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FOREWORD
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report are recorded in Armour Research Foundation Logbooks ¢ 1098, ¢ 9785,
and C 10613, assigned to ARF Project No. 2172. The report is designated
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ABSTRACT

Special carbon-aluminum deoxidation practice provided a significant
increase in the fatigue properties of an induction-melted nickel-molybdenum
high-strength steel. Prot evaluation of c¢ylindrical R. R. Moore fatigue
specimens gave Ep/UTS ratios of 0,500 and 0.555 at ultimate temsile strength
levels of 274 and 200 ksi respectively. This represented a marked improve-
ment as compared to standard melting techniques and commercial high-strength
steels at similar strength levels., Vacuum arc and vacuum induction remelting
of the specially deoxidized material reduced the fatigue strength to lower
values than that characteristic of standard melting practice. The fatigue
properties of vacuum-melted high-purity raw materials were inferior to those
prepared by induction meltirg, but superior to the remelting approach. The
harmful effect of silicon additions on the fatigue properties of these steels
Wwas related to the sequence in which they were made; the damage was minimized
by adding the silicon after the completion of the alwminum killing treatment.
Notched nickel-molybdenum steels were relatively unaffected by notching, and
good fatigue strengths were obtained. The fatigue data did not appear to
correlate with melting practice on the basis of inelusion content,and this was
more evident for the notched investigation. WNickel-molybdenum steels were
prepared by standard practice and special carbon-aluminum practice and tested
in axial fatigue in the notched and unnotched conditions. The resultant
scatter was too great to indicate any definite trends, however. A tungsten=-
molybdenum high-strength steel, studied previously was subjected to notched
Prot testing, and a slight degree of nctch sensitivity was found; two higher
carbon versions of this steel were investigated for potential high-tempesrature
spring applications by hot tensile and stress-rupture techniques.
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STUDY OF THE EFFRECT (F MELTING PRACTICE
ON THE FATIGUE BEHAVIOR OF HIGH-STRENGTH STEFL

I. SCOPE

Research involving the study and improvement of the fatigue properties
of high-strength steel has been actively carried on since 1 December 1955,
when this series of studies was initiated at the Armour Research Foundation.
The original program, WADC Technical Report 58-289, was concerned with the
effects of melting practice and inclusion content on the fatigue properties
of AISI L340 steel heat-treated to 260 to 280 ksi. It was demonstrated that
melting high-strength steel under vacwmum or protective atmosphere resulted
in improved fatigue properties. However, the most promising development
involved air-induction melted steel initially deoxidized with carbon additims,
rather than silicon, and finally deoxidized with aluminum. This technique
produced a steel having a Prot endurance limit to tensile strength ratio of
. 0.55 and a constant stress endurance limit of 148 ksi. Both of these values
represented significant advances.

The second program in this series, WADC Technical Report 59-86, was con-
cerned with improving fatigue strength by elevated temperaturs tempering.
Microstress relief in the areas adjacent to inclusions was suggested as a
possible mechanism for this effect. In order to investigate this phenomenon,
it was first necessary to develop temper-resistant steels capable of pro-
viding ultimate tensile strengths of 280 to 300 ksji after tempering in the
1000° to 1300°F range. Sevearal steels related to two basic compositions were
prepared which appeared to offer the required characteristics. Hardness
measurements were used to make the original evaluation, and promising steels
were tested more thoroughly with respect to tensile properties. The result
of this program was the development of two classes of steels, based on tung-
sten-molybdenum and molybdenum~chromium, capable of retaining high strength
after slevated temperature tempering.

The third program, WADD Technical Report 60-120, represented the logical
combination of the approaches carried out during the preceding projects. The
first aspect of this research involved an investigation into the effect of
high-temperature tempering on the fatigue properties of a temper-resistant
high-strength steel, and a suitable tungsten-molybdenum steel was selected
for this work. The second aspect was concerned with the application of
special deoxidation techniques to temper-resistant steel. Several temper-
resistant compositions were prepared in this manner as well as by standard
induction melting practice. Fatigue tests of these ateels clearly indicated
that special deoxidation practice contributed to a wvery significant improve-
ment in the Prot endurance limit. Under comparable ccnditions, this value
was increased from approximately 100 to 1Ll ksi. A Prot endurance 1imit to

Manuscript released by the authors 30 June 1981 for publication as an ASD
Technlecal Report.



tensile strength ratio of 0.6 was developed in this work at tensile strengths
in the 230 to 250 ksi range. Melting practice appeared to play a much greatar
role in determining fatigue strength than tempering temperature. However,
there was some additional indication that increasing tempering temperature
contributed to increased fatigue strength; however, this cannot yet be stated
as 3 definite conclusion.

In view of the extreme effect of melting practice, the present program
was directed toward an investigation of a variety of techniques, including
induction, vacuum-induction, and vacuum=-arc melting. Bxtraneocus variables
were minimized through the utilization of a single series of alloy steels and
treatments. This program will attempt to document the effect of melting and
deoxidation practice and, consequently, that of the presence of nonmetallic
inclusions on the fatigue properties of an ultra-high strength steel.

II. INTRODUCTION

The primary objective of this program was to determine the effect of
melting and deoxidation practice on the Prot endurance limit of a nickel-
molybdenum high strength steel. A wide range of melting techniques was inves-
tigated to provide various inclusion distributions. Standard induction melt-
ing, special carbon-aluminum deoxidation, and consumable electrode vacwmm arc
remelting techniques were included. In previcus work, silicon was not used as
an alloying element. In this instance, in deference to its industrial import-
ance silicon was added at different stages of induction melting operations.
Chemical composition, processing, and heat treatment were held constant within
the limits of practicality to study melting practice as a single independent
parameter. Materlal evaluation was accomplished by R. R. Moore Prot fatigue
testing in both notched and unnctched conditions. Axial fatigue technigues
were also used to investigate this material. Standard melting practice and
the special carbon-aluminum melting technique reprssenting both notched and
unnotched conditions were utilized in this work.

The effect of notching was not examined during previcus work. Consequent-
ly, a carbon-aluminum deoxidized heat of 0.50 C, 2,00 W, 1.00 Mo, and 0.50
per cent V steel was prepared for Prot testing in the notched and unnotched
conditions. This steel with higher carbon contents was evaluated for poten=~

tial high-temperature spring applications with respect to hot tensile and
stress-rupture properties.



ITI. EXPERIMENTAL PROCEDURE

A. Alloy Selection

An alloy steel having the following composition was selected as the base
material for investigating the effect of melting practice:

c 0.50
Ni 2,00
Mo 1.00
Mn 0.050

A simple composition was used to limit the number of variables while pro-
viding the required strength level (250 to 300 ksi tensile strength) and
sufficient hardenability to harden throughout a 3/ in. diameter cross section
upon oil quenching. In two cases, silicon was added during different stages
of melting; this was to examine its effect with respect to inclusion content
rather than as an alloy addition. The original heats were melted without
manganese, but hot shortness was indicated during forging. The manganese
addition remedied this situation and was utilized thereafter.

One of the tungsten-molybdenum steels (designated D10) tested during the
preceding program was evaluated with respect to notched Prot fatigue proper-
ties. The high ratio of Prot endurance limit to ultimate tensile strength
(approximately 0.6) noted previously dictated its choice here. The nominal
compogition of this material is glven below.

c 0.h5
W 1.91
Mo 1.02
v 0.44
Mn 0.81

Two higher carbon modifications of this steel, in the 0.60 to 0.75 per cent
carbon range, were selected for evaluation as elevated temperature spring
materials.

B. Melting
The various melting techniques used during this program are listed below.

(1) Induction air melting, standard deoxidation. (2 1b/ton Al)

{2) Induction air melting, C-Al deoxidation.

(3) Induction air melting, C-Al deoxidation with a 0.30 per cent
91 addition before Al killing.

(4) Induction air melting, C-Al deoxidation with a 0.30 per cent
Si addition after Al killing.

3 Vacuum arc remelting of 2.
Vacuum induction remelting of 2.
Vacuum arc melting of high-purity raw materials.

({ Air melting, with iron oxide and ferrosilicon additlons.

2328



In item 1, the standard practice consisted of melting down Armcc iron in a

400 1b induction furnace, adding the alloy elements, and completely deoxidizing
with 2 1b of aluminum per ton of steel. All of the ingots melted in the lnduc~
tion furnace were poured into separable steel molds having a capaclty of

about 60 1b. A conventiocnal refractory hot top was used in conjunction with
an exothermic compound for all of this work.

The special carbon-aluminum deoxidized melts were prepared as follows.
Armco iron was melted down in a 40O 1b induction furnace and the oxygen con-
tent reduced with high-carbon cast iron (containing approximately L per cent
carbon) at 3000® to 3200°F. The thermodynamic tendency for carbon to reduce
the oxides in molten iron increases with increasing temperature; for this
reason carbon decxidation was carried out at high temperatures. After
equilibrium decxidation was obtained, sufficient high-carbon iron was added
to increase the carbon content to the desired level. The melt temperature
was lowered, and the alloy additions were made. To minimize the presence of
pilicate inclusions, no silicon was used. PFinal deoxidation was accomplished
with 2 1b of aluminum per ton just prior to pouring.

The silicon techniques, items 3 and L, illustrate two procedures for
determining the effect of sillicon. In No. 3, the silicon was added with the
alloy additione, and since the bath had been only partially deoxidized (with
carbon) it would be expected to provide silicates as well as silicon in solid
solution. In No. L the silicon was added after completely deoxidizing the
bath with alumimum in an attempt to obtain a silicon-bearing steel with a
minimum of silicate inclusions. This wae considered important, since silicon,
in varying amounts, is an alloy constituent of a majority of the high-strength
steel alloys.

In vacuum arc remelting, & carbon-alumimum deoxidized ingot was used as
an electrode in the consumable arc vacuum melting technique. This ingot was
processed twice, and typlcal melting conditions were as follows:

Current 3500 amps
Vacuum 3=150 microns

The maximmm vacuum was obtained prior to melting, and full pumping capacity
was continued during the entire sequence to maintain the "hardest" dynamic
vacuum possible. A4 kL in, crucible was used for melting, and ingots welghing
15 to 25 1b were produced. The high temperatures inherent in this process
were expected to promote the reduction of nonmetallic oxides by carbon as
described above. An additional advantage in this instance was the presence

of a dynamic vacuum during melting to remove the gasecus carbon-oxygen reduc-
tion products.

A laboratory scale vacuum induction furnace was used to remelt the
carbon-aluminum deoxidiged ingots. This unit has a rather small capacity
(15 to 20 1b), and the original ingot had to be cut into two pieces. The
charges were melted, heated to a pouring temperature of 2800° to 3000°F, and
poured while in the vacuum chamber. A sand hot top was utilized during
solidification as this was the only type available for this ingot size.
During this operation the vacuum ranged from 10 to 200 microns. This operation



was included primarily to effect degassing, as no significant degree of
oxide reduction could he expected under these circumstances.

The raw material sources for vacuum arc melting (item No. 7) were as
followsa:

Approximate
Material Source Purity, per cent
Electrolytic iron Crane Co., Metale Division 99.92
Electrolytic manganese Union Carbide Metal Co. 99.90
Nickel shot International Nickel Co. 99.96
Molybdenum metal Wah Chang Corporation 99.90

The electrolytic iron was carburized commercially to a carbon level of 0.80
to 0.90 per cent, after which it was crushed to 1/4 in. pieces and pickled

in a 50 per cent HCl solution. This was mixed with the pure iron to adjust
the carbon content. Nickel and manganese were added to the melt in the
as-received form while molybdenum was used in the form of a 50 per cent iron-
molybdenum master alloy. Nonconsumable melting was performed in a ki in.
crucible with a tungsten electrode under a protective atmosphere of argon gas.
The resulting ingot was then used as an electrode for further processing, and
two vacuum consumable arc remelting operations were carried out as described
above.

Iron oxide and silicon dioxide were added during air induction melting
{item No. 8) to attain a high concentration of silicate inclusions. After
melting down Armco iron, the alloying elements except carbon--including, in
this instance, 0.50 per cent silicon--were added; the melt was held at 3000°
to 3200°F to increase the degree of oxidation. Following this, the melt
temperature was lowered and the carbon-bsaring iron was added. The operation
was completed by applying standard deoxidation practice (2 1b aluminum per
ton of steel), and the heat was poured in the usual manner.

Another set of materials was prepared for this program. This consisted
of a 0.50 per cent carbon, tungsten~molybdenum steel for studying notched
properties; two higher carbon steels having the same base composition were
also made up for investigating elevated temperature tensile and siress-
rupture properties. These steels were melted with the special carbon-aluminum
deoxidation technique as described previously.

C. Hot Working

The induction melted gteels were hot forged from an ingot size of about
i in, in diameter by 13 in. long to 3/L to 1 in. rounds. The vacuum arc-
melted steel was hot forged inte 3/h in. rods from L in. diameter by 8 to
1) in. long ingots. The vacuum induction melted ingots were tapered having a
diameter range of 2 to 3 in. across an 8 in. length, and were alsc hot forged
into 3/L in. round stock. A forging temperature of 1800° to 2000°F was
utilized for all forging operations.



D, Machining and Heat Treatment

Ths fatigue bars were rough machined and, after heat treatment,
finished by grinding and longitudinal polishing. Austenitizing operations
were carried out in an Inconel muffle containing an argon atmosphere to
prevent oxidation and decarburization. Hardening was obtained by oil
quenching. All tempering operations were performed in air, followed by air
cooling.

Cylindrical R. R. Moore fatigue bars, shown in Figure 1, were used for
testing. Notched fatigue bars had a similar configuration except that the
gage diameter was 0,250 in. A 60° notch (included angle) was used with a
notch radius of 0.012 in.; the notched gage diamster was 0.200 in. Prelimin~
ary tensile data on nickel-molybdenum steel were determined with rolled sheet
specimens. These samples were pin loaded and had a gage cross section of
about 0.375 in. by 0.080 in,

A button-end cylindrical specimen type selected by ASD was used for
axial fatigue testing. The over-all specimen length was L 1/2 in. The
minimum smooth cross-section diameter was 0.200 in., for the unnotched speci-~
men, and 0.270 in. for the notched specimen. In the latter case a 60° notch
having a 0,030 in. radius was used, and the cross-sectional diameter under
the notch was 0.200 in. Standard techniques were used to prepare conven-
tional round room temperature, hot tensile, and stress-rupture specimens from
the high-carbon tungsten-molybdenum steels for elevated temperature studies.

E. Teating Procedure

Fatigue testing was limited to the Prot method, in which the motor
driving the specimen was also used to drive a variable gear train terminating
in an accurately calibrated spring balance. The spring balance was directly
connected to the specimen~loading system, and a rider showed the breaking
load on the balance. It was possible to maintain very accurate and constant
loading rates with this system. The Prot testing apparatus employed a motor
running at 10,000 rpm. Prior to testing, the specimens were cleaned of oil
by wiping with a soft tissue soaked in acetone. The eccentricity of selected
specimens was chacked in the housings, and readjustments in seating were made
until the total eccentricity was less than 0.003 in. The atarting stresses
used for Prot testing were L2 ksi and 76 ksi for notched and unnotched
fatigue specimens, respectively. The axial fatigue testing study was carried
out at ASD using standard techniques.

Preliminary sheet tensile data on fatigue materials were obtained in
the normal manner. Tensile data on the finished material were determined on
randomly selected fatigue bars. This was done to establish meaningful values
of the ultimate tensile strength; the yield strength couvld not be measured by
this method, however.

Standard techniques Were used to determine the room and elevated temper-
ature tensile properties and the stress~-rupture characteristics of two high-
carbon tungsten-molybdenum steels.



IV. RESULTS

A, Chemical Composition

The analyses of the steel alloys studied in this program are shown in
Table I. The melting practice used for each steel is indicated in the Table.

B. Tensile Data

Preliminary sheet tensile data on fatigue material steels are given in
Table II. These results were included to indicate the yield strength level
of this steel alloy series, Fatigue bar tensile data appear in Table III.
The room temperature tensile, hot tensile, and stress-rupture data relating
to the tungstien-molybdenum steels are given in Tables IV, V, and VI. The
stress-rupture data are shown graphically in Figure 2.

C. TFatigue Data

The fatigue data are presented in complete form in Appendix I, Tables XIV
through XXVI. A graphical summary of these results appears in Figure 3. The
Prot endurance limits were determined by inserting the average fallure stress
and sQuare root of the rate values into the two-point straight-line equation
and solving for the failure stress at zero rate., Pigures 25 through 37
illustrate this approach; however, the actual values were calculated math~
ematically as described abeve.

Table VII sumarizes the results of the fatigue study in terms of the
Prot endurance limit to ultimate tensile strength ratioc (E,/UTS). In the
case of notched specimens twice the Prot endurance limit is used to describe
the data (2Bon/UTS). Figure ki 1llustrates the effect of tempering temperature
on the fatigue properties of the nickel-molybdenum steel series. Typical
mierostructures of these steels are shown in Figures 5 through 24. The axial
fatigue data determined for nickel-molybdenum steels at ASD are presented in
Tables YIII and XI.

V. DISCUSSION

The effect of melting practice on fatigue properties is illustrated in
Table X. This Table shows the data for nickel-molybdenum steels having
ultimate tensile strengths in the 274 to 303 ksi range. The most fatigue-
resistant material was provided by carbon-aluminum deoxidation practice. The
efficacy of this technique is suggested by previous work in this area (WADC
Technical Reports 58-289, September 1958, and 60-120, June 1960). An extensive



range of B/UTS values was exhibited by these materials. The upper limit of
0.500, characteristic of carbon-aluminum deoxidation, represents ultra-high
fatigue strength. The lowest value, 0.328, provided by adding 0.30 per cent
silicon t¢ a carbon-aluminum deoxidized melt, is less than would be expected
of commercial high-strength steels. The relative position of the remaining
alloys is not easily explained, however. According to earlier research,
fatigue strength could be related to the presence of nonmetallic inclusions,
especially the larger ones. This correlation doee not appear to apply in the
case of the current steel series.

Representative metallographic samples of all tested materials were
examined carefully (Figures 5 through 13). This series of photomicrographs
1llustrates inclusions characteristic of the various materials. It does not
necessarily reflect either the average inclusion size or total content,
however. A more accurate estimate of total inelusion content and distri-
bution can be obtained at lower magnification, and this is presented in
Figures 1l through 22, These steels can be broken down into three groups on
the basis of total inclusion content. The first, or c¢lean, group consists
solely of steel RVC; this steel was prepared from high-purlty raw materials
by the consumable electrode arc-melting process and would be expected to be
relatively free of inclusions. The second group might be described as
moderately clean and includes steels L, J, 1, 2A, H, and 3. Steel 2B was not
examined in view of its similarity to 2A. Alumina, sulfide, and oxide and/or
siiicate inclusions were present in all samples of this group; the concentra-
tion of sulfides was considerably higher in alloys J and H. The final group
was considered dirty, and was made up of steels DU and D1OB.

The relative cleanliness was not indicated by conventional chemical
analysis. The phosphorous content with one exception was less than 0.015
per cent which is generally taken as an acceptable value for high-quality
steel. The amount of sulfur was higher, ranging from 0,015 to 0.022 per cent,
except the RVC percentage of 0.010. The silicon content in the instances
where it was not added intenticnally was the same order of magnitude as that
of sulfur, varying from 0,01 to 0.02 per cent with the exception of steel 1,
which irdicated 0.13 per cent. The effect of this higher silicon content was
not evident. A variation in the remaining constituents (carbon, nickel, and
molybdenum) would not be expected to exert a profound influence on ¢leanli-
ness.

The relatively low Ep/UTS ratio of the consumable electrode-pure raw
material heat (RVC) is of particular significance. Although this was the
cleanest steel of the group, this was not reflected in fatigue performance,
Air melting and standard deoxidation practice produced a more fatigue-
resistant material than RVC even with more normetallics present in the micro-
structure. Steel D10 studied previously was prepared by air melting and
carbon-aluminum deoxidation practice. This resulted in a "dirtier" heat than
any of the current alloys (Figures 23 and 2k) with respect to total inclusion
content, yet an Ep/UTS ratio of about 0.6 was obtained for this steel at a
tensile atrength of 235 ksi. At a strength level comparable to RVC, an alloy
D10 type gave an ER/UTS ratic of 0.515. These diffsrences in fatigue proper-
ties cannot be explained on the basls of metallic aspects of the microstruc-
tare. All of the materials under conaslderation proved to exhibit a normal
querched and tempered martensitic structure. Although some banding was noted,



there was nothing to suggest any significant difference in fatigue perform-
ance. The representative grain size range extended from about ASTM No. 6 to
No. 7, and this degree of variation was not considered important.

The carbon-aluminum deoxidation practice appears t¢ make a substantial
contribution to fatigue propertiss, although its exact function is unclear.
This effect appears to be reduced substantially when either consumable elec-
trode vacuum arc or vacuum induction remelting operations are applied after-
wards. A new and different set of equilibrium conditions was established
during remelting, and this may explain the differences noted. Vacuum induc-
tion remelting was the more damaging of the two techniques., Arc remelting
vwould be expected to yield a cleaner product as the higher arc temperatures
would tend to promote greater oxide reduction through reaction with the
carbon, The major benefit of wacuum induction remelting would be associated
with a lowering of the gas content, although some degree of oxide reduction
might occur. In practice, no benefits were cbtained from remelting, however,
as both processes resulted in reduced fatigue strength.

The nickel-molybdenum steel used was a simple composition never examined
previously, and relatively high Prot fatigue values were obtained from this
material prepared by standard deoxidation practice. The chemical composition
is of considerable interest in this work. During the previcus program, the
highest E,/UTS ratio for standard melting conditions, 0.43L, was obtained on
a tungsten-molybdenum steel tempered at 850°F having a tensile strength of
259 ksi. (This alloy was designated BB-X and was similar in composition to
D10B.) In this instance, steel 1, melted in an analogous manner and tempered
at 450°F, had an E'i;/UTS ratio of 0.LLO with a tensile strength of 282 ksi.
This is a rather high value for this condition as compared to commereial
AISI L340, for example; it suggests that the composition of the basic steel
alloy may have influenced or masked scme of the effects of melting practice.

The consequence of silicon additions seemed equally complex. Silicon
added after aluminum killing, in conjunction with carbon-aluminum decxidation,
had a less deletericus effect than the same addition made at the same time as
the major alloy constituents. However, an air-melted heat was prepared with
iron oxide and ferrosilicon additicns in an effort to promote the formation
of silicates. A high silicon content (steel DU, 0.73 per cent) and a
relatively dirty microstructure resulted from this treatment. The Ep/UTS
ratio was greater than for normal silicon addition prior to aluminum killing,
however. The presence of silicon, as well as its distribution in the micro-
structure, is significant, although the relationships involved cannot be
completely described. It appears, however, that any benefit silicon might
contribute as an alloy addition, even under the most favorable circumstances,
is more than overshadowed by the harmful effects of silicon=-bearing non-
metallics.

Two nickel-molybdenum steels were studied in both the nctched and
unnotched condition, and these results are summarized in Table XI. The
2Bpn/Ep ratio is a standard method for comparing notched and unnotched prop-
erties and the carbon-aluminum specimens (2A and 2B) gave a 2Em/Ep ratio of
0,907, while the material melted with iror oxide and ferrosilicon additions
(DU) yielded a 1.058 value for the same ratio. A value of 1.00 is generally



taken to indicate good notched properties,and on this basis these steels were
relatively insensitive to notching. Although both values wWere relatively
high, the dirtier steel, DU, had a higher ratio. These results may reflect
the large number of notches, resulting from inclusions, in the DU steels,
especially as the 24 and 2B materials had significantly higher Ep/UTS and

2Epn/UTS ratios.

Axial fatigue techniques were also used to evaluate nickel-molybdenum
steels 1 and 2B in the notched and unnotched condition. Only a limited
nunber of specimens were available, and the data scatter was too great to
permit quantitative comparisons of such effects of melting practice on
notching.

The D10B specimens were prepared to dstermine the notch sensitivity of
tungsten-molybdenum steels. During the previocus program this composition
(steel D10) showed excellent fatigue behavior in the unnotched condition.
Chemical analyses and pertinent data are given in Table XII. The 2Eyn/Ep
ratio representing a 1225°F temper gives a value of 0,830 at a 235 ksi
gtrength level, indicating a slight degree of notch sensitivity. The carbon
content is significantly higher in the current alloy, 0.52 as compared to
0.45 per cent in the original. There are not sufficient data to draw a
definite conclusion regarding the effect of carbon, but previcus work has
indicated that higher carbon contents tend to decrease the Ep/UTS ratio.
Consequently, a comparison of notched and unnotehed properties at a similar
carbon level might yield a 2Epy/Ep ratio closer to 1.00.

Steel D10B was also tested after tempering at 1050°F. A lower tempering
temperature was ineluded to avoid the peak aging range (1100° to 1150°F); this
resulted in a higher ultimate tensile strength and a slightly improved slonga-
tion (Table VII). The Prot endurance limit was ralsed markedly by this treat-
ment, but the corresponding increase in tensile strength caused a slight reduc-
tion in the 2Epn/UTS ratio.

A summary of the standard deviations of the Prot fracture stress data for
both high and low loading ratss is given in Table XIII. The notched specimens
demonstrated markedly lower standard deviations than their unnotched counter-
parts. This is the normal occurrence in fatigue testing and indicates that
the presence of a notch has a greater effect on the scatter than any of the
other variables. Thers does not appear to be any correlation between the
unnotched deviations and either melting practice or fatigue strength, and this
follows the general trend of the data obtained throughout this program.

The relationship between tempering temperature and fatigue strength was
not uniquely defined in previous work, and this situation was not clarified
definitively during the present program. Carbon-aluminum deoxidized material
(steel 24) was tempered at 1000° as well as LSO°F. An appreciable improve-
ment in the Ep/UTS ratio resulted, increasing from 0,500 to 0.555. The over-
all data relating tempering tempsrature and fatigue properties (Figure b)
indicate that the Prot endurance limit is not affected to any appreciable
extent. The Ep/UTS and 2Epy/UTS ratios increase with increasing tempering
temperature; however, this seems to be a direct function of the decrease in
ultimate tensile strength with increasing tempering temperature. If fatigue
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strength is evaluated solely on the basis of the Ep/UTS ratios, then
increasing tempering temperature appears to have a beneficlal effect. The
current data are not sufficient to establish a more valid relationship,
however.

The higher carbon versions of the D10B type tungsten-molybdenum steel
indicated high tensile and yield strengths with relatively low elongation
values on room-temperature testing. Austenitizing temperatures of 1950° and
2050°F were utilized for hot tensile studies and the higher temperature treat-
ment provided higher strengths and lower elongations. On the basis of pre-
vious experience, 2050° and 2200°F were selected for austenitizing the hot
tensile specimens as the resistance to softening in these steels increases
with increasing austenitizing temperature. The hot tensile data at 700° and
900°F tended to show the strengthening effect of higher austenitizing tempera-
ture for both steels S-6 and S5-8, and the elongation values were correspondirg-
1y lowered by the higher temperature treatment. Approximate values were
obtained for the modulus of elasticity at room and elevated temperatures as
shown below.

Modulus of Elasticity, Test Temperatura,
1000 ksi °F
31-33 72 (RT)
2527 700
22-2l 900

These data were obtained during the tensile testing of the S«6 and S-8 steels.
The individual steel data were not considered separately, as this presentation
¢learly indicated the effect of temperature on the elastic modnlus.

The stress-rupture specimens were austenitized at 2050°F to obtain higher
ductility and double tempered at 1050°F, well above the test temperature. The
stress-rupture data indicated the presence of notch sensitivity, which was
evident by fallures in the threaded sections as the time at temperature
increased. This behavior was related to previously noted aging behavior in
the tempering range. While this generally occurred at higher temperatures,
apparently extended time at lower temperatures can produce a similar effect.

The over-all differences in composition between steel S-6 and S-8 were
too great to permit an accurate evaluation of the effect of carbon content.
Carbon would be expected to exert a larger effect than the other alloy
elements; however; and on this basis the increase in carbon content from
0.62 to 0,73 per cent did not have a significant effect on either hot tensile
or stress-rupture properties.



VI. SUMMARY

The effect of melting practice on the Prot fatigue properties of a
nickel-molybdenum high-strength steel was investigated. Various preparatory
techniques were utilized involving induction melting in air with standard and
special carbon-aluminum deoxidation techniques, vacuum are and vacuum induc-
tion remelting of specially deoxidized material, and vacuum arc melting of
high-purity raw materials. Further studies included the consequence of
silicon additions, before and after alumimum killing, as applied to special
carbon~gluminum deoxidation practice, and silicate-bearing steel prepared by
adding iron oxide and silicon dioxide during conventional air induction
melting.

The experimental ingots, varying from 15 to 60 1b weras hot forged into
3/4 in. rounds, and machined into notched and unnotched c¢ylindrical R. R. Moore
fatigue bars. These spacimens were austenitized at 1525°F, oll quenched, and
with one exception tempered at LS50 to 600°F to develop ultimate tensile
strengths in the 250 to 300 ksi range. The exception was tempered at 1000°F
to determine fatigue properties at a lower tensile stirength level. The Prot
accelerated technique was used throughout this program. These results shoved
that the special carbon-aluminum deoxidation practice was the most effective
in raising the fracture stress level, and BEp/UTS ratics of 0.500 and 0.555
were determined at tensile stremgth levels of 27L and 200 ksi, respectively;
these values represent a considerable improvement over commercial high~strength
steels at comparable strength levels. All of the remalning techniques were
inferior to air melting with standard deoxidation practice, including vacuum
arc melting of pure raw materials. Remelting specially deoxidized material ly
vacuum arc and vacuum induction processes resulted in a significant loss of
fatigue strength. The effect of silicon additions was dependent upon the
manner in which it was added; a 0.30 per cent silicon addition after the
aluminum killing sequence was far less damaging than a similar addition prior
to killing.

Notched Prot evaluations were made of two nickel-molybdenuwm steels, and
one tungsten-molybdenum steel which was studied in the unnotched condition
during the previous program. Notching had little effect on the nickel-
molybdenum steels--one prepared by carbon-aluminum deoxidation practice and
the other a high-silicon steel made with iron oxide and silicon dioxide
additions—~based on ZEpn/&; ratios of approximately 1.00. These data indicate
that the effect of melting practice is far lsas significant in the case of
notched fatigue specimens. The carbon-aluminum deoxidized tungsten-molybdenmm
steel was siightly notch sensitive giving a 2Epn/Fp ratio of 0.830 at a
235 kai tensile strength level.

The elevated temperature properties of two D10 type tungsten-molybdenum
steels containing 0.73 and 0.62 per cent carbon were investigated. Satisfac-
tory tensile properties were obtained at temperatures of 700° and 900°F, and
the difference in carbon content between the two steels did not have a sig-
nificant effect on elevated temperature behavior. The elastic modulus
decreased from 31 to 33 million psi at room temperature to 25 to 27 million psi
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at 700°F and 22 to 24 million psi at 900°FP, Stress rupture tests were per-
formed at 900°F, and both steels demonstrated the effects of notch sensitivi-
ty with increasing time at temperature.

VII. CONCLUSIONS

A. Effect of Melting Practice

Speclal ecarbon-aluminum deoxidation practice applied to induction-air
melted silicon~free steel provided a substantial increase in fatigue
strength as compared to standard induction melting techniques. At strength
levels of 274 and 200 ksi, Bp/UTS ratios of 0.500 and 0.555, respectively,
were determined; this represents a significant improvement over commercial
steels of similar tensile strength. Vacuum arc and vacuum induction remelting
of the specially deoxidized steel had an adverse effect on fatigue proper-
tiee and these techniques proved to be inferior to conventional practice.
High-purity raw materials subjected to consumable electrode vacuum arc melting
operations produced higher fatigue strengths than the remelted steels, but
lower than those prepared by induction melting. There was no apparent
correlation betwesn Prot fatligue properties and cleanliness based on either
total inclusion content or the distribution of inclusion sizes. The carbon-
aluminum deoxidation process made the most outstanding contribution to
improving fatigue properties at high strength levels, and this effect
outweighed cleanliness or any other conseqQuence of melting.

B. Noteched Properties

Nickel-molybdenum steels prepared by carbon-alumimum deoxidation and a
silicate-forming technique were shown to have good notched properties on the
basis of 2Epn/E£ ratios of approximately 1.00. Notched fatigue strength
appeared to be independent of melting practice and inclusion content and ds-
tribution, suggesting that these factors were only of secondary importance
in the presence of & notch.

The notched properties of a tungsten-molybdenum steel, analogous to
materials investigated in the unmnotched condition during the previous pro-
gram, indicated a minor degree of notch sensitivity. At a similar tempering
temparature, 1225°F, a 2Epn/Ep ratio of 0.830 was obtained; the actual values
were 117 and 1l ksi, for the notched and unnotched materials, respectively.
At a lower tempering temperature, 1050°F, the 2 value increased to 132 ksi,
indicating a probable decrease in notch sensitivity in this region.



C. Effect of Silicon

Tentatively, the results of this work indicate that silicon tends to
have a detrimental effect on fatigue strength. The manner in which silicon
was introduced was of considerable importance, and the best technique con-
sisted of adding the silicon after the aluminum killing sequence in preparing
a carbon-aluminum deoxidized heat. The presence of silicon in the metallic
phases of the structure did not have any noticeable results, and the over-all
effect suggests the complete absence of silicon for optimum fatigue proper-
ties.

D. Effect of Tempering Temperature

Increasing tempering temperature camsed a corresponding increase in the
Bp/UTS ratios of nickel-molybdenum steel alloys. This effect appeared to be
more closely related to the decrease in ultimate tensile strength than any
increase in the Prot endurance limit, however.

E. Elevated Temperature Properties of Tungsten-Molybdenum Steels

Satisfactory tensile behavior was noted in the 700° to 900°F range for
two high~carbon tungsten-molybdenum steels. Hot tensile properties appeared
to be unaffected by carbon content in the 0.62 to 0.72 per cent region.
Elastic modulus values of 25 to 27 million and 22 to 24 million psi were
measured at 700* and 900°F, respectively. Both steels indicated notch-
sensitive behavior during stress-rupture testing at 900°F with increasing
time at temperature.
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TABLE I

COMPCSITION OF EXPERIMENTAL STEELS

Composition
T

Steel Melting Practice C

Mo

Mn

T

51

1

24

2B

RVC

D10B

Air melt, R
std. deox.

Air melt, A3
C-4A1 deox.

Air melt, o7
C-Al deox.

Air melt, C-Al NAR
deox. with 0.30%

51 addition before
Al killing

Air melt, C-Al .55
deox. with 0.30%

S8i addition after

Al Ki1Ying

Vacuum-arc remelt- .50
ing of condition 2

Vacuum-~-induction .52
remelting of con-
dition 2

Vacuum-arc melt- .52
ing of high purity
raw materials

Air melt, with 49
iron oxlde and

ferrosiliocon
additions

deox.

1.06

oSk
1.12

1.04

1.12

1.07

1.04

1.0L

9l

.52 1,96 1.08

L5

.050%
.050%
+050%
.050%

L050%

.050%

.050%*

«050%

.050%

«96

1.98
1.83
2.25

1.98

2.09

2.0k

2.0

2.12

1.95

.13

.01

.01

.32

«27

.02

«02

.02

.73

«07

.021
015
016

021

015

«020

.015

010

.022

.028

013
013
013

.013

.012

.012

015

<005

.012

.01k

% Nominal Mn addition

Cb is present in steel D10B at a 0.10% level



TABLE II

FRELIMINARY SHEET TENSILE PROPERTIES
OF NICKEL-MOLYBDENUM STEEL

Tempering
Temp. s, ¥s, Elong, Hardness,
°F kel ksl
L50 319 27k 4 55
550 281 250 5 53

Composition: € 0.57, Ni 2,10, Mo 1.12%

Avstenitizing temperatures 1525°F
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TABLE III

FATIGUE BAR TENSILE DATA

Tenpering
Temp. UTs, E:I.ong,* Hardness,
Steel °F ksi 3 R
1 Ls0 282 9.0-11.0 52
2A 150 27h 9.0-11.0 52
24 1000 200 15.0 k1
2B k75 280 8.0 52-53
3 1,50 302 7.0-9.0 53
L 500 303 7.0 53
J L75 300 7.0-5.0 53=54
H 500 276 10.0 52
RVC 475 280 10.0-11.0 53
DU 550 + 600 298 7.0 53
D10B 1050 282 6.0 54
D10B 1225 238 5.0=6.0 L8

Rlongations were determined over a 1 in. gage length.

All tempering times were 1 hr.

A1l data were obtained on unnotched specimens.

Austenizing temperaturest

steels 1525°F.

D10B 2050°F; all other
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TABLE I¥
ROOM~TEMPERATURE TENSILE DATA FOR STEELS S-6 AND 5-8

Austenitizing Tempering
Temp. Temp. uTs, IS, Elong.,
°F b ksi ksi y 4
Steel S-6
1950 1050 297 284 L.5
1950 1050 297 282 4.0
1950 1150 28Y 279 4.0
1950 1150 28 278 4.5
2050 1050 306 289 —
2050 1050 304 28, 2.0
2050 1150 297 287 1.5
Steel S-8
1950 1050 291 273 5.5
1950 1050 289 271 h.5
1550 1150 284 278 b0
1550 1150 284 274 4.0
2050 1050 297 274 3.0
2050 1050 297 278 3.0
2050 1150 297 286 2.0
2050 1150 297 236 1.5

All samples were tempsred for 1 + 1 hours.
Composition:
Steel c Mn w Mo v

§-6 0.73 0.74 1
S"B 0.62 0.68 10
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ELEVATED TEMPERATURE TENSILE DATA
FOR STEELS S-6 AND 5-8

TABLE V

Teat Austenitizing Tempering
Temp., Temp., Temp., Urs, s, Elong.,
*F *p *F ksi ksi %
Steel S-6
700 2050 1050 213 207 13.5
1150 230 205 9.5
2200 1050 250 211 2.5
1150 237 205 5.5
900 2050 1050 216 185 11.0
1150 198 178 10.0
2200 1050 215 196 *
1150 21 7% 203 % 5.0
Steel S-8
700 2050 1050 24 213 12.5
1150 23 204 11.5
2200 1050 249 204 6.5
1150 238 210 kO
900 2050 1050 212 199 9.0
1150 196 172 10.5
2200 1050 220 193 3.5
1150 210 187 L0

*
Fractured in threads

rested at approximately 825°F

Y5 values were based on 0.2 per cent offset.

measured over a 1 in. gage length.

19

Elongations were



TABLE VI

900°F STRESS-RUPTURE DATA FOR STEEIS S-6 AND S-8

Stress, Time to Rupture, hr

kai Steel 5-6 Steel 58
200 0.45 1.0
175 1.10 1.L0
150 9.50 16.50"
130 38,10" 33.50"
120 18,90" 29,70"

*

Fractured in threads.

All specimens were oil quenched from 2050°F
and tempered at 1050°F for 1 + 1 hr.
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TABLE VII

SUMMARY OF FATIGUE DATA

Tempering
Temp. urs, E_, 2E E_/UTS Elong.
Steel °F kei 1B kB or Smpn/urs %

1 150 282 124 - Lho 9.0~11,0
2A 50 27h 137 - .500 9.0=11.0
24 1000 200 111 - .555 15.0
2B L5 280 - 127 sk 8.0
3 450 302 99.1 - .328 7.0-9,0
L 500 303 131 - 132 7.0
J L7s 300 116 - .387 7.0-9.0
H 500 276 94.0 - 31 10.0
RVC L7e 280 119 - .L25 10,0-11,0
DU 550 + 600 298 120 - 103 7.0
DU 550 + 600 298 - 127 426 7.0
D10B 1050 282 - 132 168 6.0
D10B 1225 238 - 117 Lig2 5.0=6,0

All UTS and elong. values were determined on unnotcned specimens.
All tempering times were 1 hr,
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TABIE VIII

NOTCHED AXTAL FATIGUE DATA

Specimen Stress,

No. ki Cyecles
1-11 £0.0 12,082,500
1-13 52.5 131,760,300
115 53.75 70,100
1-12 55.0 16L,700
1"'18 55 .O 73 ’100
1-16 55. 13,000
1-17 57.5 30,600
1-10 60,0 38,000
1-1} 62.5 32,200

2B-1) hs.0 205,600
2B-11 h7.5 12,080,300
2B-16 18.75 75558 ,600
2B«~17 50.0 1,402,200
2B-15 52.5 291,300
2B-18 55.0 ;6,500
2B-10 57.5 71,700
2B=12 60,0 27,800
NF-no failure
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TABIE IX

UNNOTCHED AXIAL FATIGUE DATA

Specimen Stress,
No, ksi Cycles
1-3 105.0 12,33L,700 NF
1-5 107.5 1,058,100
1-6 110.0 1,595,400
1-9 112.5 18,200
1-L 112,5 12,469,200 NF
1-1 115.0 78,200
1"7 117 05 h? 1’ Bm
1-2 120.0 8,700
2B-8 110,0 1,666,400
2B=-3 111.25 207,900
2B-1 111,28 166,100
2B=7 112.5 137,100
2B-k 115.0 366,200
2B=6 117.5 68,100
2B-9 120.0 275,000
2B=2 122.5 137,100
NF-no failure
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TABLE X

MELTING PRACTICE RANKED BY FATIGUE STRENGTH
AT SIMILAR UTS LEVELS

Steel Melting Practice Ep/UTS
oA Air melt, C-Al deox. 500
2B Air melt, G-Al deox. Jis*
1 Air melt, std deox. 440
L Air melt, C-Al deox., with 0,30% Si 432
addition after Al kKllling

DU Air melt, with iron oxide and JL26%
ferrosilicon additions

RVC Vacuum arc melting of pure raw 425
materials

DU Alr melt, with iron oxide and 4103
ferrosilicon additions

J Vacuum arc remelting of C-Al deox. 387
Vacuum induction remelting of 3Ll
C"A.l der.

3 Air melt, C-Al deox. with 0.30% Si +328
addition

* 2Bon/UTS value

UTS range 27h to 303 ksi; tempering range 450°* to 600°F.
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TABLE XI

NOTCHED PROPERTIES OF NICKEL-MOLYBDENUM STEELS

Tempering
Temp., Urs, Ep  2Epn, 5/UTS or
Steel Condition F ksi  ksi  2Epp/UTS 2Epn/Bp
24 Unnotched 450 27h 137 - +500 .907
2B Notched k75 280 - 127 LSk
DU Unnotched 550 + 600 298 120 - 103 1.058
DU Notched 550 + 600 298 - 127 426
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TABLE XII

NOTCHED PROPERTIES (F TUNGSTEN-MOLYBDENUM ST EELS

Tempering
* Temp., IITS, &, 2%}n, OI‘
Steel F ksi ki ksi 2 S 2Epn/Ep
D10 1225 235 U - .600
«330

D10B 1225 238 - 117 192
D10R 1050 282 ~- 132 68

ition:

Gomposition c W Mo v Mn
D10 + LS 1.92 1.02 Ly 8
D10B*++ +52 1.96 1.08 L5 96

Unnotched specimens from previous program

** Notched specimens from current program
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TABLIE XIII

STANDARD DEVIATION OF PROT FRACTURE STHESS DATA

Tzzgzi:iﬂge Standard Deviation of

Specimen (L + 1 nr), Prot Fracture Stress, ksi

Steel Type *F Low Rate High Rate
1 smooth L50 10.9 11.4L
24 smooth L50 12.6 Ta1
24 smooth 1000 L.l h.7
3 smooth L50 19.3 1L.5
smooth 00 16.4h 2L.8
J smooth L75 7.3 10.4
smooth 500 12.8 10.3
RVC smooth L7s 11.0 3.6
DU smooth 550 + 600 11.6 5.3
2B notched L75 b.3 2.9
o)t notched 550 + 600 1.8 1.7
D10B notched 100 3.2 2.9
D108 notcned 1225 3.6 1.7
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FRACTURE STRESS, KSI

NO. ALLOY
| 1 {(450°F TEMPER)

2 2A (450°F)

3 2A(I1000°F)

4 28 NOTCHED (475°F}

5 3(450°F)

6 4(500°F)

7 J(475°F)

8 H(500°F)

9 RVC (475°F)

10 DU {550°+ 60C°F)

Il DU NOTCHED (550° +600°F )
12 DIOB NOTCHED {1050°F)

I3 DIOB NOTCHED (1225°F)
160
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50+

o$ ] 1 | i

0 0.1 0.2 0.3 0.4 0.5
SQUARE ROOT OF LOADING RATE, (PSI/cycLE)'/2

FIG.3 SUMMARY OF FATIGUE DATA.
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500X
Figure 5

Steel 1 at High Magnification. Air
Melt, Standard Deoxidation.

»- wé

500X
Figure 7

Steel 3 at High Magnification., Air
Melt, C-Al Deoxidation with 0.30f Si
Addition.

32

500X
Figure 6

Steel 24 &t High Magnification.
Air Melt, C-Al Deoxidation.

500X
Figure 8

Steel L at High Magnification.
Air Melt, C-Al Deoxidation with
Si Addition after Al Killing.



500X
Figure 9
Steel J at High Magnification.
Vacuum Arc Remelting of Alloy
2A Type.
500X

Figure 11

Steel RVC at High Magnification.
Vacuum Arc Melting of Pure Raw

Materials.
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500X
Figure 10

Steel H at High Magnification.
Vacuum Induction Remelting of
Alloy 2A Type.

_ 500X
Figure 12

Steel DU at High Magnifiecation.
Adr Melt with Iron Oxide and
Ferrosilicon Additions.



500X
Figure 13

Steel D10B at High Magnification. Alr
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50X
Figure 1l

Steel 1, Air Melt, Standard
Deoxidation.

—

50X
Figure 15

Steel 24, Air Melt, C-Al Deoxida-
tion.

50X

Figure 16

Steel 3, Air Melt, C-Al Deoxidation

with 0.30% Si Addition.

35

[30) 4
Figure 17

Steel L, Air Melt, C-Al Deoxidation
with 0.,03% Si Addition after Al
Killing.



Figure 18

50X

Steel J, Vacuum Arc Remelting of

Alloy 2A Type.

Pigure 20

Steel RVC, Vacuum Arc Melting of
Pure Raw Materials.

50X

36

510).4
Figure 19

Steel H, Vacuum Induction Remelt-
ing of Alloy 2A Type.

SCX
Figure 21

Steel DU, Air Melt with Iron Oxide
and Ferrosilicon Additions.



5%
Figure 22
Steel D10B, Air Melt, C=Al Deoxidation.
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S00X
Figure 23

Steel D10 at High Magnification.
Air Melt. C~Al Deoxidation.

50X
Pigure 24
Steel D10, Air Malt, C-Al Deoxidation.
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APPENDIX I
DETAILED PROT TESTING DATA
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TABLE XIV

FATIGUE DATA, STEEL 1, L50°F TEMPER

Specimen Rate {(a), Rate 1/2 Failure Stress,
No. psifeycle (a) 1/2 ksi
High Rate
1-6 .159 «399 138
1-15 .120 +3L6 132.5
1-10 116 340 128.5
1-8 .115 37k 1,0
1-4 156 395 156.5
1-3 2157 +396 125
1-11 156 395 138
1-20 -155 039’4 160-5
1-18 158 2397 18
Average .382 140,8
Low Rate
1-14 »0143 119 1L9.5
116 L0141 .119 109
1-7 +0098 099 127.5
11 .0125 $112 138
1-19 .0123 110 133
1-12 .0182 J135 125
1-2 .0182 .135 13L
1-1k L0122 .110 120
Average .115 128.6

L0



TABLE XV

FATIGUE DATA, STEEL 2A, L50°F TEMPER

Specimen Rate (a), Rate 1/2 Failure Stress,
No. psi/cycle (a) 1/2 ksi
Hi gh Rate
2A"10 . 152 03 89 11‘9 - 5
24-19 .18 .385 149.5
2A-8 bs 381 163
245 J45 381 164
24-3 1S .38 156.5
2A-1 15 381 163
24-17 L1148 .385 149
Average .38h 156.3
Low Rate
24-16 011 .119 118.5
24=T .0139 .118 159
24-6 .0139 .118 132.%
24~15 L0140 .118 164
2A-11 0122 .210 16
24-13 .0131 1k 1
2A-9 L0116 .108 13
24-12 .0105 .102 141
24-Y .0117 .108 140
Average 113 142.8




TABLE XVI
FATIQUE DATA, STEEL 24, 1000°F TEMPER

Specimen Rate (a), Rate 1/2 Failure Stress
No. pei/eycle (a) 1/2 ksi
High Rate
24-21 .155 .39L 127
2A"2h -130 0360 12705
24-25 134 .366 121
2A-36 136 367 129
2427 .155 .39 116
2A-38 121 348 116
2A-23 2131 362 125
Average 372 123.8
Low Rate
2437 .0138 117 115
24-22 .0135 J16 120
24-34 L0140 ,118 106
2A-36 .0105 .102 11,
2A-32 L0116 .107 113
2A-35 .0113 .106 11.5
2A-33 .0113 106 120
24-26 .0102 101 120
2A-31 .0116 .108 113
Average .109 114.8




TABLE XVII

FATIGUE DATA, STEEL 2B NOTCHED, 475°F TRMPER

Specimen Rate (a), Rate 1/2 Failure Stress,

No. psi/cycle (a) 1/2 ksi
High Rate
2B-2 .137 «370 72.5
2B=17 .1k8 .384 74,0
2B=20 150 .387 76,0
2B-11 148 38 68.5
2B-19 k7 .383 73.0
2B-5 .150 387 73.0
2B-3 .150 .387 0.5
2B .1hé .382 7.5
29-9 01}49 03 86 79-0
2B-7 .151 .389 78.5
Average 384 4.0
Low Rate

2B-18 0116 .108 54.5
2B-1 0127 113 68.0
2B-10 .0122 110 69.0
2B-12 .0125 .112 66.0
2B-8 .0125 .112 69.5
2B=6 .013k 116 69.0
2B-16 .0116 .108 69.5
2B"“13 00117 0108 66.0
2B-~15 .0115 107 69.5
2B8-1 0123 J11 65.0
Average 111 66.6




TABLE XVIII
FATIGUE DATA, STEEL 3, 450°F TEMPER

Specimen Rate (a), Rate 1/2 Failure Stress,
No. psi/cycle (a) 1/2 ksi
High Rate
3-7 .152 «390 164
3-6 115 339 1L6
3-11 156 .395 135.5
3-17 .156 395 134
3-20 157 396 135
3-8 156 395 115
3 -19 - ]55 . 3 9h 123
3=12 2153 392 118
Average .388 135.0
Low Rate
3-18 .0119 .109 112
3-7 .0165 .128 119
3-3 0127 .113 11
3-13 .01.20 .109 7
35 0138 117 119
3-h L0142 119 102
3-10 .01l5 120 129.5
3-11 0148 .122 1.5
Average 115 110.6




TABLE XIX

FATIGUE DATA, STEEL L, 500°F TRMPER

Specimen Rate (a}, Rate 1/2 Failure Stress,
No. psi/cycle (a) 1/2 ksi
B igh Rate
L=k .150 .387 175.5
L-1L .150 .387 108.5
h _3 - 1116 03 82 165
L=6 .159 .398 131
h'l? . 157 03 97 123
Average 391 5.7
Low Rate
L-10 0123 .111 142
Ly~9 .0158 .126 143
L-8 .01h0 .118 125.5
L=7 0137 .117 115
L=-13 L0142 119 167
4-19 .0148 122 127
;=18 L0136 117 127.5
Average 2119 135.3

L5



TABLE XX
FATIGUE DATA, STEEL J, 475°F TEMPER

Specimen Rate (a), Rate 1/2 Failure Stress,
No. psi/cycle (a) 1/2 ksi
High Rate
J-8 k9 .386 125.5
J"'l? nlh9 -386 12705
J=13 .148 385 153.5
J-h nlhé -3 82 137
J-9 . 155 03 9h 1\36
J=15 .155 394 146.5
J-3 154 392 115
J-5 .155 -394 k1
J-12 '153 -391 137
Average .389 135.4
Low Rate
J=1 0149 122 118
J-1h .01h6 121 119
J=7 .0123 .111 118.5
J=16 L0152 .123 107
J=11 ,0140 .118 12L.5
J"'6 -0122 0110 122
J-18 0151 .123 133
J=-10 013 .119 116.5
J=19 .0121 .110 128
J=2 0159 126 131
Average .118 121.7

L6



TABLE XXI
FATIGUE DATA, STEEL H, 500°F TEMPER

Specimen Rate (a), Rate 1/2 Failure Stress,
No. psifeycle (a) 1/2 ksl
High Rate
H ""18 L 1’49 » 3 86 15]4
E-1 k2 377 138.5
H-S . 158 . 3 97 1!15
H-T7 .158 397 141.5
H-10 .158 397 120
H-1L .158 397 129
H-13 2159 399 130
H "'2 . 158 -3 97 114-5
Average 2393 137.8
Low Rate
B-12 0142 119 103
H-8 L0147 .121 92
H-9 .0135 .116 105
H-17 L0148 122 121
H-3 0132 115 115
H-11 L0148 »122 104
E-15 .0139 .118 129
H-16 L0142 .119 89
Average 119 107.3
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TABLE XXII

FATIOUE DATA, STEEL RVC, L475°F TEMPER

Specimen Rate (a), Rate 1/2 Fallure Stress,
No. psi/cycle (a) 1/2 ksi
High Rate
RVC-3 .158 397 151
RVC-11 .161 101 148
RVC=6 .156 .39 151
RVC~15 157 396 151
RVC~10 .159 2399 155
Average 397 149.3
Low Rate
RVC-5 .0129 «113 104.5
RVC-13 0136 116 Ul
RVC=2 .0158 +125 12l
RVC=7 0137 117 125
RVC-, L0137 117 136
RVC~8 .0129 .113 136
RVC-1 0133 .115 122
RVC=-17 .0132 .115 136
Average .116 128.1
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TABLE XXIII

FATIGUE DATA, STEEL DU, 550° + 600°F TEMPRR

Specimen Rate (a), Rate 1/2 Failure Stress,
No. psi/cycle (o) 1/2 kei
High Rate
DO-5 <1h7 .383 p I
DU-7 .160 +L00 156.5
l'ﬂ-? .160 .hOO 1)47 05
DU=6 .158 397 151.%
DU-lh -158 -397 1511
DU-16 .160 100 155
DU-12 .16 <401 160
DU"']-S olho -37h 160
Average .394 153.5
Low Rate
DU-11 L0164 .128 110
o4 .0136 117 151
DU-13 L0142 119 1.5
pU-8 0160 126 131
IU-1 0160 .126 128.5
DU=3 .0160 2126 132.5
DU-10 .0153 «129 119
=17 L0143 119 123.5
DU-2 001,43 0119 1\39
Average 123 130.7
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TABLE XXIV

PATIGUE DATA, STEEL DU NOTGHED, 550° + 600°F TEMPER

Specimen Rate (a) Rate 1/ Failure Stress
No. psi/cyclé (a) 1/% ksi ’
High Rate
DU=-23 .162 402 179
DU-29 .161 401 82.5
DU=33 .159 399 83.5
DU=-24 ,150 387 82
DU-31 .158 397 82
nw-18 .158 397 83
Average <394 81.6
L.ow Rate
DU-22 .0167 +129 70.5
DU-27 .0139 .118 65
DU=-25 L1 119 72
DU""19 .013 2 0115 6? -5
DU -26 L012L 111 68
DU-20 L0142 .119 68
DU-30 o) .119 Tn
Averace .119 68.8
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TABLE XXV
FATIGUE DATA, STERL D10B NOTCHZD, 1050°F TEMPER

Specimen Rate (a), Rate 1/2 Failure Stress,
No. psi/cycle (a) 1/2 ksi
Hi@ Rate
DB-2 .110 .332 81
DB'].Z -:].38 -371 81.5
DB~11 .153 391 78
DB-3 O]J-I-S 0381 85
DB-17 1N 2379 78.5
DB-18 JL6 .382 81
Low Rate
U-15 011k <107 h
DU-1 .0123 111 76
DU=~6 0120 .10 66
-5 L0128 J113 68.5
DU-7 .0123 111 7
DU-1L .0122 .110 7.5
DU"’B 00117 0108 6805
=10 L0123 211 72
w"‘9 00120 0109 68
DU-8 ,0121 111 73
DU-19 .0118 .109 68.5
Average .110 70.6
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TABLE XXVI
FATIGUE DATA, STEEL D10B NOTCHED, 1225°F TEMPER

Specimen Rate (a), Rate 1/2 Failure Stress,
No. psi/cycle (a) 1/2 ksi
High Rate
DB-440 .155 39 17
DB-27 .153 391 75.5
DB"38 -153 0391 75'5
DB-26 145 .380 73
DB‘Bh -128 -357 7'—!05
DB~22 .18 385 76
DB=-23 .12 J77 78
DB-35 135 .367 h
DB-~25 .18 385 76
DB-2L % M .380 79
Average 380 75.8
Low Rate
DB~-39 .0120 .109 67
DB-37 0126 112 57
DB-36 .0108 .10k 58
DB-21 0122 .110 62
DB-33 .0120 .109 6l
DB-31 .0116 .108 67.5
DB=30 .0125 112 65
DB-28 .0125 «112 63
Average .109 63.h
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FRACTURE STRESS, KSI
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FIG.25 ROTATING BEAM PROT DIAGRAM.
ALLOY |, 450° F TEMPER.
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KSI

FRACTURE STRESS,
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FIG.26 ROTATING BEAM PROT DIAGRAM
ALLOY 2A, 450°F TEMPER,
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FRACTURE STRESS, KSI
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FIG.27 ROTATING BEAM PROT DIAGRAM,
ALLOY 2A, I000°F TEMPER.
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FRACTURE STRESS, K5I
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FIG.28 ROTATING BEAM PROT DIAGRAM.
ALLOY 2B NOTCHED,
475° F TEMPER.
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FRACTURE STRESS, KS|
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FIG.29 ROTATING BEAM PROT DIAGRAM.
ALLOY 3, 450° F TEMPER.
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FRACTURE STRESS,
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FIG.30 ROTATING BEAM PROT DIAGRAM.,
ALLOY 4, 500°F TEMPER.
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FRACTURE STRESS, KSI
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ROTATING BEAM PROT DIAGRAM.
ALLOY J, 475°F TEMPER.

FIG.3I
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FRACTURE STRESS, K5I

60

140

t20

100

80

>

0.1 0.2 0.3 0.4

SQUARE ROOT OF LOADING RATE, (PSI/CYCLE)'/?

FIG.32 ROTATING BEAM PROT DIAGRAM,
ALLOY H, 500°F TEMPER.
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FRACTURE STRESS, KSI
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FIG.33 ROTATING BEAM PROT DIAGRAM.
ALLOY RVC, 475°F TEMPER.
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FRACTURE STRESS, KSI
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FI1G.34 ROTATING BEAM PROT DIAGRAM.
ALLOY DU, 550°+ 600°F TEMPER.
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FRACTURE STRESS, KSI
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FIG.35 ROTATING BEAM PROT DIAGRAM.

ALLOY DU NOTCHED,
550° + 600° F TEMPER.
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FRACTURE STRESS,

120

100

v+
=

o
o

40

=

]

0.1

0.2

0.3

0.4

/2

SQUARE ROOT OF LOADING RATE, (PSI/CYCLE)

FIG.36 ROTATING BEAM PROT DIAGRAM.
ALLOY DIOB NOTCHED,
1050° F TEMPER.
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FRACTURE STRESS, KSI
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FIG. 37 ROTATING BEAM PROT DIAGRAM.
ALLOY DIOB NOTCHED,
1225° F TEMPER,
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