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ABSTRACT

The program was prepared to investigate the performance of
material systems for hydrofoil applications. Three tasks were
identified as follows:

a) Selection of candidate metallic alloys.

b) Evaluation of corrgsion protection techniques for
those candidate metallic alloys requiring corrosion
protection. -

c) Determination of the fatigue and fracture character-
istics of selected material systems.

The candidate base metals were reviewed for the hydrofoil
application. Four materials were chosen for this evaluation.
They were 17-4PH and 15-5PH stainless steels, HY 130 steel and
Ti 6Al1-2Cb-1Ta-1Mo titanium. Fracture and corrosion fatigue
data are being obtained on these materials as part of an on-
going program and the available data is reported.

Since the HY type alloys require a corrosion protective
coating, a screening evaluation of coating systems has been
conducted. Four coating systems have been selected for fur-
ther testing including their effect on the corrosion fatigue
and fracture properties of the HY 130. Details of the

screening tests are reported. -
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INTRODUCTION

The Hydrofoil Material Evaluation program was prepared to
investigate the performance of material systems for hydrofoil
and strut applications. The program consisted of three primary
tasks:

a) Selection of candidate metallic alloys.
b) Evaluation of corrosion protection techniques for those
candidate metallic alloys requiring corrosion

protection.

c) Determination of the fatigue and fracture characteris-
tics of selected material systems.

This report covers the first six months effort on the program.

SUMMARY AND CONCLUSIONS

Candidate materials were™“reviewed for potential usage as hydro-
foil struts and foils. Four materials were chosen for further
evaluation. They were 17-4PH and 15-5PH stainless steels,

HY 130 steel, and titanium 6Al1-2Cb-1Ta-1Mo. Fracture and
corrosion fatigue data are being obtained on these materials.

In addition, because the HY type alloys require a corrosion
protective coating, an evaluation of coating systems was con-
ducted. To date, four coating systems have been selected for
further evaluation including their effect on the fracture and
corrosion fatigue properties of the HY 130. These coating
systems are: Hypalon, PRC 1581-17, and Astrocoat 8000 each
over wire-metallized aluminum plus their respective primers,
and PRC 1581-M with primer only.

No final conclusions or recommendations have been made in this
report because this program is being extended through 1973.

PROGRAM DETAILS

TASK 1 - Selection of Candidate Metallic Alloys

The Hydrofoil Materials Research Program reported by Ling-
Temco-Vought, Inc. in 1965 (1)* concluded that HY 130, Ti 7Al-
2Cb-1Ta (superseded by Ti 6Al1-2Cb-1Ta-1Mo), and 17-4PH castings
were suitable for hydrofoil usage. A report issued by the
NSRDC in April 1972, (2) reviewed the advantages and disadvan-
tages of four metal systems (aluminum, titanium, nickel and

*The number in parentheses indicates the reference listed at
the end of this report.
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steel). This study concluded that the following alloys have
potential for foil and strut usage; HY 130 (HY 180 was con-

sidered an excellent material but required more development]),
17-4PH, Ti 6Al-4V, Ti 6Al1-2Cb-1Ta-1Mo, Inco 718 and Rene'41l:

A Boeing paper, "Decision Paper - PHM Foil Array Materials
Selection" (3) discussed the selection of an alloy for the PHM
foils and struts. The final choice was made between HY 130 and
17-4PH stainless steel. The HY 130 is field repairable with
as-welded weld properties essentially equal to base metal
properties, but the alloy requires a corrosion protective coat-
ing. The 17-4PH is not field repairable in that all welds must
be heat treated but does not require any coating. The final
PHM choice was 17-4PH based on service experience with the
Tucumcari and the lack of a coating requirement. Boeing has
also selected 15-5PH (a slight chemistry modification of
17-4PH) for use on the Commercial Hydrofoil.

The U.S. Navy has had considerable experience with the HY
series of alloys and has used HY 80 for foils on the Highpoint
and Plainview. HY 130 was selected for the Mod 1 retrofit
foils and struts for the Highpoint. Considerable difficulties
have been experienced with, the coatings for these boats.

The approach for the selection of materials for this program
included a review of the literature and past history and a
qualitative evaluation of the material systems. Table 1 shows
the selection factors considered and the ratings of the alloys.

The choice of HY 130, 17-4PH, 15-5PH and Ti 6Al1-2Cb-1Ta-1Mo for
the program was based on Boeing's interest and usage of the PH
stainless steels, the USN interest in HY 130, and the potential

J advantages of the Ti 6Al-2Cb-1Ta-1Mo. Because the HY 130

requires corrosion protection to realize the full potential of
the alloy, a coating system evaluation program was included as
Task 2 of the program. Such coatings could also be applicable

Jto other metals, if desirable.

TASK 2 - Evaluation of Corrosion Protection Techniques for
Those Candidate Metallic Alloys Requiring Corrosion

i Protection

Background

The HY 130 low-alloy steel presently proposed for hydrofoil
strut/foil assemblies requires a corrosion protection system to
provide suitable corrosion-fatigue life and erosion protection.
Three basic protective systems were considered for investiga-
tion. These were:

1 a) Cathodic, or impressed current.
b) Passive, or bu:rier coating.

.' c) Galvanic, or sacrificial coating.
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The first system, cathodic, was considered too difficult to
control in the present application because of the aluminum hull
and high velocity boat operation. Therefore, this system of
corrosion protection was considered beyond the scope of the
present investigation.

The other two protective systems were investigated as sprayable
coating systems. Several general types of coating systems were
commercially available for investigation. These were:

a)  Elastomeric - For example - Neoprene rubber, urethane
rubber, Hypalon (a chlorosulfonated polyethylene),
and/or flexible polyurethanes.

b) Metal/Metal Filled - Examples are wire or plasma
sprayed metals such as aluminum or zinc, Sermetel (an
aluminum-filled inorganic material), metal filled
primers, and metal-filled polyurethanes.

c) Epoxy-Polyamide - An example is a Wisconsin Protective
Coating Company product-Plasite 7133.

d) Thermoplastic - Examples are Teflon coatings.

e) Thermosetting - Examples are the polyurethane coatings
such as those used presently for exterior airplane
protection.

The following tests for evaluating the corrosion and erosion
protection of coating systems were intended to screen a large
number of commercially available coatings and primers. From
the many a few high performance coatings were to be chosen for
more intensive testing in a future program.

Test Procedures

The available HY 130 steel was 3/16 inch thick and was prepared
for coating application by grit blasting to bare metal with a
subsequent methyl ethyl ketone (MEK) solvent wipe to remove
residual grit. Coatings were applied following grit blasting.

Coating specimens were subjected to the following schedule of
tests:

a) Tape Test - Preliminary Screening

b) Scratch and Impact Test - Preliminary Screening and
Damage Standard

c) Salt-Water Erosion Test - Primary Screening
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A brief description of each test follows:

a)

b)

c)

Tape Test - Preliminary Screening

A series of parallel lines were cut through the c¢oating
down to the substrate and a second series at 45 degrees
to the first. A strip of tape was applied across the
scribes and the tape subsequently removed in one abrupt
motion perpendicular to the panel. The area was then
examined for lifted coating. The amount of coating
removed by the tape was taken as a qualitative measure
of how well the coating would perform during the salt-
water erosion testing.

Impact Test and Scratch Test - Preliminary Screening
and Damage Standard

Two scribes connecting opposite corners of the test
panel were cut through the coating to the metal sub-
strate. The coating was then impacted at the scribe
intersection with a loading of 60 in-1b using the
Gardner Impact Tester. If the coating did not spall or
peel the samples were considered for further testing in
the salt-water erosion test.

Salt-Water Erosion Test - Primary Screening

The salt-water test apparatus, shown in Figures 1 and 2
accommodated four specimens. Salt-water at 3.5% NaCl
solids was fed through 1/2" diameter brass nozzles from
a central chamber. A forty horsepower motor drove a
200 gallon/minute centrifugal pump rated at 350 foot
head to provide velocities of salt-water impingement to
a maximum of about 60 knots. The specimens were bolted
in position at a forty-five degree forward inclination
to the impinging jet stream.

The HY 130 steel specimens (3/16 inch thick x 2-1/2
inches wide x 8 inches long) coated with candidate
materials, scribed and impacted per test b, were bolted
into position and the salt-water velocity adjusted to
52 knots (or 110 psi gage reading). A standard test
duration was four days, or 96 hours. A test desig-
nated by A, e.g., 3A, represents a time less than 96
hours but of sufficient duration to indicate a coating
failure mode. The temperature rise in the salt water
was minimized by a simple cooling coil immersed in the
reservoir section through which cold water was circu-
lated. The equilibrium temperature of the salt water
was approximately 106°F.
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Figure 2: SALT WATER EROSION TEST FACILITY
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Mter the erosion test, the specimens were examined for

idences of erosion, corrosion and adhesion loss. Ratings of
coatings from good to very poor were given according to the
Jollowing definitions.

Good

No evidence

(1) of the coating and/or coating-primer peeling away or
(2) of pits and/or erosion

Fair

Maximum of 3/8-inch peeling of coating at X-intersection of
scribe lines

Poor

Loss of 5 to 20 percent (1-4 square inches) of the coating
and/or coating primer.

S

Very Poor
Loss of more than 20 percent of the coating and/or coating-
primer.

iDiscussion of Salt-Water Erosion Test Results

A total of 110 specimens coated with 62 different coatings has
tbeen evaluated using the salt-water erosion test apparatus.
The coatings used, listed by chemical type, are given in

iTable 2. The materials tested plus detailed primer and over-
icoat data are given in Table 3.

Those coatings rated as Good, and/or Good-to-Fair, on the basis
of the visual inspection after erosion testing, were further
rated to select four candidates for testing in the fracture and
corrosion fatigue property evaluation. The following rating
factors were used:

a) Erosion Resistance
b) Adhesion
1) Overcoat to primer
2) Primer to Metal
3) Primer to Undercoat (metalized aluminum and/or zinc)
4) Undercoat to Metal

c) Corrosion Prevention

- 1) Contributed by coating
- 2) Contributed by primer
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** A CENTER-SECTION ONE INCH (1) SQUARE CUT QUT PRIOR TO TESTING.

d) Ease of Application

1) Simple Spray/Paint

2) Electrostatic Spray Required
3) Post Cure Required

4) Vulcanization

e) Repairability (assumed from original application
experience only)

Rated in ‘Table 4 are the twenty-nine coatings which in the
original erosion testing were rated as Good and/or Good-to-Fair.
The columns representing Erosion Resistance, Adhesion, Corro-
sion Prevention, and Ease of Application were scored on the
basis of 1 to 5, with 1 being superior. The column represent-
ing Repairability was rated on the basis of 1 to 3, with 1 being
superior.

For a rating of 6 and 7, representing the superior coatings,

the candidate coating was easy to apply, adhesion and erosion
resistance were excellent and no repairability problems were

anticipated. An excellent example of a coating with a low

4 numerical rating was the Hypalon, with the BMS 10-11 Type 1

epoxy primer. This material was easy to apply, was erosion
resistant during the 96-hour salt-water erosion testing and was
considered easy to repair.

Several coatings were rated as only marginal even though supe-
rior in erosion resistance. Sermetel W (either specimen 4-74
or 7-108) with a rating of 9 was such a coating. Resistance

to the salt-water erosion testing was superior but because of
requisite post-cure application temperatures and similar diffi-
culties in repairability the coating was only given an
intermediate rating.

At the high end of the numerical rating scale, representing the
poorest coatings, was the PRC 420 with a rating of 12. As
shown in Table 4, even though application and repairability
were rated superior, the erosion resistance and adhesion as

4§ well as primer corrosion prevention were poor. This coating

would, therefore, not be considered a candidate in the fracture
and corrosion fatigue property evaluation.

Four coating systems from the listing in Table 4 were chosen
as candidates for future fracture and corrosion fatigue
property evaluation with HY 130 steel.
These four coatings were:

o Astrocoat 8000 (a black rain-erosion elastomeric poly-

urethane) coated over a wash-primer over wire metalized
aluminum
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Table 4: COATING SYSTEMS RATED FOR THE FRACTURE AND CORROSION FATIGUE PROGRAM
RATING
@«
3 >
EROSION = z E
T €., Z por]
TEST PRIMER OVERCOAT wo Y £z5| of| =2
= 2] 2 |02 - ] o
SAMPLE <z 3 o 9a .Z- w < a Ow
20 5 & ?—_8 w00 | & 2 S
(7] -
28al X [<edl 8g) £ | 5%
SEx| < |98 3| ¢ | Pcx
16-154 EPOXY HYPALON 1 1 2 1 1 6
20A-198 ASTROCOAT 8200 PRC 1581-M 1 1 2 1 1 6
821  — W.M.AL(3-5 MILS) 1 1 1 2 2 ?
322 —_— W.M.AL(8 10 MILS) 1 1 1 2 2 7
814 —_ P.SPR.AL(3-5 MILS) 1 1 1 2 2 7
218 —_ P.SPR.AL(8 1D MILS) 1 1 1 2 2 ?
a3 FE— W.M.ZN(3-5 MILS) 1 1 1 2 2 7
324 —_— W.M.ZN(8-10 MILS) 1 ] ] 2 2 7
17-28 W.M.AL+EPOXY HYPALON 1 1 1 2 2 7
1-39 GACO N-15 HYPALON 1 1 3 1 1 7
10127 ASTROCOAT 8200 ASTROCOAT 8000 1 1 2 1 2 7
19175 EPOXY PETERSON NO. 200 2 1 2 1 1 7
6-86 EPOXY DEXTER 4-W-89 2 2 2 1 1 8
691 EPOXY DEXTER 7-W-27 2 2 2 1 1 8
513 DUPONT 856-301 FEP TEFLON 1 1 1 3 3 9
18157 |PLASITE 7155 PLASITE 7133 3 2 2 1 ] 9
9A-98 GACO ES322/N1S GACO N-29 3 1 3 1 1 9
478 —_ SERMETEL W 1 1 1 3 3 9
7-108 —_— SERMETEL W/596 1 1 1 3 3 9
458 URETHANE COMP. DESOTO 701 BLACK 3 2 3 1 1 10
312 DUPONT 851-204 TFE TEFLON 1 1 3 3 3 1"
12134 CHEMLOK 205/234 | EPDM 1 1 3 3 3 n
"2 CHEMLOK 205/220 | NEOPRENE, DUR. 58 1 1 3 3 3 "
13 CHEMLOK 205/220 | NEOPRENE, DUR. 49 1 1 3 3 3 "
! 11132 W.M.ALYCH 205/220 | NEOPRENE WX, DUR. 78 1 ] 3 3 3 n
| 12116 W M AL+CH 205/220 | BRIDGE PAD RUBBER, DUR. 60 1 1 3 3 3 "
134 CHEMLOK 205/220 | NAT. RUBBER, DUR. 61 1 1 3 3 3 "
! 14 143 _— FUSECOTE EPOXY 1 1 3 3 3 n
550 PRC 470 FRC 1140 3 3 ] 1 1 12




o Hypalon coated over an epoxy primer over wire metalized
aluminum .

o Products Research 1581-M (an elastomeric polyurethane)
coated over a wash primer

o Products Research 1581-M coated over a wash primer over
wire metalized aluminum

Astrocoat 8000 was developed by Olin Corporation as a rain
erosion coating for airplane radomes. As a coating for salt-
water erosion resistance, it has proved to be equally effective.
Former application techniques involved hours of applying about

1 mil at a time with several hours of curing between coats.

But a recent change in formulation by Olin Corp. has rendered
the coating relatively easy to apply with no associated
"bubbling."

S

The Gaco Hypalon coating performed best as a relatively thin
coating of 4 to 8 mils. At greater thicknesses the coating
tended to show "waving" under salt-water impingement.

Products Research 1581-M was originally developed as a sealant
but has proved to have the necessary properties to perform
quite well as an erosion resistant coating. Application was

1 very simple with no "bubbling" effects often associated with
polyurethanes.

The four coating systems chosen for fracture and corrosion
fatigue evaluation are given in Table 5 with overcoat and
primer data. The two most significant factors in the selec-
tion of these four from among the superior coatings listed in
Table 4 were erosion resistance and ease of application.

PG S S SRS (U ——

TASK 3 - Determination of the Fatigue and Fracture Character-
istics of Selected Material Systems

Background

A review of existing fatigue and fracture data was made at the |
time this test program was developed. Particular attention =
was given to data showing the influence of aqueous environ-

ments on fatigue strength, stress corrosion cracking, and

cyclic flaw growth rate. Some information was uncovered on

all four materials to be investigated and a summary of this is

given in the following paragraphs.

15-5PH and 17-4PH Steel

The main sources of data for 15-5PH and 17-4PH steels were The
Boeing Company, NSRDC and Armco. Carter, et al, (4), (5) have
investigated the fracture toughness, Kyic, and stress corrosion
threshold, Kigcc:r (in 3.5% NaCl solution) of both alloys.

They conducted the Kigcc tests under freely corroding
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conditions and with 7075-T6 Al sheet clamped to the specimens
to provide galvanic conditions. A summary of the results from
these investigations is given in Table 6. The results show
that coupling of 7075-T6 alloy to 17-4PH (H900) and 15-5PH"
(H900) reduces by approximately 40% the threshold stress
intensity below which crack growth does not occur. Other
studies (6) have shown this to be the result of hydrogen
liberation at the stainless steel cathode. On the other hand,
specimens in the H1000 condition showed significantly improved
Krscc values, and the 15-5PH was immune to cracking.

Fatigue data are available for 15-5PH and 17-4PH steels. For
example, The Boeing Company (7) has fatigue tested 17-4PH
plate in air under fully reversing uniaxial loads; NSRDC (8)
has tested 17-4PH plate material in air and Severn River water
under fully reversing flexural loads; and Armco (9) has tested
15-5PH billet material in air under tension-tension uniaxial
loads. The results of the NSRDC investigation is presented in
Figure 3. It shows that the fatigue strength of 17-4PH is
significantly reduced in a salt water environment. No corro-
sion fatigue data was uncovered for 15-5PH.

HY-130 1

A large volume of data is available on the HY steel material.
HY 130 has a plane strain fracture toughness, Kyc, which is
estimated (10) to be in excess of 250 ksi-inl/2, sandoz (11)
recently collected and reviewed existing Kiscc data on HY 130.
This data was for the most part invalid but the range of Kiscc
was from 90-130 ksi-inl/2, J.M. Barson, et al, (12), (13) has
evaluated the cyclic flaw growth characteristics of HY 130 in
air and a 3% NaCl solution. He used the DCB type specimen
with a Ky range of 15-70 ksi-inl/2, the air cyclic load rate
was 60 cpm while 6 cpm was used for salt water tests. The air
flaw-growth rates fell into a band which is characteristic of
steel material. As shown in Figure 4, the salt water acceler-
ated the flaw growth rate by approximately 2.5 times for the
entire stress intensity range tested.

Air and salt water, R = -1, fatiqgue data for HY 130 taken from
the Aerospace Metals Handbook (14) is shown in Figure 5. It
is apparent that this material is very sensitive to the salt
water environment.

Ti 6-2-1-1

The U.S. Navy has been responsible for the development of

Ti 6Al1-2Cb-1Ta-1/.8 Mo and is the primary source of informa-
tion on this alloy. Huber et al, (15), summarized NRL frac-
ture data for base metal (and welds) of Ti 6-2-1-1/.8. Using
1" thick plate for bend-bar Kic tests and cantilever beam
specimen Kigcc tests they obtained fracture values of Kic =
117 and Kigce = 98 ksi-inl/2 (both invalid). 1In a recent NRL
report (16) the fracture toughness for this material is esti-
mated to be in the range of 150 to 240 ksi-inl/2 based on
dynamic-tear test (DTT) results.
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NSRDC (17) fatique test data on Ti 6-2-1-.8 are shown in
Figure 6. Both smooth and notched specimens were tested in
air and salt water. The tests indicate that salt water has: no
effect on the fatigue strength of the material.

Experimental Approach

The objectives of the test program are to generate comparative
data on the four materials HY 130, 17-4PH, 15-5PH, and Ti
6-2-1-1 and to determine the effects of coatings on the
properties of the HY 130.

The current test program, which is still in progress, has been
limited to base metal tests. Tabulations of the fatigue and
fracture test conditions for each material are presented in
Tables 7 and 8 respectively. A positive stress ratio of

R = .06 is used for all fatigue tests. This is done to comple-
ment the existing fatigue data that were generally performed
at a stress ratio of R = -1.0 and to provide a data base for
the coating evaluation tests. The program includes parallel
tests for 17-4PH and 15-5PH to provide direct comparative data
that will determine if any property changes are related to the
minor chemistry differences between the two alloys. ASTM
substitute ocean water is used for all sea water environment
tests (ASTM designation D1141-52).

The following sections describe the test procedures in detail:
Material

Both the 15-5PH and 17-4PH steels were obtained in the form of
1/8" sheet, 1" plate and 2" plate. Originally, HY 130 and

Ti 6-2-1-1 were to be obtained in these gages. However,
delivery and cost problems made alternate steps necessary.

HY 130 was available from within The Boeing Company in the form
of sheet and 1.5" plate. It was decided that sufficient data
could be obtained using the available material. This did mean
that long transverse Kigcc tests had to be eliminated.

Ti 6-2-1-.8 was obtained from NRL in the form of 1.0- and
2.0-inch plate. The titanium fatigue specimens were fabricated
from the 2-inch plate.

The chemical compositions, heat number and process descriptions
are presented (where available) in Table 9.

Since the test program is directed toward hydrofoil applica-
tions the materials were tested in the heat tieat condition
considered most likely to be used in struts and foils. There-
fore, the HY 130 was used in the as-received condition as was
the Ti 6-2-1-.8 which was in the mill anneal condition. The
15-5PH and 17-4PH steel specimens were fabricated in the solu-
tion annealed condition and were subsequently solution annealed
and aged at 10509F by a procedure designed to minimize distor-
tion. This procedure very nearly duplicates the Boeing produc-
tion heat treat process for 15-5PH and 17-4PH struts and foils.
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Table 7: BASE METAL FATIGUE TEST PROGRAM

TEST (1) ASTM ASTM
ARAMETERS| 180815PM SEA WATER SEA WATER
1800 CPM 50 CPM
ALLOY SMOOTH [NOTCHED [ SMOOTH |NOTCHED SMOOTH
15-5PH v v 4 4 v
17-4PH Vv W/ Vv Vv v
HY-130 v Vv Vv vV v
Ti-6-2-1-0.8 v v v V4 —

Omin
(1) STRESS RATIO, R = s " 0.06 FOR ALL TESTS
max
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Table 8: BASE METAL FRACTURE TEST PROGRAM

TEST
STRESS CORROSION CYCLIC CRACK GROWTH
K da /dN
EEQZ%SRE IscC ASTM SEA WATER
Ic ILLRRODING ﬁ?gzLED AIR CORRODING S?gﬁuo
SPECIMEN 150831321 SPECIMEN |c083-H321
1)
GRAIN (
ORTENTATION WR WR | TR WR WR WR WR
ALLOY
17-4PH V4 vV v Vv Vv Vv
HY-130 (2) (2) | v . V4 . W
Ti-6-2-1-0.8] (2) (2)| v - V4 v 4

(1) WR = LONG TRANSVERSE
TR = SHORT TRANSVERSE
(2) NO TEST: ESTIMATED ASTM THICKNESS REQUIREMENTS ARE IMPRACTICAL
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Tensile Tests ;

The tensile specimens used, shown in Figure 7, were machined
from each sheet and plate used in the program and tested. For
15-5PH and 17-4PH steel, where heat treatment was required
before test, the tensile specimens were heat treated with the
fatigue or fracture specimens.

Fatigue Tests

All fatigue tests were conducted with the smooth and notched
uniaxial fatigue specimens shown in Figure 8.

The general procedure for fabrication of the fatigue specimens

was to cut out specimen blanks, slab mill the faces (target

surface finish 30 micro-inches RMS) complete all machining |
operations and debur all edges. This was followed by dye |
penetration inspection and hand rework as required. At this
point the HY 130 and Ti 6-2-1-,8 were ready for test. The
15-5PH and 17-4PH steel specimens were machined in the solution
treated condition and then selution heat treated and age
hardened to the H-1050 condition before test.

The PH specimens were coated with Turco (R) pretreat before heat
treatment to prevent oxidation, but some pitting was observed
in the center holes of the notched specimens. Therefore, all
center holes had to be reamed from the standard .1875" diameter
to .199" after heat treatment. This increased the gross area
stress concentration factor, k¢, from 3.13 to 3.15.

All fatigue tests have been conducted at The Boeing Commercial
Airplane Company Structures Laboratory. '‘Specimens were tested
at 1800 cpm in Baldwin SF-10U universal fatigue machines and
at 50 cpm with a Boeing-made mechanical fatigue machine. The
tests were conducted at room temperature with a stress ratio

R = .06. Failure was defined as complete fracture of the
specimens.

The corrosion fatigue test setup is shown in Figure 9. The
specimen is wetted by ASTM sea water contained in a plastic
bag which encloses the test section. A specimen under test in
salt water is shown in Figure 10. The sea water is circulated
by means of the plumbing system sketch in Figure 11. This
plumbing system keeps the sea water well aerated and is all
plastic to protect against galvanic corrosion.

Fracture Tests

The fracture specimens used in this program are shown in
Figures 12 through 15. All are wedge open load (WOL) type
specimens. The general fabrication procedures were similar to
those for the fatigue specimens except that the surface finish
was not carefully controlled on the fracture specimens.
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Crack starters on all specimens consist of a .10 inch wide
milled slot terminating in a chevron "Vee" notch. When
required, fatigue precracking was accomplished in accordance
with ASTM (E 399-70T) recommended procedures.

Plane strain fracture toughness tests were conducted with the
compact tension (CT) specimen shown in Figure 12. The speci-
mens were designed and tested in compliance with ASTM

(E 399-70T) recommended procedures.

Modified forms of the compact tension specimens were used for
the stress corrosion cracking (Kigcc) and cyclic flaw growth
tests. The modification consists of extending the back side of
the CT specimen to increase the crack growth capacity. This
type of specimen is referred to as a Double Cantilever beam
(DCB) specimen.

The cyclic flaw growth DCB specimen used for all alloys is
shown in Figure 13. These specimens have a long transverse
(WR) grain orientation. The specimens were side grooved to
prevent the crack from rotating from the original crack plane.
Loads were applied at the holes provided in the specimen. The
cyclic tests were condutted by using a set of progressively
higher fatigue loads to grow cracks over a series of crack
length increments. Air cyclic fatiqgue loads were applied at a
rate of 50 cpm while for corrosion fatigue loads were applied
at a rate of 6 cpm. A stress ratio of R = .05 was used for all
tests. All crack growth specimens were instrumented with NASA
clip gages to obtain readings of opening mode displacement as
illustrated in Figure 16.

A crack opening displacement vs cycles record was made during
the test. This data can be reduced to stress intensity vs
cyclic growth rate data (see the following section, "Analysis
of Fracture Data" for details).

Long transverse (WR) and short transverse (TR) SCC specimens
are displayed in Figures 14 and 15, respectively. 1In these
specimens, the stress intensity, Ky, decreases with increasing
crack length under constant deflection conditions. This
affords the opportunity to observe rates of growth at Ki levels
over which growth takes place and Kygcc levels at which crack
growth stops. The constant deflection condition is achieved
in two ways. For the WR specimen, tapered pin loading is used
in conjunction with an initial applied load as shown in Figure
17. The procedure involves deflecting the specimen jaws by
loading the specimen and then driving in the tapered pins from
each side of the specimen. The deflection is measured with a
NASA type clip gage. For the TR specimens, the wedge is
driven into the jaws of the specimen as illustrated in Figure
15. The deflection of the jaws is measured with a micrometer
at the points noted by an "A" in the illustration.
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The SCC tests are conducted by wetting the crack tip in ASTM
sea water and loading the specimens, as described above, to a
K level above the anticipated Kygcc. The specimens are thén
placed in a sealed glass container filled with ASTM sea water.
Periodic crack readings are taken by removing the specimen
from the jar using white glove techniques.

Analysis of Fracture Data

Static fracture toughness values are calculated from CT speci-
men results using ASTM recommended procedures (E 399-70 T).
Stress intensities for pin loaded DCB specimens are calculated
using the following equation:

/2

< =32<_b)1/2 [3 (a + 0.6n)% + n? (1)

& b bn 3 s v2) h3*

where is applied load
is specimen width

is crack width

g o o x

is one-half the specimen height

(o]

is Young's modulus
a is crack length
v is Poisson's ratio

Crack growth rates for corrosion fatigue tests are determined
using crack displacement versus cycles records. Crack dis-
placement measured at predetermined cyclic intervals and cor-
responding compliance values are determined by dividing the
measured displacements by the applied load. Crack lengths
corresponding to the individual compliance values are deter-
mined from the first air crack growth specimen for each alloy.
Increments of crack length are divided by the corresponding
number of loading cycles to determine average crack growth
rates over the cyclic intervals. Stress intensity factors at
the beginning and end of each cyclic interval are averaged to
determine the stress intensity factor against which average
crack growth rates are plotted. Stress intensity factors are
calculated using Equation 1.

For stress corrosion cracking results the stress intensity

factors are determined by measuring the crack deflection (6§)
and substituting the corresponding measured value of a into
the equation




“

1/2
. 5 th [3n (a + 0:6n)2 + 3] <_b_)V2 ok
U - 9% 2 [ia + 08w +p° a2} AP

wvhere the symbols represent the same measurements as in Equation

| 38

Results

4Tensile Tests

The tensile tests results are presented in Table 10.

Fatigue Tests

{Base metal fatigue tests at 1800 cpm have been completed for

HY 130, 15-5PH and 17-4PH and the results are plotted in
Figures 18, 19 and 20, respectively. Fatiqgue tests of

4Ti 6-2-1-.8 have not been completed but the results to date

l

are plotted in Figure 21.

Four smooth specimens have been tested in sea water at 50 cpm.
This includes two 15-5PH specimens and one each of the HY 130
and 17-4PH steel specimens. The results are plotted in Figure
22 along with the corresponding S-N curves from the 1800 cpm
fatigue tests.

Fracture Tests

'yThe original static fracture tests were to be conducted with

{specimen from each PH steel was used for Ki¢c testing. Also,

just the CT type specimen. However, a long transverse DCB

it was possible to estimate the short transverse fracture
toughness of both PH steels because of the behavior of the
short transverse DCB specimen during wedge loading. The crack
starter slot was not precracked prior to wedge loading and

when the wedges were forced into the starter slot a sharp

crack would initiate and extend into the specimen by a series
of discrete bursts of growth. Thus, by recording the crack

opening displacement versus crack lengths, the necessary data
was generated to compute the short transverse fracture tough-

4ness. A summary of static fracture properties developed for

15-5PH and 17-4PH are presented in Table 11.

Cyclic flaw growth tests have been conducted in air and under
freely corroding conditions in seca water on all four materials.
Cyclic stress intensity versus crack growth rate data for

HY 130 in the two environments are plotted in Figure 23. Air
and sea water crack growth rate data for the PH steels are
plotted in Figures 24 and 25 and the cyclic growth behavior of
Ti 6-2-1-.8 is shown in Figure 26.

A compilation of stress corrosion cracking test results is
presented in Table 12.
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Table 10: MECHANICAL PROPEKTIES %
|
i 3 = = = %Z =
Bl EEE G E i isSs
MATERIAL ~E = 122 | b [EC |ES ;
. S | LE [ERTIDET] 2= [B3S% *
| 88 | kB (352|258 2v | 8=
! L 150.5 [ 144.0 | 14 | 57 |
1 HY-130 SHEET  [—- e T
) T 150.7 [142.0 | 14 | 53
| HY-130 PLATE 5 Sk Rl
{ : i 156.8 | 148.6 | 17 | 65
17-4PH SHEET L 164.0 | 158.6 | 13 | 45
‘ (H1050) T 163.6 [158.6 | 13 | 47
; 15-5PH SHEET L b o lealiesel B | e
(H1050) T | S [erslieza| 1| e
15-5PH 2.0" PLATE | L | & |179.1]170.5 | 13 | 37
(H1050) T £ [177.0{170.1 | 14 40
15-5PH 1.0 pLATE| L | _ | 170.9)165.4 | 16 | 59
(H1050) T 8 [1m.6l1e6.9] 15 | 57
17-4PH 2.0" PLATE L 170.3 | 161.5 16 61
(H1050) T 171.9 [162.6 | 16 | 57
17-4PH 1.0" PLATE | L ko sl 8
(H1050) T 166.0 [157.5 | 19 | 59
TH-6-2-1-1 L L0 a6 SR B
2.0" PLATE T 124.2 |115.3 | 15 | 37
Fhba2s)4] L s 8 L
1.0" PLATE T 121.5 [108.5 | 13 | 31
(1) AVERAGE OF TWO TESTS
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Table 11: STATIC FRACTURE TEST RESULTS
K :
| GRAIN SPECIMEN Ic :
| ALLOY | or1enTaTION|  TYPE (ksi-n'/2) . |
! 15-5P cT ]
! -~ H o
; (H1050) WR (Fiqure 12) 92.5 Average Of Two Tests 1
'; Lo WR i 95,5 Average Of Two Tests
( (H1050) (Figure 12) y g .
]S_SPH 3"X6"X2" DCB
17-4PH 3"x6"x2" DCB
| (H1050) L (Fiqure 14) 105.0 One Test
4
: 1
Approximate K, Based
1(3?323) TR €X6x1" DCE 200,02 10 |On Wedge L d!c f
| (Figure 15) . edge Loading Before
TR-SCC Test
Approximate K, Based i
17-4PH - 2"x6"x1" B8 |y 4 4 & o lon Nedos & Ic
(H1050) (Fiqure 15) 2.5 . n Wedge Loading Before
TR-SCC Test ‘
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Discussion of Results

The fatigue strength of HY 130 is severely reduced by salt
water when cycled at a stress ratio R = .06. As shown in
Figure 18, salt water reduced the fatigue strength at 107
cycles from 80 ksi to approximately 25 ksi for smooth speci-
mens and from 40 ksi to 10 ksi for notched specimens. This
material behaved predictably under corrosion fatigue conditions
and it appears that meaningful coating evaluation tests can be
conducted with a minimum number of specimens. There does not
seem to be a frequency effect for corrosion fatigue based on
the one HY 130 test shown in Figure 22.

The air and corrosion fatigue strengths of 15-5PH are nearly
identical to the corresponding fatigue strengths of 17-4PH.

So nearly identical that the same set of S-N curves fit the
fatigue data for both alloys (see Figures 19 and 20). When
compared to HY 130, the PH steels have higher fatigue strengths
but the scatter in the PH steel data is also larger. Salt
water reduced the fatigue strength at 107 cycles from 90 ksi

to 40 ksi for smooth specifens and from 45 ksi to 30 ksi for
notched specimens of the 15-5PH and 17-4PH. A No definite fre-
quency effect can be deduced from the 50 cpm fatigue test data.

The Ti 6-2-1-.8 fatique tests are still in progress so it is
difficult to draw any meaningful conclusions as yet. However,
it does appear that salt water has little if any effect on the
fatigue strength of this alloy. This is in agreement with the
NSRDC data displayed in Figure 6.

The static fracture test results presented in Table 11 provide
an excellent comparison between 15-5PH and 17-4PH. The long
transverse (WR) results are similar for the two alloys. The

CT test results show slightly higher toughness for 17-4PH

while the opposite is true for the DCB test results. The most
significant difference between the two PH alloys was determined
by the short transverse (TR) fracture tests. As shown in Table
11, the short transverse fracture toughness of 17-4PH is half
that for 15-5PH.

The stress corrosion cracking test results listed in Table 12
show that 15-5PH (H 1050) and 17-4PH (H 1050) are highly
resistant to stress corrosion cracking in sea water. No

growth has been detected in any specimens. This includes WR
and TR specimens in a freely corroding environment and WR
specimens coupled to 5083-H321 (aluminum). Since no growth was
detected in these specimens after 1000 hours, two specimens
were used for static fracture tests. They indicated higher Kjpc
values than were obtained from the CT specimens. This allowed
loading two specimens to higher stress intensities without risk
of failure. These two specimens are in test at this time and
no growth has been detected after approximately 750 hours.
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No stress corrosion cracking was detected in the short
transverse HY 130 specimens (Table 12). .

Two short transverse Ti 6-2-1-.8 SCC tests have just been
completed. As shown in Table 13, the crack grew .6 inch in
one specimen and 1.1 inches in the other. These results are
under investigation.

The crack growth rate behavior of HY 130 as shown in Figure 23,
was increased by sea water environment up to 1.7 times the
rate in air. This is similar to the results reported by
Barson (13) although he found the increase to be by a factor
of 2.5.

The differences in crack growth rates between the PH alloys
are negligible both in air and sea water. The sea water
environment growth rate is approximately double the air growth
rate.

For the stress intensity range tested, 'sea water had no adverse
effect on flaw growth rate of. Ti 6-2-1-.8.

Future Work
This program will be continued in 1973 to more completely

define the role of the individual materials and coating sys-
tems in future hydrofoil design.
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