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FOREWORD

This report was prepared by the Technical Section, H.N, Cummings, Con-
sulting Engineer, and F.B. Stulen, Chief Technical Engineer, and the Metallurgy
Department, W.C. Schulte, Chief Metallurgist, of the Curtiss-Wright Corporation,
Propeller DPivision, under Contract 33(616)-493, and covers work performed during
the period of 1 April to 30 September 1955. The work was supported jointly by
the Materials Laboratory and the Propeller Lahoratory of Wright Air Development
Center and the contract was initiated under Project No. 3346, "Propeller Blades",
Task No. 73497, "Investigation of the Statistical Nature of Fatigue", formerly
RDO No. 591-80, The contract was monitored by Lt. D.M. Forney, Jr., Materials
Laboratory and J.8. Keeler, Propeller Laboratory, Project Engineers.

The interest and suggestions of Mr. G.W. Brady, Director of Engineering
of Curtiss-Wright Corporation Propeller Division, are gratefully acknowledged.
Other personnel of the Propeller Division who have assisted in the work are R.B.
Christofferson, W.D. Lamson, F.G. Lehman, J.H. Redfern, C.A. Madden, and J.J.
Scannelli.
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ABSTRACT

WADC Technical Report 54-531 reported the fatigue characteristics
of SAE 4340 steel as a guide for propeller and rotor designers., Stress
levels for probabilities of 10, 50 and 90% survival under repeated loading
were determined for a constant life. The knowledge, however, that 90%
of a material will survive a given stress for, say, ten million cycles
is not adequate for the design engineer. What he would like to know is
at what stress 100% of the material will survive. Therefore, the tests
reported in WADC Technical Report 54~531 have been supplemented by addi-
tional fatigne tests in the long-life region in order to determine higher
survival probabilities, in the order of 99%. Inclusion studies have
revealed variability within the steel ingot that caused greater scatter
in strength thar was predicted by the tests reported in WADC TR 54-531.
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SECTION I, INTRODUCTION

The general purpose of these investigations is set forth in the contract as fol-
lows: ". . . . to conduct a test program planned and analysed using statistical methods for
the purpose of furnishing designers with the fatigue characteristics of SAE 4340 steel and
which will serve as a guide for obtaining the fatigue characteristics of other propeller and
rotor blade materials” (1)l . In reference (1) probabilitieé of 10, 50 and 90% survival of
fatigue stress at constant life were determined. The probability that 90% of the specimens of
a structural material will survive a given stress for, say, ten million cycles is not adequate
information for the design engineer. What he would like to know is the stress that 100% of the
specimens will probably survive. Even the powerful methods of modern statistical analysis will
not give probabilities much beyond the ranges covered by a set of test data, unless the law of
distribution of probabilities is known, and the only way to establish this law of distribution
is to test very large numbers of specimens.

In the case of the SAE 4340 steel being investigated it has been established that
in the long-life region, for the range from 10 to 90%, strength at constant life can be assumed
to be either normally or log-normally distributed whichever is more convenient. This means
that it is not known certainly whether either distribution is exact. And when probabilities of
survival higher than 90% are sought small deviations from perfect normal distribution can
change the survival stress'very appreciably. In the terminology of the statistician, seeking
for high-survival probabilities means looking for the fatigue strength of the weaker specimens
in the uncertain thin width of the lower tail of the distribution of fatigue strengths.

The tests reported in this supplemental report were made for the purpose of obtain-
ing probabilities of survival of stress at constant life, as much higher than 90% as time and
the number of specimens available would permit. For the lowest stress at which tests were made
a hundred specimens were used. This gave informatiocn regarding the probabilities of survival
of the order of about 99%, based on the data reported herein combined with those reported in
reference (1).

The specimens tested were from the same heat of steel as those used for reference
(1), and the fabrication, testing, and analysing techniques were the same. However, wherever
comparisons can be made, consistent and persistent small but significant differences appear be-
tween the results of the tests reported herein (which will be referred to as the "1955 tests"),
and those reported in reference (1) (which will be referred to as the "1954 tests"). Possible
explanations of these differences were investigated (see Appendix I) and it was finally con-
cluded that differences in inclusion size and distribution in different parts of an ingot were
responsible. In order to get more representative values of the mean and the high probability
strength of the heat of steel, the 1954 tests were combined with the 1855 tests in the probit
analyses from which the values shown in Tables 1 and 2 were obtained. For comparison, these
tables show also the values as computed from the 1955 tests alone and from the 1954 tests alone.
Test data for the 1955 tests are given in Tableg 3, 4 and 5. TFinal results are given in
Tables 1 and 2, and on Figs. 1 and 2.

SECTION II. TEST MATERIALS AND SPECIMENS

The SAE 4340 steel used for the tests reported herein was from the same heat (Re-
public Steel Heat No. H157014) from which specimens were cut for the 1954 tests. The specimens
were numbered as described in reference (1), and so distributed that each bar contributed speci-

1/ Numbers in parenthesis refer to references in the Bibliography.
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mens to each of the three hardness levels, 140, 190, and 260 ksi, UTS, nominal. The fabrica-
tion, heat treatment, and stress relief procedures were also as described in reference (1),

SECTION III. TESTING PROCEDURES

The testing-laboratory routine was the same as was followed during the 1954 tests.
The laboratory -personnel was not the same, although supervision was by the same personnel as
before. A possibility existed, of course, that this might account for the persistent differ-
ences between 1954 and 1955 results, but this was eliminated later (see Appendix I).

For each of the three hardness levels, the first tests were made at a stress level
corresponding to a set of 1954 tests in the finite life region, to check on the validity of the
assumption that the 1955 tests could be used for simply extending the 1954 test results to
lower stress levels. Since all specimens were to be from the same heat of steel used previous-
ly, it had been supposed that this would be a mere matter of routine. However, after tests of
140 ksi UTS steel at 81 ksi stress level showed a singificantly lower life at constant stress
than the "adjusted” life of 1954 specimens, tests were run at 77 ksi, and at 75 ksi, with the
same result - lower life at constant stress (see Table 6). This caused a change from the
original plan of testing only at stress levels below those reported in reference (1). Test
levels were set to over-lap the lower stress levels of the 1954 tests, and a set of ten speci-
mens was tested at each step downward until a level was reached at which the ten all survived
ten million cycles. At that same level testing continued in sets of ten until one or more
failures occurred. Then testing was started at the next lower step, at which time about a hun-
dred specimens were left. No breaks cccurred in testing the 140 ksi steel until after 70 speci-
mens had been tested. Then it was decided to continue testing on that level until the supply of
specimens was exhausted. The same procedure was followed in testing the 190 and the 260 ksi UTS
specimens .

It will be noted in Tables 3, 4, and 5, for test sets in which one or more specimens
survived 107 cycles, the number of "kilocycles at end of test"” is given. Tailures to survive
107 cycles are indicated by asterisks. For the other specimens the tests were stopped after
running for anywhere from just over 10 million to as many as 40 or 50 million cycles. Since no
time could be gained by stopping tests as soon as 10 million cycles had been run, it was decided
to let the tests run asrlong as convenient, and to let tests started Fridays run over the week-
end, to see if breaks might occur after the traditional "endurance limit" test period of 107
cycles. A few such breaks did occur.

SECTION IV. ANALYSIS PROCEDEURE

It was stated in Appendix XII of reference (1) that the "high survival probability"
data that were to be the subject of this supplemental report would be analysed by a modifica-
tion, recommended by Bartlett, of the usual methods of probit analysis. The data for the tests
of 140 ksi UTS were analysed by the Bartlett procedure (see ref. 2), and also by the ordinary
method that was used in reference (1). It was found, as suggested by Finney (2) that since
there were so many specimens tested at the low stress levels, the results of the two methods
were close to each other. Furthermore, for the 190 ksi UTS tests, since there were no failures
in the 100 specimens available for testing at the lowest stress the Bartlett procedure could
not be used. Therefore, this report is based on analyses by the same methods used in reference

1.
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SECTION V. RESULTS AND DISCUSSION

The final results of the analysis of combined 1934 and 1935 test data are shown in
Fig. 1. Mean fatigue strengths and standard deviations, for 10 million cycles of fatigue
stressing are given in Table 1, and 99% probabilities of strength for 10 million cycles of .
fatigue strength are given in Table 2. Fig. 2 is a revision of part of Fig. 30, reference (1.
1t shows slightly lower mean (50%) strengths at 10 million cycles than the 1954 tests showed, a
somewhat greater lowering of 90% survival strengths, and an additional line for 99% survival
strengths. The gradual flattening of the survival curves, on Fig. 2, as very high survival
probabilities are approached suggests that although mean fatigue strengths of this SAE 4340
steel do not increase linearly with "static" ultimate tensile strengths, possibly very high
probability strengths may be taken as increasing at a constant rate with tensile strength with-
in the range of the tests and for a short distance outside the range, that is, from say 140 to
280 ksi UTS.

On Fig. 1, the relative reliability of the graphs is indicated thus:
a, More reliable results plotted as heavy solid lines.

b. Less reliable results shown by light dash lines. Reliability depends upon
both the number of specimens tested and their distribution among the stress levels. The total
number of specimens for each of the lines is shown on the chart. Obviously more reliahle proba-
bilities can be obtained from large numbers of tests than from a quarter to a half as many.
This gives more presumptive reliability to the solid than to the dash lines. Furthermore,
whereas the specimens used in the 1954 tests were distributed about evenly along the lines,
relatively large numbers of specimens were used for the lowest stress levels to determine the
low ends of the heavy solid lines., The method of probit analysis takes this into account and
- justifies stating that not only the mean (50%) points on the heavy lines but also the low ends
are pretty close to correct. Attention is called to the fact that the heavy lines, represent-
ing results obtained from combinations of the stronger 1954 steel and the less strong 1955
steel, are lower than the 1954 lines, and that they have steeper slopes. The steeper slopes
indicate larger standard deviations, that is, a widening of the scatter bands so as to include
the lower strengths of the 1955 specimens that resulted from many of them having larger inclu-
sions.

Table 2 brings out strongly the danger of extrapolating from inadequate data.
Tentative extrapolation from the 1954 data alone gave results that were too optimistic. How-
ever, except for the accidental order in which bars were taken from the bundle for testing, the
reverse could just as well have occurred, that is, the early results could have been too pessi-

mistic.

SECTION VI. SUMMARY AND CONCLUSIONS

Data are presented for determining high probabilities of survival of stress at con-
stant life, for SAE 4340 steel heat treated to 140, 190, and 260 ksi UTS. These data were com-
bined with those reported im reference (1) in order to compute fatigue stresses that there are
50, 90 and 99% probabilities the specimens can survive for 107 cycles, The survival stresses
are shown in Fig. 2.

The average size of inclusions in single nucleus fractures was found to be signifi-
cantly larger in the 1955 specimens than in the 1954 specimens. This was taken to indicate

SUPPLEMENT TO WADC TR 54-531 -5



variation within an ingot of steel, and to account for the lower values of life of the 1955
specimens as compared with the 1954 specimens. The 1955 tests were planned to overlap the
1954 tests so that when the two sets were combined the computed survival stresses would be
more representative of the ingot than those computed from either set alone.
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APPENDIX I

STUDIES OF DIFFERENCES BETWEEN 1954 TESTS AND 1955 TESTS

I.1 Comparison Tests at Finite Life.

The first indication that the 1955 tests might not check with the 1954 tests ap-
peared when tests of 140 ksi UTS specimens at 81 ksi stress-level were compared. The fatigue
life values of the 1954 tests were reported (1) as observed (i.e., before adjustment), and also
as adjusted because of stress-relief damage to the surfaces of stress relief groups 1 and 3.
Statistical significance tests indicated (Table 6) no significant difference between the 1955
tests and the unadjusted 1954 tests. Similar results were found in the tests at 77 and at 75
ksi stress levels, and, later, in the tests of 190 and 260 ksi steel., This suggested the pos-
sibility that the 1955 test specimens were in general not as strong in fatigue as the 1934
specimens,

1.2 Comparison Tests at Long Life.

The fact that the values of mean streangth at 10‘7 cycles that are recorded in Table
1 are, in every case, a small amount lower for 1955 tests than for 1954 tests, and that this
was predicted by the tests at finite life, indicates the existence of one or more "assignable
causes”. The differences are small, but statistically significant, and some supplementary
testing and considerable supplementary analysis was required to track down what seems to be the
main assignable cause. The next paragraphs describe in chronological order these investigations.

1.3 Possible "Assignable Causes" for Differences Between 1955 and 1954 Tests.

1.3.1 0Oiled V8. Dry Surfaces of Specimens.

Early in the testing period a paper by Frankel and Bennett (3) became available.
The authors found that "oil . . . . raised the fatigue limit and increased the fatigue life
. . . ." of SAE 4340 steel. At about the time reference (3) became available, oiling of the
180 ksi UTS and the 260 ksi UTS specimens were being considered since hot humid weather had
arrived and rusting of the surfaces was a possibility. It was immediately decided to test four
sets of ten specimens each, of 190 ksi UTS steel, at 96 ksi stress level, for comparison with
the corresponding set of ten in the 1954 tests. Surface treatment was as follows:

a. Not oiled. Tested as received after stress relief.

b. Oiled with Cosmoline 265 (Houghton 0il Co.) and tested without cleaning.

c. Oiled with Cosmoline 265, then degreased with trichlorethylene vapor
degreaser before testing.

d. Oiled with Cosmoline 265, then wiped dry, with soft tissue paper, before
testing.

Results of the tests are given in Table 4. Statistical studies of the data, as shown in Table
7, fully confirmed the findings reported in reference (3), and also indicated that there was

no significant difference among treatments a, c, and d. Based on these findings, it was de-
cided to immediately oil specimens when received after stress relief, and to wipe them dry with
soft tissue paper just before testing. (The tests just described do not give any indication as
to how thin the oil coating can be and still appreciably increase the fatigue life of a speci-
men of this steel. This subject reguires further investigafion.)

Upon questioning the laboratory technician who did the 1954 testing it was learned
that although the specimens were nhot oiled, they were wiped with soft tissue paper before test-
ing, to remove any grease that might have gotten onto their surfaces. This put the 1954 speci-

SUPPLEMENT TO WADC TR 54-531 -7-



mens in the same category as the 1955 specimens that had treatments a, ¢, or d as listed ahove,
and appeared to eliminate oiled or greasy surfaces as the reason for higher values in the 1954
tests.

1.3.2 Variations in Heat Treatments.

It was thought that possibly the temperature controls on the heat treatment furn-
aces might have varied so that small differences in hardness and in corresponding tensile
strength might have occurred. Tensile strength and fatigue strength depeﬁd upon hardness,
therefore tests of hardness were made on samples chosen at random from specimens tested in 1954
and in 1935. The following values of Rockwell C-scale hardness were found - each number being
the average of three tests on a specimen. Hardness readings were taken to one decimal place
and averages computed to two places. '

Rockwell C Hardness Tests on Specimens of 260 ksi UTS

1954 Specimens 1955 Specimens
52.10 52,03
52.07 52.00
51.93 51.97
51.93 51.83
51.87 51.77
51.63 51.77
51.63 51.70
51.57 31.70
51.50 51.60
51.43 51.03

Mean, 51.77 Mean, 51.74

There is no indication in this brief study that heat treatments were out of control.

1.3.3 Fecentricity of Specimens in R. R. Moore Machines.

The lahoratory reports on the 1955 tests indicated that there was upwards of twice
as much eccentricity in the mounting of the specimens as there was in the 1954 tests. This
might be caused by (a) less perfect machining of the specimens, (b) more wear in the collets
and bearings of the machines, or (c) less care by the laboratory technician in plzc<ing speci-
mens in the machines.

a. Since the general testing of both 1954 and 1955 specimens had been completed
there were no specimens in "as received” condition for comparigson as to machining imperfections.
There was no reason to believe the machining vendor had lowered his standards, but the possi-
bility remained until an opinion could be reached from other tests.

h. Although it had been concluded, as stated in reference (1), that eccentricities
of the magnitude measured in the early tests did not correlate with fatigue life, records have
been kept of the static eccentricity of practically all specimens tested. An analysis of these
records gave the following resultsﬂ which have a definite significance as to the cause of in-
creased 1955 eccentricity, since the data below are listed in chronological order of testing.

SUPTLEMENT TQ WADC TR 54-53 -8-



Hardness Mid Date No. Mean Increase in Stand. Increase in

Level of of Eccentricity Eccentricity Dev. St._Dev.
kst Testing Specimens 10-3 inch 10-3 inch 10-3 in. 10-3 inch
140 3-31-54 324 0.775 0.233
0.140 0.002

190 4- 8-54 315 0.915 0.235
0.350 0.057

260 9- 7-54 312 1.265 0.292
0.320 0.086

140 5-24-55 196 1.585 0.378
: 0.270 0.052

120 6-16-55 209 1.855 0.430
0,300 ¢.030

260 7-18-55 169 2.155 0.460

From these data it is concluded that the consistency of the increase in eccentricity, as test-
ing continued, indicates a continuous wear in equipment, which made low eccentricity more and
more impossible to obtain. This seemed to indicate that the change in laboratory personnel was
not responsible for the increased eccentricity. It further indicated that if the 1955 tech-
nician were given new spindle assemblies for the R. R. Moore machines he could match the close
settings of the earliest tests, or perhaps better them, and produce a set of tests that could
pe used to compare with the 1954 tests and/or with his 1955 tests to study the effect of eccen-
tricity on fatigue strength.

¢. Although lack of careful work by the laboratory techmnician seemed to have been
eliminated as in any way responsible for the lower values obtained in the 1955 tests, there was
no longer any reason to doubt his workmanship when tests were made using new spindle assemblies.
At no time did his first assembling of specimen and housings give an eccentricity of over
0.00075 inches, and two or three or even four re-assembling operations failed to noticeably im-
prove the reading of the dial (see Fig. 54, p. B0, ref, 1), Two sets of tests were rum, with
the following results, shown in comparison with earlier 1955 tests.

UTS Stress No. of Mean Mean
ksi ksi Specimens Surface Treatment Eccentricity Liftel/
190 98 10 Oiled & Degreased ¢.00205 in. 105 Kc
5 " " 0.00035 100
260 116 10 Oiled & Wiped 0.00205 in. 66
<] " & Begreased 0,00040 57

Statistical studies based on F-ratio and on t-tests indicate no sigpificant difference between
the results shown above obtained with large and with low eccentricities. It was concluded that
wear in the testing equipment had not progressed far enough to account for the lower results
obtained in the 1955 tests, and that there had beén no lowering of machining standards.

I.3.4 Variation Within An Ingot.

Along with the lower fatigue strength values reported in the 1953 tests, larger in-
clusions were fregquently reported. When the 1955 testing was finished, a general study of in-
clusion sizes was made. It was felt that a comparison of the sizes of all the single-nucleus
inclusions found im all the fractured specimens tested in 1955 with those tested in 1954 might
indicate & difference in inclusion size and/or distribution. The results of this study were as

follows:
No. of Mean of Standard
Specimens Inclusion Sizes Deviation
1954 tests 208 0.00132 in. 0.00046 in.
1955 tests 125 0.00173 in. 0.00054 in.

1/ Life corresponding to mean log-life.
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Statistical analysis, using F-ratio and t-tests indicate that the scatter is somewhat signifi-
cant and that the difference in mean sizes is very significant. This leads to the conclusion
that the specimens tested in 1955 were more vulnerable to fatigue stressing, at least in the
long-1ife (generally single nucleus) region than were the specimens tested in 1954, The steel
bars were received from the steel company in bundles and the bundles were stored in racks. So
far only one bundle has been opened. Bars for 1954 tests were taken from the top of that
bundle and bars for 1955 tests were taken from about the middle of the same bundle. On the
assumption that each bundle came from an ingot, the difference between the inclusion contents
of the two sets of bars brings out a variation of fatigue strength within an ingot. '
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