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FINAL REPORT
DIRECT LABORATORY FUNDED PROGRAM
RELIABILITY CRITERIA
FOR ADVANCED STRUCTURAL MATERIALS/FAST CRAFT AND SHIPS

As has been the caze with other weapons systems and
platforms where quantum advances in performance is a primary
goal, the future fleet of fast craft and ships must rely on
the most advanced structural materials available to attain
the desired operational requirements. Historically, devel~-
opment programs for new submarine structures, new aircraft
involving radical departures from past configurational
concepts, and spacecraft and missiles have been beset from
their beginnings with materials-related problems, due to

the "learning-curve" exercises that accompany the intro-
duction of new materials. The Navy is only now entering this
problem area with respect to the surface ship fleet.

Because the future fast craft fleet must rely on new
materials and structural configurations to minimize struc~
tural weight, new design practices at sopaistication levels
well in excess of traditional methods for surface ships must
be introduced, including a new gset of safety and maintain~
ability factors. DPotential problems of safety and reliabil-
ity for fast craft are expected to be caused by the growth
of small defects to sizes which cause catastrophic failure
or excessive maintenance burdens over the projected life of
the ships., Problems of crack growth and fracture become

more prevalent as materials of increasing yield strength

are used; this is due both to the increase in sensitivity

to accelerated crack growth rates due to enviromnmental effects
and a decrease in tolerance for cracks 8s yield strength is
increased. Some problems of this type are beginning to
appear early in the hydrofoil strut and foil structures, in
"marinized" gas turbine power plants, and in other components
of zmall prototype fast craft and ships, and the problems
promise to become more severe as structurss become larger
and as ship perforaance requirements and operating hours

are extended.

The develcping methods to account for the presence of
defects and their effect on structure or component life can
be summarized as structural integrity (8I) techrology. SI
technology iancludes both the materials and design aspects




of predicting crack initiation and growth to critical size,
including effects of variable loads and environmental effects,
and has its maximum potential benefit to the Navy in giving
designers the tools for materials selection, establishing
design allowables, specification of gquality control and
fabrication practices, and defining ingpection and mainte-~ '
nance intervals on the basis of gcientifically rational

rinciples. Further development of the field of fracture
mechanics and the implementation of design procedures based ¢
on fracture mechanics principles offers the only approach to
deal with crack growth and fracture problemz in the fast
craft and ship fleet,

This DLF program concentrated on the materials aspects
of SI technology, and in particular, on materials that are
potential candidates for the future fast craft and ship
fleet. The principal objective was to advance and consoli-~
date the SI technology required to establish rational re-
liability criteria for design of fast craft and ships, for
selection and development of materials systems, and for )

g definitions of the maturity of developmental materials for
< fleet usage on a large scale. Most of the emphasis was on
metallic materials that are currently in use in aircraft or
| ships and on developmental materials which show promise for
future applications; an exploratory effort in composite
materials was also a part of the program,

The DLF program was organized into six major sections .

along technology lines, each with specific objectives as
listed:

A. Frascture Mechanics Technology/Fast Fracture/Integrated
nalysis ocedures

Principal Investigator: Mr. R, W. Judy, Jr.

The objective of the work in this section was intended
to develop methods for characterizing fracture resistance
properties of structural materials in the thickness range
2.54-1.27 em (0.1~0.5 in.). Materials of high-strength-to-
density ratio with elastic-plastic and plastic levels of
‘ fracture resistance are of primary importance for future
fast craft and ships., An additional objective was to develop
and validate methods for translation of materials character-
ization data concerning crack growth and fractur2 to analysis
procedures which can be used for application of SI technology
t0 current and future fast craft and ship structures, i

.
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B, Fracture Mcchauics Technology/Fatigue Criteris

Principal Investigator: Mr., T. W. Crooker

The efforts in this section were directed toward devel-
opment of an engineering basis for assuring that materials
selected for advanced fast craft and ship applications will
possess adequate resistance to fatigue crack growth encoun-
texred in service. This task was performed utilizing the
framework of existing fracture mechanics technology for
fatigue crack growth. The results of this work serve as
the basis for establishing definitive crack growth design
criterin which are necessary to assure the operaticnal
safety and reliability of fast craft and ships.

C. Fracture Mechanics Technology/Crack Growth and
Electrochemical Protection

Principal Investigator: Dr, C. T, Pujii

The work of this section was to evaluate the eifects
of the salt water environment on the performance of structural
metals for fast craft and ships, with the primary effort
devotad to stress-corrosion cracking and effects of electro-
chemical potential. Seawater is a very aggressive corrodent
for most structural alloys, and stress-corrosion-cracking
problens are expected to occur frequently in many fast craft
components, For this reason, the effect of seawater on the
behavior of high-strength metal systems must be clearly
defined to establish reliable limits of utility for their
successful use.

D, Composite Materlals Technology

Prircipal Ianvestigators: Dr, J. V. Gauchel and
Miss A, M, Sullivan

The purpose of thig section was to study failure
nechanismg in composites to formulate failure and design
criteris specifically for these materials., Initially, an
effort was made to apply existing methods of linear-elastic
fracture mechanics to composites to provide a basis for
comparison of properties with existing metal systeme., The
major thrust of the program was to identify critical condi-
tions that comprise structural failure in typical composite
structures and to define design criteria based on this
infoermation,




E. Boading Technology

Principal Investigator: Dr, ¥, D. Bascom

The purpose of this section was to determine the relation-
ship between the chemical composition of high-strength
polymers and their mechanical and thermal properties with
emphasie on their fracture toughness. These polymers, which
include the epoxies, thermosetting polyesters and polyimides,
are used in military aircraft and ship structures as the
matrix for organic resin fiber composites and as structural
adhesives., They also find use as secondary structures
(e.g., housing, windows, etc.) and as components in mechan-
ical)and electronic devices (e.g., bushings, seals, gears,
ete.).

F. Technology Transfer

This section of this report is devoted to summarizing
the significant interactions of NRL personrel with other
activities, wherein specialized knowledge of the subject
matter was used to impact developmental programs or to
disseminate the technology. This aspect of the DLF program
was one of the more important contributions to the technol-
ogy base.

G. Bibliography

International Units:

Because of the Department of Defense requirement for
use of International Units in techical reports, values of
the various parameters measured or calculated in this report
are reported in these units throughout the text, with the
equivalent English units in parentheses, However, most of
the figures in the report were drawn using English units
prior to the effective date of the directive; furthermore,
many of the figures have several scales cross-referencing
the parameters which can or have been correlated. To avoid
an unnecesssry proliferation of scales on the figures,
conversion tables ave presented to allow the reader to easily
use either set of units. Table 1 presents the conversion
factors used to constuct Tablies 2 through 4, which contain
the detailed conversions,
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TABLE 1, CONVERSION FACIORS FOR TERMS USED IN STRUCTURAL

INTEGRITY MECEANICS

Distance: 1 in, =
len =
Stress: 1 kgi =
1 Mpa =

2.54 cm
.3937 1in,

[N

6.8948 MPa
.1450 ksi

Linear Elastic Fracture Mechanics:

Stress Intensity K:

1 ksi/in. = 1.0989 m
1 ¥pPa/m

Ratio KI/Oys:

1/in, = 1.5937 Jcn

L/cm = .6275 Jin.

Initiation Energy 4:

Dynamic Tear Test Mechanics:

in,

"ol&

- 5.7105 1218

DT Bnergy:

.910 ksiJ/in.

O e e e

pizdbe o 47512 K |

m

in, {

>

1.3558 Nm
.7376 f£t.1b,

.01319 1“573

75.839 f£t.1b.
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LgL TABLE 2, ENGLISH-METRIC CONVERSYON OF STRESS AND LENGTH - P

Stress (o) Length
ksi Value MPa in. Value cm N
0 0 0 o 0 '
1.45 10 68.9 .039 0.1 .254
2,90 20 i38 .079 0.2 .508
| 4.35 30 207 .118 0.3 .762 1
5.80 40 276 157 0.4 1.02 =
7.25 50 345 .197 9.5  1.27
8.70 60 414 .236 0.6 1,52
10.2 70 483 .276 0.7 1.78 .
11.6 80 552 .315 0.8 2,03 § )
13.1 920 621 .354 0.2 2.29 ; N
- 14.5 100 888 .394 1.0 2.54 .
17.4 120 827 787 2.0 5.08 :
‘ 20,3 140 965 1.181 3.0 7.62 | -
23,2 160 1103 1.575 4.0 10.16 '
26.1 180 1241 } .
29.0 200 1379 o
31.9 220 1517
34.8 240 1855
37.7 260 1793
40.6 280 1931 ‘
43,5 300 2068 e
58.6 400 - i
72.5 500 - :
. 87.0 €00 - ;
E _ 101.5 700 - : :
! 116,0 800 - |
130,5 200 - i
145,0 1000 - i
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A, Fracture Mechanics Technology/
Fracture and Integrated Analysis Procedures

R, ¥, Judy, Jr., €. A, Griffis, and R. J. Goode

The application of structural integrity (SI) principles
tc assure the safe operation of fast craft and ships requires
as a baseline a knowledge of the capability of the structure
to resist failure by extensive fracture due to suddenly
imposed loading, This capability is derived from the inher.-
ent resistance of the structural material to crack propaga-
tion under dynamic loading. The present state of fracture
technology is that the structural behavior of metals of
brittla, or plane strain, properties can be predicted with
a high degree of accuracy. Applications involving the use
of materials with appreciable ductility (tough materials)
can onrly be accomplished by engineering wethods rather than
by analytical methods derivcd from first principles. Struc-
tural design procedures to prevent or control fracture
extension (Al) in ductile materials are based on correlation
of the appropriate materials properiies with the results of
structural element tests, The key to successful application
of these methods to any problem is an accurate and reliable
test method to characterize the fracture resistance inhorent
to the structural metal. Dypamic Tear (DT) test methods
were evolved for this purpose and bave been used in studies
of aluminum, titanium, and steel in the section-size range
of 0,78 to 15,2 cn {0,3 to 6.0 in.), This section presents
the results of studies to develop DT test methods for
characterizing the fracture resistsnce properties of thin-
section materials in the thickness range of 0.32 to 1.27 cm

(0.125 to 0,50 in,).

BACKGROUND

The DT tost specimen, Fig. Al, is an edge-nutched bar
which is loaded dynswmically in three-point bending by
machines of pendulum or falling weight type. Teat specimens
are dimeéensionsd according to material thickness; standard
configurstions for various thicknesses have been established
{A2,A3). Energy to fracture the specimon at specified
loading rates and temperatures is messured in standard teats.
Various anklysis procedures based on DT test methods have
been ovolved over the past several years. These include
R-curve characterizations (A4-A6) and Ratfo Analyais Diagram
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ﬁk (RAD's) for steels, aluminum alloys, and titanium alloys
(A7-A9), It must be emphasized that the DI test is intended
for engineering use in providing material characterizations
rather than as a tool for precise scientific investigations,
For this reason, every effort to simplify test procedures
and to minimize test costs has been made.

In past studiss (A11-A13), a relation between DT energy
values and specimen crogss-sectiocn dimagsiygs has been
established. The equation E = Rp (Aa)“B*/“, where the terms
are defined in Fig. Al, has been shown to apply for steels
and aluminurm alloys in sections above 0,76 cm (0,.3-in,).

The constant R,, which is the index of material resistance
to Zracture, 18 8 geometry-independent parameter, It is
important to note that the equation applies only for the
plastic and elastic-plastic fracture states, The plane-
strain case is best handled by ligear-eiastic fracture
mechanics, Use of the Rp parameter to measure fracture
resistance allows independent anzlysis of mechanical
constraint effects and of metallurgical effects. The light-
- weight, highly efficient structures expected to be used in :
< future fast craft and ships will demand high lavels of i
fracture resistance in thin-section structural materials. !
i For this reason, the major effort in the fracture studies Q
was the development of & reliable method to characterize
the fracture resistance properties of such materials and
to establish methods to translate these characterizatiocns ’
to a format useful for asseasment of structural performance.

Laninated DY Specimen

A test meothod for characterizing thin-section materials
was developed from the DT test to provide continuity between
the technology developed for thicker materials, 7The appronch
to the problem was to establish that the ductile fractuvce
equation did apply for thin-section materials of interest,
using selected aluminua alloys, titanium siloys, and steels
as reference materials.

——— S —— e o2

The standard 1,59 em (5/8-in,) DT specimen plan dimen-
i s.ons, Fig. /2, were utilized so that existing equiprent
! couid bhe used for the experimental part of the study.

Lamination techniques, as shown ia Fig, A2, were necessary

{ te prevent specimen buckiing and to provide sufficient
: energy to get a good measurement. Using aluminum ailoy
{ 5086-H32 in 0,32 cm (0.125~in.) thickness, it was shown
that the energy-per-Zamizets was constant, Fig, 43, and
thorefore thet an sversging method could be used, The next
step was to establish the applicability of the ductile
2racture equation by testing a matrix of specimens, varying

. —— A

A-2




- e

e

the thickness B and fracture length dimensfon Az, for test
specimens machined from 1.27 em (0.5-in.) thick materials,
This -as accomplished for aluminum zlloys, titanium alloys,
and sw:els that encompassed the range of strength and frac-
ture resistance typical of commercially available materials,

The initial experiments were conducted for aluminum
alloys 5086-H32, 6061-T651, 2024-T351, and 7075-T6 using
test specimen thicknesses of 0,32, 0.64, and 1.27 cm (0.125,
0.25, and 0.5-in.) (full thickness). Regression ansiysis of
the data to determine the best values of the exponents
in the equation E = RpAa*BY showed that the exponents
were approximately the same as had been determined for
thicker materials, i,e., x =~ 2 and y ~ 0,5. The following
procedure was used to dewmonstrate the applicability of the
equation for these materials:

(a) Calculate the best value of R, for each specimen
and average the results to give & chargcterist:lc Rp for
each material,

(b) Using the characteristic value of for each
material and tbe dimensions of each test spetimen, calculate
a predicted fracturs energy for each specimen,

(c) Compars the predicted energy of step (b) with the
energy measured in test.

Figure A4 is a plot of predicted energy vs. moasured energy
for the aluminum alloys; the clomse fit of the data to the
1:1 1ine is evidence of the applicability of the method.

The process for demonstrating the applicability of the
ductile fracture equation was repeated for titanium alloys
T1-6A1-2Cb-1Ta-1Mo, Ti-6A1-4V, and Ti-6A1-6V-28n in 1,27 cm
(0.5-1n,) sections. For 211 of these materials, the conform-
ance of the data to the eguation was good, as indicated in
Fig. A5, A similar experimental program to verify tks
applicability of the ductile fracture equation for thin-aection
steels was also conducted with two samples of HY-130 and
one sample of HY-80 as the wmaterialis of interest. Figure AS
shows the good correlation of predicted enorgy and mesasured
energy for these steols.

Ratio Analysis Diagram

The priwary purpose cf estxblishing the validity of the
ductile fracture equation for thin-section materials was to
allow uge of exiating analysis techniques for interpreting
basic material characterization data to structural perform-
ance, For thicker-section materials, the RAD is s format
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which has been verified for this purpose and which contains
all of the parameters nen2ssary for analysis involving thin-
section materials.

The RAD framework is formed from the scales of yield
strength vs., Kye and DT energy, Fig. A7. The most prominent
features of the RAD are the limit lines and the system of
lines of constant Kyo/dyg. 7The technological-1iimit line
represents the highest zalues of fracture resistance measured
to date either by DT tests over the entire yield-strength
range or by Kyo tests in the elastic fracture range; the
lower bound represents the lowest levels of fracture resist-~
ance, Reference charts of critical flaw size (A10) are
provided by the system of KIc/ays iines,

Kyc/0ys *atio lines also divide the diagram into regions
of expocted plastic, plane-strain, and elastic-plastic behav-
ior for given material thicknesses. The separations are
determined according to thickness, as shown for the 1,27 cm
(C.5-in.) sention size in Fig. A7 The critical edge
between plane-strain behkavior and elastic-plastic behavior
is the plane-strain limit, which is getermined for a given
metal thickress by B = 2.5 (K /0yg)4, The boundary
between the elastic-plastic a iastic regimes is the
general-yield limit, whic is given in terms of metal thick-
ness by B ~ 1,0 (Km/ . The division of the RAD
into three regions pro des an engineering index of the
fracture state and thereby sexves to indicate the type of
more detailed design approach required for each case.

The ductile-fracture equation permits entry of material
properties for any metal thickness onto the RAD to determine
the fracture state. This is done by adding a scale of Rg
ags calculated from the standard 1-in, DT energy scale, ince
Ry is independent of geometry effects, section size is the
only factor used to locate the elastic-plastic region on the
RAD, For example, the RAD's of Figs, A8, A9, and Al0 are
drawn for 1,27 cm, 0,84 cm, and 0,32 ca (0 5—1n., 0.25-4in.,
and 0,125-in.) section sizes, respectively, with all the
data plotted on the diagram using the Ry scale,

To illustrate the value of separating metallurgical
variables and mechanical-test variables, comnsider the datx
point for the 7075-T6 alloy on Pigs, AS, A9, z2und A0, Since

ropresents the physical properties ot the notal, this
pgint, a8 are all data points, is comatant for 211’ thres

RAD's, However, effects of ;ection size are such that a
différent fracturs state exists ‘for the same material at
each of the test thicknesses:
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+ At B « 1.27 ca (0,5-in.) (Fig, A8), the material has
plane-strain properties, a level of fracture resist-
ance that permits unstable crack extension at low
elastic stress levels with minimal deformation at the
crack tip.

* At B = 0,64 cn (0.25-1n,) (Fig. A9), the material has
elastic-plastic properties, which is a level of
fracture resistance that allows unstable crack
propagation at high elastic stress levels with an
appreciable amount of crack-tip plasticity.

«+ At B = 0,32 cm (0.125-in.) {(Fig. Al0), the material
has plastic properties, for which crack extension
requires stresses over the yield strength and a
higher energy expenditure to "drivs'" the crack.

Because the effect of section size is so important in deter-
mining the fracture state, a parameter for characteérizing

the fracture resistance properties of ductile materia
independently of geometrical effects is essential to evolve

a format for interpreting laboratory test results to struc-
tural design. Independent analyses of metallurgical aspects
and mechanical aspects on the fracture properties of msterials
are made possible by the use of the Rp parameter associated
with RAD analysis procedures,

Studies of thin-section materials, coupled with the
background of experience with thicker materials, showed that
a wide range of specimen configurations can be used for
characterizing the fracture resistance properties of high-
strength metals. DBecause the influence ol geometry is well
known, a single specimen configuration is =zufficient to
determine Rp. It i1s advantageous to use lauinated specimen
nethods for characterization of thin-section metals because
the total energy value is higher and is therefore less
subject to experimental errors than are those values from
tests of a single thickness and becauss the laminated
configuration minimizes statistical variations in properties
by averaging., For these reasons, the specimen design shown
in Pig. All i8 recommanded for DT tests of thin-section
uaterials.

The program to verify the appliocability of the ductile
fracture equation and the RAD for characterizatioa of mate-
rial properties and analyses involving these characterizations
was completed by & series of experiments involving large
panels of aluminum to verify thxt the values for thin
section could he interpreted by the RAD format to correctly
predict the behavior of the metal in structures. The test
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T specimens were tension loaded panels, 50.8 cm (20-in.) wide
at thicknesses of 0,32 cm (0.125-in.} and 1.27 cm (0,500-1n.)

for each of the aluminum alloys in Table Al, Test results
were largely qualitative in nature and involved measurements
of failure stress relative to the yield, as well as visual
observations of the fracture state, In all cases the test
results confirmed projections of the behavior of the spec-
imens that were made from the RAD, The experiments thus
did verify that the technology developed for thick-section
material could be applied for thinner gages.

, To complete the investigation, determinations were made
of the fracture resistance properties of a variety of alu-~
minum and titaniuvm 21loys and HY-80 and HY-130 steels, as in
as-rolled sections ranging between 0.25 cm (0.,100~in.) a=d
1.27 cm (0.500-1in.). Also included are results of studies
of laser welds in the same materials, The alloys and
mechanical properties are listed in Table A2, and the data ;
are plotted on the RAD format in Figs, A12-A18, All of the
RAD's are scaled for analysis of 1.27 cm (0.5-in.,) thick

N . material; procedures for adjustment of the ratio lines for
other thicknesses are those described earlier, )

POV

1 Thin-Section Alumipum Alloys

Figure Al2 shows data for four aluminum alloys, each in
thicknesses of 0,32, 0,64, &nd 1,27 cm (0,125, 0,25, and .
0.5~in.), &8 indicated by the numbers beside each data point. .
The materials shown are all commercial alloys and represent
materials used in military applications, For example, the \
7075-T6 and 2024-T351 alloys have been used extemsively Zor
aircraft applications, while the 500 series alloys shown }
have been used in hull structures of high-performance ships, !

The 7075-T6 alloy has very high-strength and fracture 3
properties in the plane-strain region for the 1.27 cn

(0.5-in,) thickness of the RAD of Fig, Al2; this property

is one reason that the 7000 series alloys are not utilized !

in marine applications, Conversely, the 5086-H116 and H32 ) !
alloys are currently used as hull structural materials for t .
hydrofoil and surface effect ships type craft becsuse of ¥ '
their weldsbility and becawme of the high degree of toughness o
indicated by their position high in the plastic fracture
regime of the RAD, In this alloy system and in the 5456
slloy (not shown), the HI1é temper or the H117 temper, which

St s ey

has equivslent properties, is preferred to the H32 temper to
alieviate delamination in seawater which i inherent to the *
H32 temper. |

Aluminum alloy €06i-T651 has a high degres of fracture
reaistance for its atrength lovel; however, it is not

ra pewe
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considered appropriate for marine applications because it is
a heat-treated alloy and therefore weld properties approach-
ing that of parent material cannot be attained., The 2024-
T351 alloy has a strength level intermediate between 7000
and 5000 series alloys; and in addition, is resistant to
stress-corrosion cracking, which has led to its use in
commercial aircraft, 1In the alloy systems shown in Fig. Al2,
a considerable body of fracture data is available for thicker
sections; the data for thin sections correspond very closely
with this data bank, This iz additional evidence that the
thin-section DT test can be utilized to characterize the
fracture properties of thin-gage aluminum alloys and that
the RAD can be used to provide an index of expected struc-
tural performance for thin-section materials,

Thin-Section Titanium Alloys

Titanium alloys in thin-section have much to recommend
their use in fast craft because of their high-strength-to-
density properties and because of the backlog of information
being accumulated by aircraft producers, who are using
increasing quantities of various alloys on military aircraft.
The Navy has had an extemsive program for several years to
develop a weldable titanium alloy system for applications
requiring heavy-section material (thicknesses in excess of
2,54 cm (1-in.). This study concentrated on lighter gage
materials, again with emphasis being placed on development
of engineering test and analysis mothods to facilitate the
use of titanium alloys on a significant scale in fast craft.

Titanium alloy, Ti-6A1-2Cb-1Ta-1Mo (6211), is the alloy
system of current interest for heavy-section applications
and has hecen developed to the point where the alloy is avail-
able commercially in a variety of product forms. To define
the properties of the commercial thin-section material, the
6211 alloy in sections ranging from 0.25 cm to 1.27 en
{0.100~-in, to 0.5-in.) was characterized by the laminated
DT swpecimen methods previocusly deacribed., For titanium
alloy=, a referenco temperature of 0°C (32°F) was used as a
standard for the DT tests. This is because titanium alloys
have a very gracdual transition in fracture resistance with
change in temperature, as opposed to many steels which have
& sharp temperature transition and aiuminum alloys which
have little or no temperature transition. Data Zox the thin-
section 6211 zlloy ars plotted on the titanium RAD in Fig, Al3,
which also shows the zone including data for plate materials
and weld metal in thicknesses of 2,.34-7.62 em (1-3 in.).
Plotting values of yield strength and for the 6211 alloy
in the gages indicated by the amall numbers in Fig. Al3 show
that the strength is increzsed and the fracture resistance
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decreased in comparison to heavier-section materials. All
of the thin-section 6211 sheets had fracture resistance
levels in the plastic fracture range for the 1.27 cm (0.5-in.)
section, It is noted that the margin of fracture resistance
for a given thickness of material is in proportion to the
distance from the plane~strain limit line for that thickness.
Since the plane-strain limit ratio decreases with decreasing
thickness, the margin of fracture resistance for the thin-
gage materials is about the same as for the thicker gages.

Fracture resistance data for two other alloy systems -
Ti-6A1-4V (6-4) and Ti-6A1-6V-2.5Sn (6.6-2.5) - are shown
in Fig. Al4. The thickness range for these materials was
0.23 to 1.27 cm (.090 to .500-in.). The 6.4 alloy selection
included materials of commercial quality (oxygen content
~0.15 wt. pct.) and ELI grade (oxygen content ~0.12 pct.),
while the 6-6-2.8 alloy was commercial purity. The fracture
resistance of both alloy systems corresponded to the RAD
reglions occupied by fracture data for thicker matexials of
the same conposition.

Thin-Section Steels

The RAD for thin-section steels, Fig. Al15, shows the
data for the three samples of material used to verify the
use of the laminated DT test specimen for characterizing
the fracture resistance property of steels. The two samples
of HY-130 appear to represeant extremes of the quality range
expected for HY~130. The HY~-80 sample appears to be quite
low in fracture resistance in comparizon to the range of
values previously established foxr this material. However,
the test data were cousistent in that values of measured
with different test specimen configurations for edch sample
of material were reasonably uniform. Because of the exten-
sive backlog of test data on steels, this investigation was
confined to these three materials.

Laser Weids of High-Strength Materials

A program was conducted to define the SI technology-
related properties of laser welds in HY grade steels, 17-4 PH
steel, and in Ti-6211 alloy. The welds were made by the
United Aircraft Corporation and were all square butt fusion
welds, As the technology of laser welding is largely exper-~
imental in nature, the test samples were a "best eifort"
bzsis and in reality represent the first attempt at making
welds in these materials for a critical evaluation. The
test materials, thicknesses, welding parameters, and comments
conicerning the weld quality resuliing from vigual and X-ray
inspection are presented in Appendix A; fracture data are
presented in Table A3,

A~-8

i




Ny

VARG P48 s ot

¥

R I s b G R

Fracture resistance data for HY type steels in terms
of the parameter and material yield strength are shown
on the in Fig. A16. Zonal regions for fracture resist-
ance of thicker-section materials of each steel type are
gshown for purposes of comparison; the code at the right
side of Fig. Al6 shows the alloy type and thickness involved
for each test material, Duplicate points indicate different
welding parameters, The parameter was msasured with a
laminated specimen for the“0.64 cm (0.25-in.} thick materials
and with a full-thickness specimen for the others. The
fracture resistance data were somewhat lowexr than expected
for all of the materials and might approximate the levels
typical of the shielded-metal-arc process., Higher levels
of fracture resistance would be expected for the GMA or GTA
welding processes in the same alloy systems, It is strongly
emphasized, however, that laser welding technology is still
in its infancy; and that development of the technology would
most likely result in properties that would be much improved
over the data presented here. It can be noted tnat plastic
levels of fracture resistance for materials in thicknesses
exceeding 2.54 cm (1~in.) were zattained for all of the HY
grade steels.

Laser welds in 17-4 PH stainless steel were of very
goo . quality compared to the base material properties, as
shown on the RAD in Fig. A17. Laser welds of two types
were investigated: (a) the as-welded properties of 2.54 cm
{1-in.) thick section and (b} properties of 1.59 cm
(0.625~in.) material in tbe H1050 temper condition, (The
H1050 temper corresponds approximately to the heat treatment
given struts and foils on the PHM hydrofoil, for which
17-4 PH steel is a candidate material.) A slight loss of
fracture resistance resulted from the welding, as would be
expected. However, the weldmentz were of sufficiently high
quality to meet the minimum DT enexrgy levels specified for
strut/foil materials on the PHX program. (This is discussed
in more detail in the section on technology transfer.)

The fracture resistance levels of laser welds in 0,64 cm
(0.25~in.) thick Ti-6211 compared very favorably with the
proporties of parent material, as is shown in Fig. AlS8,

The properties of twe luser welds correspoanded almost
exactly with properties of the parent material, both of
which approached tha technological limit eetablished for
plate maaterizls of thicker section.

Laser welds attempted in 1.27 cm {0.5-in.) thick
aluminum alleys were unsuccessful. The welding paraneters
used produced a highly iyregular weld bead, which was not
suitable for evaluation by nechacical test methods. This
probler does not indicate that laser welds cannot be made




§L in aluminum alloys, but it does serve as an indication that
’ a development effort is required to produce laser welds in
aluminum of acceptable quality for use in Navy applications.

HY-180 Steels

Future aircraft and fast craft and ships are developing
material requirements along concurrent lines to meet the
common problem of attzining maximum structural integrity
with minimum structure weight. The best example of this is
the proposed use of the 10Ni steel developed by the Navy
as a potential submarine structural material (HY~180) for
the wing carry-through structure of the B-1 bomber. The
choice of the material for the Air Force program was pred-
icated on its high inherent fracture resistance property,
which was a prime parameter in development of the alloy
system. In the B-1 program, a full-scale HY-180 wing carry-
through structure was built and tested to demomstrate its
tolerance for the growth of flaws under extreme loading :
conditions.

~ 1]
Y The qualities of the 10Ni steel which make it attractive :
' for structural components that are critical to the survival
| of the aircraft are the same qualities that are important
for critical components in large fast craft. Because of
the potential need for such materials in the development of
future fast craft, a survey of the properties of this alloy
that pertain to the particular problems facing such craft
was included inr the DLF project.

Four samples of 10Ni steel were made available to NRL

by the Convair Aerospace Division of General Dynamics. The :

samples included a forging 16.3 cm (6.4-in.) thick, a plate . e

8.9 cm (3.5-in,) thick, a plate 4.83 cm (1.9-in.) thick,

and a 24.9 cm (3.8-in.) long weldment in 3.8 cm (1.5-in.)

thick plate, All of the plate materials were processed by
; double vacuum (VIM-VAR) procedures, which are known to |
, impart the highest attainable fracture resistance properties K
' to this alloy system, as well as to others.

§ The NT enexrgy values for HY-180 steels are plotted on

! the steel RAD in Fig. Al9, which compares the materials of
this study with other steel systems of interest to the Navy.
One of the products of past Navy research is the delineation
of the chain of materials of highest quality (optimum
strength/toughness) that is associated with double vacuum
processing, The chain of material property data zones
indicates that alloying elements control strength and that
cleaniiness (processing) controls fracture properties, The
zone coded "10-8-12" is Navy data for 2.54 cm (1-in.) thick
plate of the nominal HY-180 compogition,
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Data for the B-1 bomber program are represented by the . ﬁF
cross-hatched zone shown on the RAD in Fig. Al9., This zone .
1lies in the region of elastic-plastic and plastic properties

for the 2.54 cm (1-in,) thickness of the analysis, which

implies that brittle fracture is not expected for any of the

materials in 2,54 cm (1-in,) thickness. At a greatexr thick-

ness fractura might become a problem area, even though the

K1o/0yg Value is high, For thinver sections, the potential

for f¥acture diminishes, since larger flaws and stresses in

excess of the material yield strength are required for

fracture.

For applications involving a need for high-strength,
tough materials on weight critical structures, the HY-180 i
steel offers attractive properties; however, much would -
hinge on the properties related to environmental crack growth,

Verification of FM for SCC

The value of using fracture mechanics (FX) test methods o0
to define the resistance of structural metals to stress- -
corrosion cracking (SCC) and to fracture stems from the .
capability to translate K numbers that describe material
properties to physical parameters - stress and crack size - ' !
that sre readily understood by designers. The translation . ;
capab’1lity is tn the form of equations of the type K/o t
= a ¢/oyg /R, where a = crack size, o/oyg = Stress Tevil i
reiative to yield, and a ~ geometry dependent constant.

One of these is the surface flaw equation which describes a
part-through cyack in a tensile stress zield, [(Ki/oy )

= 1.21 (0/oyg)“ #2/Ql, where Q is a constant related %

flaw shape and o/0ygq; this equation is widely used because
natural flaws usua{iy occur in thir, configuratioa. The
applicability of the equation has been proven for brittle
fracture by laboratory experiments and by analysis of service
failures. Because of its generzl applicability, the surface-
flaw equation has been utilizecd to construct analytical
diagrams, such as the plot of crack depth vs. ratio, Fig. A20,
and has been used to define the significaunce of KIc/Uys
ratio lines on the RAD.

It is congidered a ressonable extrapolation of fracture
§ mechanics technology to nge the surface-flaw equation for
1 tkhe csse of SCC by subsiituting the parameter jg.. in the
equation; the recently developed three-part RAD sor analysis
of SCC is based on thls assumption. In this application,
A the Kygee parsmeter is used to predict the flaw size/stress
. level necessary for the onset of crack growth due to SCC,
The objective of this investigation was to experimentally
determine whether volues of Kigec measured by cantilever-bend
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tests (see section on FM Technology/Crack Growth and Electro-
chemical Protection) could be used to predict the stress
level/flaw size combination necessary to cause crack growth
from a surface crack.

The materials selected were 17-4 PH steel in the H1050
temper and:SAE 4340 steel because the SCC properties of both
were well known. Large panels having known surface crack
geometries were tested according to a schedule designed to
demonstrate the accuracy of the surface-flaw equation. The
first step was to apply a stress-intensity level just below
that calculated to be necessary for crack growth in a salt-
water environment (i.e., just baslow K scc) for a reasonable
time period to establish that no crack growth would occur.
Following this, the stress intensity was raised a small
amount to a value just above that necessary to cause crack
growth. All calculations for the tensile panels were made
with the surface-flaw equation using characteristic Kyg..
values determined in previous studies by cantilever-ben
type specimens. To obtain variations in the Kygee ratio,
the conditions of cathodic coupling were varied in the
17-4 PH steel; the same effect was attailned in the 4340
steel by Leat treating the specimens to different yield
strengthg.

Two test specimen configurations were used, as shown
in Fig. A21. Part-through flaws were machined in each
specimen by EDM procedures foliowed by fatiguing in bending
to maximize crack-tip acuity. In tests of 17-4 FH, where
specimens werz cathodically coupled to aluminum, zinc, or
magnesium, the electrode size was chosen so that wetted
areag of specimen and of electrode were approximately equal.
The stresses on the specimens were measured by strain gsges,
while crack growth was monitored by a strain-gaged beam
clip gage and by strain gages at the tip of the original
crack. Calculations for test purposes were made with the
best estimates of crack depth. Final calculations were nmade
with the crack dimensions (machined notch plus fatigue crack)
measured at the completion of the test for each specimen.

Results of the test program are shown in Table A4 and
in Figs, A22-27. Figure A22 is a plot of Kygoo Ox Kge (the
Kge term represents a test where the specimen iuilure was
due to a mechanism other than slow crack growth) vs. yield
strength to show the variables introduced into the prograam,
The titanium data are from earlier investigations and are
included to indicate the completeness of the survey.

The experimental work for 17-4 PH steel is summnrized
on the crack-depth ratio plot in Fig, A23. This plot iz a




-,#L convenient format to show the relation betwean the three N
. parameters of interest - ratio Ky/oyg, which is the materisl
property of interest, flaw size, which is shown as a/Q (flaw
size normglized by shape parameter) on the left-hand scale .
and as absolute flaw size on the right-hand scales, and 4
applied stress, ¢ /cy . As shown in the code, the end points '
of the cross-hatcHed gars indicate the imposed test condi- r o
r . tions, the no-fracture point is on the left and the point A
- where the specimen failed is on the right. The arrow
! rvepresenting the characteristic Kjg. /oy ratio chould fall el
between the end points for a successful Zest to verify the
applicability of the equation. All of the test specimens L
except three met this condition; in two cases the specimen N
failed because the initial applied K level exceedad the
Klscc/cy ratio due to inaccurate estimates of the crack
depth, fhe third specinen (2/Q of 0.3) maintained a K/oyg
above the Kigco/Oye at the initial load but fziled at thd .
first load 1ncremgnt. Since the differences in applied PR
stress and K/crys were small, and since another specimen of :
nearly the same Kigee/Oyg 2nd 2/Q failed as predicted, this
result is not cons?dere anomalous.

Results for 4340 steel and for titanium are presented g
in Figs. A24 and A25, respectively. The 4340 steel was !
included to get a combination of kigh-strength and low 5
Krgee values., Both tests wore at low relative stress levels, :
one specimen having a small flaw and the cther having a : .
large flaw, Both of the tests were considered to verify the N N
applicability of the surface f£iaw equation. The titanium o
results of Fig. A25 were not a part of the DLF investigation i
but are included to indicate the completeness of the ver-
ification effort. The two points at Krgoo/uyg = 0.3 are
for alloy Ti-7A1-2Cbh~1Ta, which is very sensi%iva to SCC; !
: beth of these gave very gecod confirmation of the equation. . k Y
- The point at Kgo/oy. ratio 1.59 /e® (1.0 /IB.) is for alloy R
- T1-6A1-20b-rra-ino in 50.8 cn (2-in.) thick section; this Co
o al.oy appeared to be immune to SCC from both cantilever znd
' surface-flawed panel tests. However, the surface flaw . B
squation gave very good correlation with cantilever-bend AR
predictions, even though the thickness of the specimenc in 0
both tests was not large enough to satisfy plane-strain
: requirements.,

To show the agreement of test results from cantllever-
s hend tests and surface-cracked tunsile panel tests, the L
> data are plotted as one vs. the other in Fig. A26. As with ot
the precedirg plots, the length of the bar connecting "no- ST
growth" and “growth" points indicated the applied Ky/oyg e
ratio in the surface-flawed specimen tests. The intersection o*
of the 1:1 correspondence line with the bar is the Kygee/Jys
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g* value for the particular material; the '"growth" point should
' therefore fall on the line or to the right of it to verify
. the surface flaw oquation, as was the case for all tests,

e A summary of the test data is shown in Fig, A27 to

. illustrate the areas of the crack-depth-ratio chart that

o have been verified for engineering use in predicting initia-

. tion of SCC crack growth., The verification is reasonably .
complete for thc¢ entire diagram; the most obvious data voids

are at the combination of large crack sizes and Ky cc/o'ys

values in the range of 0.64-1,27 J/cm (0.4-0.8 /IE.? and’ at

stress levels in the range of 1,27-1.59 /cm (0.8-1.0 /In.)

for ail crack sizes and KIscc/oys values, Some of these
combinations are expected to be” covered in future work,

SURMARY

test methods and engineering analysis procedures to describe

the fracture resistance levels that are of interest for
3 construction of the future fleet of fast craft and ships.
Such craft ars expected to be highly sensitive to the weight
of bagic components and thersfore will utilize high-strength
nrterials, which will cause an increased sensitivity to
fracture, In developing an understanding of the fracture
process in thin-~section materials, an attempr was made to
characterize a group of wetsls representing the range of .
current comsercial alloys as well &8 some exotic materizls .

* for specialized applications,

H
}
The primary objective of this effort was to develop ?

These objectives were met by the development of test
methods based on the Dynamic Tear test, using & technique
of laminating specimens and application of an equation
relating specimer dimensions and total energy to & paraueter -
Rp - which is descriptive of the inherent resistance of a
material to frac..ure extension., Much of the experimental i
progran was devoted to demonstrating the validity of the
equation, which had been derived in earlier studies of thick-
section materials, to the thinner, high~strength materials.
An additional experimental effort was given to demonstrating
that the R, vslues could be projected to assess structural
performance in & general fashion through the use of Ratio
Applysis Diagram procedures. It was noted that the minimum
acceptable level of fracture resistance for Navy ship struc-
tures and components is non-brittle, or plastic fracture.
Finally, the test methods and analysis procedures were used
to characterize the behavior of several steels, aluminum
alloys, and titanium alloys of petential interest for future .
fast craft and ships, Included in this survey were samples
of lager welds in several of the project materials, with
the caveat that the laser welding technology has not matured .
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TABLE A2, PROPERTIES OF THIN-SECTION METALLIC MATERIALS FOR FAST

CRAFT AND SHIP APPLICATIONS

Tield R
Alloy Thickness Strength ]
(am.-) (!t.-lb.)
{cm) (in.) (MPa)  (ksi) 1572 !.n.!:2
Alumtnun
7075~T6 1.26 .498 $27 76.4 XA NA
+65 .28% 512 74.2 .13 9.5
.33 ,130 518 75.1 .13 9.6
2024-T351 1.26 ,498 328 47.8 271 54
.65 ,257 318 45,7 57 43
.33 L1320 386 56.0 42 32
6061~T651 1,27 ,.500 294 42.8 1,02 17
«65 ,257 288 41.7 .88 50
34 2 254 36.8 48 37
5086~-H32 1,24 490 310 30.5 1.48 112
.68 ,268 235 332.6 1.41 107
32 L3127 23% 34.2 +83 83
5L86-H116 1.27 ,500 213 30.9 .11 160
56 L322 261 37.8 1.31 0
.48 ,.188 235 34.1 1.46 111
.30 ,120 235 34.1 .50 &8
Steels
HY~130 1,27 .500 811 132.2 .66 1038
"Y-130 1.2z ,500 1049 152.2 5.80 4o
RY-80 1.27 ,500 720 213.7 3.09 234
Titanium
T4-6A1~2Cb=1Ta~0.8No +254 ,10Q 843 123.2 .37 o6
+318 ,135 829 . 1.58 118
478 188 891 129.3 2,30 174
835 . 838 125.9 2,40 183
953 ,378 871 126.3 2.1¢8 164
1,270 .8 878 127.4 2.08 158
Ti-6A1-4V cps 239 .090 923 133.9 «73 1]
BLIt +229 ,090 967 140,3 &4 &4
ELI +318 123 287 140.2 1.42 112
RLI 318 ,125 $67 140.2 1,20 91
ELY «835 ,250 936  133,7 2.14 163
cr 1,370 500 996 144.4 683 48
x5t 3.370 500 L 8.8 1.82 138
Ti-6A1-6V~2,58a «329 08¢ 1088 .138.0, .86 .53
{cr) N «318 3128 1132 162.7- 28 20
+638 ;350 1078 136.3' 36 7
. 1.270 802 - 1039 130.7 33 40

*Commercial Purity (oxygen couteirt >C.15%)
tZxtra Low Inters$itial (oxyges cumtont <0.13%)
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Fig. A2 =~ Configurstion of specimens uaed for studies of thinsection materials.
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B. Fracture Mechanics Technology/Fatigue Criteria
T, W, Crooker

High-performance surface ship structures invoive the
use of materials under circumstances which incur = serious
rigsk of fatigue damage: high strength-to-density alloys,
complexr. structural configurations, cost-conscious fabricatien,
highiy aggressive service environments ard repeated loading
stresses generated by unavoidable structure/environment
force interactions. Metal fatigue will pose a long-term
threat to the integrity and reliability of these structures
. and thus demands careful consideration from the earliest
< design concept stages through the dovelopment of life-cyele
operation and maintenance criteria. The establishment of
fatigue design criteria and the selection of materials within
the framework of such criteria will play s vital role in
preventing fatigue failures in high-performance ship struc-
tures. A pioneer effort in pursuit of these goals is
currently underway for the PHM strut/foil structure system
using, in part, datas generated under this program. This
section presents the results of a broad range of fatigue and
corrosion-fatigue studies conducted ito develop the fatigue i
technology base for a selection of candidate alloys for high- !
performance ship applicationa.

BACKGROUND %

¥ork aimed at establishisg 2 rational means of dealing :
with fatigue crack propagation began in the aircraft industry H
during the 1950%'s, in respomse to the widely publicizec {

British Comet aircraft failures plus othar lesser kpown
instances of aircraft structural fatigue. A 1960 conference
o the problem in Crsnfield, Rnglend revealed o significant
amount of research had been initiated, but no common fnalyt-
ical besis had yet emerged (Bi). Rowever, in a highly
significant paper published in 1983 (B2), Paris and Brdogan
propesed that the fracturse mesianica crack-tip stress-intensity
factor (K) could succesgiully sorve as the primary varizbkle
in describing fatigue crack growth yass {da/di). 7This widely
hecded paper still continues to both atimulste and focus
fatigue technology.

YA s

Once the basic enginesring approach 5 frtigue crack
propagation using fracture mechanics began to evolve, the
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extension of these studies into the realm of corrcelen-fetigue
began to occur. Early studiles of corrssion-fatigue using
fracture-mechanicu-type precracked specimens vegan in the
mid-1960'3, and by 1971 a significant portion of & msjor
eymposium on corrosion-fatigue was dovoted to fracture
mechanics oriented crack propagation studies (83).

Since 1971, major developments have occurred in the
application of fatigue cvack prepagation technology. Formel-
ized requiremants for the use cf erack growth rafe data in
materials selection and in structuval design uave been
instituted or are being contonprlatad by several infiuential
organizations, The U0, Adr force prosently roquires that
the structural integrity of airpianes be domonstrated thkrough
the implementation of fatigue ard fractuce contral slans
which utilize fatigue crack propzgatiorn analyses (84), 7The
U.S. Navy iz currenily developing a similsr approach towards
the design of high-performance suriace ships (85),

The studiean performsed upder this program voxe inteunded
to furthor develop the fracture mechanins tschnoicgy base
necessary fox implementstion of modoru siructural integyity
concepts,. Data generated under this program have beea
utilized 4{n the fatigws design criteris for the VHEK 17-4 FH
strut/¥oil system by the Boeing Company ard also in the
structural integrity plan Jor the PEE¥ RY-130 struc/feoil
system by the Grumsmmn Aerospace Corporation.

PATIGUE CRACK EHOPAGATION CHARACTERISTICS OF 17-4 PH STERIS

figh-strengih precipitation herdening {(PH) stainless
steels ar2 among the candidate axterials for appiication in
new high-performasce surface siips, Such sophisticated
applications will require a rYar nore comgrehensive knowiedge
of the mechanical charscteristics of these materials than
presently existz. The study reportad here wss undartiakes
to develop basic eugineering inforuation on the cyolic aracik-
growth behavior of 17-4 PH staisless stevls, The 17-4 fanily
o2 PH ptainless steols represents a highly cowplex and
incospietely underatood alloy system, The mechaniesl prop-
arties of 17-4 PH steels car vary widely, dopending upon
proceasling and hest treatment {88,87). This investigaiion
resulted in dats on and interﬂrstztlcn of syclic crack
growth in ssaples of 17-34 PH steels of interont for potential
upplication in nival gstructuraa. XNoth mzceroesnpis frect re-
mschanics cyclic crrck-grovit tegt resulis and nisroscopin
elgxtron fractogyaphy interpratativns are prasented,

Degoription of Materials

oo 12,7 pa (9.50 in.j-thick rollsd plstss of 17-4 PH
stainless steel were studied, a vacuusn-melted (V) semple in

B-2
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ths H1050 conditicn and an argon-oxygon molted (A0M) ssapls
in the HICR0 and K1150 conditicns, <Cheuical compezitions of
the two plates are given in Tabie Bl, Rough-out speciusn
blanks were solution trexted at 1038°C (1800°F) for 1 hr. in
an srgca atacsphere, followed by a#n ol quench, Mschined
specimsns wers then 2ged in an 3ir atmosphore at either

566 or 621°C (1050 or 1150°F) for 4 hrs., followed by air
cooling. Weshrmnical properties of the hest-itrsated materials
are shown in Table B2,

Experimantal Procedures

Fatigue crack growth rate (¥CGR) tests were conducted
cn each of the three materials studied, Single-edge-nstich
(SEN) tersion specimens 12,1 mm (0.475 in.)-thick, shkowvn
schomatically in Fig. Bla, were employed in tho FCGR teats.
Crack propagation in these specimens scccurred in the T-L
orientation (B8), The prcportions of these specimens and
the stress-intensity formulation utilized in calculxting AKX
values were obtkined from Ref, 89, Fatigue crack growih
rato tests were conducted on a clogsd-loop fatigue machine
in ambient isboratery air at a frequeney of 5 Hz., Observa-
tions of crack length were made optically at approximately
15X using a Gsertner traveling nicroscope, Specizmens of
each material were testad at various stress ratios {(minimum
stress-intensity factor/maximum stress-intensity factor = R).
Ratios of ©.04, 0,40, 0,67, and 0.8 were studied, Duplicate
specimens wers tesied in esch case, and all FCGH curves
reported include data from two specimens. One speciasn vas
first tested under constant load, then a second specimen
was step-lczded with the load incressed incrementally after
each 8.25 cm (0.100 in.}) of crack growth.

Tenaile tests woere conducted or 0,807 cm (D.337 in.)
diaxoter apecimenz taken from the SEN speciwens folliowing
FOOR testizg., Fractwre-toughness values were obtained from
1,52 en (5/8-ir.] Dynamic Tear speciwens, Fig. Bib, tested
at ambignt labsratory tewperature in acezordance with
Rof. Bl1O,

Rapiicas wers mads to determine the mode of cyclic crack
prepagation across the spectrum of stress-intermity ranges
examined., Thege replicas were mkde from cellulose acetate
2iixe which wore =siripped Irca the fatigue fracture surfacss
(st thes midthicknoss positions), ghadowsd ¥ith platinum, and
thea depcsitod with & carbon becking. Visuxl sstimates of
percuntages of The nonstituont alcrofrscivre nodes vere mrde
by thorotghiy examining each replicm,
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Results

The fracture-mechanics, cyclic crack growth rsgsuits arve
presented in Fig, B2a,b,c. Thesa are logarithmic plots of
crack growth rate da/dN vs8., crack-tip stress-intensity factor
range AK for each of the three materiais studied. In each
case, the minimum AK values roporied were nsar il M¥Ps/R&

(10 ksi/Tn.), and several R values are included, Tests were
continued to the maximum stress-intensity level at which
optical observation of cyclic crack growth c¢ould D& main-
tained for each combination of matevial and atress ratioc
studied, Tests were terminated either, because 0 the
occurrence of fracture, or because of experimental difficul-~
ties in monitoring fuil-slant shear~-mods cracks wvhich were
known to hive irregular crack front shapes, The sigaificant
features of these results are the variation ip da/dN values
shown az z function of axtserial wariablas {srocessing and
heat treatmsnt) and the varyirg sensitivities to R, For any
given set of values of AK and R. da/dN values can vary by

as much as 2 factor of five due te metallurgical effects.
Alse, for any of the materials studied, da/dN values at any
lovel of AK can vary widely 4n response to variations in R,
especially for higher levels of AK.

The DT fracture test rasults are plotted in Fig. B3,
which is a modificatiocn of the Ratio Analysis Diagram (RAD)
for gteals (Bll), This cumulative plot of fracture toughness
vs. yleld strength 12 useful la the present work for comparing
the relative strengths and toughness valuoe of the three ‘
materizls studied to oune another, as wsll as to the overall
range of fracture toughness values measured in extensive prior B
testing of steeis. The results from the 1.59 cm (5/8-in.} ’
Dynamic Tear (D7) Test wore plotted in Fig. B3 using proce-
dures outlipzed in Ref, B12, It can be geen that for the
three materials studied,; procassing exerty a greater influence
on toughneas tnan does hsat treaiment., Both of the AOH mate-
rials studied are of low toughness, whersas the VM material
oxhibited significanitly grestar toughness,

A wids rapge of fracturc =zocianisws was detected from
the fatigye surfaces ol the spscimens axXamined, including
striations (STR). microveid cozlegscence {(MVC), and uicro~
cleavage (CLR). Since cleavzage is s particulariy low-energy
acds of cragk sztoreion and is xxasccisied with poor resistance -
to crack yrowth, both in fzacture sad in atress-corroaion
cracking, c¢oasiderable aignificance im placsd on its cccur-
rance urde? conditions of cyelic orack growth., An sxample
ot microg-cleavage observed in the AQK H1050 material is .
sho¥a in ) stereographic pair of silectiren fractographs in
Pig. B£, It is worth noting that tha oscurrance of CLE was
virtually confined to the AOM HIQL0 mrteorial a2pd its

e aws mwane
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occurrence, along with the assoacliated sccelerated crack
growth rates, could be suppressed ejther through processing
or heat-treatment variations,

DISCUSSION

Fracture Results

The fracture results, which indicate a very distinct
beneficial effect of vacuum melting, are in excellent agree-
ment with the much more extensive fractuve studies oo 17-4 PH
steels conducted by Judy et al., (B6). Beaeficial puriiy
effects on Zracture toughness rosulting from vacuum melting
are well recognized in steels and are the principal factor
I!n dotermining metal quality “'corridors'" on the RAD (Bil).

It should be pointed out that the AOK material does not
appear amensble te significant iuprovement in fracture tough-
ness through variation in heat treatment axnd falls among the
lezat fracture-resistant steels available at the respective
yvield-utrength levels studied (86),

Cyclic Crack Growth Results

Several investigations have shown that cyclic crack
growth, a3 weasured in terms of da/dN valu2s as a fuunction
of AK, is remarkably invariant in z brousd selection of steels
(principally martensitic), ranging ir yield strength from
intermadiate to ultrahigh levels (B13-B15). Conversely, other
investigators have shown signéficant and systematic variatious
in Ge/dN values in similar types of steels which can be
related to macromdchanical properties or heai treatwernt (57,
B16-Bi8). However, these previous investigations of cyeclic
erack growth in 5&3815 have tendad, for the most part, to
limit the loading cconditions to R *alues near zero (zero-to-
tongion), and to wiake relativoly few fractographic observa-
tions %S & means of explaining variations {or the lask
thereof) in bshavior. Thus, an incomplete and scmewhat
confusing picture of cyclic crack growth bshavior in high-
girengtk stesis exists,

Becent investigations conducted inr Great Britain have
begun to razedy this void in our knowledzs of cyclic crack-
grovth behavior of metallic meterials (B19-823), The findings
of thesa separate investigations largaly support the observa..
tiors of this study of 17-4 PH steels,

The da/dN vs, AK results shown ir Fig. B2 indicate
distinet differences in the cyclic crack-growth characteristics
ot the three 17-4 PE steels studied, Several salient obszarva-
tiong are as folleows: First, for vir4ually any combinmation
of AX snd R, the H1G50 VM material oxihibits lower crack growth
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ratos than dees the HIO56 AOM material, Thie can be regarded i |
) as a beneficial purity effect and is in agreement with the
o findings of Evans et al. (819). Seccond, heat treating the
* AOM material to the lower yileld-strength 3150 temper mignif-
icantly improves the cyclic crack-growth resistance at the
low R yvalue (0,04), as compared to the H1050 AOM arterial at
the same K value, and results in du/dM values comparable to
the ¥X material despite significant differences in fracture
toughness between the AOM K11590 and VM H1050 naterials, How-
i : ever, at highey R values, the lower toughness H1150 AOK
- material develops significantly higher da/dN values than
) does tbe HLOS5C V¥ materinil., This finding is in general
agreement with the results of Reck and Kalish (B7). Third,
each material exhibits a significant dependence of da/dN on
R, which is most pronounced in the lower toughness materials;
and, tnis B-2actor dependence diminishes with decreasing AX,
' In fact, there is a tendency for convergence of nesrly ali
- the curveas at AKX levels near 11 MPa/® (10 ksi/Tn.). These
okservations agree, at least in part, with the findings of
mest of the British investigatinns cited in Refs. B19-B23,

R
T
s

In recest years, numerous FCGR lawe which account for
stress-ratio elfects have been formulated, However, attempts
to normalizé each of the sets of data shown in Figs. B2a,b,
and ¢ into a unified formit were unsuccessful, Obviously,
in a situation where metallurgical factore exert such a
pronounced effect on cyclic crack growth behavior, no single
e law based on continuum mechaujics principles will succeas-
- fuily describe such varied behavins, Rather, an understanding
of micro-mechanistic events is necessary. .

tn
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Fractographic Resulis

- As shown above, both the V¥ and ACM steels in the HI150
5 e condition exhibit a growth rate dependence on R, although

: the dependence is greater in tha case of the AGM plate, And
. for a given value of R, the crack prepzgation rate is highsr
K for the AOK plate. Electron fractography reveais that this
5o difforence in behavior between the two plates correlates °

v with the propemsity toward cleavege 28 a mode sf cyclic

o

* e

[T

o crack extension. For exsmple, at R = 0,04, the AQ¥-HIO3C

Y gteel exhibits 2-5% CLE for X levels from 31.9 to 133 MPa/®
(2¢ to 121 wsi/TH.). At R = 0,87, however, much more CL¥
appears, viz., B comstant level of 15-20% for aX ranges of

. 16.5 to 38,5 #Pa/Rm (15 to 38 ksi/TR.). On the other hand,

. ; the VM-H1030 steel exhibits no claavage at R ~ 0,04, over

s ; the whole spoatrum of AK levels examined; at R - 0.87, just

N ; 8 trsce of CLR {1%) appesxs at oK levels from 25.3 io

: 87.6 ¥Pu/® (23 to 80 kwi/In.), Thus, the incidence of CLR

sppeays to eosincide with the poorar crack-grovth-rate

ey
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I ) repigtance of the AOK plate, The grsater propenaity toward
= cleavege in the AOM piute might be related to the greater

I - percantage of d-ferrite 1n the wicrosiructure,

|

¥hen AQY stoel was aged at a higher temperature to
ovtain the H1150 condition, cleavage was completely supprossed
a8 a mode of crack extension, for R = 0.04, and the crack
growth rates were reduced significantly ioc levels less than
52 or equal to those for the VH stesl in the Hi050 condition,
Tnis improvement might be related ts the increased formation
of reverted austenite in going from thas HI050 to the HI1S0
condition in the ACY steel, or to the alterstion of some
. feature of the precipitation-hardening mechanism, e.g., the
= nagnitude of the cohersncy strains, For cyelic crack growth
#t ® » 0,67, a trace of CLR (1-2%) did appear at all AK
levels exanmined, from 18.7 to 51.6 ¥Pa/m (17 to 47 ksi/im.),
Jost as it did in ths case of the VH steel in the H1050
condition,

: ¥hils microclezvage is not umcommon zs 8 mode of cyclic
=) erack propagation in s&lloys of varicus families, the mature

: of its cecurrence in the pressont caso is enigmatic in one
regpoet, viz,, that the perceat CLE appsars to be independent
) of Ar over wide ranges of pR, This f£ioding contrasts with

B that for the RBSGO condition of a 17-4 PFH steel studied by

: Eack and Ealish (B7}, who reported that percent CLE increased
. : . with 3K, While it has been roportsd for othor alloys that

‘ : the psrcent CLE decreases with increased AK (B24,B25), this

: ) igs the firgt Znown instance whare ths porcant (LE appesrs
indspendent of AR, foxr a given vslue of R, Much further

. work may be reguired Zor a full undsrstanding of this

. babavior,

;B SUMMARY AND CONCLUSIONS

R P VN

ot Fatigus orack propagation rates {(cz/0N) in ambient
iaboreatory sir heve besn obtainad 833 3 function of stress~
intensity factor ramge (AK) for an argon-oxygen nelisd stesl
in ths HLCS50 and E1150 conditions, and for o vacuua-nelted
gtesl in the HIO80 condition. Theso growth rales wore
detormined for gtresa-intenpity factor zatiss B = 0.04, ¢.40,
6,87, and 0,80, Eodes of crack extension woro detarmined by
: . alectronr fractography o eluciinte differengas in orack-

= growth-rate behavior, Clzavege sppesrs 25 & mod? of cyclis
erack propagation ia this 2amily of ateals, o the detrimsnt
6f cyclic orack~growik Pweisiance, Iz parilcular, it wes
found that:

{8} the amount of cleavage sppoars to b indepandent of
AK aever 2 wide spectyua of AR lovels,
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(by the awmount of cleavsge ‘ax well as the asgociated
cyclic crack propugation rates) incresses significantly with

|
| (c} heat trostment can be acdjusted to minimize the
j appearance of cleavags,

i

(d) silght varintions in alloy processing servo to
eliminate cleavige,

/ CORROS ION-FATIGUR CRACK PROPAGATION CHARACTERISTICS OF

AZfzis L 4 Szald

Crack propagaticon in high-strength alloys, caused by
the combipad forces of fatigue and corrosion, represents a
potentially mserious thrart to the service capabilities of
high-perfuymancs surface ship siruvctures. The application
o2 fracture mechaniecs principles to fatigue has permitted
resesrchers to ziudy crack propagation under strictly defined
crack tip mechanical conditions which duplicate siructural
service. Studies cenducted under this program 2t NRL's
¥arine Corrosion Hezearch Laboratory locetsed in Key Wesrt,
Florida have added s now degree of sarvice simulatiocn to
sorresionw€atigus atudies by conducting crack propagation
tests in flowing nztural seayater, This added degree of
sorxvice gimulation, which {8 providsd by the natural marins
anvironsast, i of partlcular izportance in the characterizan.
tion of new allova helng devsloped Yor application in
critical, high-performance structures,

U e b w bas b At L e -

Descripiion of Hyiserialx

The materiale studied under this phase of the progran
includeld the thres 17-4 PH gteels described in the previous
ssction plus HY-130 stesl, Ti-6A1-2Ct-1Ta-0.8Mo and S5455-Hii6
riumiaum &lloy. Thae tonsile properties sf {heae materials
sro given in Tables EZ and B3,

v s

Bxpexisental Proceduras

Pesis wore tondustied usisg singleo-edye-noich (SEN)
cantilsver zpecimens, Devails of the ftest gpacimen geomotry
wre suown in Flg, B3, FSraciwrs mechanice stress-intewgivy
factors wore caliculatsd using the Kies' equation (B2€), The
speciwens wore oriented with the edys crack parailel to tho
final soulidzy Atraction, 2k the ASTE desigreted T-L orienta-~
tion (D8},

Cyeilng was porfovidd undexr comstant mazizux lecad, zero-

to-tonaion, (B « 9), at frsqusvcies of either 10 o 1 opm,
Unfaortunetely, the cok roil syatem of the feat mechinez did
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not permit load-tims waveform control, an jarortant parunetov
in corrozion-£i{\gue uuiting (B.7). However, fsr comparisocn
purposes, iha wavefornm can e conzidored to bs avyproximately
trizngular, ¢

Fatigue specinens were tested Ji mstuvral 3esvater at
the NRL Marine Corrosicn Fosoarsh Lavorarory in Kuy West,
Florida, Hatural secwetor w3 t.ion direcilr from the ovens
and immediztely passed ibraugh 2 polyurethanu enclesure cell,
piaced zroune fuy specimen tict section, in € 8l1gls-~-mss
mode at 8 flow ray~ of ca. 200 al/min. 7The ccrromiou ceil
had & plexiglas viewlng ¥razz for eviical ibservaticn of
creck growtd, Maazuvemsnt <f the fatigue-crack longtd was
perfornsd by 3 silide-movntad opiianl nicrmeter foenses on
the rect surface of ore zide-grocve of the specimens.

Biectrosanenical poteutials wore applizd by means «f A
potenticsta’ device, rouientials wercs zeasurad versu® un
Ag /AgCl ref . rence glectroda. The 2Zrsely corrwiiag pocsntials
of the variouwr matsrials stu’iog are given in Table B¢

e

Resulsis

The results o2 this phare of tha program are shorn in

Figs, B6 through Bll. These figures ars logarithmic plois
of crack growih rate {(da/dN) vs, streas-intensity factor
range (AK) for the gix a=i20iXls incivded in this pheso of

* the program. ZFash pict includes a2 rofslentd cumwm fYwarated
in 2 labovatory sibhient air enviromment ‘reisfive humidily
~50 percent} plus data gertcatad in flowing natural sespwster
under Ireely cosrof.pg conditicns and under varioup appiiod
aelactrochenicorl potesr’ idls, A1l dats shown are for & 10 opa
triangular lcead-timF wace Iform uunress ovoerwise noted, Sevy-
eral of the alr envirovr.ent rexerinss curvey include xi¢her
fraguency data frog Uthsr shises of this study or from
provicus studles ual ac . shown for confirmation parposes,
Specifieally, the MV-13 aiv eonrviromment data are reported
1y refsrence B2B, and oo o €he 17-4 PH air envivonwert
dara are roported in sesoiwmpic B28 undey anotiwr phass of
tais program., Alse, ¢ne cuve $f poteaticstated ssavster

dota for the HY-130 #stor il wam sobtzingd at & fvequsnouy of

2. 1 cpm,

FRR -

& wide variaty of P3Gy 0 Faneutsr and siectro-
chonical poterntial wowe ;wisd asong the six wateriids.

{£) no etfagt of oivaeyr nerwsier on potential (Ti-6A%-
2Ch-1Ta~0 ,8R7)

{11} deletariovs cffeci of swewxter vith no effsect of
potential fvacuw: &sited 17-4 PH slecl)
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{i11) deleterious effect of seswater with Luosficial
cffect of potential (5456-H11i8 alumdmum;

(5v} deleterious effect of seawater with deleterious
effect of potential (argon~oxygea melted 17-4 PH
steels)

(v} deleterious effect of seawator and potentisl with
a further deleterious effesct of reducsd cyalic
fiequency (HY-130 steel}

The magnitudes of the seawater-induced accelexations in
crack growth rates varied from npegiigible to an order of
magnltude, with the greatest accelerations tending to olrur
under lower-amplitude c¢ycling conditions,

DISCHSSION

Ths highly varied effects of natural seswater and eleectirs-
chenical potential on fatigue crack growth rates obserwed in
this study have important implications for the use of inaxe
rniarials in high-performance naval ship giructures. Partic-
nlag esphasis should be placed on the resulis obtained for
#Y-130 and 17-4 PH steels, owing to the deleterious vaturo
o the affscis observed and immediacy of these materials to
Xevy preograme, Specifically, the sericusly deletericus
sffects of seavater, electrochemical potential and reduced
aycilie fresusncy observsd in these materials relate d.vectly
to sovual sorvice conditione, Despite new develupnents in
seating systews, these materiazls do guffer direct contact
with seawater, Rlectrochemical potentials of the gign and
saegeitude included in this study are encoantered with these
wrterials 25 the result of unintentionzl coupling between
dtuyimilur metals (such as ateel foils and an &lumigum hull)
or sz the vesult of the intentional uss of sacrificial anodes
to supprass pitting snd crevics corrosion, Low Jyelic fre-
qu2ncy soading (~10 to 1 cpm) is rlso ewncountsred in the
aotusl gervice joading of thase materials. The results of
1bis siudy clexrly .rdicste ench of these factors to he a
sotential problem xZrez in the application of these high-~
strepyth aarine alloys to high-portformavse ship airuotures,

Borever, the results obtained on the nonferrous titanium
and alusminum ailioye axrg wore progising, The xesults for
T4 -8A1-2Ch-~1Ta~-0 .84 shoving po effact of eithsy gesastery or
potential suggest that thiz alloy zay be a very aticactive
cundidate materdal for applications involving corrogion.
xptigue. Algo, the regulty for 5456-HL16 aluminum showing
only # modest delecerious eifect of seawater and a boneficial
affact of potontiti suggsest that electrochemistry may cffor
2 wians of protanting this mecerial ageinnt corrosici-faigue,




SUZMARY AND CONCLUSIONS

farrosion-fatigue crack propagation studies were
corducted on a selected group of high-atrengtii marine alloys
in riowing natural secwater ai various controlled levels of
electrochemical poteutial. The materisls studicd ircluded:
HY-1350 ateel, vacuum melted 17-4 Pd steel in the H1050
tempevr, srgon-oxygen melted 17-¢ PH steel in the KH1050 und
H1150 tempere, T1-6A1-ZCb-1Ta-0.8Mc and 54356-H115 aluminum
alloy. Thie results are presenitec in terms of a da/dN-AK
fracture mechanics format. These results have shown that:

‘a, The corrosion-fatigue zesponse of thess alloys (o
natural seawator and electrechemical potential varies widely
dnpendiri upon the particular alloy., Eilfects range from
negligiis Yo seriocusly deleterinus.

b) Gaowrally, tne higa-strength stesis (HY-130 and
17-4 PH) currvntly committod to Kavwy programs are among taud
metl seriousl; affinted by corrceiou-fatigue,

{c) The iwonferrrnus marine alloys (Ti-541-2Cb-17a-0,8M40
and 5456-Hil6 aluminum) sxhibited very promising responyes
to the conditiod of corrosion-fazigue utllized in this
program.
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Fracture Mechanics Technology/Crack Growth
and Electrochemical Protection

Dr. C. T. Fujii

INTRODUCT ION

Ships or craft designed for high speed service, such
as hydrofoils, will be expected to perform reliably under
adverse operating conditions, A real threat to reliable
performance, however, is posed by SCC - i.e.,, the extemsion
of flaws in metals from the combined effects of stress and
corrosion, The deleterious synergistic effects of temsile
stress and the corrosive ocean enviromment on structursl
alloys generally tend to progressively worsen with increasing
yield strength, Inadequate background experience in the use
of modern high strength alloys in thickness/strength level
combinations under hostile marine conditions such as for
FCS applications severely restricts attempts to define safe
operational limits for such advanced structures. The SCC
behavior of candidate alloys for FCS comstruction needs to
be more adequately established to effectively guide material
selection, design, and fabrication procedures, as well as
aid development of electrochemical protection technology.

The effects of elecrrochemical potential on the SCC
behavior of most alloys are particularly pertinent for naval
applications. Increased cathodic potentials may cause crack
growth at lower values of Kygee than under freely corroding
conditions, and the magnitude of the effect can be expected
to vary with alloy systems. Cathodic protection systems
while minimizing corresion can simultaneously cause increased
absorption of hydrogen at the crack-tip which results in an
increased SCC sensitivity of the alloy. Thus, electrochewmical
effecta need tc be defined accurately to prescribe effactive
cathodie protection systems for new high strength alloys
without significantly lowering the SCC resistance as well as
to provide a capability for predicting behavior of galvan-
ically coupled dissimilar alloys as might occur in actual
navel structures,

OBJECTIVE

The objective of this subtask was to determine the effect
of electrochemical factors on the 8CC properties of l2ading




candidate alloys for fast craft and ships (FCS) applications.
The emphasis was on characterizing the SCC behavior of thin-
plate materials - one inch or less - utilizing precracked
specimens which were tested ia 3.5% NaCl solution under
freely-corroding and electrochemically coupled (cathodically
protected) conditions, Included in the SCC studies were
several steels, titanium alloys, and marine aluminum alloys.

SCC TEST HMETHOD

The cantilever test method employing single-edge-notch
(SEN) fatigue-precracked specimens was used to determine the
threshold stress-intensity factor for SCC (Kygec) 0f selected
steels and titanium alloys. The corrodent, 3.5% NaCl solu-
tion, was contained in a polyethylene reservoir around the
crack and changed daily during the experiment. Tests were
conducted for the freely corroding condition of the specimen
and for different cathodically polarized conditions by
galvanic coupling to appropriate ancde materials. The
electrochenmical potentials of the specimens were measured
against an Ag/AgCl reference electrode. A step-load proce-
dure was followed to deteramime Kigo, values for steel
specimens; a single-load-failure criterion was adopted to
establish the SCC thresholds for the titanium alloy specimens.
At the conclusion of sach test, the fracture surfaces of the
gpecinens were examined for confirming evidences of SCC.

ACCOMPLISHMENTS
17-4 PH Steel

An extensive characterization of the SCC behavior of
17-4 PH steel exphasizing the affects of tempering procecdures,
rlate thicknesses, mnd olectrochemical potentialis has been
completed, The data from cantilever bend tests are sum~
uarized in Tables Cl and C2, and graphically compared in
Pigures C1l and C2, The results show that:

+ Incressing yield strength decreases the SCC resistsace
of thke alloy,

« Increasing cathodic polarization decreases STC resist-
ance of the alloy,

. Motallurgically overaging improves the SCC resistance
and flaw tolexrance of the alloy.

+ The gpecimen thickness required for determining
thickress-independent Xigce for 17-4 PH steel is considerably
less than required for a standard Kyc test,
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17-4 PH GMA Weldment

The SCC propertiss of a 17-4 PH GMA weldment were
determined, and the results are summarized in Table C3.
Comparison of the SCC behavicr of the base and weld metals
showed matching properties under cathodically polarized
conditions but & measurable decrease of approximately 25%
in SCC resistance for the weld metal under freely corroding
conditions.

Details oi the SCC properties of 17-4 PH steel and GMA
wald metal are documented in the publications on these mate-
rials listed in the Bibliography.

15-5 PH Steel

The SCC behavior of precracked spcecimens from thin-
plate 15-5 PH stuel were determined; and the Kygoe data for
6.4 mm (0.25 in.), 12.7 mm (0,50 in.), and 25.4 mm (1,00 in.)
thick plates for the F1050 temper are given ir Table C4.
Results are sinilar and comparable to those noted above for
17-4 PH steel.

HY-130 Steel

The SCC properties of two different heats of HY-130 steel
in 25.4 mm~thick (1 inch-thick) plate form were determined
in 3.5% NaCl solution in the freely corroding and electro-
chemically coupled conditions, Table C5 summarizes the
results obtained. The material has relatively high SCC
registance under freely corroding and limited applied
cathodic potentials {coupled to 5086 Al)}, At higher cathodic
potentials, there is a significant decrease in SCC resist-
ance, Details of the SCC experiments of this material are
given in Report of NRL Progress of November 1973 (see
Bibliography).

Titanium Alloys

Four titanium 2lloyas, each in two plate thicknesses,
were characterized under freely corroding and zinc-coupled
conditions, The alloys were Ti-6A1-4V (CP grade), Ti-6Al-4V
(BLI grade), Ti-6A1-6V-2Sn, and Ti-6A1-2Nb-1Ta-0.8Mo. The
results of the SCC testa are summarized in Table C8. All of
these alloys exhibitec¢ some degree of susceptibility to SCC,
but their SCC resistance in salt-water is relatively good
ir comparison to other titanium siloys (such as Ti-7-2~1 and
Ti-8<1~1), There appears to be an effect of spscimen thick-
ness, B, on the measured Kygee values. Higher threshold
K-values were obeerved for 6.4 mm (0,25 in,) than 12,7 =m
(0.50 in,) specimons for three of the alloys which suggests
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lack of crack-tip mechanical constraint in 6,4 mm (0.25 in,)
specimens., Metallurgical and yield strength differences
between 6.4 mm (0.25 in,) and 12.7 mm (0.5C in.) plates may
also have contributed to the observed behavior and perhaps
partially explain the performance of the Ti-6A1-6V-2Sn alloy.
One notable difference between the SCC behavior of titanium
alloys and high strength steels is the relative insensitivity
of titanium alloys to applied cathodic potentials as shown

by comparison of the freely corroding and Zn-coupled data in
Table C6,

Aluminum-Magnesium Alloys

The SCC behavior of two Alcoa Al-Mg alloys - a commercial
alloy, 5456-H117, and an experimental alloy, N-Hll7, was
determined in the as-~received and aged conditions for suscep-
tibility to cracking in 3.5 percent NaCl solution utilizing
double cantilever beam specimens machined from l1-in.-~thick
plates of the two alloys. The chemical composition of the
alloys and the results of the STC tests are given in Tables C7
and C8, respectively. The results show that the as-received
specimens were insensitive tc SCC in these tests with the
exception of one N-H117 specimen. All of the aged specimens
of both alloys were susceptible to SCC, As expected, there
is a pronounced tendency to favor SCC in the SL orientation,

SUMMARY DISCUSSION

The work which has been completed has defined the SCC
properties of thin plates of several materials which are
presently prime candidates for FCS application, These mate-
risls include two high-strength stainless steels, a quenched-
and-tempered steel, several titanium alloys, and two aluminum
alloys, The SCC data obtained for these allcys are some of
the most extensive for any thin-plate material obtained to
date. All of the high-strength alloys studied were suscep-
tible to a limited degree to SCC, The variation in SCC
resistance was shown to be influenced by yield strength,
electrochemical potential, and metallurgical variables, The
relative influence of each factor varied with alloy system
and can be qualitatively described as follows:

+ Steels - increasing yield strengtb and increasing
negative potentials decreasod. SCC resistance,

« Titanium alleys - increasing yleld strength generally
decreased SCC resistanco, but the freely-corroding SCC prop-
erties were not affected by an applied negative potential,

« Alumsinum alloys - overaging high-magnesium marine
aluminum alloys decreases SCC resistance. The SCC properties
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of wrought aluminum alloys are highly orientation dependent
and are minimal in the short-transverse direction.

The tabulated data for these three tyres of materials
offer a more quantitative basis for comparisons of the effects
of temper, potential, plate thickness, and alloy system on
the SCC properties in a saline environment., For engineering
or structural applications, the comparison of SCC properties
is facilitated by a grapkical summary of valid data in the
format of & Ratio Analysis Diagram (RAD). Figure C3 is a
RAD for SCC of steels in laboratory salt water (approximately
3.5 percent NaCl solution) where the ordinate is the critical
stress-intensity factor for SCC, Klscc, and the abecissa is
the yield strength, oy, of the steel., For purposes of dis-~
cussing the significance and utility of the Kyg.. data of &
given alloy, 17-4 PH results are included in Fig. C3, The
8CC envelope, the shaded region, was comstructed using most
of the available SCC data determined for a wide variety of
steels by several laboratories., Visual confirmation of
crack growth was iwmposed as a requirement before the Kjygee
data were included to define the boundary limits of the
envelope, The older forging grade steels would be repre-
sentative of material in the lower regions of the envelope,
The nower weldable steels of improved quality would generally
fall in the higher range of the envelope. The system o3
constant Kjygee/Opy ratio lines divides the diagram into three
ratio zones - high, intermediate, and low, These zones may
also be regarded as levels of resistance to SCC., The transi-
tion from high to intermediate and low SCC resistance is
relatively sharp as indicated by the general slope of the
envelope, For specimcons with sufficient mechanical constraint
to assure applicability of linear elastic fracture mechanics,
the ratios are directly relatable to critical flaw sizes for
SCC and are most useful for predicting structural performance
when applied in this context, The SCC problem is much less
severe for high ratio than low ratio muterial because of its
inherently higher flaw tolerance. Thus, under constant
applied stress conditions, high ratio material will tolerate
larger preexisting cracks before succumhing to SCC, The
17-4 PH data in Fig, C3 show that for the freely-corroding
condition this alloy has relatively "high" SCC resistance
at yield strengths below approximately 1034 MPa {150 ksi)
and an "intermediate" lavel of S8CC resistance at aighor
yield strengths., Cathodic polarization of the specimen to
the zinc potential (-1.0V va,. Ag/AgCl) reduces the SCC
resistance to "intermediate” and "low" levels for the indi-
cated yield strength vange of 827 to 1241 MPx (120 to
180 ksi). The advantages of low yield strength and tke
disadvantages of Zn-coupling on the SCC properties of 17-4 PH
steel in comparison to other commercial steels are thus
clearly evident in Pig, C3,

c-5




Kigoc data for other alloy systems may similarly be
displayed in the format of RAD's for purposes of rating the
SCC behavior of alloys,
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TABLE C3, SCC PROPERTIES ©F 17-4 PH BASE ALLOY AND
GMA WELDMENT IN 3,5% NaCl SOLUTIOX

Kigees MPA/E (ksi/Ti.;

MATERIAL oy FC* %n ¥g
; MPa  (ksi) | (~0.3V)% | (-1.0V) (-1.3v)

.f i Base Alloy| 1020 (148) |132 (120)| 71 (65)| 47 (43)
VWeldment 1014 (147) jroz2 (93)} 73 (65)] 56 (51}

*PC = Freely Corroding

#Specimen potential vs. Ag/AgCl referewnce electrode
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Fig. C1 — Ky, data for 17-4 PH steel of different yield strengths under four
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D. Advanced Compcsites

Dr, J. V, Gauchel and Miss A, M, Sullivan
SUMNARY

The use of composites in “weight critical" Naval
vehicles such as the patrol craft hydrofoil is dependent ona
the developmont of reliability data for the failure of these
materials in a marine enviromment, The recent recogniticn
of fibher-reinforced composites as a new and valuable class
of structural materials is not yet supported by a broad base
of reliability data such as has been sccumulated on wood,
steel, aluminum, etc, over a period of many years, For the
nost part the data which exists has been derived from short-
term laboratory tests and sheds only a little light on the
long-term response of the composites to stress in & marine
environment,

The principal accomplishment of this subtagk has been
to determine the effect of long-term exposure to water on
the basic fiber-controlled properties of temsile strength,
tensile modulus, and fracture toughness of model graphite-
reinforced epoxy resin matrix conposites systems, While
this study has shown that graphite-epoxy composites are
extremely stable in » marine enviromment, it has also deter-
mined that they are btrittle materials semsitive to crack
propagation. It hes also demonstrated that the level of
quality control in the processing of these materials must
be improved before reproducible design data on the effects
of satrix and fiber composition can he obtaimed,

ACCOMPLISHMENTS

The major achievements ¢f this subtask were to monitor
the degradation caused by long-term exposure to water of tha
tensile strength, tensile modulus, and fracture ensigy o
graphite fiber-reinforced epoxy mhtrix co-pouteﬁ to evu\mte
the effect of laminate gecmetry on this degudution, to
exaaine the feagibility of using linear elsstic fracture
xechanics (LEFK) as 2 measure of the resistance of composite
materials to fast. oxack growth, and to dotornino ‘the role
of. fabrication in:the vsriabnity of. tho uchanical propertiea
of compoaite systems, . X
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it has been shown (D1,D2) that the brittle nature of these
materials allows use of LEFM as a model for their failure,
Values for the notch sensitivity, ¥q, of double notched
tensile specimens of each system investigated were evaluated
as a function of relative crack length., The results indi-
cated that over a rangs of relative crack length trom 0.2 to
0.6 the notch sensitivity was independent of crack length
{Figure Dl1), The results suggest that LEFK may be a useful
method for comparing the resistance of both composites and
metailic systems to fast crack growth (Figure D2).

Fabrication-induced variability in composite materials
is introduced through differences in fabrication techaniques
from fabricator to fabricator and by differences in the time-
temperature history of the starting prepreg materials
(Tables D7 and D8). During the course of this investigation,
the variability ianduced by fabrication masked any effect of
compositioral parameters on the measured physical properties.
This observed variability caused a reevaluation of the fab-
rication techniques required to manufacture a reproducible
laminzte., A laboratory vacuum-release method developed
previously (D3) for making void-free adhesive bonds was
modified for use with a compesite system, While this tech-
nique is not feasible for the manufacture of large components,
it did demonstrate that void-Ifree composites could be
produced,

An exploratory investigsation was undertaken to assess
the suitability of the fracture mechanics parameter K, for
determining the 2fracture resistance of fiber-reinforced
metal-matrix composite materials., In linear elastie fracture
mechanies, Ke appilies to thin-sheet material essentially
under conditions of plane stress where small amount of crack
growth occurs prior to imstability and final separation.

Tee matter of concern was whether the inhomogensous nature
of metal-matrix composites was sufficient to invalidate the
use of traditional methods which were derived for homogensous
motals, The investigations revealed that the inability to
predict faiiure mechanisms, which were different in metal-
matrix composites than high~strength wetals, and the variation
of elastic modulus as a function of orientaticn of test
specimens with respect to fiber direction were the major
problem areas in conducting experimental work with these
composites, Because of this, it was concluded that fracture
reeigstance as measured by K, 1s unlikely to provide reliable
characterization for metal-matrix coaposite materials,

DISCUSSION

The composites industiry continues to produce new mate-~
rials that show potential as components in high performance
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Naval systems, Unfortunately, the materials are being
developed and modified faster than information on the affect
of long-term exposure to a marine enviromment on their
mechanical properties can be generated, This program, as
conceived, emphasized the evaluation of reliability criteria
for organic-matrix composite system, Of special interest
was the determination of the effects of matrix changes on
the long-term enviromnmental stability of this material,
However, it soon became evident that the use of graphite
fiber-reinforced epoxy resin matrix composites as structural
niterials in high-performance Navel vessels would not be
limited by the intrinsic hydrolytic stability of the materials
but rather by their brittle nature and by the inability to
consistently manufacture reliable laminates.

02 the two problem areas, improving the reproducibility
of the fabrication process is the most readily solvable, 1In
fact, recent developments in dielectric analysis and C-13 NMR
spectroscopy have given the fabricatcr powerful tools for
overcoming the two major areas of variability -~ improper cure
and variability of the input prepreg.

Improving the tcughness of graphite-reinforced systems
will require a larger effort. Studies are currently underway
to determine the effect of & flexible interlayer between the
fiber and the matrix in increasing the toughness of composite
systens, Hybridization of the fiber system and increasing
toughness by use of stacking sequence designad with integral
crack stoppers are also being evaluated, Hopefully, these
attempts will result in composites with increased resistance
to fast crack propagation.

As of the present date, what is available to the design
engineer are materials with good average mechanical properties
intrinsically stable in & water onviromment, but with a
variability that causes large penalties in design allowables.
These penalties reduce the attractiveness of graphite-
reinforced organic systems and cause design engineers to be
reluctant to specify their uses.

This study has been able tc identify some of the problem
areas of organic-matrix composites. It hae shown that the

graphite system is intrimsically stable in a water environwernt.

The effect of laminate geometry on mechanical properties has
been investigated and found to be predictable from considers-
tions of the failure mode and number of load-~bearing plies,
Linear elastic fracture mechanics has been shown to be =
useful method for evaluating the fracture reaistaiice of
composite systems. Lastly, this study has documented the
need for incressed work in the area of fabrication iu order
to develop reproducible laminated composites’,
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TABLE D1.
Fibers
HMS

Modmor II
Thornel 400

Resinsg

DER332
Nadic Methyl Anhydride (NMA)
Benyl Dimethylamine (BDMA)

1ER332
Metaphenylenediamine (MPDA)

tiercules Corporation
Whittaker Corporation
Union Carbide

Dow Chemical Company
Allied Chemical Company
Rastman Chemical Company

Dow Chemical Company
Stell Chemical Company




2
e

Ty

i

Zog* Yo' Eo6

06:0°06'0°08

«Smmo.nom VUAR/ ZEEUNC
Zog ‘Yo' %06
8.0. ucng

uo%wu&g QE/ WO/ ZEERRT
Tagvo’ Toe

08'0°08°0'06

€06 'T0'Z06 VOAN/ £CeRT
%ce ‘Yo" %06

0sl0® 08

«Som%«oa VIR VIOL/ £50esa
06‘0°06°0'08 a4/ TSR
A

«Smmo.«om VNQE/ P/ CCCUST

+ e .
-
[~
o

>

-

o o e

<

Y e e
S D DD Q'g
. s
-t
e e o

gﬂﬂ &N O30 VOO

LLY

~t

€0L
198
oLy

ELS
819
oLy

199
812
oo gLt
[:144 9°01

&).E;RF (E/eam) (¥91) (%an)  (T98) (cOTX%aN)
Yyiduexig ;N UoYTITIUSTIO XPI3N

. .
o s o
“« e

N,
(3
VT VO® ©i-

.
[ X ]

new
oM O DO
-t
NBO TNDY EONE v

“ e

NN
CR® ©Hd® B®O DV
[

L
9
1
€
4
<
o
-4
0
1 4
4
<
8

" 88% 5% 538 22

-
-
™

L]

.
A
-
i

.
oo o
L1~

03

OO 05 ONT DON LOSD OM

O(ﬁ.«
1

SHILEAS ANOSI-ELIHAVED AXTIONINOS &0 FEIXUEI0WL




66°

10°1T .
T0°T VIAR/ZEEURT
16°

€0°T

00°T VHae/ WK/ ZEETNT
L6°

z6°

80°1 WO/ ZE68T  00F ToRIoRy

28°1
80°1
£€0°1 WRGE/VAH/ZEEENT  00% TOUIONL .
60°T YaaN/Zoousa oxn
66° 06°
¥6° 86° ¥0° T
£2°1 €o°T 20°1 WNQE/ VRN/ ZECHRT =]

syyuoa g1 syiuon 9 syauce g UoTIeINATIO XFXIW IQTA
SuWE] UOTSIowWMY

STIISOAN0D AXOAI~ILIHAVHD 10 HIONFGLS SAILYIIU THYL NO NOISHINNY 40 LoqdAE o0 AMVL




co“ﬂ

30° ¢

Zog ‘%9 406

60°T £a 66 06°0‘06°c*06 N iy N
6° ¥0' T g0t nc%m%«om I,/ 2CRENT XY xowpom
sL° see $0°1 %ag ‘Yo' Tos
¥6" c6° ¥6" 06 c.mm.o.oa . TSI
z6° 18" 9’ %06°Cp°%0e  WRUE/VIN/ZECHEG  IT Iowpon -
. %Y
PI°T 00°1 50°T %06 ‘Yo *Zoe )
20°Y g6° c6° 06 o.om..w.oa Ny 5
g0° T 66° 20'1 206" %0206 WIIN/ZERERT  O0F Toudony |
90°1 20°T 90°1 Z0g‘V0‘Tos
20°T 86" 26" 06,0°95°9,06 .
02°'t 80°'T 00°1 To6'c0‘%08  WMQE/WNK/ZCCHNA 00F TeRizoup
¥0°'1 oT°T Z20°1 06°0°06°0°06 VIIN/ECEURa /!y .
26" ¥6° €8° «em&c.uom
16" 90°1 gs”* 060 cmmo.om
26°1 20°1 - 806'C0‘%08  WOE/WRN/ZEERIT oNH
THIUOR ZT sqIuon 9 SQIUON 7 UOFIBIUSTIO XTI XOqVA
oMY, UoTsIOWMNY
SZLISOINO0D AXCIT~ALIBAVED 40 SNTIAON FAILYTIY FHI NO NOISWIDIRI &0 JOXAAX "W FHIWL

v

Pt ot o g g W

o




- e p——— T e e v moen PINOU . ———

se’ €6° 66° Zo6‘Vo‘ o6
00°T S0° 1 g6° 06.0°06°0°06
¥5° ¥6° S6° %06°%0" 206 WIdN/ZEeHad IX JOWpON
SL” 68" 28’ %06¥9* o6
L' 1 80° T ¥0°' T om.o.om.....om
't €0°1 ¥0°1 Z06°S0°%06 WMag/VMI/ZEEYTT I xompogx
rd
£2°T 211 €6° %06 ‘Yo' %06 &
69° 96° ¥6" 06‘0 0‘06 .
e’ 90° 1 £0° T 208°%0* %06 WAN/ZECHRA  COp Teuaoyy
PI°1T A { 90°1 %og‘¥0‘ %ne
10°T v6' €0° 1 06'0°06°0°05
101 10°1 ¥6° 206°60‘%0e WMUE/WIN/ZECHAT  OOF TSUICHY
9T'T 61°1 €0°1 06°0°06°0°06 VIdaN/Zecusa SXH
- - - Zo5‘¥0' %06
10°1 - 06" 86;.6;.__.8
- - - %06°%0°'8cs WMAg/ W./ZECUM NH
sqjuowm gy syuow 9 SqUCW 7  UOTIBIUSTIO XTIION Xoq ¥

ewy] UOTSIoww]

SALISOANOD AXOJI-ILIHIVED IO SSIANHOAOL HAITLVIIY HHL NO NOISHIRHI JO JOXAIX °<d ATEVL

e > S - o - - -




R e R R e IR e T
. B T T T
|
| x
| |
ot iz TABLE D7, EFFECT OF FABRICATOR ON PROPERTIES OF GRAPHITE
= REINFORCED COKPOSITES I
Fabricator Strength Notch Toughness 2 dr
MPa)  (psi)  (¥Pa) (psi - in.1/2)

’ i
" . A 7i8.9 104,271 273.0 39,588 62 !
' B 517.4 75,038 159.5 23,133 64 !

i
g ,
’ !
EFFECT OF PREPREG CURE ON PROPERTIES OF GRAPHITE COMPOSITES
<
. . Plate Strength
. (MPa) (pst) _ (MPa/m) (&1- in.1/2)
c* 428.1 62,085 10,1 9,195
p* 409.3 59,364 20,6 18,717 !
*piate C contained prepreg which had a greater than average
X degree of cure prior to fabrication. The prepreg was stilil
within the manufacturers stated life of the system. Plate D
| was manufactured from prepreg with the standard degree of
| cure,
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i
- 1]
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Bonding Technology
Dr., W, D, Bascom

Organic matrix composites and structural adhesives are
among the meterizls being comsidered for use in FCS, Reli-
ability criteria must be developed for these materials to
(1) assess their suitability for FCS and (2) to be part of
the data base for SI technology. As with high-strength
netals, reliability testing is based on fracture mechanics
principles and in fact, because composites and structural
sdhesive joints show so little ductility, their failure
can be characterized by linear elastic fracture mechanics
(LEFM)., The state-of-the-art of LEFM testing of composites
and adhesives is, however, still developmental and not yet
ready for unqualified enginreering applications, Indeed,
the principal accomplishments of this subtask have been
sdvancexents in LEFN testing methodology especially with
respect to structural adhesives.

Two general commeants should be made about the use of
composites and structural adhesives in FCS before summariz-
ing the work on LEFM testing. First, there should be
considerable caution in the use of graphite/epoxy composites.
Although these materials have high modulus and are not
especislly semsitive to moisture (Figs. E11,E12), they have an
inordinately low toughness (Fig. E13) and therefore would be
sugceptible to flaw growth., Secondly, the use of structural
adhesives in metal joining for FCS comstruction is not
presently warranted because of their extreme moisture
sensitivity (Fig. El and Table E2), Pcssible means of
correcting or circumventing these problems are discussed in
the text,

The advances made here in structural adhesive fracture
testing for reliability criteria were to (1) establish the
existence of a bond thickness-temperature effect (Pigs. El14,
E15) and (2) demonstrato a dramatic reduction in toughness
in joints subject to combined tensile and shear stresses
(Figs. X6,87). These effects had not been previously
known and add considerable complexity to adhesive fracture
testing. It was possible:1in this work to identify the micro~
mechanice of the bhond ‘thickness and combined streas effects,
and this information-may eventually help in-reducing the ’
conplexity of fracture testing these materials,




ACCOMPLISHMENTS

The reliability of structures bonded with high-performance
adhesives is determined by the resistance of fiaws in the bond
line to propagate by combined conditions of stresg and envi-
romment, Test methods for the fracture reliability of
adhesives baxsed on linear elastic fracture mechanics (LEFM)
had been developed prior to this program (Ref, Bl and E2).
These methods were used and significantly extended in the
work of this subtask to determine the effect of joint geom-
etry (bond thickneas and bond angie), environment and adhesive
compositicn on bond reliability.

A survey was made of the fracture resistance of commer-
cial structural adhesives now used in aerospace comnstruction
and presumably suitable for FCS., The fracture energies (#ic)
measured in opening mode (cleavage, mode-I) are presented in
Fig., El. Clearly, the commercialiy formulated adhesives
overcome the very low toughness of the base epoxy resins
from which they are derived.

A relatively simple elastomer-epoxy resin composition
was Zormulated that effectively modeled the fracture behavior
of the commercial adhesives. In this formulation the elastomer
is dispersed as 2-5y particles in the epoxy resin matrix,
This morphology gives high toughness with a minimum loss in
the tensile strength and modulus of the base epoxy resin,
This "model' structural adhesive along with selected commer-
cizl adhesives wers used in subseguent testing.

The effects of bond thickness on adhesive fracture were
determined using the model adhesive and the mode-I (cleavage)
specimen illustrated in PFig. BE2A. The results plotted
in Pig. E3 are characterized by & maximum in fracture
energy at about 20-30 mils (0.051-0.076 cm) bond thickness.
Note the following: (&) the tougnness of the epoxy resin has
been incressed 30-40X by the incorporation of the d:lsyeraed
olastomeric phase, (b) the stesp declime in toughness as
the bond thickness is reduced below the maximum point, and
(c) in this region below the maximum joint, fracture ia stable,
i,e,, the crack is driven by the machine 1x-teo.d of jumping
unstably ahead of the crossheads,

The bond. thicknesa-adhesive -toughness relationehip of
the model adhesive undergoes a marked, syatematic change vith
tomperature. The results shown in Fig, R4 .indicate that
the maximum in toughness shifts.-to higher bond thicknesses
with increasing temperature. This data.can be.used to show
the change.in- fracture .energy with temperature at a fixed
bond thickness, -For exsuple, at the 10 mil (0,025 om). thick=
ness frequently recomnended by adhesive luppnorl the plot in
Fig. B5 slows & strong u.xi:ul a.t 25°C (ambient).
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The stress conditions of mode-I testing simulate only
peel-type loading, yet many joints are designed to avoid
peeling loads as much as possible in favor of shear loads,
Therefore, it is important to characterize adhesive fracture
in combined tensile and shear lcading. The test specimens
used for this purpose in this work are illustrated in
Figs., E2B and E2C. Results using the "scarf-joint" specimen

with 2 bond angle {(¢) of 45° (Fig. E2B) are given in Table El.

The adhesive fracture toughness (#(1,1I)c45) of the commer-
cial and the model structural adhesives in this combined
stress condition were generally 10X less than the correspond-
ing mode-I toughness {#1c). This was not the case for the
base epoxy resin for which the fracture energy was about

the same in both loading conditions,

Tests were conducted to determine the influence of
bond angle on adhesive fracture using both the scarf-joint

and the dual-loaded specimens (Figs. E2B and B2C, respectively).

In the latter configuration, shear and tensile loads can

be imposed simultaneously and their ratic determines an
effective bond angle. The results using both specimens are
given in Figs. E6 and E7 and indicate a complex relatiomship
between bond angle and adhesive toughness,

The moisture sensitivity of resin/metal adhesive bonds
is well documented (Ref. B3). Procedures for testing the
streas~corrosicn cracking of adhesive joints have been
developed (Ref, E4) in which the specimen in Fig. 2A is
static loaded in water. A "threshold" critical stress-
corrosion fracture energy, #Igec, is deterxined below which
there is essentislly no crack growth.

Bfforts to detormine #igcc in the work of this subtask
were largely unsuccessful due to experimental difficulties.
Although the results obtained at other laboratories are
undoubtedly valid, it became clear that there are fundamental
problems associated with the test. Accordingly, the work was
transferred to 6,1 funding (NAVAIR 022-06-001). In replace-
ment, tiue~to-tailuro tests were conducted on static loaded
alu-inu-epoxy resin butt-joint specimens, Data typical of
these tests obtained using an unmodified epoxy resin are
given in Pig. E8 and show the usuarl exponential decay in
survival time characteristic of metal/resin bonds.

Post-failure exa-inntion of the butt-joint fracture
surfaces revealed fractnre uarkinc: fron which_ the critical
flaw size could be estimated. This dimension combined with
the failure strees was used to conpute,tho ‘eritical tracturo
energy, #o. In Table’B2, values of o /are listéd for various
loading conditions. and onvironnontc. Note espocially that

E-3-




the critical fracture energy, - - the criterion determining
bond reliability is characteristic of stress-corrosion fail-
ure, #Igcc, even when the relative humidity was as low as

45 percent (ambient). Only when the bond was kept essentially
anhydrous by surrounding it with a dessicant or in dynamic,
rising-load testing was the failure criteria determined by
#1c, the fracture toughress of the adhesive resin.

DISCUSSION

It is quite clear that the limiting factor in the reli-
ability of state-of-the-art adhesives is their moisture
resistance. 1In Pig. EBl, the stress-corrosion fracture
toughness of the aluminim aghesive bonds are 2X to 10X less
than the fracture toughness of the adhesives themselves;
and judging from the results in Table E2, bond failure
occurs by stress-corrosion even at ambient humidity. Only
under aearly anhydrous conditions or when a joint is subject
to a sudden increase in load does the "dry" toughness contrel
joint strength., Because of this moisture sensitivity,
structural adhesives are presently unsuited for use in
marine environments and thus are not candidates for FCS
construction., Improve.ents in bond SCC reliability are on
the horizon, notably new surface treatments for metals and
the combined use of adhesives with spot welding, i.e.,
weldbond. These technologies are still developmental and
even when developed, engineering and reliability experience
will be required before they can be coasidered for FCS.

Work on the SCC of adhesive bonds is continuing here with
emphasis on improving the test method for & igcc (NAVAIR

WR 022-06-001, NRL §1C02-21) and improved moisture resistant
adhesives (V/STOL—DLF NAVAIR WF 54-593-202, NRL 61C04-10).

Establishing reliability criteria for bonding is further
complicated by the fact that an adhesive joint is in aany
respects a structure; and unlike a monolithic material,

e.g., a steel plate, its fracture behavior has certain
geometric aspects such as bond thickness and bond angle,
One of the accomplishments in this subtask has been to
demonstrate the importance of these effects.

The dramatic effect of bond thickness orn adhesive frac-
ture had not been realized prior to this work and has
important implications with respect to joint design., 1In
the results for cleavage toughness (#1.) at ambient temper-
ature (Fig, E3), the optimum thickness vould not be at
the maxiaus but’at the kighest value of #31c that would also
assure stable crack propagation, i.e., ~ 0,025 cm
(0,010 in,}. The data also indicate the importance of main-
taining close tolerances on bond thickness. The steep
decline in 43, imposes a severe penalty on joint strength




1?2 the thickness is only a few mils under specification or
a joint subject to catastropic failure (uastable crack
propagation) if the thickness is over specification., Tem-
perature changes can have a large stfect on joint toughness
as indicated in Pigs, E4 and E5, The latter indicates =a
gsevere temperature dependencs typical of an adhesive for-
mulated to have high peel strength in a narrow temperature
range near ambjient. Adhesive formulations have been
developed with high strength over wide temperature ranges
although usually at a sacrifice in tougbness and/or process-
ability.

s i £ e A oA k¢ g

The most surprising resuit of this work is the effect
of stress-condition (bond angle) on adhesive fracture.
Simply stated, the high toughness of structural adhesives
in peel loading (i.e,, #y.) is essentisily lost at cther
loading conditions. This does not mear that adhesive joints
are strongest in peel: Actually, there is a significant
increase in joint strength as the bond angle is increased.
On the other haud, the strength of structural adhesives
presently wvailable could be increased by more than a factor
of two if the toughness they presently have in mode-1
fracture could be translated into other lozding modes, i.e.,
scarf-joints, lap-shear joints, etc.

The effect of stress-condition on adhesive fracture
revealed in Table El and Fig, B7 indicates the need for a
major change in the test methodology for adhesive joint
reliability criteria. Heretofore, it had been assumed thau
cleavage testing for adhesive #31, wus sufficient since
opening-mode (mode-I) 1s generally the lowest fracture
energy and therefore a sufficient criterion for design
purposes. Although thie assumption ig usually true for
monolithic specimens, it is clearly no%t the case for a
bonded joint which, as indicated above, must ba viewed as
a structure and not as a monolithic element., The exxor in
assuring that 41. is a sufficient criterion for joint design
can be apprecisted hy considering the nylon-epoxy adhesive
and using the #y, (Table El) as the failure criterion. The
predicted strength of a scarf-joini (¢ = 45°) using this
adhesive would be about 3X the actual strength,

Bagsed on the results of this study, coaplete fracture
characterization of a structural sdhesive must include:
(a) ¢ deterzinations at bond angles from 0° (#1.) to 90°
($#11c - pure shear), (b) the sffsct of bond thi g to
establish the thickness for maximum 4, and its rate of
change around the maximum point, and (c) the effect of
temperature on the bond angle and thickness' dependencies.
Thege requirsmeants represent a rather formidable testing
program for a given adhesive especially if SCC testing

T S SR s




18 required in addition. In order to simplify the effort,
there is a need to establish anelyticsl relationships between
fracture toughness and joint goometry.

Fart of the work of this subtask was devoted tc iden-
tifying the micromechanics of adhesive failure, The details
of the work are reported elsewhere (Ref, E4~E8), but the
general ceonclusions have a bearing on the analytical rela-
tionships needed to simplify adhesive fracture testing.
Essentially, the micromechanics studies demonstrated the
importance of the crack-tip deformation zone in deteraining
adhesive fracture behavior, The diameter of the zone,
indicated by 2ry in Fig. B9, is related to the fracture
toughness, 4., yield strength, Oy, and yleld strain, ey
of the adhesive resin by

s, "2 9y €y Ty [1]

where Z is a constant determined by the stress condition on
the Joint, The significance of equation 1 is that for a
wide range of resins used as structural adhesives the yield
properties, and ¢,, are not greatly different; and so the
zone size, ry, is thg principal factor in determining resin
toughness, Indeed, when an adhesive formulator toughens a
bagic epoxy resin by the addition of elastomers or other
agents, it is the ry parameter being sffected, Furthermore,
the effect of bond thickness and posgsibly bond angle on
adhesive 4, can be understood in terams of the crack-tip
deformation zone. For example, the maximum in 4, (in both
mode-I (Fig. E3) and combined mode fracture occurs when

the zone dismeter, 2ry,, and the bond thickness are about
equal and that the decline in toughness to either sida of
the maximum can be attributed to changes in the restraint
on resin deformwation at the crack tip by the stiff metal
adherende. The possibility exists that some quantitative
relatiomship exists between bend thickness r, and adhesive
#, which i? developed would permit calculation of the oo
bond thickness depsndence,

The effects of stress-conditioa (bond srgle) on adhe-
sive failure micromechanics are more cowmplex than the bond
thickness effects. Indeed, the resulis of the study here
have raiseqd scwe fundasmenial guestione about tho crack-tip
stross field under combined stress loarding and the response
of the formulatod resins tc these stress fields, Work on
this problem is coantimiing under 6.1 funding (NBL Problem
61C02-21), but it is clear that the development of analyt-
icsl relatiomships between bond anglo and sdhesive fracture
toughnsas ara very distant, S
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TABLE EX. CLEAVAGE-MODE VS, NIXED-MODE ADHESIVE FRACTURE

TCUGHNESS

Fracture Energy (J/m°)
Cleavage Cleavage + Shear

-]

Adhesive Resin e ‘(I,Il)c45
Unmoaified Epoxy® 116 140
CTBN-Epoxy®

10% CTBX 3500 110

50% CTBN 2200 110
Commercisl

Elactomer-Xpoxy 2300 870

Nylon-Epoxy €100 756

ME 329C 630 85

AF 2434 860 220
®  Hexahydrophthalic anhydride - DGEBA
® piperidire - DGEBA
€ Narmco Materials, Inc.
q

3N co.
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F. Technology Transfer

Throughout the DLF program a significant effort was
made to make use of existing SI technology and of the tech-
nology developed in the program to impact existing hardware
development programs and to acquaint Navy designers and
engineers with SI technology. These efforts were primarily
directed at the NATO Patrol Hydrofoil Missile (PHM) program,
specifically at the strut and foll structure of this craft.
Other activities by NRL personnel to advance the use of SI
technology include many congulting activities, courses beld
at the Naval Ship Engineering Center, publication of a
standard method of test for strsss-corrosion cracking of
netals (1), and participation on ASTM committees to accom-
plish the same standard at that level.

The major return on investment in the DLF program was
the benefits which accrued to the PHM NATO Hydrofoil Progran.
Early in the program, problem areas concerned with cracking
processes dus to combined loadirg and eanvirommental elfects
in the 17~4 FH strut/foil system were identified. The PHM
office and The Boeing Company weru informed of the results
of the investigation, with the result that NRL and Boeing
cooperated to find the cptimum way to utilizs 17-4 PH steel
for the strut/foil. In the easlier part of the program, the
potential problems were of the type that require a great
deal of maintenance and repair, Yather than being short~
term catastrophic fracture problems. In lster develomments,
a heat-treatment schedule which results in brittle weld
rnetal was suggested for the struts and feils,

The DLF program concentrated on 17-4 I'l steel at a
strength level of 1034 MPa (150 kxsi), whick has demonstrated
2 susceptibility to cracking in a similar application on the
prototype hAydrcfoil TUCUKCARI. The initial smelection of
17-4 PH steol for the PHE in preference to HY-130 and other
steels was nade primerily on the basis of some oxperience
with 17-4 PH and other contending materials for which
extensivae data pertainisg to crack growth and fracture were
not svailaisle. To correct this deticiency, a progrim was
initiated to asgemblo and analyze the data required to define
theccrack tolerance of 17-4 PH steel in the ssawater environ-
ment.
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The SCC-RAD, Fig. 1, was used to analyze the potential
for catastrophic fracture and for crack growth by seawater;
stress~corrosion cracking and additional studies of fatigue
and corrosion fatigue and electrochemical coupling with
other materials were also made. Data zones defining the
fast fracture, SCC, and electrochemical coupling properties
of vacuum-melted 17-4 PH steel avre presented on the RAD in
Fig. 1. The data inciude NRL test results and data from
Boeing Company reports. The NRL test materials were heat
treated over a range of temperatures which include the
coadition originally planned for use on the PHM project
(H-1050 teaper).

Fast fracture is not expected to be a problem for
vacuun-melted 17-4 PH steel in the H~1C50 temper; however,
the air-melted materials have unacceptably low fracture
properties. The SCC properties of 17-4 PH steel are very
1ow, which is an indication that crack growth can be expected
at reasonable operating loads. An even more severe problem
is electrochemical coupling of the strut/foil sssembly with
the aluminum hull or with other metals, Such coupling
results in accelerated flaw growth at lower K3 values, as
ghown by the coupling zone on the RAD; this translates to
a lower expected load requirement to cause crack growth,

A nmore important item which grew out of the DLF efforts
in the 17-4 probler area was that steps are haing taken to
assure that the same problems are not repeated in similar
structures. One approach was to design a strut/foil system
for the PHM with HY-130 steel, in which the contractor was
required to formulate a plan to prevent or control crack
growth and fracture, This plan, called the Hydrofoil
Structural Integrity Program (HSIP), was the first such
requirad for Navy structures. Under the DLF project, NRL
personnel gerved on the Navy review board and on Navy/
contractor teams to implement the HSIP for the PHM strut/
foil system., While tis HY-130 strut/foil system was not
built, the design was the first to incorporate formal SI
plans and served as a valuable learning exercise foxr both
Navy and contractor persomnel., Future fast craft and ships
will require similar ¢reatment, so that an obvious need is
standard documents, spelling out how and where SI technology
should be applied; NRL personnel are presently participating
in efforts to accomplish the standardization of SI documents,

Of more significance ig the experiance of follox-on
PHM ship design, which is currently ongoing. As a result
of studies and interactions with Boeing and the FEH project
oftice, the heat-treat schedule ‘for the 17-4 PB struts ard
foils for the follow-on production ships was changed to the
H1100 temper. In the design of new struts ard foils, base

Cee 3.
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metal and weld metal specifications included a minimum DT
energy of 2712 Nm (2000 ft-1bs) (standard 1-in., DT) or 339 Nm
(259 £t-1bs) (standard 5/8-in. DT) and a yield strength in
the range of 896-1034 MPa (130~150 ksi). Additional require-
ments placed on the weld metal qualification program was

that each candidate weld metal be capable of withstanding an
applied stress-iatensity of 110 m (100 ksi/iIn, in a salt
water enviromment for a perilod of 500 hrs., 1.e., Kigee

110 MPa/m (100 ksi/in.). These requirements were imposed to
assure damage tolerance from one-time impact type loading
and to enable naintenance and inspection intervals tc be
established on the basis of expected flaw growth resistance.
These requirements for the use of SI technology were engen-
dered by the participation of NRL personnel on the design
review boards for struts and foils and an awareness of the
potential problems identified in the course of the DLF
progran,

Another approach to technology transfer was a series
of informal seminars conducted at the Naval Ship Engineering
Centexr for the personnel involved with materials and struct-
ures. The course which was entitled, "Principles for
Fracture~Safe Design of Naval Structures," consisted of 13
1-hr, seminars, 11 of which were presented by NRL speazkers
under the DLF program. The information ranged from
theoretical fracture mechanics concepts to applications of
technology for defining fracture, fatigue, and envirommen-
tally assisted crack growth in high-performance ghip and
submarine structures. In this format, the background
technology and the information generated under the DLF task
were disseminated to the primary users in the quickest and
nost efficient way possible. Appendix B contains an cutline
of the subject matter presented,

Standardization of teat methods is an esgential part
of implementation of SI technology. Its main objective
is to ensure uniformity of test results whether the tesat
is being performed by laboratories, materials' producers,
or builders, and for SI technology, the issue is the most
crucial. Properties of metals that pertain to crack growth
and fracture often are determined by processing or chemisiry
variables that are difficult to control in standard mill
products; more important is the necessity to specify minimum
property requirements and to conduct smzll scale testzs for
quality control,

Problems in deteruining ugterials’® properties are the
frequent dependence of the tost result on the test piece
dimsnsions snd on the test proceduXe used, and the usa of
inappropriate test methods for defining the property in
question. One contribution to the technology was the
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drafting of a standard test method for determining the
parameter, Kig.., by cantilever-bend test methods, The
standard was published as NRL Report 7865 (1) and has

already been specified in the PHM project for qualification
of weld procedures to be used in 17-4 PH and 15-5 PH on the
production ships. Additional efforts are currently underway
in the ASTM Committee on Fracture {E-24) to standardize the
procedure using several methods; the NRL report is serving
as the baseline document in a round-robin program to evaluate
the cantilever-bend test method.

The results of the work on adhesive bond and graphite-
resin composites have been widely disseminated within the
Navy, the other armed sexrvices, industry including aerospace
and resin manufacturers, and the academic community, A list
of publications and presentations is attached. Notable
among the presentations is the NAVAIR-NRL Tutorial on Fracture
Behavior of Structural Adhesive Bonds which was organized to
acquaint Air Force, Army and NASA personnel on the fracture
mechanics of structural adhesive joint design. Subsequent
to this meeting the Air Force initiated a program on advanced
design airframe structures using adhesives and composite
materials, The program includes the use of fracture design
criteria for adhesive joints and because of the DLF progranm
results the Air Force is specifically addressing the problems
of pond thickness effect and mixed-mode loading. The DLP
work on adhesive fracture has had impact on adhesive testing
by the Army, the 3M Company and the Locktite Corporation and
on the adhesive fracture design program of KNASA,

The fundamental significance of the adhesive fracture
work has been brought before the scientific community
through publications in referced journals and presentations
at scientific meetings and at universities. Strong interest
has been expr d by r rchers working on related problens
of polymer fracture at the University of Utah, University of
Pittsburgh, Lehigh University and the British Ministry o2
Defense. Simiiar interest in adhesive bond rracture mech-
anics has bsen expressed by workersg at Auburn University,
HIT, University of Illincis znd the University of Delaware.
In adéition, the results of the adhesive studies now
constitute a mpjor segment of a continuing eagineering
course on adhesion taughtz at Gsorge Washington University by
NRL pexsonnel,

Finglly, it should be noted {bat masy of the techniques
ami concepts developed undeyr ths DLF program on adhesives
and compozites have baen carried into a new prograzm at NRL
on high temperature resins for V/STOL aircraft.
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APPENDIX

PRINCIPLES FOR FRACTURE-~SAFE DESIGN OF NAVAL STRUCTURES

SESSTN
NO.

1‘

Outline of Short Course - NAVSHIPENGCEN

Introduction to Fracture-Safe Design Prublems -~
Linear Elastic Fracture Mechanics

Concepts of classical linear elastic fracture
mechznics and mechanical constraint will be
presented in simplified graphical form; laboratory
teat speciwens and procedures will be described.

Reference: ASTM STP 381, 430

DeZinition of Principal Engineering Fracture Test
Hethods and Signilicance of Bach

Ax overview is presented of the general design
fertures »f principal engineering fractmre toughness
texts, including the Charpy V-netch (Cy), Robertaon
Srack Arrest, Drop-Weight (DN), Dynamic Tear (DT)
snd Kjoc. The role of these tests in interprating
the brittie-ductile transition 7ill be described,
and coxparisons of crucial festures required tor
accurats defipition of specific fracture states
wili be made for the differert test methods,

gefarence: NRL Reports 6957, 6975

Fracture Control Procedures for Low sad Intermediate
Strength Steels ~ Practure 2zalycis Diagram

Procedures for fractixe control within plane strair,
elastiv-plastic ans plssiic fracture states will be
discussed, and their zpplicrtien to solution of
engineering problems will be presentea lox steels
featuring temperaturid transition telavior.

Reference: NRL Reports 6957, 5820

Role of Nechanical Constraint ¥ith Respect to
Fracture-sSafe Assurance

Thicknsce~induced mechanical coustraint expaads the
tempevature regise that defiros brittle hahavior

and shifts #be hadittls-duciile transition to higker
tesparatured within well~defined iimits. Ceaparisons




of Ky, and DT energy touchness trends will be made,
and ife significauce of statistical variations in
toughness will be discussed,

Referonce: NRL Reports 6957, 6913

Metallurgical Aspects of Fracture for Low and
Intermediate Strength Steels

hetallurgical factors such as chemical compasition
&nd heat treatment infiuence significantly tae
fracture resistance characteristics of temperature
transition steels, These effects will be discussed
as they relate to critical aspects of temperature
transition features for selected steels.

Reference: NRL Reports 6275, 6900

RAD Procedures for Fracture-safe Design With High
and Ultrahigh Strength Steels

The fracture mechanics concepts for defining the
three fracture states (linear elastic, elastic~
plastic, plastic) will bte presented. Application
of RAD procedures to the trade-offs hetween
naterialsy, design refinsment, and inspection
procedures will be emphasized,

Reference: NRL Report 7406

7. RAD Procedures for Fractura-Safe Design With
Non~-Ferrous Materials

Fracture mechanics concepta developed in prior
lectures will be applied to high-strength titanium
tnd aluminum alloy systems.

Reference: NRL Report 7281

8, Effects of Stress-Corrosion Cracking on Structural
integrity

Procedures based on inear elastic fracture mechanics
cencepts for establishivg the atyess-corrosion-
cracking resistaace (Krace) of siructursl matals

. ' will ve described., RAD procedurss for interpretation
| ' of the Kygeo test results for stresg-corrosion

1 cracking w1 b2 presented,

Refe?encé: NRL Eepart 7371
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9‘

10.

11.
12,
13.

14,

it

Basic Aspects of Fatigue Crack Propagation

Basic laws governing fatigue crack growth in torms
of linear elasti:a fracture mechanics parameters
will be presented.

Reference: NRL Report 7422

Application of Fatigue Crack Growth Technology to
Design of Naval Structures

A presentation of Navy fatigue problems and design
of structures for finite life eycles based on crack
growth laws will be made,

NAVSHIPENGCEN Structures Department Presentation
RAVSHIPENGCEN Structures Department Presentation

Application of Coce Requirements to Fracture-Sate
Agssuratce

ASTM, ABS, MIL Specirications and ASME Boiler and
Pressure Vesael Code will be reviewed, 3mphasis
will be placed on the ability o codes to define
a fixed level of toughness. The question of
sufficient toughness versus structural performance
requirements will be considered.

Reference: KRL Report 7406, WRC Bulletin 186

Review of Course




