Mo. AFML-TR-71-206, November 1971.

s
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a. Ti-6Al-2Sn-4Zr-6Mo, as-received, sectioned parallel to rod axis.
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b. Ti-6Al-2Sn-4Zr-6Mo, as-received, sectioned transverse to rod axis.

Figure 5. Microstructure of Ti-6Al-2Sn-4Zr-6Mo. Etchant, 5 ml HCI, 500 m| H, O, 10 m| Zefferin chioride, 1 mi HF.
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Figure 6. Schematic of the fracture surface zones on
round tensile fatigue specimens.

microstructural changes for 900 F and 1000 F are shown in Figures 3a and 6 and
consist of refined alpha in a beta matrix. Photographs of the coated specimens
tested at 1000 F (Figure 4) do not indicate an unusual influence of the coating
on the refinement of the microstructure compared to uncoated specimens as would
be expected. Grain refinement appears to offer an improved path for a propagat-
ing crack,

Mechanical twinning can become an important mode of deformation in close-
packed hexagonal metals during high stress fatigue.’ A characteristic of twinned
regions in a fatigue specimen is the presence of small kink boundaries. The com-
plexity and fineness of the as-received structure made microstructural examination
difficult. Following testing, this microstructure was further refined, therefore
neither kink nor twin regions could be observed in the area of the fracture.

The use of heat-resistant alloys possessing high stability contributes to an
increase in the life of gas turbine engines. A further increase is connected with
certain structural and technological measures, one of which is the use of heat-
resistant coatings to protect the surface of components from oxidation and erosion.
It has been shown that the effect of heat-resistant coatings on the fatigue life
of heat-resistant materials is complex in character. The technique of depositing
the coating, the properties of the basic material, etc., all influence the effect
the coating will have on fatigue life.®

7. PARTRIDGE, P. G. Cyclic Twinning in Fatigued Close-Packed Hexagonal Metals. The Philosophical Magazine, v. XII,
November 1965.

8. GELL, M., and LEVERANT, G. R. Mechanisms of High Temperature Fatigue in Fatigue at Elevated Temperatures. American
Society for Testing and Materials, Special Technical Publication No. 520, 1973, p. 37.
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Figure 7. Macrograph (Mag. 10X) and electron micrographs (Mag. 3000X and 6500X) of Ti-6Al-2Sn-4Zr-6Mo
tested at 900 F, load 105 ksi, lifetime of 5.8 x 10° cycles.
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The application of a coating can have a number of relevant effects on the
fatigue properties of the coating-substrate composite: (1) the deformation be-
havior of the substrate may be changed because of the presence of a surface layer
having a different elastic modulus and yield strength from that of the substrate;
(2) as long as the coating is sound, oxygen is kept away from the substrate and
the effects of the oxygen absorption and gross oxidation are eliminated; and (3)
the fatigue properties of the coating in a gaseous environment become important,
If the fatigue properties of the coating are better than that of the substrate,
increased life may be expected. On the other hand, if the fatigue properties of
the coating are poorer than the substrate, cracks in the coating will serve as
surface notches and as paths for the oxygen to reach the substrate. Reduced
fatigue life of the composite would then be expected.® Figure 8 shows cracking
initiated at the surface of the coating. The photomicrographs are of the surface
(cross section) near the fracture. It can be seen that the cracks extend consid-
erably into the substrate. The coating is obviously more brittle than the sub-
strate, These cracks in the coating serve as surface notches lowering the fatigue
resistance of the composite structure.

Voids are usually formed at grain boundaries. These voids will tend to grow
because of the triaxial stresses and then coalesce or join together by rupturing
during crack growth, resulting in a surface that is fibered in appearance. Frac-
ture initiation is usually observed macroscopically as a fibrous zone, which
represents slow crack growth and propagation. It then changes to rapid or un-
stable propagition as shown in the radial zone. The final zone of the fracturing
process usually is the formation of the shear 1lip, the surface of which is smooth
and tends to be inclined 45° to the tensile axis.

The initiation zone observed in macroscopic examination of the fracture
surface is a radial zone. The markings are parallel to the direction of crack
propagation and hence assume a spoke or star-shaped appearance. Radial markings
usually result from either cleavage or low-energy tear-type propagation.® Elec-
tron micrographs at the origin of fracture indicate the failure mechanism occurred
by quasi-cleavage and intergranular fracture. The characteristic feature of ocuasi-
cleavage is the high density of short curved lines which results from the formation
of ridges when cracks grow together within the facet. Quasi-cleavage is a mixed
mechanism involving both microvoid coalescence and cleavage.®:10 1In addition,
there appears to be grain boundary separation. Therefore, the mechanism in this
zone appears to consist of a combination of microvoid coalescence, cleavage, and
intergranular fracture.

In the fibrous zone, failure usually occurs by normal rupture. On a micro-
scopic scale, the fracture is quite jagged since the crack advances by shear
fracture (void coalescence) on alternating planes inclined at 40° to 50° to the
tensile axis.? This form of fracture is commonly labeled normal rupture when
the fracturing path is normal to the tensile axis or fibrous when the jagged sur-
face has fibrous or silky appearance. The appearance of the second zone in
Figure 7 is radial fibrous and appears to be a result of dimpled fracture.

9. TETELMAN, A. S., and McEVILY, A. J., Jr. Fracture of Structural Materials. John Wiley and Sons, Inc., New York, 1967.
10. Interpretation of Transmission-Electron-Microscope Fractograph. American Society for Metals, Metals Handbook, v. 9, 1974,
p. 79-92.
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Figure 8. Ti-6Al-2Sn-4Zr-6Mo, coated with diffusion-bonded electroless nickel tested
at 1000 F, 45 ksi stress, life of 5.8 x 10° cycles.
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The final zone of the fracturing process is the formation of the shear lip
which is converted from the radial fibrous zone. The entire area of the remain-
ing cross section is probably plastically flowing as the shear lip develops in
the plastic zone. Fracture is rapid and occurs by shear rupture. The fracture
surface is extremely smooth and tends to be inclined at 45° to the tensile axis.
The electron micrographs show a dimpled structure, some of which have been
stretched. Features of shear rupture are dimples stretched out in the shearing
direction.®

The sequence of zones of the fracture path is changed from that which is
usually observed on fracture surfaces tested at room temperature. This may be
due to the fact that testing in this study was conducted at elevated temperatures.

CONCLUSIONS

1, Axial load fatigue data of unnotched Ti-6A1-2Sn-4Zr-6Mo revealed no i
change in fatigue strength at 900 F compared to room temperature, 400 F, and
700 F. At 1000 F the decrease in fatigue strength from that at 900 F and below
becomes noticeable. At 1200 F the decrease is significant,.

2. The fatigue strength-life curve of diffusion-bonded electroless nickel-
coated specimens tested at 1000 F falls midway between results of uncoated speci-
mens tested at 1000 F and 1200 F. The reduction of fatigue life may be attributed
to the notch effect of cracks observed in the plating, a result of the poorer
fatigue properties of the coating. There are other erosion-resistant coatings
which are less deleterious to fatigue properties.! The effect of these coatings
on elevated temperature fatigue properties of titanium alloys should be determined.

3. Microstructural changes occurring with time, at temperature, indicate
refinement of structure with time and temperature.

4, Macrofractographs reveal three distinct areas: an initial radial area,
followed by a radial fibrous, and finally a shear lip.

5. Transmission electron microscopy of surfaces fractured at 900 F indicate
a mixed mode at the origin of quasi-cleavage and intergranular fracture while the
second area (radial fibrous) appears to be principally dimpled. The shear lip
occurs by shear fracture.

* ACKNOWLEDGMENT

The author appreciates the assistance of the Titanium Metals Corporation of
America in supplying samples of the titanium alloys.used in this study.




o s

A TGN 8. e o, i

DISTRIBUTION LIST

No. of
Copies To
1 Office of the Director, Defense Research and Engineering, The Pentagon,
Washington, D. C. 20301
12 Commander, Defense Documentation Center, Cameron Station, Building 5,
5010 Duke Street, Alexandria, Virginia 22314
1 Metals and Ceramics Information Center, Battelle Columbus Laboratories,
505 King Avenue, Columbus, Ohio 43201
Office of the Deputy Chief of Staff for Research, Development, and Acquisition,
Washington, D. C. 20310
2 ATTN: DAMA-ARZ
Commander, Army Research Office, P. 0. Box 12211, Research
Triangle Park, North Carolina 27709
1 ATTN: Information Processing Office
Commander, U. S. Army Materiel Development and Readiness Command,
5001 Eisenhower Avenue, Alexandria, Virginia 22333
1 ATTN: DRCLDC, Mr. R. Zentner
Commander, U. S. Army Electronics Research and Development Command,
Fort Monmouth, New Jersey 07703
1 ATTN: DRDCO-GG-DD
1 DRDCO-GG-DM
Commander, U. S. Army Missile Research and Development Command,
Redstone Arsenal, Alabama 35809
1 ATTN: DRDMI-RKK, Mr. C. Martens, Bldg. 7120
Commander, U. S. Army Armament Research and Development Command,
Dover, New Jersey 07801
2 ATTIN: Technical Library
1 DRDAR-SCM, Mr. J. D. Corrie
Commander, Aberdeen Proving Ground, Maryland 21005
1 ATTN: STEAP-TL, Bldg. 305
Commander, Redstone Scientific Information Center, U. S. Army Missile
Research and Development Command, Redstone Arsenal, Alabama 35809
1 ATTN: DRDMI-TB
Commander, Watervliet Arsenal, Watervliet, New York 12189
1 ATTN: SARWV-RDT, Technical Information Services Office
Commander, U. S. Army Foreign Science and Technology Center,
220 7th Street, N. E., Charlottesville, Virginia 22901
1 ATTN: Mr. Marley, Military Tech

Director, Eustis Directorate, U. S. Army Air Mobility Research and
Development Laboratory, Fort Eustis, Virginia 23604
ATTN: Mr. J. Robinson, DAVDL-E-MOS (AVRADCOM)

A e




No. of
Copies To
Commander, USACDC Air Defense Agency, Fort Bliss, Texas 79916
1 ATTN: Technical Library
Commandant, U. S. Army Quartermaster School, Fort Lee, Virginia 23801
1 ATIN: Quartermaster School Library
Naval Research Laboratory, Washington, D. C. 20375
1 ATIN: Dr. J. M. Krafft - Code 8430
2 Dr. G. R. Yoder - Code 6384
General Dynamics, Convair Aerospace Division, P. 0. Box 748,
Fort Worth, Texas 76101
1 ATTIN: Mfg. Engineering Technical Library
Chief of Naval Research, Arlington, Virginia 22217
1 ATTN: Code 471
Air Force Materials Laboratory, Wright-Patterson Air Force Base, Ohio 45433
2 ATTN: AFML/MXE/E. Morrissey
1 AFML/LC
1 AFML/LLP/D. M. Forney, Jr.
1 AFML/MBC/Stanley Schulman
National Aeronautics and Space Administration, Washington, D. C. 20546
1 ATIN: Mr. B. G. Achhammer
1 Mr. G. C. Deutsch - Code RW
National Aeronautics and Space Administration, Marshall Space Flight
Center, Huntsville, Alabama 35812
1 ATTN: R. J. Schwinghamer, EHOl, Director, M&P Laboratory
1 Mr. W. A. Wilson, EH41, Building 4612
1 Ship Research Committee, Maritime Transportation Research Board, National
Research Council, 2101 Constitution Ave., N. W., Washington, D. C. 20418
Director, Army Materials and Mechanics Research Center,
Watertown, Massachusetts 02172
2 ATTN: DRXMR-PL
1 DRXMR -AG-MD
1 Author




S

*34N)ORJ4 4RAYS AQ S4NID0 yoiym di| 4eays e Aj|euty
pue ‘aunjdedy padwip 40 I|NS3AJ Ay} ‘AUOZ SNOJ4QLy |eLpes © AQ pamo| |04 *aunjdeuy
Jde[Nueubialul pue 3beARI|D-LSEND JO IpOW Paxiw P SL YILYM PAUP [eLpeJ [BLILUL uep

ISPIUR JDULISLP 334y} S|PIAAL Aydeaboldeay "34NIINUYS JO JUBWBULIIJ © 3JeILpul
‘aunjesadwal 1@ ‘awtl yIim butuauanddo sabueyd |PuNIINAISOUILW "4 0021 PU® § QOCL 3®
Paisal suawidads Paleodun 4O SI|NSAU UIIMIIQ APMPLW S|[®) *4 Q00L 3I® PIISI} UM
YILYM *papuoqg UOLSNLp PUR *|3YDLU SS3|04329[3 YILM pajeod suadwldads 40 3A4nd
3j1-y36u0uls anbiyey Ayl “Juediylubls SL 3seaudsp Ay 4 0021 IY "3|geadtjou
S3W0Daq MO|3q pue 4 Q06 3€ 1ey) wouy yjbueuls anbiiey ul aseaudap Yl ‘34 0001

¥ "4 00, PuUR ‘4 Q0p ‘94njeuadwal woo4 03 padedwod 4 Q06 I° yibuauis anbijey

ut abueyd ou P3|RBABL OWG-4Zp-uS2-{¥9-1] PaydIouun 3o eIep anbijey 324D ybiy

anbiiey 324> ybuy LLOOY8H SO L1219 2PO) SWIWY
(sieraa3ew) anbiyey ‘P8HYSO1291L 1L 323loag ¥/Q *31qe3-sni|t
sho||e wniueyty - dd 9| “8/61 3unp “/2-8/ Y1 JYWWY 140d3y |eILUYd3|

LPOH °S Yuedy
- OWQ 47p-uSZ-1V9-t1 340 S3ILY¥3d0¥d 3INIILV4
37240 HITH NO UNIVY3IdWIL 40 JININTINT
20120 S333SNYJRSSP ‘uUMOI43IeM

$A33U3) Yd4RASAY SOLURYIAY Pue S|eladley Auuy

Sp4om Aay

NOILNGI¥LSIO QILIKITINA
Q3I4ISSYTIINN

av

T94N1OeA4 4RAYS AQ SANDID0 ydiym di| Jeaus e A||euly
pu® ‘3unjoeuy paldwip O I|NS3J Ay} ‘2U0Z SN0J4QL) |eLpes © AQ pamo||0) *3unjdedy
4e|Nueabiajul pue abeARI[D-LSEND 40 3pOW Paxiw P SL YILym B3AUP [eLped [PLILluLl ue

ISPAUP JOULISLP 334yl S| PAAdL Aydeaboldeay  "3UNIINUIS 4O JUBWAULAL B 3D LpUL
f3unieuadual 10 ‘3wl yitm BuLaunddo sabueyd [eanIONAISOMOLN "4 0021 PuU® 3§ 0OCL 3T
Paisal SuUswLDACS PaleoIuUN 4O SI|NS3J UIaMIAQ APMpLW S| By ‘4 Q00| 3I© PIISIA} UM
UILYM ‘papuoq uOLSNLPp PUR “[3YDLU SSI[04303|3 YILM Pajeod Suawldads 0 dAand
ajt-uibuouys anbiiey 3yl  juediytubils s1 aseasdap auyl 4 00ZL I¥Y “2L9eadtou
SA0I3q MO[3G PuR 4 Q06 1° 1BY] wody y3buouls anbLiey ul ISe3UI3P Yl ‘4 0001

I 4 00 pue ‘4 00p ‘94nieuadwal wOOL 03 pasedwod 4 006 1° yibuaals anbijey

ut 3bueyd ou pPa|PAABL OWG-4Zp-USZ-(Y9-L] PaydIouun ;0 eiep anbLiey 3241 ybiy

LLOOYBH SOLZL9 3P0 SWIWY
“PEHYS0 129111 323loag y¥/Q ‘alqe3-sni|t
- dd g1 ‘961 AUNC *[2-8/ ¥1 JYWWY 14003y [eILuyd3]

LPOH S Auedy
- OW9-47p-uSZ2-1¥9-t1 J0 S311¥3d0¥d IN911V4
370A0 HOTH NO ¥NIVY¥IdWIL 40 FININTINI
20120 S3I3SNYILSSPK ‘UMOIA3IeM

$A33U3) YI4PASAY SOLURYIAY PuUB S|BLUAICK Auuy

anbiiey a4 ybuy
(s|ew4ajew) anbiiey
sko||e wniuelt|

Spaom Loy

NOILNEIYLISIO QILIWIIND
Q3T41SSYINN

|
—+

“94n3deay 4eaYs AQ S4nd20 ydiym di| Jeays e A[[euLy
pue ‘3unjdedy pajdwip 40 NS4 Y} ‘3u0Z SNOJQL) |eLPeJ B AQ pamO| |0 ‘Bunjdedy
Je|nueabaajut pue abeAea|d-1senb jO apow paxiw P SL YDLYm BIJe |BLPeJ |PLJLUL up

1SRAUP JOULYISLP 334y] S|e3A3L Aydeubojodesy “34n3ONUIS JO JUBWALLIIJ B 3IPILPUL
“3unjeuadway e ‘awtl yitm burauandd0 sabueyd |PANIONUISOJDLW "4 0021 PUR 3§ QOCL 1e
Pa3saj} suawldads pajeodun 4O SI|NSAJA UIIMIAQ AemplLw S| B *4 QO0L I® PaISa] IJom
YOLym *papuoq UOLSNJJLP PUR *[3YDLU S$S3|041D3(3 YILM PaJeod Suswidads jO 3A4Nnd
3j11-y1buoays anbriey 3yl “Juedtjiubls SL 3seaudap Yl 4 002 IV "2|geadtiou
SaW0d3q MO|3q pue § Q06 3° 38yl wouy y3buauys anbiiey uL 3seaddap Yl ‘4 0001

I "4 00/ Pu® ‘4 Q0p ‘94nje.ddwe)] wOOJ 03 pasedwod 4§ 006 I Yibuauys anbiyey

ul 3bueyd Ou P3| BIABI OWY-4Zp-US2-|y9-11 Paydjouun 40 ej3ep anbiiey 3240 ybiy

anbiiey 324> ybuy LLOOYBH SOLZ19 3POT SWIWY
(stetaazew) anbiyey ‘P8HYSO129111 323l044 y/Q *31ge3-sn||t
sko||e wniuej L] - dd g1 ‘g/61 AUNC */Z-8L Y1 JYWWY 34003y [EILUYDI]

spJaom Aay LPOH *S Wuedy
- OW9-47p-USZ-(¥9-11 40 S3I1L1¥340¥d INILv4
zo—p=MWﬂ“wmm<MWWMz_4z: 31040 HOTH NO FWNLVI3AWIL 40 3ONINTINI
" 20120 S333snydessey ‘umojaajem
av “133Ud) YD4PISIY SOLURYIIY PUP S|PLUIIPK Awdy
— c— ] e c—— i — — —

" "94N3ORA} URAYS AQ SANII0 YdLlym di| JeauS e A|(euly
pue t3aunjdedy pajdwip JO I|NS3J Y] ‘SUOZ SNO4QLy |PLped © AQ Pamo| |04 ‘aunidedy
aenueabadjut pue abeAea|d-1senb JO Spow paxiw © SI YILYM BaUP |[PLPPJA [BLILUL ue
1SPAUR JOULISLP 334yd S| P3AdL Aydeaboldoeay “34NIONAYS 4O JUAWIULIBA P 33PILpUL
€24n30430w3 I® ‘auny yitm Buraandd0 sabueyd [RANIONUISOUDIN  C4 Q0ZL PUR § QOCL 3®
Pa3sa] Suawidads pajeodun O S|NSIJ UIIMIIQ APMpLW S|P 4 Q00| I® PaISA] dam
YOLYM ‘papuog UOLSNIJLP Pu® *|3XJLu SSI[043I3[3 YILM PaJend Suduwidads jO AAaNd
3jL|-y3buouys anbLiey 3yl “JuedLLubLs SL 3SPaUDap Y 4§ 02| IY “9|Qeadliou
SaW0>3q MO|3Q pu® 4 Q06 3 IeY) wouy y3IHuauls anbLIey UL 3SPaJSIAP AUl ‘4 0001

¢ "4 00 pue *4 Q0p ‘d4njeuddwadl woo4 03 pasedwod 4 Q06 1@ uibuauirs anbuiey

ut abueyd Ou pa[PIABS OWQ-4Zp-USZ-[Y9-1] PaydIouun 40 ejep anbiiey a|d>4Ad ubiy

anbiey 324> ybuy LIOOYBH SO 1219 3PO) SWIWY

(s1eraajew) anbiyey “PBHYS0129111 323louy y/Q *algei-snyy
sko|e wniuejt] - dd 91 ‘861 AUNC */2-8/ M1 JYWWY 34043y |PI1Uyd3]

spaoM Aay LPOH *S yueay
- ON9-47p-US2-1¥9-11 40 SITL¥IONd 3N91Lv4
zo_»=Mquwmm<ﬂWWMz_dz: 310AD HOTH NO JMN1VHINIL 40 IININTINI
v 20120 SIIISNYILSSEY ‘UMOIUIIBM
ay $433U3) YDJ4PASAY SILURYIAY puP S|eladjey Auuy

wod




kgt |

. ‘adnjdeuay 4RAYS Ag SAndD0 ydiym di) Jedys e Ajjeuly
pue faunjoedj paldwip jO I|NS34 Y] “SUOZ SNOJQLy [eLpea © AQ pamo| |03 :dunjdedy
denueabiajul pue abeaea)d-1sendb ;0o apow paxiw P sL yYILym egJe [eLpeJ [eLILUL ue

1SRAUR JOULISIP 934yl S|PIAAUA Aydeabojdedy “34n3dNUIS 4O JUBWBULIAL B IJRILpuL

‘ainjesadwa) 3@ ‘awl) yiim BuLaandI0 Sabueyd [BANIONAISOUILW "4 0021 PU® 4 00GL 3®
Pa1Sa} SuawidadS PIIROIUN 3O SI|NSBA UIIMIAQ APMpI S1|®} 4 0001 3I® PIISDY dJoM

YOLUM ‘papuog uoLSNyjLp PU® “|3)dLu SSI[0J4ID3[3 YILM PaJeod suawldads 40 aA4Nd
ai1-y3buoals anbLiey Y] “juediytubls St 9seaudap 3yl 4 0021 I¥Y "219eadLjou
S3W03q MO|aq pue 4 QU6 1° 318yl wouay yibuauys anbiiey uL 3seasddp 3yl ‘3 0001
¥ 4 00, pue ‘4 00p ‘94njeuadwa) wood 03 padedwod § Q06 3Ie yibuauls anbiiey
uL abueryd Ou Pa|eBIABA OWY-4Zp-USZ-[Y9-L]| Paydjouun ;0 ejep anbriey 31242 ybiy

LLOOYBH SO 1219 POD SWIWY
‘p8HYSO 129111 323Coad y/Q ‘aqea-snift
- dd 9| ‘861 3unP ‘/Z-8L Y1 DYWWY 340d3y [eILuyda]

anbLiey 240 ybuy
(s|etaajew) anbirjey
sAo||e wntuelij

Sp40oM A3y LPOH *S yuedy
- OWg-475-USZ-{¥9-11 40 SITL¥IA0¥A INOTLVI
ao_bgmwwwwwm<mWNLzﬂqz= I10A0 HOTH NO FWNLYYIdWIL 40 FONINTANI

— 2(120 S333SNYJeSSey ‘uMOJU3IeM
av €433U9) YDURASIY SILURYDIY PuR S{RLANLY Auay

“3ANYOBAH JRIYS AQ SANID0 ydiym di| J4eduys e A||euly
pue *aunidedy pa|dwip O I|NS3J 3y} “aU0Z SNOJAGL) [PLPRJ © AQ pamo([0j ‘aunidedy
ae|nueabualul pue abeaea(d-15enb jo 9pow Paxiw P SL YILYM BIJP [eLpPJ [PLILUL ue

ISPIUR JOULISLP 334yl S[PIAJL Aydeaboldedy "34NIINAYS SO JUBWAULLIA B IIRDILpUL
‘aunjedadwal 1° ‘awt} yIim HuLaanddo sabueyd [RANIINUISOLILW 4 0021 Pu® 4 00CL 3®
P31S3T Suawidads PaIrOdUN O SI|NSIA uIIMIAQ APMpLW S| [Py ‘4 Q00L I® PIISI) 34oM
YOLYyM “papudq uoLSNJLp Pu® *[3)DLu $S3|043I3[3 YILM Pale0d SuawIdS O 3A4nd
ajt(-y3buouls anbLiey ayl “juedtyiubls St aseauddp ayy 4 002L IY “21geIdLIoU
SaW0d3q MO|ag pue § 006 3¢ I1ey) wouy y3busuys anbiyey uL aseaudap ayl ‘34 0001

¥ "4 00/ pue ‘4 00p ‘94njeuadwadl wood 03 padedwod 4 006 I° Yibuauls anbiyey

ul 2bueyd OU PI|PBABU OWG-JZp-USZ-(Y¥9-1] paydjouun o ejep anbriey 324D ybry

anbiiey 31245 ybuy LLOOYBH S0 LZ19 3PO) SWIWY
(sietaazew) anbiyey “Y8HYGO 1291 1L 3123l04g y/q ‘31qei-snift
sAof|e wniueaLy - dd 9| ‘/61 AUNP ‘£2-8L Y1 JYWWY 34043y |edLuuda]

spJom £ay LPOH “S AueUy
- OW9-47p-usz-1¥9-11 30 SITLYId0¥d IN911v4
e 31940 HOTH NO JMNLYHIWIL 40 IONINTINT
e 20120 $339SNYIRSSPY ‘UMOJAIIEM
ay £493U3) YI4PISAY SOLURYIAY PUR S|PLIDIPW Audy

"94N3deuay Jedys AQ S4ndd0 ydiym di| Jeaus e A||euty
pue faunjoeuy paldwlp JO F|NSa4 Y] ‘U0Z SNOAGLS (eiped e AQ PamMD||0j <aanjdedy
Jenueabudjul pue 3HeARI|D-LSEND JO SpOW paxiw P SL YdLYM B3P |BLPRJ [PLFLUL ue

1SE34P JOULISLP 994Yy] S|PAA3JA Aydeaboldesy “3uNIDNUIS JO JUBWIULYSL P BIEILPUL
‘aunjesadwd) 3@ ‘owt) yiItm butaundd0 sabueyd (eaNIINUISOUILK 4 00ZL PuR § 0OCL e
pa3sa) Suawidads pajeodun jo $I|NSIA UIIMIAQ APMPLW S| |By ‘4 Q001 3B P2ISI) IJImM
YOLYM ‘papuog uOoLSNLHLP PUR *13YDLU $S3|04IDD]2 YILM PaJe0d Suawldads jO 3A4ND
9jL-yrbuouls anbLiey 3yl “JuedLjLubls SL 3SPALDAP AYI 4 QOZL Y "I(QqeadL3ou
SIWOI3Q MO|3Q pue 4 006 3 Ieyd wouy y3buauls anbijey ut aSe3LIP 3yl “J 0001

IV "4 00/ Pue ‘4 QOp “d4njesddwal woou 0} p3sedwod § 0pp 3 4Ibusays anbiiey

uL 3bueyd Ou Pa|PIAIL OWG-A7H-USZ-|Y9-1] paydjouun j0 ejep anbiiey 3[40 ybiy

anbiiey 324> ybiy LLOOYBH SO 1219 3P0 SWIWY
(sieraajew) snuiyey “PBHYS0129171 323044 y/0 “a1qe3-snyj!
sAo| e wniuej ] - dd 9| *g/61 AuNl ‘/2-8L Y1 JYWWY 14003y |eILuyday

spao Aay LPOH *S yueu4
- OW9-47p-USZ-[¥9-L1 40 SITLY¥IJO¥d IN9Tiv4
NOLINGTHLISIO OF) TN 37043 HOTH NO FWN1VYIAW3L 0 IONINIINI

03131SSV10KN 20120 $S339SNYJRSSPY ‘UMOJUIIEM

v *433Ud) YD4BISAY SOLUBYDAY PuUP S|PLadIBK Ay

*34Nn3deUy 4RAYS AQ S4n220 yditym di| Jeays e A[euLy
pue ‘3anydesy pajdwip 30 J|NSAA 3Y3 ‘U0z SNoAqLy [Plpes e AQ PamO| |04 *aunideuy
Je|nueabuadjul pue abeAe3|D-LSeNb JO Spow paxiLw P SL YDLUm PaJP [eLpPJ [PLILUL ue

1SPAUR JOULISIP 934Y] S|PAAAA Aydeabojdeuay "9unIdNUIS JO JUBWAULIAJL B 33D LpUL
‘aunjeuadwal e ‘awty yitm Butaanddo sabueyd [PANIONAISOLDLW "3 0021 Pu® J 00CL 3®
pa31sd3 Suawldads pajeodun JO $3|NSSJ UIIMIAQ APMpLW S|Py ‘4 000l I° PaIsal IJom
Yolym *papuoq uOLSNJJLp pue *[3YDLU SSI[043D3[3 YILM PaJeod Suawldads jo aaand
3jL-y3buduys anbLiey ayj *uedLILUBLS SL ISRIULIIP 3Y} 4 0021 I¥Y “31qe3di3IouU
SaW023q MO|3q pu® j 006 3 Ieyl wouy y3busuais anbiyey ul 3seasdap 3yl ‘34 0001

W "4 00/ Pu® ‘4 Q0p ‘d4njesddwd)l wooa 03 pasedwod 4§ QO I° yibusuais anbiyey

ul abueyd ou pa|PBAdA OW9-J4ZH-USZ-|y9-1] Paydjouun 40 elep anbiiey a|dIAd ubiy

anbiiey 324> ybuy LLOO¥8H 01219 2PO) SWIWY
(sieraa2ew) anbiyey ‘Y8HYG012911L 393f0ag y/Q ‘alaea-sn|t
sko| e wniueyLy - dd g ‘8/61 AuNC “/2-87 YI DYWWY 34003y |PILUYI3]

SPJOM A3) LPOH *S yuRaj
- OW9-4Zp-uSZ-1¥9-t1 40 SITLYIA0¥d 3NSI1vV4
s 394D HOIH NO FWNLVY3dWIL 40 3ONINTINT
> 2(120 $S113SNYIPSSPY ‘UMOIUIIBM
ay “493Ud) YdUPISAY SOLUPYIAY PuP S|PLIAIPW Away




