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Abstract

Materials for submarine construction were investigated to
determine their low-cycle flexural fatigue behavior. DBoth ferrous
and nonferrous materials, including five steels with yield strengths
of 40, 000 to 230, 000 psi, five nickel-base, six aluminum-base and
three copper-base alloys were used in the study. Comparisons on
the basis of three parameters: plastic-strain range, total-strain
range, and nominal reversed stress, were made of the eifects of
mechanical notches, cycle pattern, weldments, and salt-water
corrosion. It is concluded that the relationship between totzl-strain
range and life is similar for all the materials investigated and that
it offers a more general and practical approach to design than
plastic-strain range or norminal reversed stress.
1, Introduction

The majority of engireering problems involving the fatigue of
metals are direcily concarned.wi‘th adequate life under many millions
of stress cycles. The approach to such problems is essentially to
design for infinite life, and over the years designers have developed
adequate design procedures based on elastic theory and empirical
data. As one might expect, the infinite-life approach extracts a
penalty, especially in weight, when oply short or finite fatigue life is

regquired.
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In the last two decades, a great many developments in science
and engineering have called for a relaxation of the infinite life concept,
especially where weight is critical, as in mlissiles, high-pressure
vessels, pipework, and certain aircraft components. These demands,
coupled with advances in the knowledge o’f plastic theory and a better
understanding of elasto-plasticAstates, have encouraged designers
to consider a finite life approach to certain engineering problems.

In order to understand, utilize, and control the vast reaches
of the oceans, future research vess'els and ¢orabat submearines will
be expected to descend and operate at increasingly greater ocean
depths. Such accomplishment will require the utilization of materials
of higher strength-to -weight ratio, particularly high-strength
steels, titaniuwm alloys, and reinforced plastics. Furﬂiern.'xorev,
pres;nt design concepts will undoubtedly need modification and
innovation.

In considering this situation, several years ago, Bureau of Ships
designers reasoned tha: pressure cycles induced by maneuvering deep
diving suhmarines to various depths might possibly limit the life of
the pressure hull and certain internal equipments of the submarine.
The basis for this reasoning was that structures exposed'to sea water
pressure and corrodsion would bé subjected to a finite number of high

stress cycles and therefore the structures! ussful life might well be



NAVENGRXSTA REPORT 21 19/D

dictated by the resistance of materials to so-called low-cycle fatigue.
Accordingly, certain experimental investigations were authorized and
conducted. It is the purpose of this paper to present and discuss the
results obtained in an investigation of the low-cycle fatigue behavior
of metallic materials for submarine construction.

II, Low~Cycle Fatigue Defined

There is general agreement that low-cycle fatigue as applied to
metallic materials is concerned with lifetimes of less than one million
cycles. The word "low" refers to the number of cycles to failure, and
not to the severity or intensity of the stresses. The fact is that the
nominal stresses necessary to produce failures in several thousand
cycles are usually above the initial yield strength of the metal. Thus,
low-cycle fatigue normally involves plactic deformation of the metal
and is sometimes called "plastic strain fatigue.

Ii. History and Literature

Low cycle fatigue has been under sericus study since ébout 1942,
Actually, Kommers i reported the results of some low-cycle fatigue
tests m 1912, but, as so often happens, the need was not present and
the subject lay dormant for some 30 years.

It is not the purpose of this paper to present a detailed review
and analysis of the published literature, inasmuch as this has already
been done in two recent papers. Beni:am 2 presents an excellent

surnmaxry and analysis of some 50 references dating to 1957. Yao and
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Munse > likewise review and analyze thé subject through 1961, Certain
L:asic concepts, however, that contribute to the results or discussion
arve reviewed below,

There is general agreement that low-cycle fatigue is 2 function
of strain and that the following relationship, or some modification

thereoZ, describes the bohavior of metallic materials in the low-cycle

range.
EN™ = ¢ {1)
€ = 1rue strain range
N = cycles to failure
m and ¢ = rmaterial constants

Complete agreement is lacking, however, whether € should be the
plastic strain range, € s Or the total strain range (elastic + plastic),
ET‘ Also, the question sometimes arises whether € should be the

tree strain zs indicated or the engineering strain, e. The strains
are related as follows:
€=lul1+e (2)

A few calculations will show that the question is for the most part
academic for strains below 5%.

Tavernelli and Coffin % compared equation {1} with data on a
variety of materials. They concluded that the following form of the
generalized equation could be used to establish the strain-life relation-

ship of a material from the results of 2 simple tension test.
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GPN1/z=f_§_=_§_1’n ( ~1ooﬁe_ A - (3)
where EP = plastic strzin range, in./in.
N = cycles to failure
€ - tru;a fracmré strain (fracture ducility) in. fin.
RA = reduction :‘.n‘a.rea

Basically, the investigation described herein extends the work

of Gross, Stout, et 2}, 5. 6, 7

t6 materials for submarine construc-
tion. Professor Stout and his cowarkers at Lehigh University have
conducted an extensive series of low-cycle fatigue tests under the
auspices of the ASME Pressure Vessel Research Committee. Inas-
much as the hull of a submarine is a pressure vessel problem, it was

logical to continue on the basis of work urder way at Lehigh.

IV, Descrintion of Material

The materials investigated, together with their approximate
chemical composition and tensile properties, are listed in Table 1.
Not all of these materials are under serious consideraticn as struc-
tural materials for submarine hulls and associated equipment exposed
to sea préssure. However, tine general lack of low-cycle fatigue
information dictates ;'.ts publication when available, The main interest
lies in the use of steel for the pressure hulls and of nickel and copper-
base alloys for =salt water piping, fittings, water boxes, etc. Currently,

dzta are being developed on titanium and its alloys.
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Figure 1 shows typical true stress.-true strain diagrams fox HT
and BY -100 steels. These illustrate the decrease in yielding plateaun
observed with increasing strength, Included in Table 1-is sufficient
information to coniruct close approximations of the true stress-true
strain curves for all of the materials. The method of construction
is shewn in Figure 2.

V. Method of Test

All of the low~cycle fatigue tests described herein are of the
' completely réversed constant deflection flexurzl type. The
smoofh and notched specimens, Figure 3, are identical to those used
b;r Gross and Stout 3 ©: 7 in their study of pressure vessel steels.
The welded specimen, Figure 4, differs from that of Gross and Stout.
The machines shown in Figure 5 were designed and constructed
specifically to study the behavior of materials when subjected to cyclic
plastic strains. Figure 5 is a schematic drawing of one machine. The
short end of the gpecimen is rigidly fixed to the base of the machine,
and a bending moment is applied through a weigh bar to the free end
by a double-acting hydraulic cylinder. The direction of the cylinder
is controlled by a four-way solenoid valve., Reversing of the cylinder
is accomplished either by electrical contact of the specimen with deflec-
ticn control micrometers as shown in Figure 6, or by an electrical
timer and mechanical stops. With the former wmethod, a saw-tooth

strain-time pattern, Figure 72, is formed whereas with the latter method
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a square-wave pattern, Figure Tb, is formed. All of the tests using

the micrometer stops were run at 1 cpm. The timed cycles varied
between 5 cpm and 0.02 cpm.

The cyclic strains developed in the test section of the fatigue
specimens were measured with resistance-type strain gages.

Although both wire- and foil-type gages were used, the majority of
tests were conducted with etched foil gages similar to BLH-FAP-25-12,
This is a paper-backed 120-ohm gage having a 1/4 in. gage length.

The pages were applied longitudinally at the various locations shown

in Fipures 3 and 4. The transverse center line of the gage was placed
at the minimum cross section. Prior to offsetting the gage of the
welded specimens as shown in Figure 4b, the effect on longitudinal
strain was determined. Fxperiments showed no signifcant difference
between the location shown and the normal location at the longitudinal
center line.

The bending load applied to the specimens was determined from
resistance~type strain gages attached to the weigh bar shown in
Figu.reléi The dimensions and strength of the weigh bar are such that
only elastic strains occur within the load range of the machine. There-
fore, the applied load and corresponding moment are a linear function
of strain.

The strain-measuring gage on the specimen and the load-measuring

gages on the weigh bar are connected into separate Wheatstone bridge
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circuits. The cutputs of these bridges are fed into separate axes of
a Moseley Model 25 two-axis recorder. Accordingly, the applied
bending load and strain in the test section of the specimen are plotted
simultaneously. For specimen strains beyond the proportional limit,
a mechanical hysteresis loop simnilar to that shown in Figure 8 is
developed. Various parameters can be obtained from the locp as
shown in the figure. Frequent reference will be made to these
parameters.

It was observed that under conditions of constant deflection,
211 of the parameters in Figure 8 undergo changes during the early
stages of strain ¢ycling. The magnitude and direction of these changes
depend upon whether the material is subject to ‘'cyclic-strain barden-

ing" or "cyclic-strain softening."

It was cbserved that for cyclic
plastic strain ranges above about 0,001 in. per in.. the shape and
size of the loop tended to stabilize ‘with.in 10 cycles. Similar findings
have been reported by Gross and Stout 7 and others. For cyclic
plastic strain ranges below 0.001 in. per in., however, complete
stabilization did not cccur within 100 or more cycles. For the purpose
‘of this phase of the investigation, the loop was considered to be stable
at 10 cycles regardiess of the plastic strain range.

Elastic stress calculations on the fatigue specimen show that the

maximum fiber stress is not developed at the minimum cross section

but at approximately 0,028 in, beyond the minimum section towards
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the fixed end. In gencral, however, plastic strain fatigue failures on
smooth base metal specimens did not vccur at a precise location, but
tended to fall in about a 1/4-in. -wide band extending across the speci-
men. Elastic stress caicnlations show a variation of approximately
4% in the maximum longitudiral fiber stress in this region.

To secure the test when ¢racks cocar in fhe specimens, a
No. 36 Formex ir.sulated copper wire grid is cemented to the test
section. The grid constitutes a part of the electrical control circuit.
As a crack forms and develops in the specimen, it causes a break in
the grid. This interrupts the control circuit and strain cycling ceases.
In general, the end point in the test was reached when one or more
fatigue craclks became 1/8- to 3/16-in. long.

iV. Results of Tests

The results presented in this paper are based on data obtained
from 257 separate, individual tests®. The data have been combined
in various ways to study (1) the relationships between life and three
parameters, namely, plastic strain range (€ p}, total strain range
{ eT), and maximum reversed rominal stress (Sp); and (2} how these
relationships are influenced by factors such as cycle pattern, notches,
szlt-water corrosion, etc. Comparisons have been made on the basis
of linear log-log lines of best fit derived by standard statistical pro-
cedures. Some 114 relationships were studied. In general, the fit of

the linear relationships was quite good gs evidencéd.by thé.fadtthat:

*Copies of the original datz may be obtained from the author.

9
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74% of the relationships had 2 correlation index {r?) of 0. 90 or higher

with 60% exceeding 0.95. A correlation index of 1.0 indicates perfect

correlation.
A, Steels

The regression lines obtained for steel are shown in
Figure 9. Beneath the graph are the function constants for the three
parameters. Included also are the number of tests involved in com-
puting the ragression lines.

Several things are apparent in analyzing Figure 9. On the
basis of €P= cycles to failure shows a progressive decrease with
increase in sirength. The opposite is true for € T and Sg. Two of
the three HY-230 steel specimens exhibited no plastic strain, yet
failed in less than 10,000 cycles. The failure of the plastically
strained HY -230 specimen was catastrophic; that is, complete frac-
"}:u.re occurred after the inftiation of 2 small crack. This is indicative
of tne high susceptibility of this steel to low energy crack propagation
at this strength level.

The variations in slope of the regression lines for €P are

'.'iﬁéénsis’i‘:éﬁt’ with the observations of Travernelli and Coffin %, who
contend that the slopes of the log €p vs. log N relationships for

mﬁst metallic materials are similar and that a value of -1/2 can safely
.bevassu:rned for engineering purposes. Figure 9 indicates that EP is a

highly variable and sensitive parameter, whereas €T is less variable,

10
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The consistency of € T is demonstrated in Figure 10 where ihe individual
test results are plotted. The 95% confidence limits for the results are
included. Omnly the HY -23C shows evidence of being diffzrent from the
general population. As one would expect, the S5y relationships in

Figure 9 are inconsistent, being gencrally affected by the strength

levels of the materials.

B, Aluminum Alloys

Figure 11 shows the relaiionships obtained for alurmninum-
base alloys. As was the case for steels, the slopes of the €p
relationships generally increase with strength. An exception to this
behavior is the 5456-H321 alloy which had a lesser slope than oiker
alloys of comparable strength. The 7079-T6 alloy behaved in 2 manner
similar to that of the HY -230 steel; i. e., low-cycle fatigue failure
occurred in the apparent absence of plastic strain, and complete
fracture of the plastically strained spéecimens occurred instantaneously.
The behavior of all of the alloys was so consistent with respect to ET
that a single regression line with limits has been plotted in Figure il.
The Sr relationships were similar to those observed for steel.

C. Nickel Allovs

Relationships for the nickel-base alloys are shown in Figure 12.
The results are similar to those observed for the previous alloys. Of
particular interest is the fact that the slope cof the log € o vs. log N

relationship is approximately -1/Z for Inconel and Nionel. Alse, ncne

11
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of the plastically strained, high-strength nickel-base alloye exhibited
instantaneous fracture.

D. Copper Alloys

Figure 13 shows the relationships obtained for copper-base
alloys. In generzl, the results were more erratic than observed for
other materials. Much of this can be attributed to {1) the normal
heterogeneity of cast materiels and (2} the limited number of speci-
mens tested, Because of the relatively high variability of the &
relationships for the copper alloys, the individual regression lines
are shown.

E. Effects of Cycle Pattern

As mentioned earlier in the paper, both saw-tooth and
square-wave types of load patierns were used in various phases of
the investigation. Figure 14 compares the results obtained with these
two patterns for HY -100 steel in air. Inasmuch as the square-wave
results inair did not seem to be affected by cycle times ranging
from 0.067 to 5 cpm, the regression lines shown are for the com-
bined data The greater sensitivity of the Ep parameter as
compared to € 1 and Sy is apparent.

F. Effect of Notches

Figure 15 shows the effect of mechanical notches on the
behavior of HY -100 stael in air. Of particular note is the convergent

response with decreasing life for € p as compared to the parallel

- 12
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response for €1 and Sg. The latter behavior indicates a constant
percentage reduction in life due to the presence of notches.

G. Effects of Weldinents

Figure 16 compares welded-specimen data with the regres-
sion line for unwelded specimens. It is apparent that although all of
the failures involved the weld metal, the weld metal per s¢ had little
or no effect on cycles to failure in air.

H, Effects of Salt-Water Corrosion

The salt water corrcsion tests descrihed below were per-
formed with Severn River water continuously wetting the test area of
the specime=. This is a brackish estuary water containing 1/3 to 1/6
the salt content of natural sea waisr depending upon the season and the
tide.

1. -Steels

Figure 17 shows the general effect of salt-watex corrocsion
on the behavior of HY -100 steel. The similarity between the effect of
corrosion and the effect of mechanical notches (Figure 15} is to be
expected if the resultant effect of corrosion is in fact the generation
of a notch. The infer section of the salt water curve with thé air curve
for ép would infer that salt waier may improve the life of the rﬁa.terial

in the very low-cycle region. Although some of the salt water data
" lie to the right of the air curve in the regiocn of /500 to 1000 cycles

to failure, none of the data fell outside the 95% confidence limits for

13
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air. It is possible that the observed effect exists because of notch
strengthening. On the other hand, the two curves may wzll blend
into each other. The true behavior in this region would a.ppearvto be
of little importance from an engineering standpoint.

On the basis of ET’ the salt water life appears to be
consistently inferior to that in air. Statistical tests of the grouped
data show no significant difierences between the two means. However,
an analysis of the differences between actual life in salt water and
expected life in air on a paired data basis show that there is less than
1 chance in 1000 that the sffect of the two environments is the same.
From a practica]_. standpoint, Figure 17 indicates that the expected
life in salt water is about 1/2 of that in air.

Figure 18 shows the corr:osion—fatigue results of 2 recent
experiment in .which the cycle time was varied at four- different levels
of total strain range. The data are plotied on the hasis of cycles per
day versus days to faillure. The trend of the data has been developed
into lines of constant total strain range. Extrapolation of these lines,
as shown, permits an estimate of the expected life for one or more
cycles per day. The liz.hiti:ng case wounld be for zero total strain
range and its tonsequ.ent zero cycles per day. In the absence of general
corrosion, the lirniting case would be expected to give infinite life.

The differences bet.weel':l the expected life in air and the

actual life in salt water for the sixteen points in Figure 18 are shown

14
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in Table 2. It is apparent from the row sums that the effect of salt

water increases with decreaging strain levels as one would expect.

The column sums show no similar significant effect for cycle time.

Table 2

Approx.
T Level Cyc¢le Time ~ cpm Row
in. /in. 1.200Q 0. 300 0.075 0.020 Sums
0.015 242 441 393 259 1,335
0.012 829 847 1, 447 743 3, 866
0.009 3,021 3,079 1, 980 3,902 *i, 982
0.007 3, 486 4, 230 6,629 5, 725 20,130
Column
Sums 7,578 8, 657 10, 449 10,629 37,313 ;

2.

Copper Alloys

‘ Figuresl9 through 21 compare the results of a few
corrosioﬁ-fatigue tests with the resﬁlts of air tests shown previously
in Figure 13. Both the air and corrosion d.;.ta are too few to merit
extensive analysis. Thke graphs do show, however, the general
tendency for tke corrosion-fatigue data to fall to the left of the mean
air curve, but for the most part well within the confidence limits
shown.

Y. Discussion

One of the major problems confronting a structural designer is

an interpretation of the requirements of a structure in terms of the

15
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mechanical properties of a material. The translation from an engineered
structure to material data or vice-versa is 2 complex, expensive, and
time consuming process normally requiring years of experience, model
testing, analysis, retesting, reanalysis, etc. The design of structures
on the basis of low-cycle fatigue is no exception and one finds more

and more ‘references to the subject in material and design literature.

The work of Coffin and his coworkers % 8

is frequently cited in
the literature. | They represent a continuing effort to understand and
utilize Eow'cycle fatigue data in design. The earlier relationship,
ePN 1z . c, proposed by Tavernelli and Coffin 4 has been modified
by Langer 9 to incorporate stress rather than strain, and to provide

a smooth transition to the endurance limit in the high-cycle region.

The modified equation is as follows:

= zfrcllz " e (4
where: S = stress amplitude, psi
E = modulus of elasticity, psi
N = cycles to failure
S, = -endurance limit, psi

c = 1/21Inq __100 -3
100 -% RA

Langer proceeds to take this equation and show how it can be applied
to the design of pressure vessels for low-cycle fatigue. Tavernelli

and Coffin 3 checked the modified equation against their experimental

16
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data and concluded that the agreersent for 12 of 15 m-a-;érials was
conservative and good.

Equation (4) can be solved in terms of total strain, € s with

the following result

€ = _ 1 15 100 28
T ZNI/Z { 100 -% RA) * ~ES_ (5)

Comparing the curves for various materials obtained from equation
(5) with the actual total strain data described herein results in
varying degrees of fif ranging from ultra-comnservatiive to uncon-
servative. Furthermore, many of the good fits cannot be supported
by a2 more rigorous analysis of the data. For exzrapie. an analysis
of equation (5) reveals that the position of the curve is strongly
influenced by the reduction in area, R.A., and the exporzent of N
which is assumed to be 1/2. As mentioned previously, the data do
not generally support the use of an expcrnent of 1/2, so that the
agreement i many cassg :ppears to be fortunate but unsupported.

Kooistra and Lemcoe 10 dcscribe the results of an experimental
study to determrine the low- zycle fatigue chrracteristics of two full~
size pressure vessels. They attempted to correlate the results with
laboratory fatigue tests of the type described herein. It was concluded
- that the correlation in one case was very good, vwhile in the other
was poor.

The results described have demonstrated the consistency of the

total strain approach as comparszd to the plastic strain approach to low-
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cycle fatigue. Figure 22 shows the €T regression lines for each of
the types of materials and the equation and 95% confidence limits for
the combined data. It would ;:Lppear that an expenert of 1/3 for N
would be a good approximaiion for all of the materials., The total

- strain ranpo uproach offers several advantages. In addition to the
consistency already mentioned, total sitrain range is directly measur-
able vrith a strair gage, and thus requires no simulitaneous recording
of load and strain as does plastic strain range.

It is appé::ent that miuch remnains to be done in the area of low-
cycle fatigue, Future work at the U, S, Naval Engineering Experime‘nt
Station Will be in the following directions: (1) Continue flexural tests
of ferrcus and nonferrous meterials including titanium; (2} conduct

’ o
axial fatigue tests of identical specimens on a recently installed
+300, 000 1b fatigue machine; and (3) conduct pressurized "b;:x" tests
to help bridge the gap between laboratory tests and complex structures.
In the 1a-tter tests, a rectangular hox of 1 or 2-inch thick plate walded
;—.n all edges will be subjected to internal cyclic pressure. Thea peak
pressure will produce a calculated maximum stress (elastic theory)
equal to 80% of the yield strength of the base plate. Except for
explo sivé loading, the conditions of the test will be equal or more
severe than those of a submarine structure. Conditions will include
unintentional notches and defects, residual stresses, corrosion,

temperature, etc. Such a test should determine the adequacy of the

18
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yield strength approach and, if such an approach is inadequate,
whether the cutcome could have been predicted on the basis of preasent
knowledge of fatigue and/or fracture mechanics.

VIII. Summary and Conculsions

The low-cycle flexural fatigue (E = -1} bebavior of steels,
aluminum alloys, nickel alloys, and copper alloys have been investi-
gated. The materials were compared on the basis of three parameters,
namely, plastic strain range ( € p), total strain range ( € 7), and
nominal reversed stress (SR). The parameter versus life (N) relation-
ships were studied to determnine the influence of various factors such
as mechanical notches, cycle patiern, weldments, and salt-water
corrosidn. The conclusions reached from this investigation are as
follows.

1. The observed effects in the 1oW-<;.ycle region depend to 2
large extent on the parameter being considered. FPlastic range is the
most variable and most sensitive parameter. Total strain range is
the least variable, and norninal reversed stress is the least sensitive.

2. Slopes of the log &p versus log N relationships range from
~0.42 to -2. 40 and generally decrease with increasing strength for a
given type of material. The assumption that the slope is 2 constant
having a value of -1/2 for all materials is not supported by the data.

3. Slopes of the log €T versus log N relationships range from
-0.22 to -0.43. It appears that a slope of ~1/3 represents a good

approxzimation for all of the materials,

19
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4, High strength materials such as HY -230 steel and 7079-Tb
aluminum can fail in less than 10, 60D cycies in the absence of apparent
plastic strain. When plastic strain is present, failure of these two
materials occurs as instantaneous fracture under the conditious of
the test.

5. Cycle pattern, i.e., saw-iooth or square-wave, has little
effect on 6'1‘ and SR versus N relationships. On the other hand,
approximately a 50% decrease in life was observed for the square-
wave pattern as compared to the saw-tooth pattern on the basis of € B

6. Weld metal Per se appears 10 have little or no effect on the
low-cycle fatigue behavior of Y -100 steel.

" 7. Mechanical notches cause a decrease in fatigue life for zll
parameters. On the basis of 5'1' and Sr. the decrease occurs asa
constant percentage ;'eduction.

8. The effect of salt-water corrosion on the low-cycle fatigue
of HY -100 steel is similaxr to that of mechanical notches. On the basis
€ T the life in salt water is about 50% of that in air. The corrosive
effect of salt water increases with decreasing €, but seems to be
little affected by cycle time per se.

Considerable work is currently under way in the area of design
for low-cycle fatigue, Much ;'emains to be done, howevez, in utilizing
data of the type described her=in in the design of complex structures.

It would appear from this investigation that a design approach based on

20
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total strain range would be more general and practical than an
approach based on either plastic strain range or nominal reversed

stress.
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ev

MATERJAL

HY-80(CAST)
HY~BQ4CAST)
HY=A0{CAST)
RY-BUICAST)

HY=100
HY=-100
HY=100
wY=100
HY=1480
HY=1{0
HY=1(2
HY=100
HY=~100
HY=~100
HY-100
HY-100
HY=~100
HY-100
HY=100 :
HY=100
HY=-100
HY-~100
HY-1C0
HY-104
HY=100
HY-104
HY~-1Q4
HY=100
HY-100
HY=100
HY=1Q0
HY=100
HY~-100
HY-100

HY=100
f7Y=100
HY-100
HY=100
HY=100
HY=100
HY=-100
HY=100
HY=100
HY=-100
HY=100

TYPE OF SPECIMEN

SHODTH
SHOOTH
SMOOTH
SNDRDTH

SHODTH
SHOOTH
SNOOTH
SKOOTH
SMOOTH
SKOOTH
SHOOTH
SMOOTH
sMQaTH
SMAOTH
SKOQTH
SMOOTH
SHOOTH
SHOQTH
SHOOTH
SHAOTH
ShaaTn
SKOUOTH
SHOOTH
SHOQTH
SKOQTH
SKAOTH
SHOATH
SMOOTH
SROOTH
SHOOTH
SHODTH
SHAQTH
SKOOTH
SHDOTH

SHOOTH
SKOOTH
SHOQTH
SMOOFH
SMOOTH
SMOOTH
SKAOTH
SMOQTH
SMOOTH
sKRooTH
SHOOTH

IRON DASE ALLOYS

CYCLES
o

TEST FATLURE
ENVIRDNMENT N

SALT WATER 1921
SALT WATLR 29562
SALT YATER 3381
SALT MWATCR 9436
AlR (X1])]
ALR 140
AIR 35
AIR 387
AlR 400
AR 40%
AlIR 423
AlR 478
AlR «27
AlR &4 )
ALR 84y
AIR 850
AlR 984
AlR 987
AIR 1542
AlR 1920
A1R 2407
AIR 2701
AR 3102
AIR 3113
AIR 3ile
AR 3641
AfR 3645
AR 3662
AR 3332
AIR 4526
AR 5301
AlR 4250
AlR 7861
AR 16029
alR i78
AR 763
AIR 1338
AR 1874
AfR 486%
&1 . Sa8Y
AIR 7604
AR L0687
ARR 203064
AfR 25087
AIR 26666

(43
INZIN

0.001466
4.00105
0.00014
0.00022

0.02360
0.02330
0.01004
0.00820
0.0079¢6
000592
Q. U0TAQ
0.06760
0.00540
Q.G04%8
0.00510
0,00430
Q.004460
0.00342
g.002688
0.00208
0.00180
4.00108
a.060130
0.00160
0.00132
0.00096
0.00082
0.000%0
0.00090
a.00080
0.00060
0.00100
0.00030
0.00040

2.0D0296
2.00313
0.00245
0.00238
Q.QQ027
0.00045
0.00026
Q.90025
0.00001
0,00Q01
9.00001

ET
IN/IN

0.00988
0.00830
0.00762
000653

0.03600
0.43950
0.02336
0,02200
0.020986
oc.01802
0.02060
U.02140
0.01758
0.0Llu82
0.01960
0.01650
0.01720
0.,0L440
0.0l336
0.01246
0.01095
0.01064
0.01L70
06.01033
0.0l072
0.0L1052
0.0LO18
0.01046
0.0L150
0.01000
2.Q0904
0.41050
0.00920
0.00800

0.02460
0.01380
0.012300
¢.01280
0.00820
0.00880
D.00b} O
0.,007060
0.00642
0.004643
0.006A6

4l
IN~LB

23200
21400
L9800
18250

37500
43500
3152350
36000
34500
32500
36000
34500
33100
313900
1%000
35000
34000
29250
29350
28250

28500

27900
30250
271500
27400
26000
26600
27200
28250
27000
27090
28250
26750
17009

29600
30090
29000
28400
23000
24600
22800
22800
20350
19200
1900

SR
PSI

111460
103200
95000
874600

160000
209100
169500
173100
165900
154200
173100
175500
159100
153000
168539
168500
163500
140600
1%110Q
135800
137000
134100
145500
1322400
131700
134600
127900
130800
135800
130000
129800
137000
128700

83360

142000
144000
139200
136300
L1a400
L1300
109400
109700

97900

Q2440

91200

CVLLES
PER
MINUTE

1000
1000
1.000
1.000

1.000
1.000

1.000°

12000
L.000
1.000
1.000
1000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1000
—.IQOQ
1.000
1.000
f«000
1.000
2000
1.000
1.000
1.000
1.000
1.000
1,000
1.000

3.000
0067
0.020
0.200
0.301
1.000
0.100
L+006F
~I.°q
5.000
%.007

CYCLE
PATTERN

SANW
SAM
SAN
SAb

SAW
SaK
SAM
SAY
SAw
SAk
SAh
SAK
SAw
Saw
SAn
SAw
SAW
Saw
SAN
SAH
SAK

SPECING
DIRECTI

CASY
CAST
ChSY
CAsSY
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