%W ADC TECHNICAL REPORT 53-10

THE INFLUENCE OF TEMPERATURE AND RATE OF STRAIN
ON THE PROPERTIES OF METALS IN TORSION

C. E. Work
T. J. Dolan

University of lilinois

February 1953

Materials Laboratory
Contract No. AF 33(038)21587
RDO No. 614-13

Bright Air Development Center
Air Research and Development Command
United States Air Force
Wright-Patterson Air Force Base, Ohio



FOREWORD
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Contract No., AF 3&(038)—?_1587, and Research and Develop-
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ABSTRACT

An experimental study was made to determine the effect
of temperature and rate of strain on the strength, ductility
and energy absorbing capacity of seven different structural
metels in torsion. Cylindrical specimens 0.25 in. in dismeter
were tested at four different constant strain-rates from
0.0001 in, fin,/sec. to 12,5 in,/in./sec. and at four different
temperatures from room temperature up to 1200F. Two series of
tests were conducted: (A) specimens were held at the test
temperature for one-half hour before loading, and (B) specimens
were given a two-hundred hour aging treatment at the test
temperature before testing.

Torque, angle of twist, and time were continucusly recorded
and the torsional proverties determined, The detailed results
are presented in three-dimensional charts and analyzed in terms
of the mechanisms altering the material behavior. In general,
it was found that an increase in strain~rate caused an increase
in strength, whereas an increase in temperature reduced the
strength of all metals except in the blue-brittie temperature
range for steel, KExtremely great ductiiity was exhibited by
scme of the metals at the highest elevated temperatures employed,
particularly at the slower rates of straining. The two-hundred
hour aging treatment had no appreciable effect on the properties
of most of the metzls tested; significant changes were produced
only 2011011‘ the aluminum alloys at 4YOOF and 6OCF and in alloy steel
at 1 .

The experimental observations were compared with severzl
thecries that have been proposed to express mathematically the
effects of strain-rate and temperature on mechanical properties.
By prorer selection of empirical constants, several eguations
involving a general relation for flow stress or new parameters
of a "temperature-modified" strain-rate or a "velocity-modified"
tempersture were found to express apwroximately the variations
obtained in mechanical proyerties,
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1. INTRODUCTION

1. Evaluation of the Mechanigai Properties of Materials.

The ability of a structure or structural part in service to carry out the
funciion for which it is intended depends to a large extent on the behavior of
the materlal of which. it is constructed. In order that the designer may have.
adecunte information on the significant properties of the material, these prop-
erties must be determined by sppropriate tests of samples of the material,

*hat constitutes an appropriate test is not yet defined. Zach of the tests
commonly used has some advantages but also certain disadventages and 1t is not
alveys certain exactly how to extend results obtained under one limited set of
conditions to Include others. In the past it has been customary to accept the
nropertises obtained in the ordinary static tension test as the most satisfactory
criteria for evaluating the mechanieal qualitdies of a matariai. Because of its
simplicity and common usage, the tension test is used to predict the anplicability
of materials for a wide varlety of uses, many of which involve more gomplex
systems of stresses, Considerable doubt exists, however, as to wh_ether amy
universal structural characteristics can be adequately ampralsed on the basis
of observatione of the properties when subjected only to a uniaxial state of
stress.

Hany of the mechenical properties for which an evaluation is usually attempt-
ed fall in one of the following classes: elastic strength a_nd stiffness, ductility
energy sbsorption smd meximum load carrying capacity. The elastic characteristics
are most easlly treated theoretically and until recently have received the most
attention in tension test studies. However for studying the plastic and worke
hardening characteristios o: = metal, the tension test is inherently at a die-
ajvantage because of the local necking whic;h takces place. The on'ly portion of
the metal in the tension specimen which is completely exhausted plastically 1; ﬁho’

material adjacent to the break. The final elongation, therefore, is a combination
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of large deformations in the necked portion end a limited amount of stretching
throughout the remaining portion of the metal which retains considerable capaclty
for deformation. This latter portion constitutes the largest part of the length.
Purthermore, within the localized region where the fracture finally occurs,
necking introduces a notch effect accompanied by a complex three-dimensional
s.ress system which changes continnéualy as the necking progresses. This makes

it difficult, (7, 80)* if not impossible, to analyée the finael fracture character-
istics and relative work-hardensbility of different metals.

In the torsion test many of these disadvantages are not present. The
dlumensions of the svecimen do not change apprecisbly during the test even to the
point of fracture, so that the original dimensions of the specimen are valid
for analytical studies of strength and ductility. Deformation is fairly uniform
throughout the length of the test section. The sbsence of localized necking
‘eliminetes the continucusly increasing notch effect with its consequent localized
three-dimensional stress system. Ductility as determined by the angle of twist
of the specimen involves general exhaustion of the plasticity along the entire
gage length. The slope of the stress-strain diagram in the torsion test is
e better measure of the work-hardenability of‘the material since this slope

is not influenced by major dimension changes as in the tension test.

2. Immediate Iggprtance of Temperature and Strain-Rate Studies.

Thé behavior of a given material has been found to depend on the mechznical
operations carried out during fgbrication, heat treatment, stress hisgtory and
upron other factors such as the type of loading, state of stress and enfiron—
mental conditions,

Two important parameters, rate of strain and temperature, are known to be

interrelated and frequantly vary simultaneously in service. Both have been

Mumbers in parentheses refer to the refsrences listed in the Bibliography.
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investigated singl& ﬁut fevw utudi.ea have been of a wide enough scope to give
attention to their combined effects. |

The current trend toward jet engines and rockets for propulsion of guided
missiles and military aircraft, and the extreme speeds developed, have intro-
duced problens of elevated temperatures and severe sadden loading. Heat arising
from skin friction and from the power plants is sufficlent to produce elevated
temperatures in wing and fuselage slements which heretofore have operated well
within the ordinary room temperature range. Because of the extreme urgency for
ranid advance in this field, investigation of these parameters is particularly
timely and since many of the atress sﬁrstems In surface and supporting elements

are biaxial, torsion tests are especiaily smpropriate.

3+« Object and Scove of Investization.

In this project, nrenared specimens of several metals were subjected to a
biaxial state of stress in torsion tests to investigate the effects of the
- two parameters, temperature and strain-raie, on their mechanical ;itopartie_s.

The studies covered here incinded two steels, two aluminum alloys, one
magnesium alloy and two titanum alloys. These metals represent three different
classes according to crystal lattice structure, namely, body-centered cubic for
steels, face~centered cubic for the aluminum, and ¢lose-packed hexagonal for
the titanium and magnesium.

Tour rates c;f torslonal strain, differing by factors of 50 to 1, were
selected to produce the following nominal rates of shearing strain for the speci-
mens tested: 12.5, 0.25, 0.005 and 0.0001 in., per in. per second.

Torgion tests were conducted at room temperature and at three or four
elevated temperatures for each metal. The elevated temnerature levels were:
200%, U0OT and 6OOF for the aluminum and magnesium alloys and HOO®, JOOT emd
1000F for the steels and titanium. For the 4340 steel a set of tests was in-

ciuded also at 1200F, For one series of tests,specimens wer: heated to the
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desired temperature then held at temperature for.cne-half hour before each test
began. A second series of tests is also reported for whick snecimens were given
a 200<hour sging treatment in advance, at the same elevated temperature at which
they were subsequently tested.

The geometric details chogen for the torsion test specimen are shown in
Fig. 2. .arge radius fillets at the ends of the reduced section and a slight
undercutting of the central portion were necessary to prevent the fracture

from occurring ocutside the gage length.

4, Review of the uiteratura.

2. Ceneral. - The technical literature cgntains remorts on a multitude
of invettigations and theories which contribute to an understending of the
influencé exerted by rate of loadinz and by temperature on the behavior of -
structural materials. Some of the papers, which have anpeared in the literature
during recent years, treating this subject are listed in the bibllogravhy vhich
is included at the end of this mamaseript. ¥For m more complete bibliography
see the lists of references included in Refs. 115 and 116.

A large proportion of the studies invelving a high rate of etrain have
been made in impasé testing machines and, in some cases, the energy absorbed
was the only property which could be measured. In impact tests the effect
of reduced temperature is particularly imrortant amd for mamy metals it is
possible to determine critical temperatures above vhich the fracture is ductlle
and energy absorption great and below which fracture 1s drittle ~nd energy ab-
sorption low. Charpy notched-bar bending impact tests are seasy to perform and
have therefore been used frequently but the complexlities invelved in interpreting
the meaning of this type test subtract from its worth,

In tension impact tests it is readily possible to obtain elongation mnd
reduction of area to fracture in addition to energy, although it 1s not easy

by macharnical methods of maasurement to obtaln data for commlete stressestrain
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curves from immact tests. Recently, some investigators (7U) have been sble, by
means of oscililographic recordings, to study the load-time smd load-strain
relationships in high speed tests.

Freouently the results Jrom tension impact tests are compared wilth the
ordinary static tensile properties to determine the influence of rate of strain
at room temperature. For elevated temperatures most experiments have been of
the long-time creep type test with constant load. A limited number of tests
have been made in ordinary tensile testing machines at elevated temperatures
and at rates of strain attained within the standard machine speeds (30).

Since thers is & certain correspondence between the effects of time and
terpérature (84), theories have been developed (3, 48, 67, 112) to express
the flow stress (usually defined as the "true™ tensile stress) as a function
of time or strain-rate, and the temperature, strain and certain other factors.
In order %o combine the time and temperature effects, such relations have been
manipulated to provide expressions of strain-rate in terms of an equivalent
temperature (70, 71) and temperature in terms of an eouivalent strain-rate
(46, 112). Moat of the data in the literature which i1s suplicable to teet
thege relationships are from creen type tests but they are generally expected
to be valid also when smplied to datn obtamined by more ranid loading.

Because in the majority of anmplications materials are sudbjected to blaxial
or triaxial states of stress (28, 69), considersble attention has been devoted
to developing means of translating data obtained under one state of stress inte
terms vhich correspond' with data for the same material under a different state
of stress,

In addition to comparing ordinsry tension and torsion tests to study the
biaxial case (28, 63, g0, 100, 114), some investigators have subjected tubular
specimens to combinations of tension and torsion or internal pressure to set up
other desired ratios of two principle stresses (25, 47, 53, 78, 86, 1C4). Graphs

have been plottea of true stresses and strains in terme of thelr so-called
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effective, gensralized or significant values; in many cases, where anisotropy
of the material was not significant (U4, 114), general agreement Detween the fiow
curves for different states of stress has been renorted. These generalized
expressions are based on stress and strain invarieats or the distortion energy
principles.

A very limited number of siudies of these parsmeters has been reported {92 ¢%
in vhich samples were tested in compression ond a few in torsion (6, 38, 52,
63, 90). Of these, Itahara's (52) work covers the widest range of varisbles
including torsion tests of meny materials, temperatures up to nearly 1200F,
end ﬁrain-rates covering five nrders of magnitude.

b. Xerrous ietais: In iron end steel, temperature and strain rate protublr

have their most pronounced. effect on the heterogeneous yielding and assoclated
pheromena. Heterogeneous yielding, the upper and lower yield points, (32, €5,
90, 111) time delay before plasiic ylelding (12), yield nzint strain (111),
blue brittleness (9, 27, 52, 71, 72, 85) and itders linez (42, 110) have been
observed to be sensitive to time and temperature effects.
For the range of variables usuaily studied, investigators (4, 16, 22, 35,
39, #9, 52, 55, 73, T4, 81, B3, 98, 105) have generally found that the tensile
strengil, yleld point and the strain during yielding increase with an increase
in rate of strain or a decrease in temperature. For elevated temperatures,
strength usually decreases after the blue brittleness range is exceedad.
Although lowering the temperature is usnally considered to have an embrittl.-
ing effect, the opposite is frequently the case when evaluvated in terms of elonga-
tion and reduction of area (4, 30) hc;wever these measurements are often erratic
(11, 110). Increase in strain-rate has also been found to reduse elongation
end reduction of area (9, 55) for some ranges of speed but may have the opposite
effect or none for other ranges (13, 88, 107).

The blue bPrittleness temperature has been ohserved to be elevated for
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higher rates of strain according to results of tests in torsion (52), tension
(85), hardness (62), crushing (93), and bending (37).

c. Aluminum Alloys: A survey of the literature on low temperature prop-

erties of aluminum alloye (U4) shows general agreement concerning an increass
in strength with decrease in temperature. Elongations reported for low tem-
perature tests were generally elther as great or greater than those obgerved
at room temperature. Values of reduction of ares were reported less frequent-
1y dbut did not rascessarlly increase with inecreaged elbngation. Breaking
energy in impact tests usually increased as temperature was reduced. Reten-
tion of ductility at low temperatures was attributed to the face centered
cubic lattiec structure.

Strength of aluminum and its alloys decreases as the temperature is
raised a“:ovg room temperature (85, 83, 92). The decrease is gquite sharp
above LOOF, and at 600F the ﬁtrength is very low, Ductility on the other
hand has been found to increase with temperature and radical increases in
elongation have been reported above YOOF (89),

Roberts end Heimerl (92) report a hump in the yield strength vs. tempera-
ture curve for compression with a slight increase near YOOF., The yleld
strength ¢f 24S-T, although lower than for 755-T at room temperature, was
higher for temperatures of YOOF smd above.

In general, some increase in tensile and yield strengths have been ob-
served with increase in rate of straining (10, 13, 26, 85). In some instances
(9, 60, 107), very little increase or even a decrease in strength was observed
for certaln speeds of testing., Ductility and energy absorption have also
shown increases with rate of strain (9, 13, 88, 89, 107) although in a few
cases only a negligible change or a reverse trend has been reported (10, 26).

d. Magnesium Alloys: Only = relatively few papers have reported studies

of the effects of strain-rate or temperature on properiies of magmesium alloys

Clark and Wood (13) report increases of from 10 to 50 per cent in tensile
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strength, elongation and energy absorption in dynamic tests as compared to
static values for four magnesium alloys. According to tests by Piper (89)
the tensile strength and yield strength of FS-1 magnesium alloy decrease and
elongation inereases with increase in temperature.

e, Titanium: Even commercially pure titanium contains sufflcient
quantities of other elements such as carbon, oxygen, nitrogen and hydrogen
to produce mechanical properties differing sharply from the really pure metal.
Stréngth is higher aﬁd ductility less in the commercially pure product than
in the pure metal (124). Although still only in the early stages of develop-
ment, titanium has receilved widespread puﬁlicity and attention. Only a few
salected references are inclunded in the biﬁliography. For a more complete
bibliography on titanium see refersnces 1, 18, 120 and 122,

Ttonium in its various commercially pure forms and early alloys has
received particular attention in the moderately elevated temperature ranges.
Because it is light in welght and yet maintalns considerable sirength up to
1000F it offers considerable promise in replacing the other light metals in-
aircraft elements in which operating temperatures exceed room temperature.

It has been shown (33, 117 etc) that the strength and hardness of titanium
decrease considerably with increase in temperature in the entire useful range,
and ductility and energy absorption in notched bar testa increase with in-
¢reasing temperature. There is some reduction in stiffness as measured by
ths moduius of elasticity for higher temperatures and an increase at low tem-
peratures, |

Graphs of tensile propertiss versus temperature (U3, 108, 120, 123, 124)
show that the static tensile strength of commercially pure titanium at 100C0F
1s about 20-30,000 psi (120, 123, 124) and for some of the alloys, 70,000 psi
(123). At HOOP where the strength of aluminum is essentially lost, the ten-
sile strength of commercially pure titanium is about two-thirds of its room

temperature value and this ratio is considerably higher for the alloys of ti-

tanium,
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Exposure to elevated temperatures up to 1000F for perieds up to 1000 hours
has no effect on the tensile nronerties determined at the exposure temperature
(123).

All forms of titanium respond readily to cold work and tensile strengihe
well above 200,000 psi are regularly cbtained in this manner (124). Cold
wvorking is most effective in providing increased strength for operatlon in the
lover elevated temperaturs ranges because even though the annealing temperature
iz usuelly considered to be from 1200F to I300F (23) considerable recrystallize~
tion and softening take place at 1000F (f4) and the strength at 1000F is no
greater for coldworked titanium them for the same alley in the'annealed condition.
To achieve corre#nonding strengths there ls more sacrifice of ductility in werk
hardening than in alloying. By these two methods higher room temperature
strength-weight ratios can be obtained with titanium than with any other metal.

The effect of stirain rate on mechanical properties of titanium is not
well knowvn. Some creen and stress rupture data are avallasble and some impact
testa have been mede.

Anisotropy in both bar (29) and sheet firme {(119) currently nroduced will
make correlation between properties determined with different states of stress
less consistent than for other metals.

The ordinary stress-strain tests of titanium reported in the most of the
literature ampear to show no sharp yield point although the nossibility of
strain-aging is indicated by meveral associated phenomena. TFontana (29) reports
a yisld point by drop of the beam in two.titanium alloys and also reports S-I
curves with sharp knees; Everhart (23) presents a strength vs. temperature
curve with a hump around g00-900F, FElements such as oxygen, nitrogen and
carbon are present in commercially available titanium and the nresence of these
elements is thought to be related to the sharp yleld point and to the sharp

Imee commonly found in S<N diagrams for mild steel.
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I1I, EXPERIMENTAL FROGRAM

5. Description of Testing Equipment.

a. Mechanical Features of the Torgion Testing Machine: The torsion
testing machine shown in Figz., 1 is the mechanical apperatus for applying a
twisting moment or pure torsional load to one end of a test specimen while
holding the other end of the specimen fixzed. A weighdbar is utilized to mea-
sure the torque or twisting moment at any instant during the test. The right
end of the specimen is clamped firmly in the torque weighbar. The right end
of the weighbar is held rigldly to a supporting fixture. A loading arm A is
attached to the left end of the specimen. The left face of this loading arm
clears the face of the flywheel ' by about 3/8" in the normal position. Two
pins P extend out from the face of the flywheel to engage the loading arm or
can be retracted to clear the loading arm ms the flyvheel rotates, The speci-
men and weighbar are aligned so that their centerlines coincide with the axis
of rotation of the fiywheel,

The rate of strain in the specimen is conirolled by the speed of the fly-
wheel. A half-horsepower electric motor M; drives the flywheel through a
series of gear reducers laheled Rl‘ 32, and R3 in Fig. 1. The apparatus as
illustrated in !‘ig. 1 is set up to obtain the slowest of the four testing
gpeeds uzed in this research and referred to as "first sgspeed". ith thia
arrangement R1 snd R2 each provide a 50 to 1 reduction in speed, and 33 re-
duces the speed by a ratio of 67~1/2 to 1. The three in series provide a re-
duction of 168,750 to 1 or roughly from 1750 rpm speed of the motor to 0.01
rpm of the flywheel.

The next faster speed {second speed, 0.52 rnm flywheel speed) is obtained
by removing reducer Rl from the system and moving the motor up to drive re-
ducer R, directly. For the third speed (26 rpm), R .

2 2
ducer l‘l3 is driven directly by the motor. Thus a flywheel speed of 26 rom is

also is removed, and re-
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produced in third speed tests,

Por the highest rate (fourth speed), the reducer P3 and the coupling C
are also removed, end an auxilisry motor M, is employed to accelerate the fly.
wheel. The flywheel ig driven through a friction pulley on the motor; the
con;ection i3 maintained manually a:nd is digconnested vwhen the flywheel reaches
a speed slightly above the test speed. The flywheel is then allowed to rotate
freely until bearing friction and air resistance gradually reduce its sneed
to the desired rate (1300 rnm in these tests). At this time a latch is tripped
by solenoid S in Fig. 1, allewing the pins P to jump out. Vhen extended, the
flywheel pins engage the loading arm attached to the smecimen snd anply a sudden
torsional load of high strain.rate to the smecimen.

In these high strain-rate tests, the sneed of the flywheel shaft is measured
by matching the freouency of a signal generated by a magnetic pickup with the
imown frequency output of an audio-oscillator ("O% in Tig. 1). The magnetic
Tield of the pickup is varied by special dewressions machined in the face of a
circular steel plate mounted in place of coupling C on.the end of the flywheel
shaft. This pickup generates six approximately sinusoidal impulses per Tevo-
lution of the flywheel. This signal, fed into the horiszontal sweep of a cathode
ray oscilloscope is matched with a signal of known frequency from the audio-
oscillator fed into the vertical s'weep. The desired speed is indicated by for-
mation of an elllptical Lissajous figure on the screen of the omcilloscope,

Specimens of the present design tested at 1300 rpm absord energy at rates
up to 1l horsepower, which exceeds the camacity of the driving motor (Ml) used.
In the mechanism as employed at this speed the irertia of the repidly rotating
flywheel loads the specimen. As energy 1s sbsorbed by the specimen, there re-
sults a corres_non_din‘g lose in energy of the flywheel and hence a loss in speed.
For the 758-T aluminum alloy at room tempmerature this change of strain.rate is
hardly noticeable because of the relatively low capacity to absorb energy before
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fracture. For tougher materials a more pronounced drop in speed is observed.
However, .even fo.r the 1018 steel tested at rocom temperature, this loss in speed
by the very end of the test was only sbout 30 per cent. Though appreciable,

the chenge in strain-rate for this extreme case is relatively small when COM~
pared with the increment of 50 to 1 in strain-rate decrease for the next slowest

speed of testing.

b. Recording System: All pertinent data such as twisting moment and.

angie of twist were recordsd by use of a 6-chammel Hathaway S14-A osclllogranh.
Thie instrument is supnlied with galvanometers of different frequency resnonses
and different sensitivities which can be readily interchanged to flt the range
of input signal expected. The deflection of l;gzt beams by the galvanométer
mirrors represents the magnitude of the quantitles to be measured by the various
devices utilized. The positions of the light snots from the various galvamometers
are recorded on photo-sensitive linagraph paper six inches wide moving contin-
uously in the cemera of the oscillograph. This camera handles paper in rolls
of 100 ft. length.

Paper speeds from 1/8 in. per sec. to U5 in. per sec. are svallable with
the standard oscililopgraph belt smd pulley combinations and, by use of snecial
pulleys, paper speeds as low as 1/30 in. ver sec. have been obtalned for the slow-
er teste., Becsuse of limitations of the oscillograph, it was not practical to
make continuous recordings of the entire tests made at the slowest sneed., There-
fore, only the early {elastic) portion of each test was recorded continuously.
After the yleld strength had been exceeded, the cscillogravh was intermittently
cycled on and off at regular intervals. The two cams on the ocutput shaft of

reducer R, in Fig. 1 operate microswitches for remote control of the osclile-

2
gravh. The cirecuit controlled by the right cam supplies the power to the
recording lamp, and the left cam switches the paper drive motor cn and off 135

times during every two revolutions of the flywheel. The cams are posltioned
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so that there is a delay of about one second each time for the lamp to light '
up before the paper begins to move. The record for one cam eycle consists of
a set of shert parallel dashes recorded similtaneously for en interval of
about three seconds, the position of each éash representing the measuremant
of one cuantity. The complete record resulting from intermittent operation is
composed of a series of these dashes for each quantity measured.

A summery of the instrumentation and some features of tests for each speed
are listed in Table III. The interval between time marks recorded {given under
Item 6) 1s varied to suit the conditions of the total time required at a given
speed and by the speed of the recording paper. Harkings at every tenth second
and hundredth eecond (for third and fourth speeds respectively) are provided by
a synchronous time marking attachment built into the oscilliograph. To obtain
slower frequencies, a device employing a synchromous electric clock motor wasg
built to nrovide a signal every five seconds for use with first and second
speed tests (iha two alowest strain-rates).

It should be noted in connection with Table III that the giznals from the
pPhotoelectric cell, the &-beam and welgh-bar bridge circuits described in the
following paragraphs are amplified before being transmitted to the galvenometer
in the osclllograph.

¢. Torgun Memsaring Device: The twisting momont oy torque at any instant

is measured by four electric resistance type straln gages mounted on the outside
surface of a hollow cylindrical steel weigh-bar in series with the specimen
(Fig. 3)., The gages are connested in the form of a four-arm bridge used with
& Hatheway Strain Cage Control Unit type MRG-lG with amplifier elements of type
MRC-15C. The amplified output signal passes through one of the galvanometerg
of the oscillograph for recording.

To protect the gages from excessive heat during elevated temperature tests,

the portion of the weighbar outside the furnmece is hollow and tap water flows
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under the region where the gages are mounted and out through a brass tube
connected to the drain as shown by the arrows in Fig. 3.

In order to intervret quantitatively the msgaitude of the toru_ﬁe from the
deflectlon of the trace on the record, a calibration 1s necessary. After some
tegts, the signal from the bridge is recorded vhen a twisting moment of ltnown
magnitude is applied to the weigh~bar by means of dead weights. This can be
used to determine a callibration factor for the particular record with which
it is made. However for different amplifier settings, the factor would be
different so it is advisable to have a calibration for each-test. The deaj weight
method ie not a convenient one, sc a controlled unbalance of the bridge 1is -
produced by shorting a precision resistor across one arm of tha btridge. The
resistive unbalance thus produced corresponds to that produced by a definite
amount of torque, the magnitude of which can be determined by comparision with
a dead weight calibration. It is very simple to spnly a resistor calibration
at the end of each test either by hand or automatically.

d., Twist Measuring Devices: DBecause of the wide range of mpeeds involved

in thasé tests it was necessary to develop two different twist msasuring in-
struments, each adspted to measure the angle of twist for a limited range of
speeds. The devices used are described separately in the follewing paragranhs.
Repid Tests: TFor measuring the angle of twist in the tests conducted at
the highest strain-rete (fourth speed), the nickup device (see Fig. 4) employs
twe thin disks of photographic film on which are reproduced photographically
alternate opagne and transparent sectors, These disks are individually fastened
to the snecimen at points one inch spart by mesns of small tubular aluminum
pieces snd set screws., 1right projected from a bright incandescent source is
transmitted through the disks to a photoeiectric cell by means of lucite rods
and a mirror {fig. 4), The disks act as a set of multiple shutters to control

the light transmitted to the photocell. The angular displacement of one disk
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with respect to the other corresponds vith the sngle of twist within the One=-
inch gage length. The intensity of the iight transmitted through the disks
varies as one disk twrne with respect to the other. For disks with 2° sectore,
one sinusoidally varying cycle of light intensity is comp leted every 4% of twist
within the gage length. The varying intensity of light striking the photoslectric
cell causes a corresponding variation in output electrical signal of the photo.
cell eircuit which, after being amplified, is transmitted %o a galvancmeter

in the oscillograph for recording.

Because of its 1ight welght and low moment of inertim with respect o the
axls of twiet, thie type of niekup device can be used effectively for tests
involving twisting appiied suddenly at high strain-rates. It will continue
measuring the twist until the specimen breaks, even for specimens of ductile
metals vhich twist through several complete revolutions before fracture, How-
ever this device is not as sensiiive as might be desired in the elastid range
and therefore is not used in slower gpeed tests where ineriia effects are not
encountered.

lower Speed Tests: The angle of twist is measured in two ways simultsmneous-

ly by the device shown in Fig. 5. The angle of twist for large strains is
measured by one component making use of a slide wire and rider. The other
component which is sensitive to small strains, uses two electric resistance

type strain gages mounted on opposite sides of a small aluminum beem. The

beam has the form of a 300° circulsr arc. The combined indicator is mounted

on two short pieces of aluminum tubing which are clamped to the specimen by msrus
of three pointed set screws threaded through each ring. Number 28 chromel

wire with a resistance of 4.1 ohms per foot extends as one continuous wire
around the periphery of a 2-in. diameter lucite dislc mounted on the right rirg.
The circumference of the siide wire is divided into four ecual lengths by

soldered connections to larger copper wires (see Fig. 6). Junctione scparated
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by 180° on the circumference are at the same electric potential.

From the circuit diagram shown in Fig. 6, it can be seen that as the rider
(which ig attached to the left mounting ring) moves around the circumference
of the disk, the potential output to the galvanometer varies gradually from
a meximum at points A and A' to a minwmm at noints B and B'. The valuea of
resistsnce and voltage in the circult have been proportioned to give a linear
resnonse in deflection of the galvanometer trace on the paper with resnect to
the =gle of tﬁist. For a constant rate of twist end constant paver speed in
the recording oscillograph, the resulting twist record consists of straight
lines forming a sawiocoth-shumed contour.

The electric sirain gages mounted on the neo shaped beam form twe az—'ms
of a bridge which provides sensitive msasurements of twist during the initial
(elastic) nortion of the test. A screw with a kmurled head is threaded through
a small block at the end of the ri&ing arm attached to the left mounting ring.
One end df the C-beam is fastened to the luncite disk, and the bean 1§ orientad
so that the point of the screw on the rider contacts the Owbeam near the free
end. Before a test, the screw is turned up to deflsct the beam about one-fourth
inch. As the specimen is twisted, the rider and screw graduslly release the
initial deflection of the spring. The signal from the strain gage bridge thus
produces a deflection of the trace on the recording namer which is proportional
to the angle of twist. After a&n op't:lonal angle of twist of up to about 150, tae
initial. deflection is completely released and the screw moves avay from contact
" with the O-beam., The beam is pivoted so that it drops down to clear the rider
and screw on subaeguent revolutions, For calibration nurncees, a resistor is
shorted ncross one arm of the strain gage bridge. The resulting signal nro-
duced corresponds to a definite angle of twist carefully determined from previou;s
calibrations,

" The combined data from these two components provide twist measurements
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with the accuracy and range required for both the elastic and plastic defor-

mation.

Elevated temperatures: There was no simple meane of making twist mea-

surements over the one-inch gage length inside the furnace for slevated tem.
perature testa. Therefore it was necessary to depend on measurements of the
over-all twist vhich could bYe made from outeide the furnace. Since all hars,
shafts, connections, etc. in the system were very stiff compared to the stiff-
ness of the specimen, the angular rotation of the flywheel shaft could, for
practical purposes, be considered to be taken up entirely in twist within the
1-15/16" reduced length between the shoulders of the specimen. For room teme
perature tests, both "flywheel twist" and gage length twist were recorded and
from these measurements a constant determined for the ratioc of the total (fly-
vheel) twist to the twist within the gage length. Since specimens were geo~
metrically identical znd the teméerature was knoewn to be uniform along the
entire reduced length of the specimen, 1% was assumed that this constant was
the seme at all temperatures. Gage length twist for elevated temperatures
wgs computed by dividing the flywheel twist by this twist ratio.

For third and fourth speeds, the flywheel position was recorded from the
output signel from a emall magnetic pickup and a gesr on the flywheel shaft.
As each gear tooth passed by the magnetic piclup, it disturbed the magnetic
field setting up a current which produced a deflection of the mirror in one of
the galvanometers in the cacillograph. The ¢yclic trace recorded had cne
cycle for each tooth that passed the pickup,

Por the two slowest tests (at first and second speeds) the position of
the flywheel or over-all twist was indicated by an impulse produced by a cam
on the output shaft of reducer B.2 shown in Fig. 1. One impulse was recordel
for each 5.33° rotation of the flyvheel,

e+ Sequence Control System: The time recuired to break the specimen 12

the tests at the highest strain-rates is quite short; for example, the total

time required to fracture specimens of 755-T aluminum at room temperaturea’ the
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two highest strain.rates is epproximately 0.02 and 1,0 seconds, respectively.

In order to record intellfgible data in these sﬁort time intervals, a high speed
of the oscillograph peper is necessary. A velocity of 45 {nches per second is
the maximum which ¢an be readily obtained with the oscillegraph used., In order
to avold using, say thirty or forty feet of paper per test of which a length of
only a few inches contains the entire weeful record, a rather intricate sequence
switching system was developed. The control motor and attached swltches are
showvn in Fig., 7.

The cam shaft C is driven by the small motor A through the gear reducer B.
Thers are three cams mounted on the shaft C, the angular position of each camn
be set independently. The motor A (and the whole test sequence) is started
by pushing the reset button on micro~-switch E, After one revolution of the
cam ghaft, the motor is wwitched off antomatically when the plunger I, operated
by the cam nearest the motor, depresses the pin on the face of the microswitch E.

During this one revolution, the cam at the outer end of the shaft operatesn
the mltiple nole switech F which contrels or acfuates three circuits whose
functions are:

1} to actuate = solenoid to release the brake on the oscillogreph paper

drives

2) to turn on the motor o drive the recording paper;

3) to turn up the brilliency of the oscillograph lamp for recording,

This outer cam is adjustable go that the length of time the recording paper
is to run can be set in advance. At .the end of this time, the paper drive
motor is automatlcally turned off, the brake applled, asnd the recording lamp
dimned.

The test is initiated when two pins in the rotating flywheel are released
to jJumy out and engage the loading arm that is attached to the end of the spaci~

men. These pins are released by an trigger actuated by a solenold in a circuit
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closed by the middle cam on the control mechanism shaft (Fig. 7). By adjusting
the angular position of this cam relative to the outer cam, the proper time
delay can be preset %o allow the oscillograph Iiaper to get up to speed before
the pins are tripped to start twisting the specimen.

For the third speed tests (when the total test time is several seconds)
the cams are crientsd to stop the contfol netor with the outer cam in position
to lenve the oseillograph and paper running. A second muitiple switch, opemating
aztomatically when the specimen bdreaks, opens the circuits to stop the oscillo-
graph snd psper drive. This switch is not shown in Pig. 7.

This automatic sequence control system was uged only for third and fourth
speeda. For the slower speed tests, time intervals involved were long enough
thet manual control was satisfactory.

f. Furnace and Controls: An electric furnace was employed to provide the

ambient temperatures required for elevated temperature tests. It was designed
to provide a minimum of variation in temperature along the length of the speci-
men, A photograph of this furnace and control psnel is shown in Fig. lb- A
disgrammatic sketch of the furnace showing pertinent dimensions is given in Fig.
8. The heating colls are wound with platinum wire and the power to the four
elements A, BL‘ ‘BB. and C can be controlled individually.

Extra length for insulation was allowed at the right end of the furnace
to compensate for extra heat losses in the weigh-bar due to water cooling. How~
ever, it was necessary to control the proportion of heat input to the differ-
ent zones of the furnace to obtair optimum uniformity of heating along the
length of the specimen, ZExperiments were made with several different circuits
for conmecting the heating elements. The circuit illustrated in Fig. 9 proved
to be beat fitted to the requirements. It is simple, utilizing only one con~
troller, yet flexible enough for easy adjustment to compensate for different

conditions encountered at the different temperatures., The controller employed
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was a Wheelco Capacitrol (Model 292) of the on-off type. The notation in
Fig. 9 is as follows:

PG - green pilot light

PR - red pilot light
Rl - heater type resistor, allows

a Mmitei continuous current

Vo - Voltmeter
Am - Ammeter

R2 - variable resistance, allowing a portion
of the current to by-pass coil A,

A’BL’Bﬁ’C - heating coils. (4, at the loading arm
side; C, nearest the weighbar)

The setting of the variac determines the ;urrent during the Won' period
of the heating cycles and the value of Rl determines the current during the
"off" period, The value of RE 1s adjusted so that the temperature is the
‘same at the two ends of the specimen.

In experiments to check the uniformity of the temperature in the furw
nace, ehromel-alumel thermocouples were peened into the surface of a dummy
specimen., By using five such couples, the temperatures were measured at the
following five locations along the‘ length of the specimen: at the center,
at points 1/2 inch to either side of the center (i.e., at the ends of a
ene-inch gage length), and at points at the base of the end fillets. It
was discoverari that for higher temperatures, a larger proportion of the cur-
Tent was required by coll A $o keep the left end of the specimen at the
same terperature as the right end.

Using settings determined in the experiments described above, uniform-
ity of temperature along the entire reduced length of the specimen is main-
tained within about two degrees Fehrenheit for lower temperatures and within

~ ten degrees at the highest temperatures (1200F) required in this rrogram,
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6. Interpretation of Oscillograph Records.
Two typlcal oscillograph records obtained in room temperature torsion

teasts are shown in Figs. 11 and 12, The traces representing each quantity
recorded are labeled and some of the measurements made from the record are
iliustrated. Fig. 13 shows the curves for twisting moment vs. angls of twist
plotted from measurements obtained from the record in Fig. 11. A set of

samp le calculations have been included as Table IV to 1llustrate how each
physical quantity is qom;mtad from the data read from the oscillogreaph rec-
ords.

For elevated temperature tests, the quantities recorded are the same
except there sre no direct twist measurements for the one-inch gage length.
Since ductility is generally substantially greater at some of the elevated
temperatures, longer records resulted and in some cases paper speeds were

reduced somewhat to prevent them from heing unreasonably long.
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III, RESUIFPS OF RXFERIMENTS

7. PFresentation of the Data.

Although this study was primarily in torsion, ordinary room-temperature
static tensile tests were conducted to provide a means of establishing the
genaral material propertles in terms of the more standardized type tests,
The tensile tegts were performed by employing an Amsler testing machine of
the hydraulic type. The tensile properties as determined by tests of three
snecimens of each material are given in Table II. Samp]a' stress-strain
curves for each metal are given in Mgs. 14 and 15. Fig. 15 shows the ordi-
nary stress~strain curves and Fig. 14 the "true" stress-strain curves accord-

ing to the following definitions:

Oz -E— = ordlnary stress F = Joad

0

’Q___ Ao = aren before loading
€= 7-&-:- ordinary strain

o A = actual (minimum) area
=L B " .

Gg=3= stress g = original gage length
¢ = 1n 22 = "grue strain® R = actual length
% A ue atralin = gciua eng

A pronounced yield point was observed in tensile tests of both steels and
both titanium alloys tested whereas a smocth stress-strain curve was ob-
tained for the megnesium and duminum alloys (Fig. 15).

The accuracies of the values of the torsional properties reported here
are governed by the instruments and methods used to record and interpret the
data. Torque valnes depend on the faithfulness of the pickup and amplifier
clrcuits, on the accuracy of ¢alibration and on the precision with which
values are scaled from the records, Large angles df twist in the gagelengih
can be measured at room temperature with an accuracy of about 1 or 2 degress

but at elevated temperatures the error may be somewhat greater if the rela-
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tive distridbution of strain along the length of the specimen changes with
temperature. The per cent error in measurements of small angles of twist

was somewhat higher depending on the rates of travel of the recording paper

as compared to the rate of strain. In general the values determined repre-
gent the property exhibited in the sample with an error of no more than six
per cent. In a few instances there was reason to believe the error mzy have
been somewhat larger than six per cent, but in most cases it was substantial-
ly smaller.

The torsional properties determined in this investigation are discussed
briefly in the following sections.

a, Explanation of the Torsional Froperties Reported.~ In determination
of the properties for torsion the sirain at a given section is assumed to
vary in direct proportion to the radial distance from the central axis; all
computations for streas and strain apply to the material at the extreme fiber
or periphery of the test section. As illustrated in the Sample Calculations,
Table IV, the propsrties reported in terms of stress units (psi) are all com-
puted according to the elastic relation 1 = T/(J/c), where: =~ = strength
property (proportional limit, yield point, etc.) in psi.; T = Torque (or
twisting moment) in Ib-in.; J/c = section modulus of minimum section of
specimen in 1n3.

In cases where the contour of the torque-twist curve was smooth during
the initiation of inelastic deformation the "yield strength" was determined
from the torque corresponding to an offset of 0.2 per cent shearing strain
(or approximately 0.92° twist in the T vs. 9 dimgram).

The upper and lower "yleld points! were determined for tests in vhich
the observed torque on the test specimen dropped suddenly at the beginning of
yielding and then increased again as twisting progressed further. The valnes
of yield points recorded.are based on the torgque at the maximum and minizm

roints in this region of the torque-time record.
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The modulus of rupture by definition is calculated from the same equa~
tion by using for T the maximum resisting torque developed during the test,
The shearing strain ¥ was computed from the angle of twist 8Y in ra-

diansf within the gage length p.and for a radius ¢ by the relation:

Application of this relation for determining strains for large angles of
twist may be questioned (63), However it is considered to give an accuracy
consistent with other assumptions on which the present calculations are based
end is useful here because of its simplicity.

The values of "energy sbsorbed” that are {abulated represent the total
energy to fracture for the one-inch gage length and not the energy per unit
yolume as usually reported for temslon tests. Because of the strain gradient
in the torsion specimens the energy absorption would be highest in the ma~
terial at the circumference and less for points nearer the axis.

b. Evaluation of the Proportional limit: - Although the values of the

propartional limit were determined for each specimen, they are not shown
graphically or considered in the analysis since this property 1s so indefi-
nit-e. Although 1t 1s affected by the rate of strain, it has been pointed
out (103) that the proportional limit measured depends also on the type of
testing machine, sensitivity of extensometer, scale to which resulis are
rlotted, the personal element in chocsing the point of departure from a
stralght line, and the presence of sﬁall amounts of resldual stress, cold
work etc., Dolan and Sidebottom (19) have pointed out some of the difficul-

ties sncountered in detecting the actual point of departure from linearity

+ 0! ig used to indicate the angle of twist in radisns; © without the prime
1s reserved in this manuscript to represent the angle of twist expressed
in degrees.
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when a stress gradient exists,

The proportional limits determined were based on the departure from
the straight line in the curve representing torque versus angle of tﬁist.
For certain combinations of circumstances, mainly at elevated temperatures
and high strain-rates, where the initial rise in torque was very rapid with
respect to the speed of the paper in the camera of the oscillograph, the
end of the linear rangs was the only point that could be accurately plotted.
In such cases the proportional limit represents the end of proportionality
of the torque-time relationship which coincides exastly with the proportion-
al limit for torque vs. strain only when the strain-rates are perfectly con-
atant.

It was observed from the origlnal data that the scatter in proportional
Ymit for the individual specimens for a given set of comditions was general-
1y greater than is observed for yleld strength or modulias of rupture.

c. Determination of the Hodulus of Elasticity: In caleulation of the

modulus of elasticity or modulus of rigidity, the slope of the linear portim
of the stress-strain or torque-twist curve must be determined. This calcula-
tion involves taking the ratic of an ordinate and absclssa with magnitﬁdes
of the order of the proportional limit stress and proportional limit strain
respectively. The proportional limit stress is a large proportion of fuil
deflection in the torque record and therefore can be measured with reasonsble
accuracy. This was not generally the case for the strain increment. TFor
test conditions which did not develop large amounts of ductility, the pro-
portional limit strain was only about 5 per cent of the total strain during
the test; for epecimens having great ductility the proportional limit strain
was as small as 0,03 per cent of the total strain. It 1s clear that, for
continuous recording, a speed of omcillograph paper that would stretch the
record out sufficlently to provide reliable measurement of the proportional

limit strain wonuld be prohibitive in length to record the entire test.
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Only in first speed tercts were the time intervals long enough to per-
nit a switch from continuous recording during the elastic deformation to
intermittent recording for the remainder of the test in order to stretch the
length of the record for the elastic deformation but shrink the length of
the record for the plastic deformation. Therefore, the first speed tests
were the only ones in which any effect of elevated temperature on the elas-
tic stiffness of the metals could be measured.

Shearing modulus 6f elasticlty measurements were determined for room
temperature tests and conformed reasonably well with generally accepted
noninal values. However it is generally felt that only s limited signifi-
cance should be attached to values of modulus of elasticity determined from
such a short gage length (one-inch).

Becamse of the considerations which have been outlined above, no valuee
for modulus of elasticity are included in this report.

d. 3xplanation of the Mraphs: The magnitudes of the properties mea-

sured in these experiments are plotted in the graphs given in Figs. 16-59.
Except where otherwise indicated, each point plotted in these figures repre-
sents the average from three or more tests. Curves are gsketched in to show
the average trends in the data. Since the variation of each property with
the two parameters of strain-rate and temperature was studied, most of thase
graphs are three dimensional plots; each graph is intended to show the com.
bined effects of the two parameters on one property of a metal. Howover,
some two -dimenaional plots are included to aid in visuallzing magnitudes
and to show certain individual effects more clearly. The temperature in
Fahrenheit in these graphs is plotted on a uniform linear scale whereas the
rate of strain is plotted teo a logarithmic scale. Since the ratio of any
two consecutive testing speeds was K0:1 the scale used for rate of sirain
is linear with respect to the speed number,

In all graphs where both solid and open circles are used, the data
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represented by the solid black circles refer to the series of tests in which
specimens were heated to the tempesrature specified for the test and held at
this temperature for one half hour before the beginning of loading. This
condition is referred to as "unaged®. Open circles refer to the series of
tests made on specimens which were given the 200-hour aginz treatment at the
test temperature prior to the test. IExcept in speclizl cases, mainly for
aluminam, where both curves are shown, the curves skefched are intended to
represent the average trend of the data for the solid pointa. In graphs in
which only one set of symbols appears, the symbols represent the data for
unaged specimens.

Fig. 35-b shows.a family of curves which illustrate the effect of temper
ature on the yield strength of 755.T aluminum alloy in torsion tests. Each
curve shows the varlation of yield strength with temperature at one given
rate of strain. Subscripts for strain-rate ¥ ere in sccordance with the

usual spled notations designated as follows:

¥y = 0.0001 4n./in./sec. = first speed

%2 = 0.005 1in,/in./sec.

second speed

L]

w‘r3 = 0.25 in./in./sec. = third speed
¥y = 12.5 4n./in./sec. = fourth speed

Fig. 35-a shows the same data replotted to show the variation of yield
strergth with rate of strain for each temperature. The data in Figs. 35-a
and 35-b are combined in the three-dimensional plot in Fig. 36 and experi-
mental values for unaged specimens are represented by the s0lid black dots
and solid curves. The vertical planes are shaded to 1llustrate how the two-
dimensional curves in Fig., 35 fit into the three-dimensional plot (viewed
from front and left).

The open circles and broken curves superimposed on the graph in Fig. 36

ghow the yleld strengths for specimens which were given an aging treatment

of 200 hours at the test temperature before being tested.
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In Fig. 37 the modulus of rupture for the 755-T aluminum alloy is plot-
ted in the same manner as the yield strength in Fig. 36. HFiga. 38-a and D
illustrate how the variation in total shearing strain to fracture is affected
by rate of strain and temperature respectively; the combined three-dimen~
sional curves are shown in Fig. 39. Fig., U1 shows the energy absorbed to
fracture for the same material and test conditions.

Similar curves are shown in Figs. 16-34 and 42.59 for the other six
metais tested. In tests of SAS 1018 steel a sharp break in the torque-twist
eurve was observed at the yield point for eertain temperatures and rates of
strain (Plge. 62, 63 and 66). In these cases upper »nd lower "yield points"
were determined. At high temperatures and slow rates of strain, however, the
toraus did not drop during ylelding but increased continuocusly. In the lat-
ter cases a yield strength based on 0.2 per cent shearing strain offget was
computed. The “yleld strength® plotted in graphs such as Figs. 16 and 17
represents the "lower yleld point® vhen present, or the offaset yleld strength
for instantes in which no sharp yield point was observed.

Some of the torque-twist curves for titanium also exhibited maximum and
minimam points in the region of initial ylelding (Figs. 64 and 65); thus,
upper and lower yleld points were determined ns in the case of SAE 101 steel
This phenomenon was not observed for all temperatures and strain-ratea: there-
fore, the curves for yield strength in Figs. 47 and 48 are plotted in the
same manner as described above for SAE 1018 steel.

The influence of temperature and rate of straln on the magnitude of the
drop in torque at ylelding is iliustrated in Fig. 23 for 1018 steel and Fig.
53 for RC-70 titanium. In these figures the "Y.P, Ratio -~ 1" represents
the decimal fraction by which the ratio of the unper yield point to the’lower
yield point exceeds unity. It can be seen that the maximum ratioc of anper to
lowver yleld point for RC-70 titanium occcurs at different temperatures nd
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speeds than for the 1018 steel.
g€. Discussion of Results,

Becanse of the wide differences observed in the behavior of the metals
studied here, the experimental results for each metal are disecussed separ-
ately in the following sections.

a. SAEL 1018 Steel: The SAE 1018 steel was received in hot rolled round

bere 5/8 in. in dlameter and fulfilled the specifications set up in Spec.
AN-QQ-S-646. Its specific gravity was about 7.86. The chemical analysis
as furnished by the manufacturer is included in Tabdle I. Specimens were
machined from the bars in the condition as received without further heat
treatment. This metal falle under the classification of mild steel and,
vecause of the vast amount of study already devoted to this type of metal,
most of the tendencies exhibited in the present study have been observed be-
fore. Unfortunately however, despite the extent of previous research, the
mechanisms governing the characteristics observed have not all been deter-
mined.

Strength: The experimental results plotted in Fig. 18 show that, for
temperatures of TOOF and b_elow, the strain-rate had little effect on the
modulus of rupture of 1018 steel, but for 1000F thers wag a marled decrease
in strength with decreasing speed. Thie latter temperature probably was
sufficlent to alicw a substantial amount of softening or recrystalllization
which progressed more completely as time went on, therefora very 1little bene-
£it was derived from work hardening; whereas the rate of recrystallization
was too slow at temperatures dbelow E0OF to prod’uce mearurable effect before
fracture.

Strength was higher for temperaturss around KOOF then at room tempera~
ture, as is expected for strain aging materials, and was progressively lower
for temperatures sbove about LOOF, The lowest sirengthe measured were for
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the highest temperature and the slowest speed.

The yield strength or yield point, Fig. 17, wes more sensitive than the
modulus of rupture o rate of strain, since initial yielding in this type
of steel is through development and propogation of Lilders bands, a hishly
time-dependent phenomenon. XNor more rapid loading or lower temperatures
higher elastie strengtht resulted.

The yield point ratio, defined here as the ratio of upper and lower
values of torque in cases where ylelding was accompanied by a sudden drop
in the torque, showed considerable sensitivity to. both temperature and time
(Fig. 23). It is well kmown that the upper yield point (and hence the ratio)
is also affected by factors other than speed and temperature. In tension
tests the magnitude of the upper yleld voint depends on the machine used, a
hard" or stiff machine giving higher values fhan a "soft" machine which
tends to iron out the jog in the force-deformation curve. 'The oceurance of
an upper yield point depends on the geometry of the specimen; the surface
finish, etc. A more complete discussion and review of the literature on the
yield point phenomenon is given in Ref. 66,

The yield polnt is generally considered toc be related %o strain aging
end is associated with the presence of carbon and nitrogen in the steel.

The detailed mechanism which results in the observation of a yield point is,
however, not clear. One explanation based on the theory of dislocations ()
attributes the sudden yielding to the tearing free of dislocations from
"atmospheres” of solute carbon and/or nitrogen atoms, leaving the disloca-
tions mobile and able to produce rapid flow under smaller forces. The force
required to release a dislocation from its atmosphere 1s less at higher tem-
peratures due to the added thermal energy present.

Ductility: Ductility of 1018 steel as measured by the total shearing

strain was found in general to increase with higher temperature and longer
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time (slower rates of loading) except as modified by the plue-brittleness
effect at intermediate temperatures. These trends are 11lastrated in Figs.
19 and 20.

Biue-brittleness shows up as a Iower'i.ng of ductility for moderately
elevated temperatures which would otherwise be expected to increase ductile
ity. This usually occurs over a fairly wide temperature band so that the
minimum point for one set of data might be chosen anywhere within a range
of a hundred or more degrees. An increase in strength frequently accompa~
nies the loss in ductility in this temperature range but not always to the
same degree. The maximum strength is usually observed at a temperature
slightly different from the minimum ductility.

Blue-brittleness is considered to be the result of strain aging (27,
64, 59) and the temperature at which it eccurs is a function of the rate
of straining. Fig. 60 shows the temperature for minimum ductility plotted
versus rate of strain for data scaled from the curves in Fig. 19. For the
sake of comparison, a few data from the nt&aMe are also plotted in Fig.
60. Data from all three sources fall within the same general scatter-band
represented by the dashed lines. The general trend of this scattier-~band can

be expressed mathematically in the form

A=Y GB/TR (2)

or

Ce In¥

vhere A, B and C are constants, % the shearing strain-rate and TR the zbseo-
lute temperature in Rankine units. Evaluating the constants for the solid
sverage line in Mg. 60 we find A = 1.77 = 1012, B=3.25x 10“', C=In A=

28.2. Equation 3 ther becomes
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Other investigators (27) report qualitative agreement that the blue-brittle
temperature increases with rate of strain but in most cases the actual rates
of straln are not reported. The scarcity of strain-rate data 1s probably
becsuse it is’ very difficult to determine reliably the rate of strain in the
bending impact test or tension tests in which necking occurs. The bine-

brittleness phenomenon has not been observed in non~strain-aging metals,

b. SAE 4340 Steelt ~ The SAE 4340 steel was received in the form of
hot-rolled round bars 5/8 in., in dlemeter amd fulfilled the specifications
set up In Spec. MIL-S-5000. The specific gi'avﬂ:y was about 7.83. The chem-
ical analysis as furnished by the manufacturer is given in Table I. This
alloy steel can be heat-treated %o very hish strengths but (for the purpose
of comparison with the annealed titanium alloy) was quenched in o1l from
1500F and tempered at 1130F to give a hardness of approximately 33 Rockwell
C which corresponds with an ultimate tensile strength of about 150,000 péi.
In this condition the 4340 steel exhibited a sharp yield point in tension
and considerabls dﬁctility.

Strength: The experimental results illustrated in Figs. 24-26 show
a rather consistent decrease in yleld strength and modulus of rupture with
increasing temperature and decreasing strain-rate over the entire range of
both parameters. The loss in strength was somewhat more rapid at tempera-
tures above about 7OOF., Strength was sustained at higher temperatures for
4340 steel than the other metals tested here. |

Ductility: Fig. 28 indicates that a general increase in total strain
accompanied an increase in temperature at every rate of twisting; in Fig. 27
it can be observed that the strain also increased when the strain-rate was

decrepsed.
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large strains were developed at 1200F, particularly for the two slower
gpeeds. It cen be seen in Pig. 28 that at 1200F and ¥ = 0.0001 in./in./sec.
fracture occurred with somewhat less strain than for the next faster 'rate.

c. 245-T Aluminum Alloy: In the manufacturing process the 24S-T alu-

minum alloy was formed into round bars 11/16 in. in diameter by hot rolling
and then cold drawn to the final dimmeter of 5/8 in. before solution heat
treatment. This metal fﬁlfilled the specifications set up in Spec. QQ-A-35H.
The chemical analysis as supplied by the manufacturer is given in Table I.
The specific gravity of the 245-T alloy is 2.77. Thie alloy was in the con-
dition designated T4 indicating that it was not artificially aged by the
manufacturer but had been given a solution heat-treatment. The recommended
treatment for increased strength of this alloy includes cold working followed
by a precipitation heat-treatment at 375F. In the T4 condition natural ag-
ing is known to occur at room temperature and further aging will take place
at moderately elevated temperatures.

The propertiss of the aluminum alloys at normal and elevated temperatures
are influenced to such a large extent by precipitation aging after solution
heat-treatment that a brief and simplified discussion of this phenomenon is
presented here and used as a basls for e:_cplaining some of the results ob-
served in experiments.

Precipitation: In several aluminum alloys in which the principal alloy-

ing conatituent shows a marked increase in solubility at elevated temperam
tures, heat-treatment affords a means for additional improvement in stremgth.
The commonly accepted explanation for the mechanism through which this
strengthening or hardening is achleved seems to be in accord with the be-
havior otservaed here.

WWhen the metal is heated to a temperature of about 9OCF the alloying

constituents go into solution and diffuse throughout the matrix providing a
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nearly homogeneous solid solution. Upon rapld cooling or quenching the
"hhi'déning'é'lements are not aliowed sufficient time to precipitate from solid
solution in accordance with their reduced solubility at the lower tempera~
ture but remain in supersaturated solution. Ag time passes however thesa
constituénts gradually precipitate out at a rate which shows marked increase
at temperatures slightly above room temperature. These tiny particles are
evenly distributed throughout the matrix whezi the_y form and tend to inhibit
sllp, thus reducing ductility andrincreasi.ﬁg strength and hardness., By a
limited increase in time or temperature in the proper combination, the num-
ber and size of these precipitated particles (and the hardness) are increased.
However with further increase in time or temperature the particles begin to
coalesce into larger particles which are not as effective as the smaller,
more dispersed particles, in hardening the metal. This progressive rrecipi-~
tation and initial comlescence which results in hardening is often referred
to as aging, and when allowed to proceed %o excess, is called overaging.

Strength: The yield strength of Z4S.T aluminum alloy was slightly in-
creased at elevated temperatures up to about HOOF as éompared to room tem-
perature values for all speeds of testing as shown in Figs. 30 and 31. This
1s evidence that aging occurred during heating nnd during the half hour at
the test temperature before the torque was applied. The differences in the
duration of the tests at the various speeds was not sufficient to influence
appreciably the aging effect observed. At LOOF more precipitation undoubted-
ly took place than at 2008 but-it was offset by the normal weakening effect
of this increased temperature; approximately the same strength resulted at
both 200F and HOOF.

At 600F a marked decrease in Yield strength was observed. This was the
result of the ordinary softening effect which occurs at elevated tempera-
tures, and possidbly combined with s limited amount of over-aging. Only at
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the highest temperature (600F) did the increase in gtrain-rate apprsciably
increase the yield strength of 24S-T aluminum. In room temperature tedts,

a larger increase in yleld strength was observed at fourth speed than would
be expected. Careful re-examination of the oscillograph records indicates
that this increase may be partly attributed %o interpretation of the record.
If 1t had been possible to obtain higher rates of travel of the record paper
a slightly earlier departure from linearity would have been revealed in this
instance. At slower rates of deformation both the elastic and maximum
strengths were lowered. There was more time at glower strain-rates for flow
of the grain boundary material etc.

As the temperature was raised, the modulus of rupture (Fig. 32) began
to decrease at about P00F. This was a lower temperature than that at which
the yield strength began to diminish. Probably recrystallization and other
softening tendencies progressed during the plastic portion of the teets at
temperaturés above 200F to an extent that prevented the full increase of
strength from strain-hardening which cccurred at lower temperatures.

Ductility: As shown in Fig. 33 there was no general increase in the
total strain to fracture in 2US.T specimens as the temperature was increased
up to about S00F, Any aging which tends %o maintain the strength at ele-
vated temperatures also tends to prevent an increase in ductility. Hence the
observed variations in strength snd ductility were consistent.

At 6OOF over-aging and recrystallization contributed to large 1lncreases
in ductility at all four strain-rates. Except for a gilight decreaze in duc-
tility at the highest straln-rate the rate of strain hed no effects on duc-
$1lity that were consistent for any two speeds of straining.

d. 755-T Aluminum Alloy: The 75S-T aluminum alloy was received from

the manufacturer in the form of round bars which had been hot rolled to

11/16 in. dlameter and then cold drawn to the final dismeter of 5/8 in.
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The 755-%2 alloy fulfilled the specificatione set up in Speec. AM-A.11. The
chemical analysis as supplied by the manufacturer is given in Table I. The
specific gravity of the 755-T alloy is 2,80, This alloy was in the condition
designated T6 indicating that it had been solution heat-treated and was arti-
ficially aged for 24 hours at 250F by the manufaeturer.

Strength: The strength of 75S-T aluminum alloy as measured by yield
strength or modulus of rupture in torsion was only slightly less at 200F than
at room temperature {See Figs. 35, 36, 37). A slight strengthening effect
from addit.’;onal agl g seems to have taken place at 200F to offset the dele-
terious effect of the temperature increment so Jshat the strength was ma:l!?-
tained almost equal tc that at room temperature. This temperature is not
sufficiently high to expect mr&ging to occur during the time intervals
encountered here.

The tests at 4OOF were appreciably above the normal sging temperature
for this alloy and therefore overaging was probably pronounced enough to
add to the ordinary weakening effect of temperature, partiounlsrly for the
lower rates of strain. 600F expressed in absolute units is 1060° Rankine
or about two-thirds the absolute temperature of the melting point of this
alloy. At this temperature the metal was cuickly overaged and recrystalli-
zation or softening was rapid; it is weakened to such an extent that the
strengths observed were very low. The T55-T alloy was no longer stronger
at 60OF thar other aluminum alloys which exhibdit considerably lower strengths
at room temperature.

The ratio of yield strength to modulus of rupture was highest for the
highest temperature and lowest rate of strain. The maximum torque occurred
at a very small per cent of the total strain for this conditione Probably
a continuous recrystallization accompanied the deformation and its weaksning
effect progressed more rapidly than the strengthening effect due to strain
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herdening. The strain hardening capacity of the T55-T alloy was relatively
small at room temperature as shown by the small slope of the tensile true
stress-strain curve illustrated in Fig. Ui

When loaded at room temperature there was no overaging. Any relaxation
" or cresp took place slowly and there was a gradual increase in resistance to
deformation as a result of work hardening so that the maximum torque was
reached near the end of plastic deformation.

Dugtility: For temperatures up %o 4OOF the increase in ductility (Figs.
38 and 39 corresponded very closely with the decrease in strength, The
marked increase in ductility at GOOF at fourth speed over that for lower
temperatures was expected to result from ovoraging and from recrystallization
vhich could take plase readily at this temperature as the crysials were de-
formed. At third speed the additional tize allowed more complete recrystal-
lization; conditions were optimum for unrestrained or maximum plastic flow.
About BOO per cent shearing strain was reached in third ‘speed tests defore
fracture.

However, when the rate of deformation was less than at third speed
{second snd firat speeds) a combination of factors produced an embrittling
tendency whiech has been observed (99) in creep and stress rupture tests where
a decrease in ductility resulted from increaéing the duration of the test.
One possible explanation for this behavior arises from the fact that the rate
effects are not the same within the grains or crystals as for the grain
boundary material. It has been observed (£2) that in some cases for elevated
temperatures a great deal of siip and deformatlon of the crystal occurs at
one speed snd a ductile failure results, whereas at a higher speed lsss allp
1s observed and the fracture surface fallows the grain boundaries. These
observaticns are in agreement with the ductilities measured here in 60CF
tests of 755-T aluminum. 7

e. PS-1 Magnesium Alloy: Thls alioy was the 1ightest in weight of any
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metal tested (Sp. gr. = 1.77) snd lowest in tensile strength. The material
vas received in the form of 11/16 in. dismeter round bars and wae the only
metal included in this study that was fabricated by the extrusion process.
This alloy is sometimes designated No, AZ-31B and fulfilled the specifications
set up in Spec. AN-M-27. It was not solution heat-treated or given any other
heat~ireatment after extrusion sc that any cold work induced by the extrusion
and stretching phases of the operation were not removed from the metal before
the specimens were prepared. The chemical analysis as furnished by the manu-
facturer is given in Table I.

Strength: The torsional strength of the FS-1 magnesium 2]1loy shown in
Figs. 4244 was very low. The linear portion of the torque~time or torque-
twist curve was very short. Despite large amplification of the signal from
the torque weighbar bridge, the curvature of the torque trace appeared to
begin almost at zero torque, especially for elevated temperatures,

There was a general decrease in yield strength with increase in tempera-
ture for all speeds of testing (Pig, U2) although the rate of decrease was
moderate. Strain-rate had a distinct influence, higher yield strengths being
obgerved st the higher rates of deformation. The rate of loading 1s signifi-
cant at all temperatures since_ pure magneaium creeps at room terperature (99).

Ductility: At room temperature the ducti ity was relatively low, being
comparable to that of the 755-T aluminum alley., At higher temperatures the
ductility (Pig. U5) increased, particularly at the slower rates of deforma-
tion. The deformation mechsnism can be either by slip or Wy twinning. 3Be-
cause 0f the preferred orientations developed in the extrusion process, slip
is easiest when the shearing stress is the direction of certain favorsbly
oriented planes,

The fact that the FS-1 exhibited a continued inerease in ductility and
& decrease in strength.as the temperature was raised may be taken as an
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indication that there wae no precipitation aging of over-aging as 1s observed
in the aluminum alloys tested here and of some other magnesium alloys. ¥or
the magnesium alloy the maximum strain of about 700 per cent occurred at
600F for the lowest strain rate (Fig. U5).

£, RC.70 Titanium: This metal wae designated®commercially pure”, a

term vhich does not restrict its composition within ciose limits, The chem-
ical composition as determined by the mamfacturer is given in Table I. Its
specific gravity 1s 4.5. It was received in the form of round bars 5/8 in.
in dismeter which were hot rolied and annealed by the manufacturer.

The relative newness of commercial availadility of titaniuwn has meant
that, until recently, very little was lmown of its mechanical properties,
Characteristics considerably different from those observed for the alloys
of steel and aluminum were revealsd in the current studies.

Strength: The graphs in Pigs. 47-49 illustrate the sensitivity of the
strength of commercially pure titmnium to time and temperature eff_ects. In
genergl, thers was a marked increase of yleld strength with inecrease in speed
of testing for all temperatures. There was a substantial decrease in yleld
strength with increasing temperature for all speeds of straining. However,
the rate of decrease of yleld strength with temperature for RC-T0 was a de—
creasing function so that the loss of strength is less rapid with respect
to increass in temperature at the higher temperatures than at the low, This
is the opposite of the tendency observed for 7553-T aluminum alloy for which
the loss of strength became very rapid for temperatures above LOOF.

Sinece ST0F is sufficlient to provide stress rellef of commerclally pure
titanium in an hour (123), 4t is logical to assume that considerable relax-
ation of stress and loss of strength would occur even in rapid tests at TOOF
or slower tests at as low as 4OOF.

The contour of the torque record in the region c;f the upper and lower
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yield points for RC~-70 titanium appears to be somewhat different from that
for 1018 steel. The initial portions of typical oscillograph records for
tests of RC-TO for each of the test colnditions are illustrated in Figs. 64
and 65. There was no sharp break to indicate that the torque decreased sud-
denly during ylelding. ¥or the fourth speed tests the recording paper speed
was not rapid enough relative to the rate of deformation to show accurately
the contour of the curve during yielding.

It has been pointed out that for 1018 steel {see Figs. 62 and 63) the
drop in torgue during initial yie]xliing was sudden whenever any decrease was
observed. It appears then that the yielding mechanism which has been inves-
tigated at great length for low carbon steels (i)ut is =t1l] not clearly under
stood) might be somewhat different from the mechanism responsible for yield-
ing at a reduced stress in titanium,

No drop in torque at the yield point v;.a observed in room temnerature
torsion tests of RC-70 titanium at any speed. However, this phenomenon was
observed in tests at elevated temperatures, particularly at the more rapid
rates of strain (Figs. 64 and 65), Similarly the yield point effect in
titanium alloys in tension has been observed to disappear at low temper a-
tures (29).

Ductility: The ductility of the RC-70 titanium shown in Flg. 51 appears
to be nearly the same for all temperatures and speeds except for the two
slowest speed teste at 1000F. This was true for both sged and unaged speci-
mens. Thus for the times and temperatures involved here there was no radi-
cal embrittlement due to absorption of hydrogen, oxygen or nitrogen from the
air. It 1s generally considered that extended exposure at temperatures wome-
what above 1000F is required for absorption of sufficient quantities of
oxygen and nitrogen to produce drastic embrittlement {(12U4) but some effedt

might have been expected at 1000F, particularly after the two-hundred hour
WADC TR 53-10 4o



exposure, Hydrogen is absorbed at temperatures above £00F but is not con-
aidered to be as seriocus an embrittling agent as the other two gases.

Complete removal of cold worked properties is possible by exposure 1o
a temperature of 800F for one thousand hours (123) or more qulckly at higher
temperatures. Since the greatest portion of this annealing effect vould tale
place during the first few hours or minutes it would be expected that for
tests at temperatures of 100CF and involving several minutes, softening wounld
take place continuously during the test and large values of strain might be
developed before fracture. The corresponding strength would be rather low
for this condition.

Ordinaril# the conditions which increase strength propertiea of metals
also tend to decrease ductility and, although there is no quantitative form-
nlation of this relationship, qualitative correspondence is usually observed.
In Figs. 48, 49, and 51 this qualitative inverse relationship between duc-
t11ity and atrength is not clearly obvious vhen comparing shearing straln in
torsion with yield strength and modulus of rupture. However when the strain
is plotted to a larger scale as in Fig. 50, the increases in sirain can be .
geen to correspond with the decreases in strength, There ig in general
an inecrease in strain with increasing temperature, except for the minimum
point observed for the strain at JOOF for first speed.

This minimum in ductility at JOOF is not considered to be the result of
hydrogen embrittlement since spscimens that were aged for two-hundred hours
in air at 7OOF exhibited essentially the same ductility {compare strains in
Fig. 51). Specimens tested at 10C0F should have absorbed hydrogen at a more
rapid rate than at TOOF, but extremely large values of straln were reached
before fracture at the higher temperature. Treating the pix specimens (both
aged and unaged) for each condition together the spread in strains measured

for any one set of conditions did not appear to be large enough to suggest
WADC TR 53-10 AN



that the difference in the average was purely a chance result of normal
scatter.

If reduction in ductility at 700F for this slow straining speed were
due primarily to absorption of hydrogen accelerated in some way by the defor-
mation itself, then the marked increase in ductility at 1000F (when even more
hydrogen would be picked up) indicates that the softening mechanism which
tends to inorease the ductility far outweighed the embrittling tendency of
hydrogen at 1000F.

In data reported by the manufacturer (123) and others, the ductility of
titanjum in conventional static tension tests ie not greatly effected by tem-
peraturﬁs up to around 8C0F or higher. Reduction of area in tension tests
hag beeﬁ reported to show marked increase above about TOOF but elongation
may be as low at SSOI‘ as at room temperature.

g RC-130-B Titanium Alloy: This metal is a ternary alloy with nominal-

1y 4 per cent each of mangarese and aluminum added. Some carbon was also
present in the heat analysis (Table I) although the percentage was not as
large as that in the RC-70 titanium tested. The specific gravity was 4.7.
The R(-130-B was tested in the annealed condition as received; no effort was
made to increase the strength by further heat-treatment or by cold rolling.
Specimens were prepared from the 5/8 in., dliameter hot rolled round bars that
were annealed by the manufacturer.

Strength: In Figs. 54 =amd 55 it can be seen that the torsional yield
strength of the RC-130-B titanium alloy was sensitive to both temperature
and strain-rate effects. There was a continuous decrease in yield strength
for every speed as the temperature was raised. The yleld strength wns higher
at every temperature for the higher strain-rates except for some of the tests
at JOOF. At this temperature there was no change in yield strength apparent

in the data from tests -at the three lowest speeds.
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The values of modulus of rupture shown in Pig. 56 were about the same
for all speeds of testing. At 1000F a sha:rp decline in strength was chgerved
that was approximately inversely proportional to the logarithm of the strain-
rate.

Ductility: 4An increase of total strain with increasing temperature is
evident in Pg. 58 for all speeds. The rate of this increase in ductility
was quite constant except at the highest temperature. ¥For tests at 1000F
and the slowest strain-rate an extremely high strain was .o'bsanred. This
strain, about 3750 per cent, wus more than three times as great as that ob-
gerved in RC-TO for the same conditions.

h, BEffect of the Aging Heat-Treatment; Data for specimens heated

%0 the test temperature for 200 hours in advance of the actusl test appear
as open clreles on graphs where the data for unaged specimens are plotted
by solid circles, By comparing these results the effect of the aging treat-
nent can bs determined. Since the reaction to aging was differeant for the

different metals the discusslon 'bélw has been subdiwided according to metal.

755-T Aluminum Alloy: A pronounced effect of the 200-hour aging heat-
treatment on the strength of 7H5-T aluminum glloy can bYe observed in Figs.
36 and 37 only for temperatures near 4OOF., Since the manufacturer's aging
treatment produced precipitation for essentially optimum strength, littleor
no increass in strength would be expected from further aging ét 20CF whether
for one-half hour or for 200 hours. Considerable over-asging or coalescence
of the alloy particles could be expected when the material was held at LOOF
for 200 hours. This was evident from the reduction of yield sirength and
modulus of rupture after aging at HOOF. One factor in the reduction of
strength of unaged specimens at HOOF as compared with those tested at 200F
prebably was the aging occurring during the half hour at temperature prior
to loading. The additional time for over-aging to take place during the

slower tests mey contribute. to the fact that at HOOF the reduction in strergth
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with decrense in speed of testing was mors pronounced for specimens tested
after a half hour at temparature than for specimens aged 200 hours.

At GOOF the overaging seems to have progressed to completion within the
half-hour conditioning and further aging for 200 hours did not show any sig-
nificant effect on the strength at thie temperaﬁure.

The ductility, like the strength, is effected by over-aging during which
the coalescence of alloying elements precipitated out of solntion by aging
leaves these particles no longer sufficiently distributed throughout the
matrix to restrict the slip., This change increases ductility as well as de-
creasing the strength, The effect of aging on strain (shown in Fig. 39) is
therefore consistent with that observed for str’ength. The apparent differ-
ences betwesn ductility for sged and unaged specimens for G60CF tests sre
probably the result of plotting aversges, each based on two or three events.
vhich are part of a widely distributed population. Yor example, Fig., U0
shows the atrain data for each of the individusl specimens of 7HS-T tested
at 600F. This graph illustrates the wide scatter in t.h; points from which
the averagees plotted in Fig. 39 wsre cbtained. The hesvy m0lid curve in
Fig. B0 i3 the curve from Fig. 39 through the average points for unaged spece
imens, and the broken curve is for aged specimens. The light-weight curve
is sketched in to show an average trend of the data for Yoth sged and unaged
snecimene. It appears likely that this is more representative of the gencrsal
matorial behavior than the results piottad for the two smail groups of spec-
imens, The scatier in the strains ma‘surad for the individual specimene at
the threes lower temperatures was very much less than at600F. Therefore it
appears likely that the large apparent effect of aging on strain at UQOF
wap real, vhereas the smaller apparent effect at G0OF was probably not real
but due mainly to chance effects in sampling and testing.

2457 Aluminum Alloy: The effects of the two-hundred hour aging heat-
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treatment on the strength and ductility of 245-T aluminum alloy are illus-
trated in Figs. 31-33. It can be seen that there was a decrease of sirength
at HOOF and 600F and accompanying increases inl strain as compared with the
specimens which were not given the 200-hour heat-treatment.

The temperature of YOOF was only slightly over that for optimum =trength
from aging and therefore for the tests in which the specimen was at this
temperature only a short time the only effect was a slight amount of bene~
ficial aging. However, after 200 hours, over-aging had begun at LOOF with
a reduction of strength and ductility evident. At 600F, over-aging had no
more than begun in the short time tests so that there was little if any over-
sging. The increase in strain probably was due chiefly to softening and
recrystallisation during the test. After the 200-hour heating at 600F prob-
ably complete over-aging had occurred reducing the strength by about 50 per
cent and inereasing the strain Yy a large factor, The pattern obgerved for
the variation of strain in 24S.T aluminum alloy specimens tested at GOOF in
this over-aged condition was identical to that for the 755-T aluminum alloe.
For the 75S-T it was observed that over-aging was complete at GOOF in both
sged and unaged specimens (see Tig. UO0) whereas for 24S.T the longer holding
time was requimed for ovemaging. This temperature was relatively higher
above the aging temperaturs for 755-T (250F) than for 24S-T (375F); there-
fore, over~aging was more rapid in the THS.T., A difference could be ex-
pected because the different alloying elements employed in the two alloys
would come out of the supersaturated solution at different temperatures cr
at different rates at a given temperature.

The peculiar loss of high~temperature ductility at the slower strain-
rates did not occur in the unaged specimens of 2US.T vhere the coalescence
of the precipitated particles was not complete, However it did occur in
24s-T when conditions were right for complete averaging (1.e. 200 hours at
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GOOF). An explanation of this behavior on the basis of different rate ef=
fects in the crystal grains as compared with the grain boundary material was
given in Section 84. In this discussion ductility was assoclated with slip
and a fracture through the grain iteelf at the one speed and loss of ductile
ity with a decrease in speed was assocliated with fracture following the
grain boundaries. This behavior seems consistent with the presence cof accue
milations of foreign {solute) atoms along ths grain boundaries.

Steel: There was no reason to expect the 200-hour aging treatment to
have a marked effect on the SAE 1018 steel. The only possible change might
be a quench-aging resulting from air ¢ooling after the hot-rolling operation
that would be accelerated slightly by the 200-hour heating. Tempering should
have eliminated the possibility of further guench—aging in the SAE 4340 steel
at tempasratures below the tempering temperaturs.

Comparisons between the aged data (open circles) and unaged data (solid
circles) in Figs. 17, 18 and 20 for 1018 and Figs. 25~27 for U340 indicate
that if an aging effect were present it was too small to be distinguilshed
irom the normal scatter inherent in the experimental memsurements for temper-
atures of 1000F and below. 'he differences in ordinates observed in Fig. 20
between aged and unaged specimens tested at 1000F appears to be a chance
effect as in the case of 758-T aluminum at 600F. Fig. 21 shows the points
representing strain plotted for the fndividual specimens of 1018 steel tested
at 1000F, This condition gives rise to large differences in cbserved strain
suggesting a need for more than two or three samples to obtain = reliable
mesn value.

Tests of the specimens of U3UO steel aged at 1200F exhibited lower
strengths and greater ductility than specimens vhich were at temperature only
one-half hour before testing. Since the 1200F was above the temperature

(1130F) at which the U340 steel was tempered it is not surprising that the
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200-hour aging treatment at this temperature did tend to soften the steel.

Apparent effect.l of aging on the yleld point ratio observed for 1018
steel in Fig. 23 (and in Fig. 53 for titanium) also are likely to be due to
chance since any deviations which occur are exsggerated by subtraction of
two numbers of the same relative magnitude (Y.P. Ratio - 1), The shapes of
the torque-twist dlagrams in the region of initial ylelding were not altered
by the 200-hour heat treatments.

FS-1 Hdagnesium Alloy: Since this alloy was not solution heat-treated
or gquenched there was no possibility for precipitation or quench.aging. It
was cold worked somewhat in the extrusion process but is not a strain-aging
metal. The 200~-hour aging treatment wonld not be expected to have an AP e
clable effect on the magnesium tested here and none was observed in Figs. 43
to U6,

Titanium: Both titanium alloys were received in the amnealed condition
which would eliminate the possibility of either aquench-aging or strain-aging
being accelerated by the 200-hour heat-treatments given hers. The titan.’mﬁ
wae aged in the bar stock form before specimens were machined. ¥Hence, any
strain-aging of the cuter layer that was cold worked during the mé.chining
- operation could not occur during the asging treatment. It seems reasonable
therefore that no significant aging effect would be expected in titanium,
and none was observed in the resulis plotted in Figs. Lg-59.

i. Energy Absorption: It will be noted by comparison of the trends

which are observed for the influence of rate of strain amd temperature on the
modulus of rupture and the maximum strain that the energy absorbed by the
gpecimen follows a patiern that ia a combination of the trends observed in
the other two properties. This follows directly because the relationship of
the energy absorbed to twisting moment T and the corresponding angle of twist

6! expressed radians, ia:
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H
Energy in torsion = So T 48! (5)

The integral represents the area under the torque-twist curve up to the twist
B:'. For the shapes of disgrams obtained for the ductile metals reported
here the energy values were found to vary in close correagspondence with the
product of the maximum torque and the toetal angle of twist to fracture,
Torque and twiet are directly proportional to the modulus of rupture and the
shearing strain to fracture, respectively. Discusgsions devoted to strength
and ductility can be extended therefore tb apply to the energy absorption for
tha same testing conditions,

The influence of temperature and strain-rate on the energy absorbed by
specimens of the seven metals is ililnstrated in Figs. 22, 29, 34, 41, us, 52
and 53. Comparison of the data in these figures indicates that the steels
and titzniums absorbed much mtre energy before fracture than did the aluni-
num or megnesium alloye. Because any change in one or both parameters pro-
duced opposite effects on the ductility and strength of these metals any
large change in one was modified by an opposite change in the other so that
no conspicuously large values of energy ware observed,

J» Deformation and Frasture Characteristics: One of the advantages

of the torsion test over the tension %test or the notched-bar impact test is
that the geometry snd dimensions of the specimen remain essentially unchanged
during the deformation process. Specimens which are c¢ylindrical before
stressing remain cylindrical and without appreciable change in diameter or
length.

In general, deformation of the spscimens tested in this project dld
follow this pattern and fracture occcurtsd at or near the center of the gage
length as a sharp clean break in a plane perpendicular to the axis of the

specimen. Just prior to fracture at the higheat temperatures and slowast
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speedg there was a small contraction in area at the section vhers fracture

vas impending and there was a corresponding increase in length., Usually a

small thread of material held on in these cases after the larger portion of
the section had separated.

For both RC-70 and RC-130-B titanium there was evidence 0f non-homogen-
eous longitudinal layers in the material before testing or which developed
during the process of deformation. Plastic deformation in tersion caused
the surface of titanium specimens $o warp or form ridges and valleys similar
to very smooth coarse-pitch screw threads. The pitch of these "threads" was
in inverse proportion to the total twist before fracture and therefore was
smaller for specimens tested at the higher temperatures and lover strain-
rates (see Fig. 51). Fig. 61 shows a photograph of broken specimens of RC-70
titanium as an example of this non<homogeneous deformation. The appearance
of the deformed specimens of R0-130-B was the same. Specimens of all other
materiala remained essentially cylindrical during the deformation process,

In tension iests the cross-section of the titanium specimens became
elliptical in the me- where plastic deformation was large, The major axis
dimension of the sllipse at the fracture surface was about 20 per cent great-
er than the minor axis dimenelon.

k. Shaps of the Torgus-Twist Curves: Figs. 66 to 72 illustrate the

effect of elavated temperatures on the shape of the torque~twist curves for
the seven metals studled. Curves shown ars for the highest atrain-rate. At
the slower speeds of straining less drop in torque was observed; at the yield
peint somewhat greater decrease in torque cccurred after the maximum was
reached early in the test; and there wvers conesiderable variations in strength
and ductility as discussed earlier. Some further details on the shape of the
curves for particular conditions are included in Section 9.

The mode of frasture progresazion that occurred controlied the shape of
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the firal portion of the torque-twist curves. At the lower temperatures the
failure was sudden amd the torque dropped so rapidly the photographic paper
could not record the descending trace dbut showed the torque immediately be-
fore fracture then zero torque immediately after fr'acture. At higher temper-
atures and slow apeed.s the final fallure was lexs sudden and the records
showed that the torque gradually tapered off to gero.

Continuous torque recordings (Figs. 62 and 63) for tests of SAE 1018
steel at LOOF and 700F exhibited the jaggzed contours characteristic of the
naterial behavior in the blue-brittle range. This recurring process of build
up and sudden drop of torque is not so clearly observed in larger specimens
where an averaging tendency masks out the individual jumps. Hall (42)watched
this process in thin strip specimens and could trace the advance of a Iilders
band with the drop in stress followed by a buildup as soon as one band wae
arrested. When the stress reached a sufficlently lerge magnitude a newIfiders
band darted through the metal, etc. This phenomenon is observed only for a
limited range of combinations of temperatures and strain-rates; it is un—
doubtedly related to the rates of strain-aging and of slip within the crystal-
structure, FPortions of records from torsion tests are shown for all four
strain-rates for tests at 40OF and 7OOF in Fige. 62 and 63. The sppearance
of the irregularities is also influenced by the rate of travel of the paper
in the camera of the oscillograph as compared with the rate of strain in the
specimen. The torque scale, the time intervals and the twist increments sre
labeled to aid in interpreting these records.

Figs. &4 and 65 shows the initial portions of records for RC-70 titanium
i1llustrating the yleld point phenomenon cbserved. TFor several conditions the
yield portion of the torque-twist curves for RC-130~B titanium was almost
flat or dropped slightly. In these cases the offset yleld strength differed

only slightly from the lower jield peint.
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k. Comparative Strengths of the Seven Metals: The comparative yield

strength end modulus of rupture for the seven metale in torsion at different
elevated temperatures can be seen from the results plotted in Fige. T3 to TS.
Data from tests at only the highest and lowest rates of strain are shown.
These curves show that the strength RC.130-B titanium alloy at elevated tem-
peratures is comparabls to that on the SAE 4THO steel with some differences
resulting from different strain-rate effects. These two metals stand out
above the others on the basis of yield strength and modulus of rupture. RC.
70 titanium ranks next for all corditions. On the basis of yield strength
at slow speseds 755-T and 5.7 gluminum alloye are comparable to the RC-TO
for portions of the temmerature range but the aluminum alloys are very weak
at GOOF or above. The yield strength of SAE 101€ steel was low at room tem-
perature compared to the other metals but was reduced very little by elevated
temperature so that it ranked more favorabdly with increasing temperature.

The two aluminum alloys lost strength rapidly at and above HOOF but the
strength of 2US-T was reduced less than the strength of 755.T. The FS5-.1
magnesium alloy ranked lowest in strength at all temperatures tested.

The data in Fig. 73 are replotted in Fig. 75 in terms of the modulus of
rupture divided by the specific gravity. This illustrates the relative
shifts in curves when evaluated in terma of the strength-weight ratios. The
RC~130-B titanium alloy apparently stands out above all others for the whole
Tange of variables.

m. Influence of Structural Changes on Egarimantal Observationa: In

analyzing the significance of data of the type discussed in this chapter, it

is common practice for engineers to Plot two-dimensional curves and draw
concluslons regarding the relation between two variables for conditions in
which the third variable is held constant. For example, one may plot the

strength (either yield strength or modulus of rupture) versus the strain-rate
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for a given fixed temperature. %hen this is repeéted for a second (perhaps
higher) temperature of testing, the general trends observed as the strain-
rate is increased msy be entirely contrary to those indicated dy the first
chart. This immediately leads the investigator to suspect errors of obserw
vation or variability of material. It is not immediately obvious why the
same change in one of the variables (for example, strain-—rate)_ may decrease
the gtrength at one temperature yet canse an incremse in strength a2t g higher
temperature, _ |

However, metallurgical instadbility and marked changes which ceccur in the

properties of the material during a tesi make it impecssible to draw logical

conclnsions from limited obssrvations of this nature. It is believed that e
study of the reasons for the hills and valleys shown on the three-dimensional
surfaces of the types shown in Figa. 17, 18, 20, and the similar charts
plotted for the other metals, glves a much clearer picture of the interactim
0f the three variables involved.

In discussing the éffect of strain-rate and temperature on the strength
properties of a metal, the final test data must be considered to be influ-
enced by "time-dependent®’'as well as by nearly "time-independent® phenomens
accompanying the structural brealdown of the material. Yor example, the
exhibition of upper and lower yield points by metals such as low carbon
steels and titanium is a process that is influenced by time (ar‘ by strain-
rate) as shown by many different experimenters (11, 13, 16, 22, 30, 35, T3,
112, 128). Theories of dislocation and diffusion processes indicate that
this time-dependence is markedly influenced by an alteration in temperature
of testing.

Ve might visualize an interaction of two effects as shown disgrammst-

ically in Fig. 101. The trend of Curve A represents for a stebls material

the ‘relative strengths that may be expected as the strain-rate is inereased.
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However the materiel may simultaneously undergoe an aging phenomenon, a pre-
cipltation of hardening constituents, or some other type of diffusion process
(which in the dislocation theory might be visualized as a progressive block-
ing of dislocations). One might represent by Curve B a second contritution
to the strength caused by these time-dependent changes. That 1s, for the
slower strain-rates, more time is available for strengthening by aging to
occur; hence, curve B indicates a gradual increase in the strength as the
strain-rate is decreased. If these two different phenomensa contribute simul-
taneously to the sirength of a metal, the resulting strengths observed would
follow some curve such as C which represents the sum of the ordinates to
Curves A and B. Curve C would then apply for only one fixed temperature,
(say 80F). If the temperature of testing is increased however, the contri-
butions tq the strength by the strain-induced aging may be drastically re-
duced. That is, the stimulation of relaxation and recovery processes by ele-
va:ted temperature will result in Curve B being depressed to a lower level
such as is shown by Curve D. Thus, at an elevated temperature, the net effect
of straln-rate on the strength may be represented by Curve E which exhibits
somewhat different characteristics from those of Curve ¢ for the lower teme
perature of testing, In Pigs. 2l-a, 30.a, and 35-a the data show these two
types of variation for yield strength. Two~dimensional plots of the modulus
of rupture vs. strain-rate also showed szimilar trends for several of the
metals tested. It is believed that these trends are representative of the
behavior of the m.;terial and sre not inconsistencies in the test data.

| The ductility (or total anglg of twist) observed during a torsion test
is also influenced by a number of these same instabilities in the structure
of the metal, Deformation msy occur by a number of basic processss such as

follows:
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1. slip
2. twinning
3. fragmentation
4. elastic bending of crystal lamellse
. grain bpund.ary movements
6. transient creép and anelastic effects.

It should be pointed out that thers are no fundemental data available to in-
dicate what it is that limite the capacity of a metal for deformation or
causes the onset of fracture. It has been suggested (130, 131, 132) that
the primary effect of cold~working a metal is to decrease the mean size of
the crystals and thereby raise the elastic strength, Wood {131) has proposed
that there is a limiting crystallite size below which further deformation
and fragmentation of the crystal cannot take place. However an increase in
the temperature should correspondingly alter the limiting minimum stable
fragmentation size because of the increased activity in place change of atoms
and the greater freedom of mobility for recovery and recrystallization pro-
cesses. Certainly the grain boundary movements and transient creep may be
expected to increase greatly the observed deformations at elavated tempera-~
tuses if sufficlent time is available during the test for these effects to
become pronounced. On the other hand it has been observed in long time creep
tests at elevated temperatures that metallurgical changes in the material or
changes in the mode of fracture sometimes result in greatly reduced ductility.

During testing, changes may occur that are dependent upon diffusion of
atoms through the matrix by processes referred to by various names such as
relsxation, recovery, recrystallization, aging, precipitation, ete.; these
are all time~dependent and are markedly sensitive no changes in temperature,
On the other hand the deformation processes of slip, twinning, elastic bend~

ing of lamellse md fragmentation are rrobably influenced %6 a much lesser
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degree by time effects and may be only mildly altered by changes in temper-
ature. Thus in comsidering the ductility characteristics observed in the
present tests, one must again visualize the complete interaction of temper-
ature and strain-rate on n given metal since the relative effects observed
at one temperature of testing may be entirely reversed at a different
temperature of testing,

For exainple. in Fig. 19 the greatest ductility was developed at the
highest sirain-rate when strains at YOOF are compared whereas when a similer
compariscon is made at 1000F, the greatest ductility was exhibited by the
specimens tested at the lowest strain-rate, Exsmining the two-dimensional
graphs such as Fig. 38-b, one might question the consistency of the data
for 755-T aluminum alloy at 600F, The tests conducted at the highest and
lowest strain-rates exhibilt roughly the saﬁe amount of ductility whereas
those run at the two intermediate strain-rates show extremely high ductility
However the complete three-dimensional picture of the variation of total
strain with temperature and rate of strain shown in Fig, 39 indicates that
this greater ductility at the intermediate strain-rates 1s entirely consis-
tent both for the material aged 200 hours at the test temperature and for
that held at temperature only 1/2 hour before testing. Therefore it be—
comes difficult to draw general sweeping conclusione about the effect of
altering eilther temperature or strain.rate separately without considering
the interaction of both parameters.

In view of the time- and temperature-dependent instabilities and con-
tinuous change of metallurgical structure which occurs while the metal is
being tested, it becomes apperent that no simple single equation of state
can adequately express the effects of strain-rate and temperatures on either
the strength or the ductility of a metal. If one deals only with tempera~
tures for which the materials are entirely stable, such an equation might

be developed. However, even here the very process of deformation changes
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the crystalline structure and this break-up in crystal size and its effect
en grain boundary reactions must certainly develop new instabilities such as
anelastic after-effects or transient creep, which vannot be adequately ex-
pressed even for single crystals and certainly not for complex polycrystal-
line metals such as those commonly used for structural PuUrposes.

9. Correlation of Strain-Rate and Temperature Effects with Mathematical
Theories.

As pointed out in the previous section it aprears probable that no com-
plete and acceptable theory can be developed to express all the effects of
strain-rate and temperature on the mechanical properties of structural metalsa
Nevertheless, 1t was felt desirable to investigate the usefulneas of several
rroposed relationships in expressing mathematically the variations observed
in data from these experiments. In this section the modifications necessary

- to adapt these equations to the torsion test are discussed, and & comparison
is made between the experimental data and several mathematical functions whiot
lnclude parameters to express the influence of strain-rate mmd temperature.
Some of the detailed concepts snd mathematical equations are presented in
Appendices II ard III and only the essential final equations are discussed here

a. Simplifications Uged: Theoretical considerations for corvelation

of data of this type are usually intended to determine mathematlical expres-
sions relating the flow stress to the strain, rate of strain, temperature

and certain material constants. The equations developed are generally stated
in terms of the "truse stress" in temsion. For direct application to the
torslon test, these expressions can be rewritten in terms of shearing stress,
shearing strain, and shearing strain-rate. However, it would be more conven-
ient in analysis of the present data to work in terms of appiied_torqpe in-
stead of shearing stress. Arbitrary substitution of torque for etress does

not seem justified since it is known that the two are not equal or even
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proportional during plastic deformation.

For the plastic range, Eq. A20 of Appendix I can be used to evaluate the
shearing stress at the surface of a specimen. This equation for the shearing
streps v includes 2 constant coefficient, Kl = 1/2n03, a term involving the

torque T, and a term involving another variable torque, T,.
T =K U - 1,) (6)

If T, were negligible with respect to UT or if Ty were directly proportional
to T then the substitutuion 6f a constant times T for 71 wounld be permissible.
However, in most cases T, 18 not negligible compared with T. Neither is Ty
always directly proportional to T. WNevertheless, computations have shown that
for a given or constant 8 (of the magnitudes examined in the three following
sections), the amount by vhieh T, differed from being proportional to T was
small enough compared to YT that valid observations for the plastic range were
possible by using the following simplification+:

T = KT (1)

]

In order to substantiate this reasonlng the same types of plots as those
shown in Figs., 76 to 98 were constructed for representative sample conditions,
The curves resulting showed the same trends and scatter when values of T vere
pletted as when the more rigorous analysis employing values of the shearing
stress T were used.

b. ZEguivalent Strain-Rate Parameter: A quantitative relation between tha

the effects of temperature and strain-rate was suggested in 1944 by Zener

+ .In thie notation a vertical line followed by one or two symbols will be
used to indicate variables which are held constant for a given equation.
In Eq. 7 the shearing stress r is expressed as a functiom of the torque T
for a constant angle of twist 6. Other variables such as strain-rate and
temperature are not restricted in this equation.
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and Hollomon (112, 113). The flow stress ¢ at & given strain ¢ was expressed

by the function

ol =202 oY%y « 2(p) (8)
¢

where ¢ is the rate of strain, R is the universal gas constant, and Qis a
constant depending on the material. For low temperatures Q has been measured
to be about 10,000 cal. (gm. mol.)"'l for several steels (46) and since R is
1.987 cal. deg.“l mol.—l, the exponent becomes roughly 5000/T. The parameter
P then has the value ,

P = ¢ 2000/ 9
Here P is a strain-rate modified by a coefficient which is a function of
temperature, or P is an "equivalent strain-rate". Using Q as 10,000 this
concept was tested with the present data for SAE 1018 steel and found to give
too little welight to the effect of temperature. TFor elevated temperatures,
however, Q is probably not a constant but depends on stress and temperature
as well. By trial and error selection a magnitude can be found for Q to cause
the data to fall along a fairly smooth curve. Fig. 77 shows the torque
corresponding to a shearing strain of 0.50 in./in. for SAE 1018 steel plotted
to log scale against the parameter P based on Q/R = 140,000,

Since a small variation in temperature produces a larger effect than a
fairly large increment of strain-rate 1t appears that 1f the combined effects
are %o be expressed in terms of only one parameter, this parameter should
be more closely associated with temperature with an appropriate factor to
account for strain-rate effects. One attempt to develop such a parameter is
discussed in Appendix III and in Section G-d.

¢. General Zquation for Flow: The general expression for flow stress

as a function of strain, strain-rate and temperature proposed by Hollomon

and Iubahn, (Eq. BY in Appendix II) is:
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L3
o= @RehE (- T ) (10)

Correlation of the effects of rate of strain and tempersture with the present .
data can be examined by use of equations B1ll, Bl2, and B13 of Appendix B. Of
these,Eqe. 312 and Bl3 can be modified by the simplification for shearing
stress in the torsion test given in Eq. 7. 'Fitten in logarithmic form and

calling the constante Ci to 06 we have

In r = 0. +C.1nY (11)
Y75 roB

in 7T =0 + 0, In¥ (12)
w0

InT =0 +0C T {13)
vy o 6F

Constant Strain-Rate and Temnerature: ZEguation 11 is the conventional

true stress-~-strain equation for plastic flow, T = atb and can be verified by
construction of the torsional stress-airain curves to log scale for the ine
dividual specimens, These curves for at least one specimen of each material
are ehown in Fig. 76. These curves are considered to be typical except as
indicated below and can therefore be accepted as checking the theory except
for the following excluded casess
1. For tests in which a yield point was observed, analysis by means of
Bq. A20 of Appendix I for the region of initial yielding was not
attempted so that for this portion of the plastic strain, Eq. 11
was not verified,
2. In no case was the relation verified for the portien of the defor-
nation after the maximum torque had been reached. This ocecurred
relatively late in the test for eanch metal except at the higher

temperatures.
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3. In RC-T0 titanium it was observed that in the torsional testing
there was a tendency for considerable strain after the maximum
resisting torque had been developed. This was not the case for
RC=130-B titanium alloy. The proportion of the total strain
that occurred during the perilod of decreasing torque for RC-70 waa
larger for the higher temperatures and for the lower rates of
strain, The flow equation {Eq. 11) was applicable only to the
inereasing portion of the curve.

4, For R3~130-B the stress determined by use of Eq. A20 seems to
increanse slightly more rapidly with respect to strain than pre~
dicted by Egq. 11 for the specimene for which these curves were
drawn,

Constant Strain and Temperature: ZEquation 12 relates the effect of

strain-rate ¥ to the flow stress or torque for a constant shearing strain Y
.and at constant temperature TR' This equation indicates a linear relatlon.
ship to exist bétween In T and In "}1 Hence, if In T for constent Y and con-
stant T is plotted vs., 1n ¥ and the experimental values fall on a straight
line, Eq. 12 is satisfied, Since the speeds employed in the present testza
differed by factors of 50 to 1, the speed nurmbers can be used to repregent
the logarithm of the strailn-rate.

In Figs. 78 to &4 the torque is plotted to a log scale versus the speed.
Each point represents the results cbtained from one specimen. Data are shown
for two values of shearing strain for each material (that is, ¥ equals § pér
cent and 50 per cent for steel and titanium, and 2 per cent and 20 per cent
for the alumimum alloy). Several other straina were alsc studied with re-
sults similar to those ehown.

The curves c¢cbtained are nearly straight for all temperatures for tha
values of ¥ checked. Therefore, it can be concluded that the function which
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expresses the variation of the logarithm of stress or torque with the loga-
rithm of strain-rate is very nearly linear for all seven metals tested. Al-
though the graphs for specimens which were given the 200-hour aging treatment
have not been included here, these dats wsre studied and the variation of
In T with speed was also found to be linear, even for the aluminum alloys
tested at temperatures at which the effects of the aging treatment on the
strength and ductility were large.

These data indicate then that although the effect of strain-rate is not
large in general, the variations in strength with changes ir strain-rate can
be predicted fairly well be the relation:

P =0 1° (1)
Y, Ty

for all seven metals at all f.emperatures investignted. In this expression
¢; and c3 depend on the strain, temperature and material. It will be noted
that partioularly close agreement was observed for the SAZ 4340 ateel Pig.79.

Constant Strain and Strain-Rate: Equation 13 relates the torque or

stress to the temperature for constant sirain and strain-rate. The logarithm
of the torque T 1s expressed as a linear function of the sbsolute (Rankine)
temerature TR' This can be checked readily by plotting the torque to a loz
scale versus Tp or, more conveniently, versus the Fnhrenheit temperature TF
since Tp = T, + 459.6%, with the difference between Tp and T, included in tho
constant 05 in Eq. 13.

Some of the data which have been plotted in this manner are included as
Flgs. 85 to 91, The trends of the pointe in general sppear teo form ratﬁer
definite curves which can not be consldered linear. Therefores it must be
concluded that Bgq. 13 is inncura;‘.e in expressing the variations of strength
properties caused by temperature changes. For the two titanjums the trends

vere more nearly linear, partiewlarly at the faster gpeeis. However, consild-
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erable variations from the straight lines were obmerved at the slower speeds.
Por SAE U3UO steel the trends were essentially linear up to TOOF but wide
differences were evident for higher temperatures. The patterns in which test
roints fall for aged specimens wers similar to those shown for the unaged
specimens,

These data indicate that (with the possible exception of titanium) the
‘effect of tempersture for the ranges of varisbles studied here did not con-
form well with the theoretical relation expressed in Eq. 13. The reason for
this inaccuracy may be attributed to such actions as precipitation and coa~
lescence of solute atoms at certaintemperatures and strain-asging. In other
words, the properties of thess metals changed somewhat during the progress
of the test and could not be expressed by a single simple equation that ig
independent of the parameter of time.

The behavior of titanium was more nearly predicted by the theory; this
is further evidence that the types of aging phenomena obgerved in the other
two metals were not present (or vere less significant) in the titanium.

d. Yelocity-Modified Temperature Parameter: The velocity-modified

temperature proposed by MacGregor and Figher (70-72) is briefly discussed in
Appendix 111.The data with which this concept was originally tested (70, T1)
seemed to support the hypotheeis even for scme instances in which ultimate
siressee or yleld siresses were used instead of the flow stress as expressad
by the theory.

On the basis of the simpliﬂcation discussed previously in Eq. 7, this
concept may be expressed here in the form:

T = £(Tp) ' (15)
A
where: T = torque at given shearing strain ¥

Tp = veloclty-modified temperature.
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The defining equation for the velocity-modified temperature is:

.§
- - 16
Ty = Tg {1 k:n,-,:) (16)

In this relation the slowest strain-rate was selected as the reference
strain-rate for this imvestigetion eo that ¥, « 0,6001 in.fin./sec, The
k values chosen to fit the data to the smoothest possible curies were found
to bet

k= 0,010 for SAE 1018 steel

k = 0,010 for SAE 4340 steel

k = 0.010 for 2US-T aluminum alloy

k = 0,015 for 755-T aluminum alloy

k = 0,020 for ¥S-1 magesiua alloy

k = 0,030 for RC.70 titanium

k = 0.015 for RC-130-B titanium alloy

For each metal the data were examined by plotting the torque vs, Ty
for at least three valnes of strain. One of these charts for each metal is
included in Figs. 92 -~ 98, From these graphs it can be seen that there is
general agreement with the theory since the points group fairly well around
a relatively smooth ourve that has been ‘s)netched in to follow the aversage
trends The shapes of the curves thus obtained are not the same for different
metals, dut no atterpt is made by the theory to predict the shape of the
curve,

Correlation was noticeably poorer when the yield stremgth or the modu-.
us of rupture was plotted instead of flow stress or torgue at constant
strain. A very broad band was required to envelope the points thus obtained
althouzh the general course followed by the band was simllar to that for the
eurves shown in Figs. 92 - 98,

These data indicate that for all metals studied it is possible to
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approximate the effects of both strain-rate and temperature in terms eof a
single parameter, the so-~called veloocity-modified temperature, for the range
of variables investigated. Mo simple relationship resulted however betwsen

this parameter and the fiow stress or torgque for a given twist.

10. Correlation with Other States of Stress.

In the opening section of this report it was pointed out that one of
the probdlems encountered in utilizing the results obtained in any series of
experiments is to know how to interpret the data for applications involving
somewl;at different conditions. Results of the torsion tests reported here,
'in which the stats of stress was biaxial, would not be expected io conform
exactly with data from unisxial tension or bending tests or from triaxial
stressing,

It is beyond the already droad scope of this preject to develop means
of applying the results obtained here to cases for which other conditions
are encountered. Howsver, it seems worthwhile to point out some of the tools
already availadle which might contribute to more general application of these
data.

One method for correlation of properties of materinls subjectsd to d4if-
ferent states ¢f stress is on the basis of stress-strain characteristies.

In order to make this type of corrslation, the generalized, effective or
siznificant true stresses and strains must be computed for the given stress
condltions. Assuming that the corresponding principal streszes nand strains
are known or can be determined, the generalized stressss © and strains 7

are defined as follows:

'&"ﬁ\l% E01 - ag)2 + (0, - 03)’ + (93 - %a (a7

and

-

I -
¢=43‘(¢f+¢:+¢§) {18)
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whore oy, 0, and O3 are the three true normal principal stresses and ¢, €y
and ¢3 are the true normal principal strains.

For pure tension o = 63 = 0 and ¢y = :3 = ~ pey. Using polssons ratio
B as 1/2, the expressions for generalized stress and strain, Eqs. 17 and

18 raduce to:

= oy (19)

€= € | (20)

Yor pure shear in torsiom, 0 & = 03 = 7T, and ¢y = O, vhere v ia the

shearing stress. The generalized siress for this case reduces to:

ou\3 ¢ (21)

The strains for torsion are related in the same manner, i.,e. €, ® - ¢3,
tax 0, and ¥ = ¢y - ¢3. Y is the ghearing strain computed by the relation
-‘ia- as discuesed in Section Ta. Making these subatitutions the e;quation for
generalized strain reduces to:

= %— €y = {I-;_— ¥ (22)
Bquations 21 and 22 may be used for correlation of the torsion test data
with the stressas and strains for a uniaxial stress condition. Somewhat
more complex relationships may also Ye darived from Fags. 17 and 18 for other
combinations of principal stresees encountered in a service condition. For
these, the values of the effective or generalized stresses and sirains
(G and ©) may be predicted from the torsion test data by means of Eqs. 21
and 22.
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I¥ SUMMARY AND CONCLUSIONS

An experimental study was made to determine the effect of rate of strain
and of elevated temperatures on the mechanical properties of seven different
structural metals in pure torsion. Prepared samples were tested at four cope
stant rates of strain in the range from 0.0001 to 12.5 in./in./sec. and at
four temperatures ranging from room temperature to various maximum tempera-
tures up to 1200F depending on the type of alloy studled. Values of the
torquae, angle of twist and time were comiinususly recorded automatically to
provide data from which the usual torsional properties were computed.

The experimental data were anamlyzed in terms of the basic mechanisms
controlling the behavior, zmd the effects of the two parameters were compared
with mathematiéal theories in the literature. From the resuiis of this study
the following conclusions are summarized:

1. Increasing the tenperéture cansed the yield strength and modw

ulne of rupture to decrease and cansed the angle of twiast to
fracture to inerease for all materials and for all rates of
strain except (a) in the blue~brittleness temparature range
for steel, and (b) in the temperature range for aging of
aluminum,

2. Increaping the rate of straln usually caused some increase

in strength but to a lemser degree than that caused by decreas~
ing the temperature. However, increasing the rate of strain
had a pronounced effect on ductility. The greatest ductility
was cbgerved at the highest temperature and slowest rate of
straln except as noted in items 7, 15 and 16 below.

3. The rate of increase of flow stress = {or torque T) at a

given strain-rate ¥, can be eypressed with a good degree of

accuracy by the equation
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where o, and ¢y are constants vhich depend on the material,
the temparg’ture and the amouni of strain.

4, The rate of increase of flow stress <« (or torque) at a given
strain with increase in tremperatura for titanium can be ex-
preseed approximately by the equation

r = ah T’ {23)
VoY

for ¥ 2 0.005 in./in.f/ssc. where J§ and h are constants
which depend on the material, atrain and stirain-rate.

5. The rate of decrease of flow stress 7 {or torque T ) for a
given strain with increase in temperature for the other metals
at all speeds and for titanium at ¥ = 0.0001 did not conform
with the behavior predicted by the Bq. 23. The shape of the
curve {In T vs temperature) was different for each different
temperature.

6. It is possible to express the effects of both strain-rate
and temperature in terms of a single parameter such as the
velocity-modified temperature T, and get a smooth curve for
flow stress or torque at a glven straln when plotted versus
Tme The shape of the curve obtained was different for each
metal studied and did not appear to be readily expressible
in mathematical form.

7. At certain elevated temperatures beginning at about 4OOF
a reduction of ductility and a slight increase in strength
were observed for SAE 1018 steel. This is usually referred
to as blue-brittleness,
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9,

10.

11.

The absolute (Rankine) blue-brittleness temperature Tr for
SAE 1018 steel was a function of the rate of shearing strain

which can be expressed roughly by the squation

32, 500
T = 28.2+ In ¥

for the mresent data and for that of two other investigators.
The torque-time records obtained in the blne-brittleness range
exhibited the jagged or erratiec contours typlcal of the vari-’
ations in flow stress developed by the strain-aging phenomenon.
The specimens of SAE 1018 .stesl tested at room temperature
exhibited & yleld point in the ordinary tension test, and

a sharp yield point was observed in the more rapid torsion
tests at the lower temperatures. The ratio of the upper to
lower yleld point torques observed was found to decrease with
en increase in temperature, and decreased or disappeared at
the lower strain rates.

The specimens of RC-70 =zad RO-130-B titanium tested at room
temperature exhibited a definite yield point in the ordinary
tYenslon test. A pronounced yleld point was also observed

in the rapid torsion tests of RO-70 at elevated temperatures,
The ratio of the upper to lower yleld point torgues cbserved
at the highest strain-rate increased with an increase in
temperature and decreased or disappeared at the lower strain-
rates. The yield point observed in torsion %tests of RC-130-B
was less pronounced than for RC-70 titanium and not as gone
siastent.

The properties of the titanium were more sensitive to changes

in strain-rate than were the properties of the other metals.
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13. Specimens of steel, aluminum and magnesium remained cylind-
rical when deformed and thers was no apprecisble change in
their dimensions. The titanium specimens however, tended %o
deform in such a manner that ridges formed on the surface
and wound like screw threads around the circumference at large
strains,

. Very large strains were developed before fracture in the speci-
mens of 1018 steel, magnesium and titanfum in tests at 0.0001
in.f/in./sec. strain-rate at the highest test temperatures.
These straing and {emperatures were:

1000 per cent at 1000F for SAE 1018 steel

800 per cent at 60OF for FS-1 magnesium alloy
1200 per cent at 1000F for RC-70 titanium
3750 per cent at 1000F for RC-130-B titanium

15. The largest strains in SAE 4340 steel {800 to 1000 per cent)
were developed at 1200F in tests at 0,005 in./in./sec.

16. The greatest ductility for the two aluminum alloys was about
800 per cent and occurred at 600F at a strain-rate of 0.25
iﬁ./in./sec. (not at the slowest speed as for the metals
listed in item 1), Marked decreases in total angle of twist
wvere chserved for both higher and lower rates of strain.

17. The two-hundred hour aging treatment (at the test temperature)
in advence of the test had no appreciable effect on the strength
or ductility of steel or titanium for any temperature up to
I00CF or any strain-rate studied here.

18.. Two~hundred hours at 1200F produced some increase in strain
and some decrease in strength of SAE 43L0O steel as compared

with unaged specimens.
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19, The two-hundred hour aging treatment produced a decrease in
strength and an increase in ductillty for all speeds of tost-
ing of 755T aluminum alloy at LOOF, and for 2457 at HOOF

and 600F, but had no appreciabls effecis at other temperatures.
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AFFENDIX I.
Derivation of the Equation for Shearing Stress in Torsion

Computatien of the actual shearing stress at any point in a member sub-
jected to torsion can be made using the well known & = ?-f- relationchip for
only stresses which remain proportienal to the corresponding strains. Vhen
this equation is used for torgues exceeding the limit »f pr_oportionality the
the so~called stress resulting is net resl but mere_ly represents the torque
converted to stress units by dividing by the factor %which is a function of
the crsss.sectional area.

It is posasible however to davelsp a relationship expressing the true
shearings stress at the surface of a cylindrical ;ar subjected te pure torsion
ag a function of the twisting moment, the angle of twist or shearing strailn,
and the rate sf increase in moment with reenect to twist or strain., This
relation for torsien is mimilar to the equation for bending develoved by Her-
bert (129). It is based on the assumptions ef homogeneity and isotrovy ef
the material and spplied to a bar of unifoerm cireular cross-section at a peint
sufficiently removed frlm the point of mpplication of the load so that stress
is not & function of axlal position.

The bar is subjected to a twisting moment or torque T acting in a plane
vernendicular to the longitudinal axie of the bar (Ses Fig. 99). For equi-
1ibrium the resisting meoment on any normal cross-gection must be equal to the

grilled tvwisting moment
T = p “!‘.p 4aa (A 1)
But by choosing dA as a ring ef radius p and width dp the element of area is
dA = 2npdp and we obtain
~C

T=2ﬂi T p? dp (A 2)
If the assumntion is made that the shearing strain Yp in each element of the
croas section is propertional to the distance of the eliement from the central
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longitudinal axis for both elastic and inelastic shearing strains then p and

dp may be expressed in terms of shearing strain '\'p:

£ (a3)

-3

where: Y o is the shearing strain at a radius p
Y 1is the shearing strain at the surface vhere p = ¢
. _
= Al
then dp=gdv, _ (A 4}

and P = ( $~ @ ‘vp’ (A 5)

Substituting these values of p and dp in Eq. A2 and enplying the cerres~

ponding 1imits to ‘\fp we cbtain the relation:
¥

€3, =
P = 2n vp(.;,—)vp av, (A 6)

o
Since Y and ¢ may be treated as constants in the integration with regmect
to ¥, Eq. A6 may be rewritten as follows:

v
Y, [v,vp' av, (a7
[+

ane
But if it can be assumed that the shearing stress is some function of the

shearing strain (and angle of twist to which the atrain is proportional), then
Tp = £(¥,) (A 8)
There is no need to assume what that functional relationship is, but by using
Eq. A8 and letting
P(¥p) = ¥p® 2(¥p) = v, (a 9)

Eq. A7 may be written as follawe:

3 Y o
Ia:% =j Ty, )av, (A30)
[+
[«]

Here the function r('v,) i3 not lmown, so the integral cannot be evaluated
directly., However by taking the partial derivative with respect to Y we

obtain:

7Y
%5 Flvplavp = %\,- (;,lﬁ" (A1)
[+ ]
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or if we let f F(¥plav, = G(vp) (212}

it results that

8oty )] —-5<3 P e i (A13)
Evaluating the left gide of the equation for the limits given we have
s'r [G("f)] = P{¥) = wv? (Al4)
and
G'Y G(D)] = F(0) = O (A15)
sc that
W2 = Lo (33T 4 ¥7 6T) (A16)
-
or
1 . 8T
= —-3-(3T + ¥ o= (A17)
i ene &Y

- Bquation Al7 provides us with an expression from which we can determine
the shearing stress 7 in the outer fibera for any Y if we have test data from
whié.h to draw the curve giving the relation between the twisting moment T and
the shearing strain ¥ in the outer fibers.

By noting that is the slope of the T va ¥ curve and hence for any point

BY
P on the T~Y curve

8T _T- T

R (418)

where Tp is the intercept of the tangent on the T axis, (see Fig.100), we can

suhstitute this relation in Eq. Al7 and obtain

1 T .
T:-;-(}Q-I-'Y-—-—n-) (A19)
are M g
or
r=—de (Ur o 1) (A20)
2ne’

Equation A20 gives the relationships in the moat convenient form for use

in determining v from the T ve ¥V curve. However ¥ = o€ vhere: 6' is the
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angle ¢f twist in radians in a 1en¢th9s. 0! = 8/57.3 uhere 8 is expressed
in degrees so that v = c0/57.39. = X8 where K is a constant for a given specil-
men if the dimensions do not change during twisting. Since plots of Tve §
were made as a part of routine calculations of data, true stresses computed
wore determined from the T va. & curves available rather than replotting T
versus . |

In application of Eq. A20 to actual curves sbtained experimentaily it
should be pointed out that Alfficuities ars frequently encountered. In the
case of the metals which exhibit a sharp drop in the torque at the yiels peint
the stress at the circumference as caleulated by Eq. A20 would have arm un~
Teasorably large negative value due to the very high Ty for the falling pore
tion of the gurve. This ia evidence of non-homogeneous yielding. Straine
aging which depends upon a function of time, tempei'ature. and strain would
lead to an inhomogeniety across the section which 1s a function of the strain,

If the T va. ¥ (or T ve. 6) curve does not continue to increase all the
way to fracture but passes through a maximum, the slope of the tangent, hori-
zontal at this maximum point, would be zero, Nence, the term 5T in Eq. A7

5y
would go to sero giving the maximum stress:

3 Thax

{A21)
2"::3

Tm =

The modulus of rupture was defined earlier in terms of the same T and ¢ ast

Tpax ¢ 2 Tmax
Modulus of runture = = (A22)

By comparison of Eqs. A21 and A22 it can be seen that, for specimens for which
a horizontal tangent was cbgerved in the T vs ¢ diagram, the actual maximm

shearing stress is equal to three-fourths of the modulus of rupturs,
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APPENDIX 1II.

‘Discussien of a Gensral Bquation for Flow,

A general expression relating stress, strain, temperature and strain-
rate for plastic deformation has been proposed by Hollomen and lubahn (47,
4g, 67) and is based on a series of simple relationships among different pairs

of these variables obtained by holding other pairs constant. These reiation-

ghips are:
_ A
c-A.tL,TR (B 1)
°=32n|c,!‘a (33)
’ d
Yr=ty( mP- m t/l.* o = 3)

Eguation B3 expresses the same relationships as the expression for the para-
meter P which is defined and discussed furiefly in Section §b. TFrom these
three relationships (Eqe. B, B2 and B3) lubahn {67) shows how the equation

T (B-7y 1)
camn(%o)mnc R g (8 )

can be developed. In this equation C, D, E, F, G and 3._. are constants Af

the mnterial. Tp ies the absolute temperature, ¢ is the true strain and 2,

the true strain-rate, The term GTR is added te the egustion as pressnted

eariier (47, 4g).

For constant ¢, Eq. U becomes

an (H)‘mn¢ (B + 17R8)

o= (B 5)
where H and I are new constants. However
@R o ()R . R (3 6)

where L is another constant, Combining the two corstants, G and L which

heve the exponent Ty, we have the constant N and thus

oo (mfn‘(E + ITR)
WADC TR 5310 a4
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Written in logarithmic form thig becomes

Jnaalnc+TRlnN+(E+ITR)Jnc (B &)

which in terms of simplified constants W apnd M ig

Inoe W+ Mg+ (B+ IT)In ¢ (B 9)

For constant ¢ we have

Ilno=W+ Mg+ X+ Sl = U+ VTy {210}

with simplified constants,
For application directly to torsion the two.dimensional relation ex-

pressed in Equations Bl, B2, and B10 can be written as follows:

r = ay® {311)
¥.Tr ‘
' ] =am (312)
Y,Tn
n ‘r‘# =g+hTy (813)
.Y

where a, b, 4, g, h and n are material constants.
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APPENDIX T1I.

Dineussion of the Valocig-l-bdiﬁed Temperature Parameter

In order to simplify the study of the influence of temperature and time
{or rate of strain) on the flow stress or stress at a given inelastic strain
it has been proposed that the number of significant variables may be reduced.
Since the effects of temperature amd rate of straln are believed to be inter-
related, HacGregor and Fisher (70, 71) have proposed that instead of express-
ing the flow stress as a function of three variables, absolnte temperature,
strain-rate and strain, as!
¢ = (T, &, ¢) (¢ 1)
the first two could be combdined in a "veloctiy-modified temperature® Tpm
lsaving
o= £(Tn, ¢) (c2)

An expression for determining Tm was also propoaed:‘
“»
£
Ty = T(1 = k W g) (c3)

where: <€, is an arbitrary reference strain-rate md k is a constant for the
nmaterial selected (presumably by trial and error) so that when streass is
plotted versus Tm a smooth curve results. This expression was developed from
a theory proposed earlier by Eyring (2U4) based on an absolute reaction-rate
and an expression of secondary creep developed by Kaummann (58).

This concept was examined by HacGregor and Fisher in terms of tensile
data, some of which was original and some borrowed from the literature, and
general agreement was observed for the materials and ranges of variables re-
ported.

For toreional test data the shearing strain-rate may be used and the

absolute temperature Ty selected for use here 1s in terms of the Rankine

scale. Thus, the shearing stress in torsion, according to this concept
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would dbe

T = f(Tm. Y) (c h)
and because of the approximate relationship of torque T to shearing stress
T, and of the ghearing strain v to the angle of twist 8, this function can

be rewritten as

T = £(Tp, 6) (¢ 5)
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APPENDIX 1V
Tables of Individual Test Results

Table 1. Torsion Properties of SAE 1018 Steel at Room
Temperature. :

FIRST SPEED Specimen No, /-2 /-34 /-é6 Average
Proportional Limit, 1000 psl 203 267| 184 2¢/
Yield Strength, 1000 psi o
Yield Point (Upper), 1000 psi | a%o| 247( 284 274
Yield Point (Lower), 1000 psi 254 2$58| 249 264
Modulus of Rupture, 1000 psi 6051 4692 708 46.8
Shearing Strain, in/in 2,00 226 276 23Y¢
Energy Absorbed, in-=1b 24690 3384 4050 3370

SECOND SPEED Specimen No. t-1  /-/8 1-49 /-€%5 Average
Proportional Limit, 1000 psi 299\ 302 228| /47 249
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 3/4| 702| 294\ 300 303
Yield Point {Lower), 1000 psi 283 248t 248 244 24
Modulus of Rupture, 1000 psi 70¢| 93| 700 699
Shearing Strain, in/in 284| 288| 258¢ 225
Energy Absorbed, in-1b 43/0| 3.870| 4 329 4170

THIRD SPEED Specimen No. /-3 /-/7 /-3%8 /-89 [-g&L Average
Proportional Limit, 1000 psi 3794 34.2 A4 %) 7F¥2 33§
Yield Strength, 1000 psl ,

Yield Point (Upper), 1000 psi 394 392| 32./| 383] 392 382
Yield Point (Lower), 1000 psi | 3031 72.0| 299 284| 337 3079
Modulus of Rupture, 1000 psi 'Y i 684) 13./ 459
Shearing Strain, in/in 2.6/ 2,96 A28 222 25%
Energy Absorbed, in-1b 3890 Lyso| 40de| 3470 3950

FOURTH SPEED Specimen No. /-/4 /-42 (-$2 /-4§ [-36 Average
Proportional Limit, 1000 psi s/0| s w3 47.6
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi ¢/o)| o8| .3 476
Yield Point (Lower), 1000 psi | 3¢ ]| 265| 373 36.7
Modulus of Rupture, 1000 psi §%0| 673 488 672.7
Shearing Strain, in/in .22 2./7] 2,/3{ 2,38| 223 225
Energy Absorbed, in-lb 3840| 33/0| 3,450 3430°
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Table 2, Torsion Properties of SAE 1018 Steel at 400°F (Not Aged)

FIRST SPEED Specimen No, /-9 /-64  [-saf Average
Proportional Limit, 1000 psi 267 147 | 227 230
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 247 264| Ao 29/
Yield Point (Lower), 1000 psi | 243| 202| 294 240
Modulus of Rupture, 1000 psi 73/ 72./] p3=2 261
Shearing Strain, in/in 0.90 0,94 093 489
Energy Absorbed, in-1b 4,378 1 &to] 1 424 /Yoo

SECOND SPEED Specimen No. /-/3 /-4 /-126 Average
Proportional Limit, 1000 pst 287 2466| 274 266
Yield Strength, 1000 psi
Yield Polnt (Upper), 1000 psi | asi7| 26| 294 266
Yield Point (Lower), 1000 psi 228 a¢s| 2¢7 243
Modulus of Rupture, 1000 psi g6l 7244l 743 73./
Shearing Strain, in/in 737} 1.2/ 729 1,29
Energy Absorbed, in-1b 1, 920] / PFA 2030 L 9Y0

THIRD SPEED Specimen No. /-29 /-73 [/-/29 Average
Proportional Limit, 1000 psi 278 20./| 280 285
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 225| 30 /| 2o 28§
Yield Poilnt (Lower), 1000 psi | 22.6| 27.7| 162 2585
Modulus of Rupture, 1000 psi 2091 7485| 940 23/
Shearing Strain, in/in 203 s80| 162 /72
Energy Absorbed, in-1b 2,9/0{ 2,3%0| 2450 2,590

FOURTH SPEED Specimen No. /-3¢0 /-F% [/-/30 Average
Proporticnal Limilt, 1000 psi 28/ ¢48| 392 36,0
Yield Strength, 1000 psi
Yield Point (Upper), 1000 pst | 4¢3 4¢§| 3% 2 Y24
Yield Point (Lower), 1000 psi 23 ¢| 267 29/ 2471
Modulus of Rupture, 1000 psi 73./| #978| 72.¢ TYs
Shearing Strain, in/in 22¢ | 1.96| 788 2.02

. Energy Abscrbed, in-1b 3490 3,/7200 2940 3/20
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mxhle 3. Torsism Preperties of SAE 1013 Steel a% %00°r (Aged)

FIRST SPEED Specimen No. /-$3 /-4 [-§F¢ /-87 Average
Proportional Limit, 1000 psi | 2%0| 23| 2724]| 285 1 267
Yield Strength, 1000 psi .

Yield Point (Upper), 1000 psi | 270 237| 27.4| 285 26.7
71eld Point (Lower), 1000 psi | a50| 2/.5| 28| 276 260
Modulus of Rupture, 1000 psi 687| 480| /5| 8§20 78/
Shearing Strain, in/in 087 098 0.89| 0.85 2.90
Energy Absorbed, in=1b 1260 4420 L489 1 480 L4r0

SECOND SPEED Specimen No. /-22 /-$6 (-§% Average
Proportional Limit, 1000 psi 2541 270\ 28./ 268 |
Yield Strength, 1000 psi .

Yield Point (Upper), 1000 psi | 254| 270| 28./ 26.%
Yield Point (Lower), 1000 psi | 22.6| 22 /] 240 232
Modulus of Rupture, 1000 psi 6%9.9] ¢96|l 746 714
Shearing Strain, in/in 152 149 132 /4y
Energy Absorbed, in-1b 2,770\ 2,130| 2,110 2,140

THIRD SPEED Specimen No. /-2/ [-§7 Average
Proportional Limit, 1000 psi 2931 29.7 28.5
Yield Strength, 1000 psil
Yield Point (Upper), 1000 psi 2731 297 285
Yield Point (Lower), 1000 psi | 22./| 22.6 2.4}
Modulus of Rupture, 1000 psi | 70.%) 702 70.5
Shearing Strain, in/in 2./6| 195 2.006
Energy Absorbed, in-1b 3.760| 2,960 3010

FOURTH SPEED Specimen No. /-2¢ [-$¢ /-90 _ Average
Proportional Limit, 1000 psi 384t 359| 273 36.2
Yield Strength, 1000 psi | |
Yield Point (Upper), 1000 psi | 3¢4| 349 373 362
vield Point (Lower), 1000 psi 2/.4| 262| 30.0 285
Modulus of Rupture, 1000 psi 6781 69¢| 789 722
Shearing Strain, in/in 2,681 228| 227 ' 2.40
Energy Absorbed, in-1b 4080 3160} 3, 739 34660
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Tahis. ¥ . Tersies Preperties of SAE 118 Stesl at 70C’F (Not Aged

FIRST SPEED Specimen No. /-3/7 _ /-93 [(-/33 Average
Proportional Limit, 1000 psi /3.2 740) 187 4.3
Yield Strength, 1000 psi 78,6 124| 207 /8.2
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi §93) bo3?| 669 415
Shearing Strain, in/in 3./8| 308 324 3./7
Energy Absorbed, in-1b &r790) y 260 Y g0 g 4s5o

SECOND SPEED Specimen No. /-4$ /-9% /-73¢ Average
Proportional Limit, 1000 psi | /3.9 /4¢ /52
Yield Strength, 1000 psi 176 797 /8.7
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 pei
Modulus of Rupture, 1000 psi boé6| 625| /0 £7.0
Shearing Strain, in/in 2,/8) 2,40| 2./3 | 224
Energy Absorbed, in-1b 2,940| 3, 5%0 3220 32850

THIRD SPEED Specimen No. /-§/ /-t/7 [-13f : Average
Proportional Limit, 1000 psi /99| 22.8] 22,5 2/.7
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi /99 22.82| 22.¢4 2/.7
Yield Point (Lower), 1000 psi /9.7 2= 0| 2.6 20.9
Modulus of Rupture, 1000 psi 604 668 687 453
Shearing Strain, in/in L&kl .34 t3/ /36
Energy Absorbed, in-1b L9/0| 1930 1 940 /930

FOQURTH SPEED Specimen No. /-4o /-9 1-7¢2 Average
Proportional Limlt, 1000 psi 298| 29.6) 184 267

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi | 290| 29¢| 264 280
Yield Point (Lower), 1000 psi 22.%| 26582] 22.6] 23.¢
Modulus of Rupture, 1000 psi 676 uo| 7¢ &9,
Shearing Strain, in/in 170} 138 185 l5U
Energy Absorbed, in-1b 24201 27150 21720 2 230
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mable 5. Torsien Properties of SAE 1018 Steel at 700°F (Aged)
FIRST SPEED Specimen No. /-2& /-8% /-10% Average
Proportional Limit, 1000 psi 71,0 185¢ 734 /3.3
vield Strength, 1000 psi 76.35| 210 166 /8.0
vield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi /.81 £2.9 6/ 8 42,/
Shearing Strain, in/in 3.30| 2.96 2,67 2,9/
Energy Absorbed, in=-1b &340 4 110| 3,290 3,4/0
SECOND SPEED Specimen No. /-26 (-9 /-1/7 Average
Proportional Limit, 1000 psi | /49| /8%| 728 7.9
Yield Strength, 1000 psil 7720 98l 19% /9.0
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 62.5| 676| 683 66.7
Shearing Strain, in/in 2,44 2,881 2.9/ 2,3/
Energy Absorbed, in-lb 3390 3,950 2924 3420
THIRD SFPEED Specimen No. /-27 /-4% [-i12/ Average
Proporticnal Limit, 1000 psi ;821 ar,0) 23.0 20.7
Yield Strength, 1000 psl
Yield Point (Upper), 1000 psi | 20.9| z/0| 23,0 2/ 6
Yield Point (Lower), 1000 psi /9.7 7190 224 202
Modulus of Rupture, 1000 psi 609\ 60.6| 686 434
Shearing Strain, in/in 1811 239 7.0 ¢ .38
Energy Absorbed, in-1b 2,020) L 8FQ 1729 L¥70
FOURTH SPEED Specimen No., /-2F /-bo [(-92 Average
Proportional Limit, 1000 psi 286| 262 2642 240
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi 286 262} 262 26,0
vYield Point (Lower), 1000 psi 22.0| 206] 206 2/
Modulus of Rupture, 1000 psi 6571 685§ 732 £8. 1
Shearing Strain, in/in 1.87| 28| 7 2% 7 4é
Energy Absorbed, in-lb 2,090] 2040} 1 P60t 2 000
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Torsien Preperties of SAE 1018 Stesl at 1000°F

Tabdle 6.
(Bot Aged)

FIRST SPEED Specimen No. /-7 /-113 [-1¢7 Average
Proportional Limit, 1000 psi 10,49 36¢| 298 57
Yield Strength, 1000 psi (Yol 827 5492 /0.0
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 233 241 ar7 230
Shearing Strain, in/in 2671 $58| 17 A 70.07
Energy Absorbed, in-1b 3/30| 2840) 4434 4170

SECOND SPEED Specimen No. /-&/ r-t& 1-14& Average
Proportional Limit, 1000 psi /51 161 ro.2 /3.8
Yield Strength, 1000 psi 160 188 s40 /6.2
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 38 36l 308 32,0
Shearing Strain, in/in 738 $02| gy 696
Energy Absorbed, in-1b 5,280| 3879 & 7174 #9460

THIRD SPEED Specimen No. ./-43 f-#$S (-119 (-/43 Average
Proportional Limit, 1000 psi 27 s80| r90| r¢ 8 /4.3
Yield Strength, 1000 psi 13,6 /94| 2r.2) 7172 /7.9
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 362 uro| wo¥| 362 385
Shearing Strain, in/in $42| 3482| 3.8/ ys2 §.06
Energy Absorbed, in-1b 2,8/0| 2,860 33/0| 2,990

FOURTH SPEED Specimen No. /-62 [f1b 1-t42 4146 Average
Proportional Limit, 1000 psi 222 | 224 213} 22,6 22/
Yield Strength, 1000 psi 2¢4.3| 25¢| 21.8| 232 23.7
Yield Point (Upper), 1000 psi
Yield Point {Lower), 1000 psi
Modulus of Rupture, 1000 psi £26| $50| 452| 5.8 fo.¢
Shearing Strain, in/in 308| 273 306| 33¢ 3.08
Energy Absorbed, in-lb 3.030) 2620| 2.86¢50| 30%0 a5/0
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Pakia 7. Torsiem Proparties of SAE 1018 Steel at 1000°F (Aged)

FIRST SPEED Specimen No, /-/23 [-13/ /~15/ Average
Proportional Limit, 1000 psi /232| 72,/| 125 /2.3
Yield Strength, 1000 psi JHUL 148 137 14.3
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 229 199! 14.1 ate
Shearing Strain, in/in 1 syl 7283 a.%] 7.7%
Energy Absorbed, 1in-1b 3240 34o00| 3170 3,260

SECOND SPEED Specimen No. /-/2¢ (-/36 (-/$D Average
Proportional Limit, 1000 psi X ANENANEY ¥
Yield Strength, 1000 psi /7.8l r82) 187 /6.2
Yield Point (Upper), 1000 psi
Yield Point {Lower), 1000 psi
Modulus of Rupture, 1000 psi 32.4| 20%| 27«4 30.9
Shearing Strain, in/in £97| por| @1/ 7.72
Energy Absorbed, in-1b Guud 5850 4020 $3Ue

THIRD SPEED Specimen No. /-729 [-137 (-18% Average
Proportional Limit, 1000 psi 738 2t 7§ r2.%
Yield Strength, 1000 psi 7501 73.2| /32 /3.8
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 29.0f 266] 262 213
Shearing Strain, in/in 3.97 @951 ¢76 4uq
Energy Absorbed, in-1b 2,270} 2290 2,524 2,360

FOURTH SPEED Specimen No. /-/2§8 [-/eo [-/5& Average
Proportional Limit, 1000 psi 182 208 773 /8.8
Yield Strength, 1000 psi 204 213| 182 20.9
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi £33 | 4&S| 440 0.3
Shearing Strain, in/in 303| 323| 306 3.7/
Energy Absorbed, in-lb 3070| 30/0| 2800 2,940
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Table.8. Torsion Properties of SAE 3330 Steel at Room
Tempera:

FIRST SPEED Specimen No. 2-85 2-£f -/ Average
Proportional Limit, 1000 psi 9/8 97.7| r00.0 964
Yield Strength, 1000 psi 1030| 1080| 100 110.3

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi (380 138.0| 370 7373
Shearing Strain, in/in 0.%8| 08/| 092 0.87
Energy Absorbed, in-lb 2900\ 2 £50{ 2, 900 278
SECOND SPEED Specimen No. 2-40 2-92 2./43 Average
Proportional Limit, 1000 psl | §¢&4| 924 970 777
Yield Strength, .1000 psi 103.0| so¢0) 1080 /053

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 1370|7346 1790 7389
Shearing Strain, in/in o871 205} 0,99 297
Energy Absorbed, in-1b 2740| 33/0| 3./60 3o0f0
THIRD SPEED Specimen No. 2-93 >-99 3./s9 2-r2/ 2-/23 Average
Proportional Limit, 1000 psi /7063| ?200| pgo| §2.5| 1000 924
Yield Strength, 1000 psi 1185| 1090 950 228 sr00| /7048

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 1435 1360| r280| r382| r3do| /3312

Shearing Strain, in/in 0.90| 23| r09| 0.6/ 0.63| 0827
Energy Absorbed, in-1b 2,660 3980 3.130| £.780] / 960

FOURTH SPEED Specimen No. 2-4f 2-/od 2-t/p 2-122 Average
Proportional Limit, 1000 psi /1t8 0| 1068 965| 1700 1078
Yield Strength, 1000 psi 1790 1110\ 1180 15,9

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 1377 r40.85) 137.0| r4so /397
Shearing Strain, in/in 036 037 052| 044 QY3
Energy Absorbed, in-lb 4,220| ;240 / $90) 1 3%0 4,350
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Table 9. Torsion Properties of SAE 4340 Steel at %00°F

(Not Aged)

FIRST SPEED Specimen No, 2-42 2-98 2-y/ Average
Proportional Limit, 1000 psi U 622 642 £82
Yield Strength, 1000 psi g&7| 07| £1.9 6.1
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 7388\ r40 &y 1470 /Y20
Shearing Strain, in/in 0.96| 0.97% 2% 0.9¥
Energy Absorbed, in-lb 3040| 3030 2,790 2,950

SECOND SPEED Specimen No. 2-34 2-/42 2-17 Average
Proportional Limit, 1000 psi | go&| pav| 791 £0.6
Yield Strength, 1000 psi 200 | 94o | 914 2/ 8
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 pesi |[/3/4| 723.7| 7322 1328
Shearing Strain, in/in 288 oP7| 077 283
Energy Absorbed, in-1lb 2.500| 2,480 2270 2, 4s0

THIRD SPEED ' Specimen No. 2-3§ 2.g¢ 2-/29 Average
Proportional Limit, 1000 psi 7781 6.3 74S - 738
Yield Strength, 1000 psi 92.51 psgl 913 299
Yield Point (Upper), 1000 psi
Yield Point {Lower), 1000 psi
Modulus of Rupture, 1000 psi 722.8° 722.8| 128/ 7238
Shearing Strain, in/in 298| 113 109 £.07
Energy Absorbed, in-1b 2,750| 3,180| 3040, 2 990

FOURTH SPEED Specimen No. 2-£6 2-4s 2-/¥ Average
Proportional Limit, 1000 psi 9¢0| 32| 960 2,4
Yield Strength, 1000 psi 99.9| ¢26| 22.7 290
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 180\ 164\ 90 /7 8/
Shearing Strain, in/in as2| o.4f| pu® 2,49
Energy Absorbed, in-1lb 4340 1280 7, 230] /. 290
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Table 10. Torslon Properties of SAE 4340 Steel at 400°F

(Aged)

FIRST SPEED Specimen No. 2-$% 2-$7 2-67 2-4f Average
Proportional Limit, 1000 psi P80 708 85| 702 46.6
Yield Strength, 1000 psi Pub| 73| 424 792 78 ¢
Yield Point (Upper), 1000 psi
Yield Point {Lower), 1000 psi
Modulus of Rupture, 1000 psi 1181\ 1830\ tfad) r4g0 139/
Shearing Strain, in/in 0.52) 02.70| o495 088 0.83
Energy Absorbed, in-1b | 2,730} 2,290 2904] 2 494 2, ¥30

SECOND SPEED Specimen No. 2-28 2-4% 12-74 Average
Proportional Limit, 1000 psi 260 | 790) 77/ 767
Yield Strength, 1000 psi £eL| 704 #97 P79
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi e 21 7323 72847 1240
Shearing Strain, in/in o586 08%| 0.7¢ 2.8/
Energy Absorbed, in-lb 2,480 24P0 2110 2,360

THIRD SPEED Specimen No. 2-¢/ 2-f¢ 2-47 Average
Proportional Limit, 1000 psi 702 999 72./ 727
Yield Strength, 1000 psi P£2) 93,1 pb ¥ £r.2
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 783 1262 122/ /222
Shearing Strain, in/in 03| 070| 0.99 0.9/
Energy Absorbed, in-1b 2,840| 2000| 2,724 2,820

FOURTH SPEED Specimen No. 2-4%¢ 2-98 2-/3§ Average
Proportional Limit, 1000 psi (008 rol2| roét /02,6
Yield Strength, 1000 psi 10074 ro1 4| 1067 1029
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi _
Modulus of Rupture, 1000 psi r202) 11 80) 1249 /207
Shearing Strain, in/in 087 | 087| 057 9.58
Energy Absorbed, in-1lb (830} L4fo| L3 /, 550
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Table 11. Torsion Properties of SAE 4340 Steel at 700°P

(Not Aged)

FIRST SPEED Specimen No. 2-39 2-m#§ 3-129% Average
Proportional Limit, 1000 psi $90) s70| s$02 $U7
Yield Strength, 1000 psi 962| 990| 74 589
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi el V| 1100| 1136 axa
Shearing Strain, in/in /491 83| 173 /.68
Energy Absorbed, in-1b 3990| UpsA 4360 4 Yoo

SECOND SPEED Specimen No. 2-43 2-i4é 2-/30 Average
Proportional Limit, 1000 psi $7UY 708 847 649
Yield Strength, 1000 psi Fi8l gof| ezl yzo
Yield Point (Upper), 1000 psi
vield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi r1 820 w8 Y| 1183 1746
Shearing Strain, in/in £23 Jul) 1Y9 /.38
Energy Absorbed, in-1b 33801 38/0| {obo 3,950

THIRD SPEED Specimen No. z-4&4/. 2-4032 2-/17 Average
Proportional Limit, 1000 psi 7451 661 ¢/ 8.6
Yield Strength, 1000 psi £e8! g0l 23.¢ L/44
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi r26.0| 11822| 1175 /20,
Shearing Strain, in/in 0.82( 08§ 077 482
Energy Absorbed, in-1b 2090\ 2,190 4 929 2,070

POURTH SPEED Specimen No. 2-/02 2-//§ 2-/32 Average
Proportional Limit, 1000 psi $20| 875| pss £57
Yield Strength, 1000 psi 28.5| 98¢5 913 72,9
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psl. | ¥ o} 1203| 1797 /180
Shearing Strain, in/in o728 0492| aés| 072
Energy Absorbed, in-1b L780) L7780 L€20 /[, 720
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Table 12. Torsion Properties of SAR ¥3%0 at

700°F (Aged)

FIRST SPEED Specimen No., 2-f3 2-472 2-49 Average
Proportional Limit, 1000 psi 526 723} 4/0 653
Yield Strength, 1000 psi 9/ 8| #8Y4| 70 76.3
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi s0850) sbo| &/ /2.0
Shearing Strain, in/in 37| 73¢| /30 /.3
Energy Absorbed, in-1b 23¢o| 7850 3320 3 oo

SECOND SPEED Specimen No. 2-22 2-f¢ 2-22 Average
Proportional Limit, 1000 psi 654| 625 6/3 63/
Yleld Strength, 1000 psi eS| g2 785 785
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 140 117€L 1170 /762
Shearing Strain, in/in L3 r1E| 124 /25
Energy Absorbed, in-1b 36850\ 3.180| 3440 3 Yz0

THIRD SPEED Specimen No., 2-37 2-4/ 2-P3 Average
Proportional Limit, 1000 psi 240l 5491 65/ 50
Yield Strength, 1000 psi £80| p3.61 790 £25
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 1176 L] 1152 /177
Shearing Strain, in/in 2.8/ 0.70| o po 2,97
Energy Absorbed, in-1b 2,140| 1 850| 1 240 /,?f‘c?

FOQURTH SPEED Specimen No, 2-€2 2-42 2-g2 Average
Proportiocnal Limit, 1000 psi 9801 9/ 2 2847 G/l é
Yield Strength, 1000 psi (oo00| 94| PLY¢ 92.9
Yield Point (Upper), 1000 psi '

Yield Point (Lower), 1000 psi

Medulus of Rupture, 1000 psi 038 1179 rds 78y
Shearing Strain, in/in 097/ 08¢| 070 268
Energy Absorbed, in-1b 4§00\ 1 620| 1,720 L7/0
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Table 13. Torsion Properties of SAE 4340 Steel at 1000°F
{Not Aged) :
FIRST SPEED Specimen No. 2-39 2-4¥ 2-#% 2-/05 2-/37 Average

Proportional Limit, 1000 psi 3/.4 348 35/ 328| 3YF

“Yield Strength, 1000 psi ¥3.% Ye7 yu s y49/ $é o

Yield Point {Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 548 $6./ A4

Shearing Strain, in/in 49| 368} dyo 3.9¢4] ¥at

Energy Absorbed, in-1b Y980 Y460\ Urip| HUbo
SECOND SPEED Specimen No. 2-3¢ 2-§7 2-/04 Average

Proportional Limit, 1000 psi | 48| soé| 44/ 492

Yield Strength, 1000 psi 6.5\ 62.0| o6 £1Y

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 7203 7281 940 9/.6

Shearing Strain, in/in 2.67| 2.6¢} 297 277

Energy Absorbed, in-1b 3,920\ 3920| ¢/90 3,9¢0
THIRD SPEED Specimen No. 2-37 2-/67 2-/3%8 Average

Proportional Limit, 1000 psi $6.9| 866 $2¢6 5§70

Yield Strength, 1000 psi 695 2.4 675 74,2

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi ps./| £8.9) 66 P69

Shearing Strain, in/in 130 r0&| 179 [ /¥

Energy Absorbed, in-1b L7901 1 boo| 1, £§0 /690
FOUR'I;H SPEED Specimen No., 2-/0F 2-/20 2-13¢ Average

Proportional Limit, 1000 psi 72| 788 178 748

Yield Strength, 1000 psi 7/9| £38| 24¥ 799

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi .

Modulus of Rupture, 1000 psi 9235 | 995 r02¥ 985

Shearing Straln, in/in s 01 728| 279 Lt9

Energy Absorbed, 1in-1b /6800 1,970| L8/O /, 820
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Table 1k. Torsion Properties of SAE 4340 Steel at 1000°F (Aged)
FIRST SPEED Speclmen No. 2-/ 2-9 2-/9 Average
Proportional Limit, 1000 psi 370 300] 388 382
Yield Strength, 1000 psi Ypo| 438 41% YUY

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi $7s| 8§32 $48 $6./

Shearing Strain, in/in 5./8| 500 #9F ¥99

Energy Absorbed, in-lb $280| 4750 Yy §L/0
SECOND SPEED Specimen No. 2-2  2-/0 2-20 Average

Proportional Limit, 1000 pai | #6.6| $p0| #¢/ ¥6.9

Yield Strength, 1000 psi 611 £9/) $£97 57.7

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 690 673 644 687

Shearing Strain, in/in 3.29| 2.3/| 30 32/

Energy Absorbed, in-1b Us/o) Y550l Y199 Y420
THIRD SPEED Specimen No. 2-3 2-// 2-2/ Average

Proportional Limit, 1000 psi 60.8 £92| $9/ $97

Yield Strength, 1000 psi 690 67/ 662 £7.¢

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi US| 795 786 £/ 2

Shearing Strain, in/in /18 r26| s1d /18

Energy Absorbed, in-1b L 690) 1,740] 4570 4, 67°¢
FOURTH SPEED Specimen No, 2-4 2-/2 3-22 Average

Proportional Limit, 1000 psi §0.5| 798| 0.4 £0.2

Yield Strength, 1000 psi g/.2| 808 8/./ y/0

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi -

Modulus of Rupture, 1000 psi 2681 28.0| 479 775

Shearing Strain, in/in 189 r28| 12 /34

Energy Absorbed, in-1b 2,/70) 1 950| 4 Poo 1L 770
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Table 15. Torsien Properties of SAE 4330 Steel at 1200%F (Not Aged)

FIRST SPEED Specimen No. 2-95 2-6% 2-19] Average
Proportional Limit, 1000 psi 2.6 | 35 | 3¢ 3.3
Yield Strength, 1000 psi 47 |\ 6.7 | 7.7 6.3

Yield Point (Upper), 1000 psi
Yield Point (Lower), 10C0 psi

Modulus of Rupbture, 1000 psi 2.0 | 12.4 | 1%.0 12.5
Shearing Strain, in/in 568 | 7.80] B.25 731
Energy Absorbed, in-l1b 12301 2020] A0 Ig/0
SECOND SPEED Specimen No. 2-4 2-72 ,»-1/9 Average
Proportional Limit, 1000 psi | 24 4| 2/ 8| 20,7 22,4
Yield Strength, 1000 psi 76| 20/ 230 2%/

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi ?3.7| 300 2792 30 d
Shearing Strain, in/in g/0l 287 6/¢ p o3
Energy Absorbed, in-1b Y97 $280) 2920 H 370
THIRD SPEED Specimen No. 2-47 2-73 2-12% Average
Proportional Limit, 1000 psi 4| 32681 2.3 3Y3
Yield Strength, 1000 psi £2,9| 42/l ot i§r &

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi H9.3| 492 477 Y58
Shearing Strain, in/in 3.97) 2371 348 kN {4
Energy Absorbed, in-1b 3,030| 2,60 2,669 2,7/0
FOURTH SPEED Specimen No. 2-#6 2-9¢ 2-94 Average
Proportional Limit, 1000 psi 663| s96| 755| 46.8
Yield Strength, 1000 psi 73| s¥o| 186 70.0

Yield Point (Upper), 1000 psi -
¥Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 7/ 0| 20| P74 76,8
Shearing Strain, in/in £330 28/ 270 2.99
Energy Absorbed, in-lb L200| 2,660 2 924 3230
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Table 16. Torsion Properties of BAE 4340 Steel at 1200°P (Aged)

FIRST SPEED Specimen No,  2-idF 2-143 2-147 Average
Proportional Limit, 1000 psi L6 /.3 109 1.3
Yield Strength, 1000 psi 37 4.3 | 4.2 $¢7
Yield Polnt (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi /751 128 | 9.4 .z
Shearing Strain, in/in 57/ 799 | 948 T2
Energy Absorbed, in-1b 2,200 12%0 | 1,900 730

SECOND SPEED Specimen No. 2-/38 2.4 2-14§ Average
Proportional Limit, 1000 psi 23.6| 206&| 22,0 22,/
Yleld Strength, 1000 psi 288 | 22| 243 26/
Yleld Point (Upper), 1000 psi '

Yield Point (Lower), 1000 psi .

Modulus of Rupture, 1000 psi 28.9| 267 299 28.2
Shearing Strain, in/in 10.F0| 5281 1187 /0 &&
Energy Absorbed, in-1b S Uso| LYoo & 729 £/ 90

THIRD SPEED Specimen No. 2-/39 .M 2:74/ Average
Proportional Limit, 1000 psi 22| 1971 240 23.3
Yield Strength, 1000 psi 29¢| 2¢66] 300 283
Yleld Point (Upper), 1000 psi
Yield Point {(Lower), 1000 psi
Modulus of Rupture, 1000 psi 3501 300| 377 342
Shearing Strain, in/in dyf| soz| Y§U 78
Energy Absorbed, in-1b 2,880\ 2,7/0| 3,29 2930

FOURTH SPEED Specimen No. 2-1§0 2-M46 2-/¢2 Average
Proportional Limit, 1000 psi #2382 Y2,/
Yield Strength, 1000 psi - 43]| 45| 400 §3.2
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 4g.4| 532 | yg# s0.¢
Shearing Strain, in/in 3.92| of2¢| oo Yoé
Energy Absorbed, in-lb 3,350 Y%030| 34sp 36/0
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Table 17. Torsion Properties of 243-T Aluminum Alloy at Room

Temperature
FIRST SPEED Specimen No. 3-2 3-3¢ 3-8 Average
Proportional Limit, 1000 psi U7 240 =226 23§
Yield Strength, 1000 psl B 248 302 278 29 2

vield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi £9.71 8§78 £92 $98
Shearing Strain, in/in 0.8/ as2| 057 283
Energy Absorbed, in-lb L6o| bhoi 730 : 6850
SECOND SPEED Specimen No. 3/ 3-3/ 3-65 . Average
Proportional Limit, 1000 psi /94 2351 /83 20,/
Yield Strength, 1000 psi 299| 260| 2.5 284

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi | g $7.¢4| 559 £72
Shearing Strain, in/in ass| asg| os/ a5
Energy Absorbed, in-1b 6901 7/6| s20 640
THIRD SPEED Specimen No. 3-3 J3-i& 3-67 Average
Proportional Limit, 1000 psi 2/9% r9.0] 239 2/.6
Yield Strength, 1000 psi 30.6| 299| 307 204

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi S48 8727 ¢42 $6.6
Shearing Strain, in/in 2.52| 08¢ as2 283
Energy Absorbed, in-1b 650| bbo| 620 640
FPOURTH SPEED Specimen No. 3-52 3-8 3-9% Average
Proportional Limit, 1000 psi 3g¢| 377 323/ 38.2
Yield Strength, 1000 psi 388} 3PY| 5 374

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 751 $67| $64 549
Shearing Strain, in/in 2521 082 o280 a5/
Energy Absorbed, in-lb /0| 4301 boo 6/0
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Table 18. Torsion Properties of 28S-T Aluminum Alley at 200°F

(Not Aged)

FIRST SPEED Specimen No. 3-#3 3-//§ 3-144 Average
Proportional Limit, 1000 psi 266| 260} 258 270
Yield Strength, 1000 psi 3¢8| 325} 3¢47 J¥0
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 647 $97| 6¥2 ¥
Shearing Strain, in/in 0§79 293| c82 025
Energy Absorbed, in-lb 4240 12¢40| / 0f0 L1930

SECOND SPEED Specimen No. 3-77 32-/120 3-1¥4% Average
Proportional Limit, 1000 psi 240| 268 270 AS?
Yield Strength, 1000 psi 33.4| 322 328 227
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi | $7.§| $77| 589 $8./
Shearing Strain, in/in 0.87| 0.5¢ 08/ 254
Energy Absorbed, in-1b 72/0| 460 630 670

THIRD SPEED Specimen No. 3-37 2-47 3-/2/ Average
Proportional Limit, 1000 psi 2941 280 22/ 25%
Yield Strength, 1000 psi 32.7{ 332| 3/6 325
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi $38) £8.2f s¢ Y $US
Shearing Strain, in/in AN LAWY 450
Energy Absorbed, in-1b 00| ool ¢50 £8P0

FOURTH SPEED Specimen No. 3-//2 3-y& 3-/a1 Average
Proportional Limit, 1000 psi 36.3{ 26 ¢/ 32,2 3/.3
Yield Strength, 1000 psi 3923] 29.7| 37¢ 3851
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi /.2 pd2] boo 6/ 8
Shearing Strain, in/in o485 o0.4s| o047 246
Energy Absorbed, in-1b boo| &£30| oo 6£/0
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Table 19. Torslon Properties of 245-T Alwminum Alloy at 200°F (Aged)

FIRST SPEED Specimen No. 3-/9 2-2/ 3-/32 Average
Proportional Limit, 1000 psi 28,9 2,.7| 23.6 237
Yield Strength, 1000 psi 3$7| 292 283 31/

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi £3.8| $7.8| 429 61 8
Shearing Strain, in/in r.07| s00| age| /.00
Energy Absorbed, in-1b 4730 £,320) /030 : /360
SECOND SPEED Specimen No. 7-$¥ 37-§¢ 3-§4 Average
Proportional Limit, 1000 psi 2421 232| 263 246
Yield Strength, 1000 psi | 326] 729 22,3

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi $YU| $FE]| 8§95 $£82
Shearing Strain, in/in 0621 0621 03 062
Energy Absorbed, in-1b £80) 780| f20 §30
THIRD SPEED Specimen No. 3-¢$3 J-pf 2-/77 Average
Proportional Limit, 1000 psi 300( 288| 220 24,9
Yleld Strength, 1000 psi 322t 42| 302 32¢

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi $69| $64| $56 $43
Shearing Strain, in/in 049 o0¢/| 050 250
Energy Absorbed, in-1b $901 470 $90 600
FOURTH SPEED Specimen No. 3-2¢ 346 2-9f Average
Proportional Limit, 1000 psi 2%.0{ 278| 389 36
Yield Strength, 1000 psi | 363] ¢o?| ws 394

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 678 62.2| 628 623
Shearing Strain, in/in 040 o442 049 247
Energy Absorbed, in-1b 630l 60| 4yo 610
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Table 20. Torsisn Preperties of 245-T Alumimum Alley at 400°F

(Not Aged)

FIRST SPEED Specimen No. 3-/pf 3-/23 3-1¢3 Average
Proportional Limit, 1000 psi 24 ¢ 204 29¢ 269
Yield Strength, 1000 psi 388 308! 347 33.4
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi :

Modulus of Rupture, 1000 psi Y45 372 ¢32 Ul 6
Shearing Strain, in/in 248 04| 0.4 a47|
Energy Absorbed, in-lb Y20 30| “é0 Y20

SECOND SPEED Specimen No. 3-//f& 3-12¢ 3-/¢p Average
Proportional Limit, 1000 psi 2/,0) 20.81 28/ 234
Yield Strength, 1000 psi 300| 292| 3¢9 3.4
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi Yp3| seo| wé9 734’4
Shearing Strain, in/in 20.76| 0.76| 0.42 0.7/
Energy Absorbed, in-1b £20| 8850 670 250

THIRD SPEED Specimen No. 3-4& 3-/09 3-/3f Average
Proportional Limit, 1000 psi 308 230| 292 3.0
Yield Strength, 1000 psi 268 | 32¢]| 309 25¥
Yield Point {Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi Y62 42| &5 Y3
Shearing Strain, in/in 0,62) 0.50| Dé6ol 2.57
Energy Absorbed, in-1b $sol ¥90| 620 Y%

FOURTH SPEED Specimen No. -3-72 3-feb 3-t/0 Average
Proportional Limit, 1000 psi 24.7| 229| 29¢ 27.7
Yield Strength, 1000 psi 32./| #/2| 32.7 353
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psai $9.3| 44%| yf.2 £4y3
Shearing Strain, in/in 038 022| oo 233
Energy Absorbed, in-1b ¥30] 2¢0| %70 320

WADC TR 53-10 107



Table 21. ‘Torsion Properties of 24S-T Aluminum Alloy at 300°F (Aged)

FIRST SPEED Specimen No. 3-2§ 3-§3 37-/3¢ Average
Proportional Limit, 1000 psi 2/ 00 240| 19% 2/ 6
Yield Strength, 1000 psi 2¢6| 282 22,6 245

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 20¢| 289 260 278
Shearing Strain, in/in 08¢l 0.€2] 079 06/
Energy Absorbed, in-lb 3/0) 370 390 3§0
SECOND SPEED Specimen No. 3-%0 32-136 3-(f6 Average
Proportional Limit, 1000 psi 260 22.§| 144 /0
Yield Strength, 1000 psi 322 2¥¢| 2/8 270

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 383 232¢| 287 7345
Shearing Strain, in/in 083 rof| 138 (08
Energy Absorbed, in-1b 700} 7%0| g§9 770
THIRD SPEED Specimen No. 32-§7 3-§9 3-/37 Average
Proportional Limit, 1000 psi 298| 2¢2| 767 247
Yield Strength, 1000 psi 328| 368| 239 30.9

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 38.9| ¥3.7] 340 3799
Shearing Strain, in/in 0.97| 0.9/t 10¥ og¢
Energy Absorbed, in-1b s¥0| s601 9280 450
FOURTH SPEED Specimen No, 3-28 2-60 3-92 Average
Proportional Limit, 1000 psi 3411 292| 32/ 3./
Yield Strength, 1000 psi 323 | 32./| 366 357

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 43/ 479 wés Y74/
Shearing Strain, in/in 0.29| 032] 227 0.29
Energy Absorbed, in-1b 300 3¢o| 274 300
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Table 22. Torsion Properties of 24S-T Alumimum Alloy at 600°F

(Not Aged)

FIRST SPEED Specimen No. 3-#6 3-/27 3-4¢/ Average
Proportional Limit, 1000 psi £9| 63| 723 65
Yield Strength, 1000 psi 77 291 ro0.8 £.7
Yield Point (Upper), 1000 psi '

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi £3 5y 123 7%
Shearing Strain, in/in 42| L83 167 A
Energy Absorbed, in-lb /@0l 2fo] 290 280

SECOND SPEED Specimen No. 2-4/ J-p7  3-128 Average
Proportional Limit, 1000 psi 02| r2(]| roé r77.0|
Yield Strength, 1000 psi 129 731 r¢/ /33
Yield Point (Upper), 1000 psi :

Yield Point (Lowen), 1000 psi

Modulus of Rupture, 1000 psi U9 res| 42 782
Shearing Strain, in/in L2 185 147 V2’41
Energy Absorbed, in-1b 420\ Lrol ¢bo Y30

THIRD SPEED Specimen No. 3-/2 J3-f87 3-r2f 3-/43 . Average
Proportional Limit, 1000 psi 6%\ 192 82| 142 /63
Yield Strength, 1000 psi /77| 80| r80| 170 /797
Yield Point (Upper), 1000 psi '
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 203| 22.9| 230 /97 204
Shearing Strain, in/in 1670 2.07] 1.76] 137 /72
Energy Absorbed, in-1lb 690 F4o| 7%50| $/0 200

FOURTH SPEED Specimen No. 3-20 3-/30 2-/8¥¢ Average
Proportional Limit, 1000 psi 27/ 784| ase 206
Yield Strength, 1000 psi 274 189 2.8 204]
Yield Point {(Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 287 24| 278 273
Shearing Strain, in/in 295 ss¥] 29¢ X4
Energy Absorbed, in-lb 290| é%o| «8o| 520
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Table 23. Torslon Propertles of 24S-T

Aluminum Alloy at 600°F (Aged)

FIRST SPEED Specimen No. 3-ffe 3-142  3-147 Average
Proportional Limit, 1000 psi 261 33| 16 2.5
Yield Strength, 1000 psl $q| £3| 29 /874
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psl
Modulus of Rupture, 1000 psi 5 6.2 33 £0
Shearing Strain, in/in 2,86 213 433 3.7/
Energy Absorbed, in-1b 330 270( 290 300

SECOND SPEED Specimen No. 2-/8 2-9¢ 2-/£% Average
Proportional Limit, 1000 psi yrl\ /1 £9 R 7
Yield Strength, 1000 psl 6. 571 £% 4.3
Yield Point (Upper), 1000 psi
vield Point (Lower), 1000 psi _

Modulus of Rupture, 1000 psi 271 781 76 7.9
Shearing Strain, in/in £51) 628 734 670
Energy Absorbed, in-1b Lo30| Q90| ftero Lor0

THIRD SPEED Specimen No. 3-/#/7 3-13F 2-/59 Average
Proportional Limit, 1000 psi 781 29 s 76
Yield Strength, 1000 psi 70 90| %4 59
Yield Point {Upper), 1000 psi
Yield Point {Lower), 1000 psi
Modulus of Rupture, 1000 psi 3.0 738 (28 /3.0
Shearing Strain, in/in 673 720 /10 P 3/
Energy Absorbed, in-lb 20| 1, 750] 2 $50 /, 50

FOURTH SPEED Specimen No., 72 -4 3-fe0 Average
Proportional Limit, 1000 psi 0| 108 90 £.9
Yield Strength, 1000 psi g6 122 107 (05
Yield Point (Upper), 1000 psi
vield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psil 144l 194 (Fé /75
Shearing Strain, in/in 2320 | 23/| 228 230
Energy Absorbed, in-lb 2/01 94s] Qoo VE14
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Table 24 . Torsiem Properties of 75S-T7 Alumimem Alloy at Reem

Tempeara ture
FIRST SPEED Specimen No. “-1 U-3 U4-9¢ U-BO U103 Average
Proportional Limit, 1000 psi IS8 403|296 | 337 350 3¢9
Yield Strength, 1000 psi 467 #4927 ¢r.81] ¢3.0| ¢5.2 ine

Yield Polnt (Upper), 1000 psi
Yield Polnt (Lower), 1000 psi
Modulus of Rupture, 1000 psi 642 6785| 637 64s| 7= 468.3

Shearing Strain, in/in 248| 039 06L& 050) ous| 045
Energy Absorbed, in-lb §70| S6o{ 670 740l 730 670
SECOND SPEED Specimen No. LU-/t+ U-17 4-19 Average
Proportional Limit, 1000 psi 294 27¢| 33¢ 36.7
Yield Strength, 1000 psi | wsél 92] yué 46,5

Yield Point (Upper), 1000 psi
Yleld Point (Lower), 1000 psi .
Modulus of Rupture, 1000 psi 63.5| 68 9] 633 652

Shearing Strain, in/in 0.3/} 03¢ 039 03¢

Energy Absorbed, in-1b 4bo| $£30f $4o §$/0
THIRD SPEED Specimen No. &-23 (-3/ -39 Average

Proportional Limit, 1000 psi 338 | 475| 430 §l Y

Yield Strength, 1000 psi G4 S| $851) £10 $02
Yield Point (Upper), 1000 psi :
Yield Point {Lower), 1000 psi.

Modulus of Rupture, 1000 psi s50| 2yr| 920 7204
Shearing Strain, in/in 0.3/ 039| 030 0,29
Energy Absorbed, in-1b Uso| wusoy %o “éo
FOURTH SPEED Specimen No. #-6 4-3¢ 4-46 4-60 4-97 Average
Proportional Limit, 1000 psi $0.9| s28| ws0| 479¢) s00| 498
Yield Strength, 1000 psi $5.6] s98| sev| s¢6] s59| 46

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Meodulus of Rupture, 1000 psi 72.3| 7/0 7/0}f 22¢| 706 2/ 5
Shearing Strain, in/in 030 027 230 0.2¢| 0. 30] 029
Energy Absorbed, in-1b 40| #20| ¢So| 430} ¢700 Uéo
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Table 25. Torsion Propertigs of 75S-T Aluminum Alloy
at 200°F (Not Aged)

FIRST SPEED Specimen No. Y10 U-48 u-78 Average
Proportional Limit, 1000 psi 34,7 762{ 330 383
Yield Strength, 1000 psi us.bl ¢2.7| 37.9 a2

Yield Point {(Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 403\ $é4| $0.7 $68
Shearing Strain, in/in 267 048| 0.7¢ 869
Energy Absorbed, in-1b ro030] 270| &80 920
SECOND SPEED Specimen No. 4-12  4-3/ 4-98 Average
Proportional Limit, 1000 psi | 3% 2| 4«49 32./ 354
Yield Strength, 1000 psi us7| 3.9 19 iy

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi buil 4.9 £5¢ 6¥.9
Shearing Strain, in/in o 50| 080| 057 0§52
Energy Absorbed, in-1b 720, 750} PsO 770
THIRD SPEED Specimen No. 4-/é6 y-68 4-77 Average
Proportional Limit, 1000 psi ¥3.3 | qeol 37¢ ur 9
Yield Strength, 1000 psi Q0| seéb| ¢p.o 92

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 5% LT | 65.F 653
Shearing Strain, in/in 03¥| 037 0.3% 0.35
Energy Absorbed, in-1b Soo| £50| $o0 520
FOURTH SPEED Specimen No. 4-26 Uy-b6 y-7% Average
Proportional Limit, 1000 psi $2.3| u6.8% 449 ¥§0
Yield Strength, 1000 psi sso| #un| ¢v0 $¢9

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 708 7/.8| 74/ sl
Shearing Strain, in/in 0.28 ] 0.26| 027 0.279
Energy Absorbed, in-1b HY0| Y30 30 £30
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Table 26, Torsioen Properties of 75S8-T Alwminmum Alley
at 200°F (Aged)

FIRST SPEED Specimen No. Y-Y y4-3F Y-4¥ Average
Proportional Limit, 1000 psi | 384| w3.z| 442 #2.6
Yield Strength, 1000 psi 4411 495) #/.2 &49.

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 6/.9] 604| 46§ 63.0
Shearing Strain, in/in 0.671 0.72| 093 0.7/
Energy Absorbed, in-1b noso| rooel 1 s00| 4,050
SECOND SPEED Specimen No, #-2 ¢-22 (.62 Average
Proportional Limit, 1000 psi 37.21 372} 3579 372.¢
Yield Strength, 1000 psi 496l ¥7.8| ys.9 ¢g./

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 63| 630} £¢9 b
Shearing Strain, in/in 0.53) 245| o.yé 0.8
Energy Absorbed, in-1b £30| 40| 670 7/0
THIRD SPEED Specimen No. 4-/6 §-45 -4/ Average
Proportional Limit, 1000 psi 39./ w9t Yoo &o.0
Yield Strength, 1000 psi ug /| 482 4.8 483

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi s5.0| 654} 460 8.5
Shearing Strain, in/in 0.3¢| 035 033 0.3%
Energy Absorbed, in-1b 470 $/o0) s$éo 570
FOURTH SPEED Specimen No. ¢-/8 (-32 u-34 Average
Proportional Limit, 1000 psi U700 49%| 40.% 459
Yield Strength, 1000 psi $98| s6.4| $0.2 $5.51

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 700 | 7ot| 462 | 688
Shearing Strain, in/in o.2d| p.as| ca4 2.2¢
Energy Absorbed, in-1b 270| 3921 330 360
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Table. 27 . Tersiem Propertigs of 753-T Alumimmm Alley
at 300°F (NWot Aged)

FIRST SPEED Specimen No., 4#-35 y4-697 4-79 Average
Proportional Limit, 1000 psi 10.6| 224} se.¢ 78
Yield Strength, 1000 psi 22.3| 2¢66| 24¢ { 2%/

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 268 280 27¢ 27¢
Shearing Strain, in/in LI&l 123]| 38 /.28
Energy Absorbed, in-1ib s/0| séo| £90| $90
SECOND SPEED Specimen No. f-30 -$2 U-/o2 Average
Proportional Limit, 1000 psi /8.1 290 29.¢ 255
Yield Strength, 1000 psi 303{ 32.7| 33% 72.3

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulug of Rupture, 1000 psi 33’.7 378 3%.3 372
Shearing Strain, in/in 088 1085 095 296
Energy Absorbed, in-1b qo00| §70| 780 770
THIRD SPEED Specimen No. -7 -9 w¢-§¢ Average
Proportional Limit, 1000 psi 30.5| 30.0| 270 295
Yield Strength, 1000 psi 33.8| 334 32.6 333

¥Yield Point (Upper), 1000 psi
Yield Point (Lower),; 1000 psi

Modulus of Rupture, 1000 psi 3P3| 32| 344 380
Shearing Strain, in/in 0.97f 0.83| 0.87 0.99
Energy Absorbed, in-1b gbo| 70| 200 790
FOURTH SPEED Specimen No. 4-49 #-70 Y-5& Average
Proportional Limit, 1000 psi 30| 350| 383] 3¢ 6
Yield Strength, 1000 psi oo ¢b8| 42.4 $3.0

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi s\ 63| so./ £0.7
Shearing Strain, in/in 2.3%| 0.3/) 0.3/ 032
Fnergy Absorbed, in-1b y20| ool 350 390
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Table 28. Tersiem Preperties_ef

7587 Alumimm Alley

at 400"F (Aged)

FIRST SPEED Specimen No.  ¥-7 Y-49 y-9 Average
Proportional Limit, 1000 psi | ,3.4| «$| 44 £.2
Yield Strength, 1000 psi 16,2 40| 733 /7.8
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi /70| 170 rs0 /6.3
Shearing Strain, in/in 2,6¥| 380 2.93 302
Energy Absorbed, in-lb g70| 790 #PFo 970

SECOND SPEED Specimen No. 4-29 U-§9 -7 Average
Proportional Limit, 1000 psi (46 12,0 147 /38
Yield Strength, 1000 psi 1685 156 /6. F 763
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi /9.3 190 120 rgU
Shearing Strain, in/in 57¥ 429 #87 517
Energy Absorbed, in-1b 2,290 3,05'4 2,030 2,12

THIRD SPEED Specimen No. -9 U-57 -9/ Average
Proportional Limit, 1000 pai .91 4ol 29 7,9
Yield Strength, 1000 psi Yl 88 s4.7 /58
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi as7.7| 22.¢| 22.p 22.4
Shearing Strain, in/in $87| ¢.F9 ¥32 %69
Energy Absorbed, in-1b 2160| 2/00| 2040 2,/00

FOURTH SPEED , Specimen No. u-§f HY-90 u-1¥ Average
Proportional Limit, 1000 psi 2r.2| 190 1p.¥ /9.8
Yield Strength, 1000 psi 2281 27.9| 2. 220
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 3451 29| 326 323
Shearing Strain, in/in 0.58 0P3 o FF 256
Energy Absorbed, in-1b $90| 50| $¢0 4o
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Table 29. Porsion Propertles of 75S-T Aluminum Alley at 600°F

(Not Aged)

FIRST SPEED Specimen No. Y-20 U-4Y1 -9/ Average
Proportional Limit, 1000 psi 2,0 22 /9 2,0
Yield Strength, 1000 psi b2| 35| 39 2
Yield Point (Upper), 1000 psi :

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 781 6ol $£7 6,/
Shearing Strain, in/in 2,611 263 2,77 2.67
Energy Absorbed, In-1b 372 280] 2%0 3/0

SECOND SPEED Specimen No. ¢-27 u-95 4-1o/ Average
Proportional Limit, 1000 psi Yol 3| 6.7 46
Yield Strength, 1000 psi $51 271 78 §-7
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi .

Modulus of Rupture, 1000 psi 571 8§ 726 2.7
Shearing Strain, in/in susl s1d) 630 $.63
Energy Absorbed, in-1b 2pol pLo| 940 940

THIRD SPEED Specimen No. ¥-43 ¢-73 4-F9 Average
Proportional Limit, 1000 psi QUy 4o} ro.0 45
Yield Strength, 1000 psi 10.2| 03] r0.7 70¥
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi it 24 1.8 |\ ¥
Shearing Strain, in/in 297| g.90) 7¢¥% 247
Energy Absorbed, in-1b L7101 2790 1 £50 1,950

FOURTH SPEED Specimen No. ¥-44 uy-72  Y-too Averige
Proportional Limit, 1000 psi gol 100 97 2.6
Yield Strength, 1000 psi /06 11.7| 107% YA
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 165 15¥ r89 /8.9
Shearing Strain, in/in 2,63 2.3/ 24z 2.¢57
Energy Absorbed, in-1b p30| 7270| 34 2/0
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Table 3Q Torsiea Prepertles of 753-T Aluminum Alley at 600°F

Aged)

FIRST SPEED Specimen No. #-/¥ uy-«$ ¢-99 Average
Proportional Limit, 1000 psi .71 271 ¢¢ /9
Yield Strength, 1000 psi 42| 391 27 3.6
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupbure, 1000 psi 49| 43| ¢3 ©s
Shearing Strain, in/in 2,66 244\ 2.69 2,60
Energy Absorbed, in-lb 290 230 240 - 250

SECOND SPEED Specimen No. #-§ 4-33 -4 Average
Proportional Limit, 1000 psi 271 ¢£3| ¢ &é
Yield Strength, 1000 psi 73 65| 49 6.9
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 731 &% &9 7.0
Shearing Strain, in/in 6856| $9FP| 6.76 4./7
Energy Absorbed, in-1b £fo| §30] réo réo

THIRD SPEED Specimen No. #-/$ Y-57 ¢-§3 Average
Proportional Limit, 1000 psi 7241 g4 29 7.8
Yfeld Strength, 1000 psi 25| go0| £¢ . g0
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 124 24 1.0 A
Shearing Strain, in/in 2t¥ $.W b.5%
Energy Absorbed, in-1b /,400| 1§00 /, 700

FOURTH SPEED Specimen No. U-28 y-s¥ y-p4 Average
Proportional Limit, 1000 psi £3| 2¢| 1.8 9./
Yield Strength, 1000 psi 2/1 27| 123 /0. G
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi _

Modulus of Rupture, 1000 psi 2| 158 147 788
Shearing Strain, in/in 2,571 238) 3222 ' 27/
Energy Absorbed, in-lb glo|l 770| 1.720 q00
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Table 31. Tersion Properties of FS-1 Magwesium at Reom

Temperature
FIRST SPEED Specimen No. &35 49 &x Average
Proportional Limit, 1000 psi 48| 421 3¢ ¥y |
Yield Strength, 1000 psi 28 gt 4¢ g/
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi ,
Modulus of Rupbture, 1000 psi 36.0| 340} 36 752
Shearing Strain, in/in 0.8/ o8/l 08¢ 0.52
Energy Absorbed, in-lb 320| 3/0| 330 320
SECOND SPEED Specimen No. §-2 3¢ $-64 $4 Average
Proportional Limit, 1000 psi £3 g6 49| 47 §$9
Yield Strength, 1000 psi ol 791 90| w¢ £é
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 pai 27| 2 F| 298 340
Shearing Strain, in/in 0.47| 0871 0 ¢7 050
Energy Absorbed, in-lb 290 290 270 280
THIRD SPEED Specimen No. /7 4$23 §£-37 Average
Proportional Limit, 1000 pai s/ 40| 78 6.3
Yield Strength, 1000 psi 9/ 04 18 /0.3
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 728 306! 330 32,/
Shearing Strain, in/in o42| 03/ 217 0.37
Energy Absorbed, 1in-1b 260 (90| 230 220
‘FOUR'I‘H SPEED  Specimen No. 4§28 &SP &8¢ 36 Average
Proportional Limit, 1000 psi /38| 58\ 4| 185¥ 4.0
Yield Strength, 1000 psi 163 1859|#.2| 165 /5.7
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi Yol 396] 3681 3467% 35 4
Shearing Strain, in/in 0.35| 436| 04/| 23F 0.3%
Energy Absorbed, in-1b 260 2B0| zs0| 280 269
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Table 32. Tersion Preperties of FS-1 Magenesium at 200°F

(Mot Aged)

FIRST SPEED Specimen No. 9/ $foe /02 Average
Proportional Limit, 1000 psi $#2|1 49| 3.6 Y #2
Yield Strength, 1000 psi 671 2/ £3 b Y
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 354 3229) 326 33.7
Shearing Strain, in/in 108 117 109 I
Energy Absorbed, in-1b ool 700} £/0 640

SECOND SPEED Specimen No., ¢~/ S~/ 29 Average
Proportional Limit, 1000 psi Yzl 29| 4¢é 74
Yield Strength, 1000 psi 6.2 221 2.8 7.6
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi U0 4L 282 3¢4
Shearing Strain, in/in 294 299 297 087
Energy Absorbed, in-1b ygo| soo| $po 520

THIRD SPEED Specimen No. - §£99. =17 Average
Proportional Limit, 1000 psi Uy 481 s/ 7%
Yield Strength, 1000 psi 291 73| 29 77
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 293( 29791 309 29.9

- Shearing Strain, in/in 0531 0.53| 0¢¢€ o 54
Energy Absorbed, in-lb 250 2%0| 3/0 290

FOURTH SPEED Specimen No. $°40 462 &N Average
Proportional Limlt, 1000 psi £31 66| &9 73
Yield Strength, 1000 psi 261 g7| 23 29
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi ,
Medulus of Rupture, 1000 psi 2¢.7 | 23%| 232 239
Shearing Strain, in/in p.uY| p Uyl o042 045
Energy Absorbed, in-1b 200 240 /70 : 200
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Table 33. Torsion Properties of FS-1 Magnesium at 200°F (Aged)

FTIRST SPEED  Specimen No., £-3 $49 §F83 Average

Proportional Limit, 1000 psi 24 ué| 26 33
Yield Strength, 1000 psl s 79| 24 7./

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 228 314] 326 322
Shearing Strain, in/in LU r#o| 134 /.39
Energy Absorbed, in-1b 920 f4o) 30 g70
SECOND SPEED Specimen No. 54§ &8 90 Average
Proportional Limit, 1000 psi do| 7| 24 . 3.9
Yield Strength, 1000 psi 24| 71| ¥6 64

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi zo.le] 334 330 323
Shearing Strain, in/in 2.72] 0.9¢%] 0.5¢ 083
Energy Absorbed, in-1b Y20| §$90| $¥o £20
THIRD SPEED Specimen No. $-49 S$-93 §£9¢ Average
Proportional Limit, 1000 psi 4ol ¥ 9 ' 5"4;’7
¥ield Strength, 1000 psi eYl gl 2¢ g/

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 72 7| 3¢¢]| 33.%] 33.9
Shearing Strain, in/in 063) 060 456 260
Energy Absorbed, in-1b 390| 380{ 250 390
FOURTH SPEED Specimen No. §-/2 $26 $-7¥ Average
Proportional Limit, 1000 psi | <2/ 9¥| &0 9.2
Yield Strength, 1000 psi ¥ r22| 413 ]

Yield Point {Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 25/ 278] 237 256
Shearing Strain, in/in g4t 0¥S| 048 445
Energy Absorbed, in-1b 220( 230 200 220
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Table 34. Torsien Properties of FS-1 Magnesium at 40CCF

(Net Aged)

FIRST SPEED Specimen No, &8/ -0 $=u§ Average
Proportional Limit, 1000 psi 1.7 73 /85
Yield Strength, 1000 psi 379 39 3%
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi £3 25 112 2.7
Shearing Strain, in/in 328| 306 257 2.97
Energy Absorbed, in-1b $70) sgo0| #é60 . 5/0

SECOND SPEED Specimen No. $-§2 {708 S$-§7 Average
Proportional Limit, 1000 psi 291 30| 3¢ 3./
Yield Strength, 1000 psi gyl ¥l £51. 9
Yield Point {Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 680 169 4% 16,/
Shearing Strain, in/in [6¥L 162 2./2 /82
Energy Absorbed, in-lb 5850 S70| 440 boo

THIRD SPEED Specimen No. 4$-& f/jof $-ul Average
Proportional Limit, 1000 psi (91 431 3.9 3y
Yield Strength, 1000 psi $2{ 49| 695 59
Yleld Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 226 22| 222 230
Shearing Strain, in/in /.88 13/ 127 (3%
Energy Absorbed, in-1b 680l 630 $so 620

FOURTH SPEED Specimen No. 4-/6 §-3( 4§70 Average
Proportional Limit, 1000 psi 661 S$2I 44 6.3
Yield Strength, 1000 psi g0\ 28| 72 76
Yield Point (Upper), 1000 psi
Yleld Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 223 278 224 ' 2.3
Shearing Strain, in/in Leo| 098 098 0.9§
Energy Absorbed, in-1b HSo | Ya0| w20 430
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Table 35. Torsion Properties of RS-1 Magnesium at 400°p (Aged)

FIRST SPEED Specimen No. -4 U7 4483 Average
Proportional Limit, 1000 psi .7 /.3 /5
Yield Strength, 1000 psi 34| 38 3.4

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi £21 ¢¢| 5% 7.8
Shearing Strain, in/in 3.40) 2681 2,69 2.9/
Energy Absorbed, in-lb ygol ¥70| &¥o b0
SECOND SPEED Specimen No. §:22  $-42 84/ Average
Proportional Limit, 1000 psi 3.7 28 322 32
Yield Strength, 1000 psi s¢l ol 53 56

Yield Point {Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi JUEl 164 17/ Y
Shearing Strain, in/in 203 169| 162 /78
Energy Absorbed, in-1b 70 £70| 670 472
THIRD SPEED Specimen No. 4=/ 47 $07 Average
Proportional Limit, 1000 psi 01 20 3.2 3.7
Yield Strength, 1000 psi 46 55| 2 {8

Yield Point {Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 240 280 226 23.9
Shearing Strain, in/in LY s ¢ol 137 LYo
Energy Absorbed, in-1b 60\ 830 6/0 630
FOURTH SPEED Specimen No, $-32 &4¢  4-§2 Average
Proportional Limit, 1000 psi sd1 2| 47 £7
Yield Strength, 1000 psi ‘ 93| 48y 27 79

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 22.8] 222 224 225
Shearing Strain, in/in jo¢l 0991 099 Lo
Energy Absorbed, in-1b Ubo| u4q #zo Lo
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Table 36. Torsiem Preperties of F3-1 Magnesium at §00°F

(Nt Aged)

FIRST SPEED Specimen No.  $-/3  §-/o/ ¢ /19 Average
Proportional Limit, 1000 psi 24| 0é| o7 06
Yleld Strength, 1000 psi YAEA S 1 /3
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 26 34] 24 2.9
Shearing Strain, in/in 2014 $ 8¢ 489 462
Energy Absorbed, in-lb 34p| 320 280 3/0

SECOND SPEED Specimen No. §28 4548 4§97 Average
Proportional Limit, 1000 psi 241 29| 29 2.7
Yield Strength, 1000 psi 3./ 34] 3./ 32
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 pei $3| so0l ¥ 54
Shearing Strain, in/in 380 3/8| @27 3.728
Energy Absorbed, in-lb 430 390| #30 Y20

THIRD SPEED Specimen No. (=87 /03 $u? Average
Proportional Limit, 1000 psi 3y 7| @ 37
Yield Strength, 1000 psi U7 st 49 &7
Ylield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 100 12 ¥} S /7.3
Shearing Strain, in/in £ 92| 1927 199 /90
Energy Absorbed, in-1b $#30) &S0 410 Y30

FOURTH SPEED Specimen No., $20 ¢ 46 Average
Proportional Limit, 1000 psi $2| &5 ¢4 55
Yield Strength, 1000 psi $HYL 63 $£7 6.0
Yield Point (Upper), 1000 psi :

Yield Point (Lower), 1000 psi /3

Modulus of Rupture, 1000 psi /36| rbo| r44 i
Shearing Strain, in/in L2727 187 1.70
Energy Absorbed, in-1b 490l ¢30] uto 490
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Table 37. Torsion Properties of FS-1 Magneslum at 600°F (Aged)

FIRST SPEED Specimen No.  $-2/ $23/ 4§42 Average
Proportional Limit, 1000 psi 051 o0é| 0¥ VX
Yield Strength, 1000 psi 22l 12| 10 /0

vield Point {Upper), 1000 psi
vield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /9 2,71 22 23
Shearing Strain, in/in .61\ gur|l 7.4/ 738
Energy Absorbed, in-1b 220 /0| 3/0 3/0
SECOND SPEED Specimen No. §/0 $36 94 Average
Proportional Limit, 1000 psi 24 20| 24 23
Yield Strength, 1000 psi 3./ 29| 3.2 3/

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psl

Modulus of Rupture, 1000 psi 4yl 54l sy 5.2
Shearing Strain, in/in Yol | .49 393 379
Energy Absorbed, in-1b Yo 380 U/0 380
THIRD SPEED Specimen No. 48/ 5§97 Average
Proportional Limit, 1000 psi 2461 2.3 2.5
Yield Strength, 1000 psi g3 Y4 4.3

Yield Point (Upper), 1000 psi
vield Point (Lower), 1000 psl

Modulus of Rupture, 1000 psi /7.8y 11/ 1.5
Shearing Strain, in/in /92| 206 .29
Energy Absorbed, in-1b 1o\ 430 430
FOURTH SPEED Specimen No. $-/§ §54¢ 599 Average
Proportional Limit, 1000 psi 3.8 Yo} 4% Y/
Yield Strength, 1000 psi £4) 48| 62 55

Yield Point {Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi Usy U8 1Yz JéS5
Shearing Strain, in/in 163 187 15¢ 156
Energy Absorbed, in-1b Ubo| 10| 43 430

WADC TR 53-10 14



Table. 38,

Torsien Properties of RC-70 Titanium at Room

Temperature
FIRST SPEED Specimen No. b6-1 4.33 bL-685 Average
Proportional Limit, 1000 psi Yr.& 340| $¢.o #38
Yield Strength, 1000 psi $6.7| 678 62.5 502
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 11877 7 8N 027 //0.0
Shearing Strain, in/in 1387 r3¢| r.2f /32
Energy Absorbed, in-1b 3,/00| 3.2/0| 2 940 3090
SECOND SPEED Specimen No.  4-2  6-3¢ -6 4-ro0 Average
Proportional Limit, 1000 psi 6%.70 32.7| 52| ¢3¢ 4.3
Yield Strength, 1000 psi £3.5 663| w20| 68¢ 92,3
Yield Point (Upper), 1000 psi
Yield Polnt (Lower), 1000 psi _
Modulus of Rupture, 1000 psi 1170 1024l wéo| 087 /73.0
Shearing Strain, in/in 2,270 1.27] 1.r&) r2o /23
Energy Absorbed, in-1b 5,940\ 3,/180| 3 984 2,9/0 2950
THIRD SPEED Specimen No. 4-38 4-67 4-99 Average
Proportional Limit, 1000 psi 63.0{ 635 57 ¢ 673
Yield Strength, 1000 psi §0.6| 769| 1050 7.5
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 1040\ r00.2| 1377 /720
Shearing Strain, in/in rol| 098 ro06 /.03
Energy Absorbed, in-1b 2,450) 220 33/0 2,480
FOURTH SPEED Specimen No. 4-/3 4-/4 5-36 6-6% Average
Proportional Limit, 1000 psi 48| posl 97| 9¢5 g0 3
Yield Strength, 1000 psi 958t 920 G4l ;070 7285
Yleld Point (Upper), 1000 psi
Yleld Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi ro8.&|l 1100 1090 147 /10,6
Shearing Strain, in/in 0.97! o84 r2F| oy 2.9
Energy Absorbed, in-1b 2,5/0] 2,180] 2,750 2, ¢io 2,470
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Tedle. 79, Tersien Properties of RC-TO Titamium at »00°F

(Net Aged.

FIRST SPEED Specimen No. -5 6-37 &£-6% Average
Proportional Limit, 1000 psl 22| 23¢L 224 z80
vield Strength, 1000 psl
vield Point (Upper), 1000 psil 30,8 27.¢| 273 29./
Yleld Point (Lower), 1000 psi | 292| 267 287 2%.2
Modulus of Rupture, 1000 psi ny bl b%.1| 735 72./
Shearing Strain, in/in /.28} 133} 136 /32
Energy Absorbed, in-lb L 9/0| 1, %/0 1370 /, §00

SECOND SPEED Specimen No. 4-4 b-38 §-70 _Average
Proportional Limit, 1000 psi sy2| 30.4| 30.¢ 317
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 378| 346| 377 36,6
Yield Point (Lower), 1000 psi | 372} 33.3]| 360 344
Modulus of Rupture, 1000 psi 982{ #3g| 247 7%
Shearing Strain, in/in 3¢ 738 722 / 30
Energy Absorbed, in-1b 2,170\ 2,010 [ 3¢9 2,000

THIRD SPEED Specimen No. 4-7 6-37 4-9/ Average
Proportional Limit, 1000 psi 43,7 ¢5.8) #87 $6.1
Yield Strength, 1000 psil
vield Point (Upper), 1000 psi | yg./| #5¥%| #8°% $7.6
Yield Point (Lower), 1000 psi Y% ¥3.2) yéé 4.7
Modulus of Rupture, 1000 psi 762 wuy| 786 759
Shearing Strain, in/in .22 22| /5 /.20
Energy Absorbed, in-1b 4970 19/0} 1750 / 8F0

FOURTH SPEED Specimen No. 6-F 4-Yo §£-72 Average
Proportional Limit, 1000 psi | 6.2| $85| 6479 6.5
Yield Strength, 1000 psi '

Yield Point (Upper), 1000 psi | 684¢| 62¥| 687 46.8
Yield Point (Lower), 1000 psi 6r.2]| $78| 637 4/, 0
Modulus of Rupture, 1000 psi ¥30| 925 g3/ £U 9
Shearing Strain, in/in AN AL /72
Energy Absorbed, in-1b 2,180| 2,074 2./2 2,/20
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Tabla 30. Tersiem Properties of nc-'ga Titanimm at 300°F
Aged

FIRST SPEED Specimen No.  4-/7 4-4F 4-109 Average
Proportional Limit, 1000 psi 2/.8| 2/.6| 30./ 245
Yield Strength, 1000 psi 246| 26.92] 320 278
Yleld Polnt (Upper), 1000 pst
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi LY 3| 64U} 6.5 68/
Shearing Strain, in/in L2711 1332 ra26 /.29
Energy Absorbed, in-1b Lé30| 1,770 1 7pse /720

SECOND SPEED Specimen No. 4-/F 4&-§¢ é-10 Average
Proportional Limit, 1000 psi 32,7 3¢/ 247 338
Yield Strength, 1000 psi
Yield Polnt (Upper), 1000 psi | 342( 392( 349 37/
Yield Point (Lower), 1000 psi | 3f0| 37/| 3¢°¢ 359
Modulus of Rupture, 1000 psai 260| 7751 7¢¢ 26,7
Shearing Strain, in/in r.30| 1.279) 727 /.28
Energy Absorbed, in-lb L9900\ 2,000 1,9Up L 980

THIRD SPEED Specimen No. 4-/7 4-§/ 6-11/ Average
Proportional Limit, 1000 psi Y2 8| 47¥| yéz 183
Yield Strength, 1000 psi '

Yield Point (Upper), 1000 psi | 40| wy¢| wéz2 489
Yield Point (Lower), 1000 psi 4.5 ¢bY 4y 2 ys.o
Modulus of Rupture, 1000 psi 73.61 749| 7y ¢ 25 0
Shearing Strain, in/in /A8 £r 9 rr2 /18
Energy Absorbed, in-1b 4,820} 1,890 1 7/0 /80

FOURTH SPEED Specimen No, 4-22 4-52 4-g2 Average
Proportional Limit, 1000 psi 67.91 758 723 2/ 9
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 467.9| 255 723 279
Yield Point (Lower), 1000 psi 61.Y| 6602 4.5 LU0
Modulus of Rupture, 1000 psi 63| 993 £29 40,8
Shearing Strain, in/in (/8 773 1223 /78
Energy Absorbed, in-1b 2,230| 2,5¢%0] 2,440 2400
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Table 41. Torsion Properties of Bc:so Pitanium at 700°F

(Not Aged
' FIRST SPEED Specimen No. 4-9 p-u/ 6-7¢% Average
Proportional Limit, 1000 psi 26\ 17.6| 770 e/
Yield Strength, 1000 psi 799 202 796 /95
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi $¢#2| £/.6| £/ 6 §2.5”
Shearing Strain, in/in 124\ 1ol 173 2L
Energy Absorbed, in-lb L350 pr00| L1970 L2170
SECOND SPEED Specimen No, 4-/0 4-42 674 Average
Proportional Limit, 1000 psi 146 rREl 17/ -/
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 222 | 220| 247 2/, 3
Yield Point (Lower), 1000 psi 202 22¢| 21.7 2,3
Modulus of Rupture, 1000 psi | gq/| 547 $2¥ 52/
Shearing Strain, in/in 7. 420 r2/] 136 /33
Energy Absorbed, in-1b Lus0| 13/0) 1 440 /Yoo
THIRD SPEED Specimen No. 4-// b-43 -75 Average
Proportional Limit, 1000 psi 2044 285| 278 26,9
Yield Strength, 1000 psl
Yield Point (Upper), 1000 psi 279 205 27¢ 2%/
Yield Point (Lower), 1000 psi | 2853| 238 2¢9 247
Modulus of Rupture, 1000 psi 5.8 4991 so.¢ $0.57
Shearing Strain, in/in /.32y s271 136 /.32
Energy Absorbed, in-1b 4,370 1,240| 1370 / 330
FOURTH SPEED Specimen No. &6-/2 §-44 6-74 Average
Proportional Limit, 1000 psi s00| 467 492 ¢86
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | s$o.0| 467 442 5.6
Yield Point (Lower), 1000 psi 39./7| 3801 372/ 35/
Modulus of Rupture, 1000 psi 683 66| 65/ b6.7
Shearing Strain, in/in - 137 rar| 73/ /28
Energy Absorbed, in-lb L850l L940| 183 1,8/0




Table. 32, Tersion Properties of RC-70 Titaniwm at TOO%F

(Aged)

FIRST SPEED Specimen No, 4-2/ 6-53 4-g¢ Average
Proportional Limit, 1000 psi /6% 162 /89 /72
Yield Strength, 1000 psi /801 193] 2/0 95
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1Q00 psi
Modulus of Rupture, 1000 psi $6.51 £28| 7% §$6
Shearing Strain, in/in [30} //6] ro4 L7
Energy Absorbed, in-lb | LU90 1280 ;229 4330

SECOND SPEED Specimen No. 4-22 4-5Y 6-§6 &-/07 Average
Proportional Limit, 1000 psi 207 18/ 186| s6.6 /85
Yield Strength, 1000 psi | ar0 270
Yield Point (Upper), 1000 psi | 2,9 233} 227 22,6
Yield Point {Lower), 1000 psi | 3,9 23,0f 22.¢ 22, 4
Modulus of Rupture, 1000 psi | £42| s¢o| ¢3¢| ¢33 $¢3
Shearing Strain, in/in Lol 1St r3g| 138 1L.40
Energy Absorbed, in-1b 4640\ 1660| 1,689 /529 /600

THIRD SPEED Specimen No. &-23 4-§3 4£-827 Average
Proportional Limit, 1000 psi 209 238| 228 22Y
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 26.3| 229! 27¢ a73}
Yield Point (Lower), 1000 psi | 2¢¢| 28¥| 2¢2 25
Modulus of Rupture, 1000 psi §/4) sUel $26] $2¢9
Shearing Strain, in/in (371 1.3F] 7 30 /38
Energy Absorbed, in-1b LUYo] 4 8S0| 1 Yoo| L¥b0

FOURTH SPEED Specimen No. 4-2¢ 4-¢6 5-5F Average
Proportlonal Limit, 1000 psi 42,0\ 425| #4o 2.2
Yleld Strength, 1000 psi '

Yield Point (Upper), 1000 psi | #2.2| ¢2$| uuo 428
Yield Point (Lower), 1000 psi 35.6| 340| 347 354
Modulus of Rupture, 1000 psi 60./) 40.3| 60.7 60.¢
Shearing Strain, in/in r.22] 134 13€ /.37
Energy Absorbed, in-1b L9380l £230] L7¢0| /740
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Table. 3. Tersieon Propert

1es8 of RC-TO Titamivm at 1000°F

(Mot Aged)

FIRST SPEED Specimen No. b-45 &£-77 b-/02 Average
Proportional Limit, 1000 psi 04 &% ro/ 78
Yield Strength, 1000 psi 109 ro.2f 113 /0.8
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 72,1 /23] /2.2 /2.2
Shearing Strain, in/in 1734y s884 91/ 11.98
Energy Absorbed, 1n-1b 2,090 2490 {850 2040

SECOND SPEED Specimen No. J4-4b 6-7F é-/0¢ Average
Proportional Limit, 1000 psi /30 129 ¥3 i
Yield Strength, 1000 psi il NENANEL /3.6
Yield Point (Upper), 1000 psi | |
Yield Point (Lower), 1000 psi -

Modulus of Rupture, 1000 psi 29./1 280 272 28.0|
Shearing Strain, in/in 3.41] 2,96 437 3,59
Energy Absorbed, 1n-lb 32,0801 1. 7%0| 2, 220 2,030

THIRD SPEED Specimen No. §4-U7 4-79 4-(of Average
Proportional Limit, 1000 psi 'S 187 76.3 /5.9
¥ield Strength, 1000 psi
Yield Point (Upper), 1000 psi /671 190 163 /70
Yield Point (Lower), 1000 psi S AT VAN 4 14.2|
Modulus of Rupture, 1000 psi 705| 380] 333 339
Shearing Strain, in/in LI A NAL 140
Energy Absorbed, in-1b L5Ypt 1210 Lo20 L 260

FOURTH SPEED Specimen No. 4-r6 6-4§ 6-80 Average
Proportional Limit, 1000 psi | 3/0| 32./| 34/ 324
Yield Strength, 1000 psi |
Yield Point (Upper), 1000 psi | 37/0| 32./| 3¢/ 32.¢
Yield Point (Lower), 1000 psi | 232! 2¢42| 239 23¢
Modulus of Rupture, 1000 psi Y33 #3.9 424 ¢33
Shearing Strain, in/in (65| 167 16/ /65
Energy Absorbed, in-1b AV AL 4580

130



Tabls X4. Tersiem Preperties of RC-70 Titaniws at 1000°F (Aged)

FIRST SPEED Specimen No., (-25 6-89 (-93 Average
Proportional Limit, 1000 psi 6.15] 1.05( 5.33 .18
Yleld Strength, 1000 psi €37 8.451 §5.4¢ B.42
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 0.9 | 1L 1.7 1.3
Shearing Strain, in/in .o (134122 12,2
Energy Absorbed, in-1lb 1740 | 1680 (2140 [g50

SECOND SPEED Specimen No. 4-26 6-58 4-90 Average
Proportional Limit, 1000 psi @7\ ro0| 106 /0.7
Yield Strength, .1000 psi | s 8l 07 s 709
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 230 A¥ /| 246 239
Shearing Strain, in/in 2,66 2.852| 2494 2,6%
Energy Absorbed, in-l1b 1 330| /4 300] s Uzp 4,380

THIRD SPEED Specimen No. 4-27 §4-39 4-¢/ Average
Proportional Limit, 1000 psi 0.5\ 08| 108 70.6
Yield Strength, 1000 psi ‘ '
Yield Point {Upper), 1000 psi /7.6 ra2| 479 e
Yield Point (Lower), 1000 psi 2.2 1.7 1.7 /1.5
Modulus of Rupture, 1000 psi 294 29¥| 292 2923
Shearing Strain, in/in 293 L7721 197 /82
Energy Absorbed, in-1b L1780} 090 4100 L1220

FOURTH SPEED Specimen No. 4-2F7 b-bo 4-92 Average
Proportional Limit, 1000 psi 247 26,8 23.¢4 250
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi 2471 263 23.¢ 280
Yield Point (Lower), 1000 psi | ,93| ,70| /4% /80
Modulus of Rupture, 1000 psi 372 37.¢| 3463 370
Shearing Strain, in/in /87y +r8z2| r79 L83
Energy Absorbed, in-1b LY/l 1 Y308 1 390 1,410
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Table 45, 'rorsion Properties of RC-130B Titanium Alloy

at Roowm Temperdature

FIRST SPEED Specimen No. 7-/3 7-87 7-97 Average
Proportional Limit, 1000 psi | 44| §28) $07 262
Yield Strength, 1000 psi 768\ 7741 4982 97
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 139.0| 14s0y /850 744.3
Shearing Strain, in/in 0.790| 4976 080 075
Energy Absorbed, in-lb 2090| 2,280] 2,470 2,270

SECOND SPEED Specimen No. 7-/¥ 7-58 7-7% Average
Proportional Limit, 1000 psi 798| 649 72/ 72,5
Yield Strength, 1000 psi 270! 106351 FPPS 780
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 7380 1828] 1300 Y0 ¢
Shearing Strain, in/in 0.5¢) o8¢ 077 J.92
Energy Absorbed, in-lb 244012 370 2./00 2,350

THIRD SPEED Specimen No. 7-/& 7-57 7-6/ Average
Proportional Limit, 1000 psi 92,6 779 940 §2.9
Yield Strength, 1000 psi oo /023] 1100 jox. |
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 1o 1271/ 129.0
Shearing Strain, in/in 0.7 0981 277 0.177
Energy Absorbed, in-1b 2,290| 2,2/0 2,250

FOURTH SPEED Specimen No. 7-/4 7-§0 7-§2 Average
Proportional Limit, 1000 psi | #72.2| 7236| 12,7 /778
Yield Strength, 1000 psi 1265 1300} 1220 /2682
Yield Point (Upper), 1000 psi

- Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi iAW AWELN 1YL/
Shearing Strain, in/in 0.99| 0.94| 0.76 277
Energy Absorbed, in-1b 3,990 2400] 2,6/0 2,670
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Table 46. Torsion Properties gf RC-130B Titaaiwm Alloy
at 800 F (Not Aged)

FIRST SPEED Specimen No. 7-47 7-§3 7-95 Average
Proportional Limit, 1000 psi $84| 20| 0.5 0¥
Yield Strength, 1000 psi 5851 693 676 485

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi | s240| r2é2| 1/ 7/ /2/ &
Shearing Strain, in/in 0.50| 085} 475 080
Energy Absorbed, in-1b L910) 2,040) /770 4,900
SECOND SPEED Specimen No. 7-30 7-4¢ 7-%% Average
Proportional Limit, 1000 psi 6/l 6£F 639 6.39
Yield Strength, 1000 psi 202 929 72.7 723

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 178 130.2] 1192 /190
Shearing Strain, in/in o8¢ 073 O9F 082
Energy Absorbed, in-l1b 1,960} 1990 LESO 1930
THIRD SPEED Specimen No. 7-3/ 765 7-8& . Average
Proportional Limit, 1000 psi 2481 789 72y 7423
Yield Strength, 1000 psi . 77.81 £23| 97/ 79 /

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 1188 80| 140 | 4.7
Shearing Strain, in/in 0,57 0.83| 0.°P¥ 255
Energy Absorbed, in-1b 2,230| 2060 £ 9¥0 2,080
FOURTH SPEED __Specimen No. 7-22 7-44 7-84 __Average
Proportional Limit, 1000 psi FIF| PE2| 946 P02
Yield Strength, 1000 psi 764} 922 946
Yield Point (Upper), 1000 psi 974
Yield Point (Lower), 1000 psi 7£3 " _
Modulus of Rupture, 1000 psi 7240| 1198 r28e ' /22-%
Shearing Strain, in/in | og2l agpl 290 286
Energy Absorbed, in-lb 2,220 2,300 2 /0 2,30
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Table 47. Torsion Properties ?r nc-)-isen Titanimm Alloy at %00°R

FIRST SPEED Specimen No, /& 7-2/ 7-37 Average
Proportional Limit, 1000 psi 881 5961 618 599
Yield Strength, 1000 psi 663 677} 67% 87.(

Yield Point (Upper), 1000 psi
Yield Point {Lower), 1000 psi

Modulus of Rupture, 1000 psi /292y /705 12/3 7208
Shearing Strain, in/in 0P8\ 077| 0.79 2.79
Energy Absorbed, in-ib 2,/10| LE80] 1,920 L 900
SECOND SFPEED Specimen No. 76 9-22 7-3¢F Average
Proportional Limit, 1000 psi L5t 6691 679 56.5
Yield Strength, 1000 psi 4oy 735 7/ 8 7.2

Yield Point (Upper), 1000 psi
Yield Point {Lower), 1000 psi

Modulus of Rupture, 1000 psi 1200} 1200] r222 /207
Shearing Strain, in/in 0901 099 o8¢ 058
Energy Absorbed, in-1b 2,/80| 2,150) 2,090 2,/50
THIRD SPEED Specimen No. 7-7 9-23 #4-39 Average
Proportional Limit, 1000 psi | 7&2) 440 788 732
Yield Strength, 1000 psi 7891 288 928 £0.0

Yiela Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 17851 17193 ra¢s] /119
Shearing Strain, in/in 0937 293 08¢ 2.90
Energy Absorbed, in-1b 2,220 2,220| 2,190 2,2/0
FOURTH SPEED Specimen No. 7-24 7-/0) 2-/¥ Average
Proportional Limit, 1000 psi | 926} 995 10:¢ 285
Yield Strength, 1000 psi 94 27/
Yield Peint (Upper), 1000 psi 2981 1038
Yield Point (Lower), 1000 psi ' 782 s00.2
Modulus of Rupture, 1000 psi /264 1280) 1370 /27,0
Shearing Strain, in/in 094 100 095 096
Energy Absorbed, in-1b 2,730 2490 2660 2. 460
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Table 48. Torsies mp::t}r-o;,;t (ﬁl&gi&m Alley
FIRST SPEED Speclmen No, 74 747 7-§7 Average
Proportional Limit, 1000 psi S5 s¢d 52,6 3.9
Yield Strength, 1000 psi 63| s66| s¥7 $58.9
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 78 r220) (/F ¥ /85
Shearing Strain, in/in 295y 2991 095 2 96
Energy Absorbed, in-1ib 2,/70] 2,230 2,/94] 2200
SECOND SPEED Specimen No. 7-¢6 78§ 7§F§% Average
Proportional Limit, 1000 psi $28) 490y ¢32 ¢5.2
Yield Strength, 1000 psi £9¢| €81 7.6 187
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 1082 1062| ro&¢ /054
Shearing Strain, in/in .90 0.8F| .57 0.99
Energy Absorbed, in-lb L9001 560\ /, 8o 4,870
THIRD SPEED Specimen No. 7¢7 747-67 789 Average
Proportional Limit, 1000 psi Y728 $28 4%.2 #7.3
Yield Strength, 1000 psi /.8 09| 656 $2U
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 920 273 1030 79.9
Shearing Strain, in/in 090 05§ 096 2.58
Energy Absorbed, in-1b L 860y 1780 1780 L 8/0
FOURTH SPEED Specimen No, 7-¥F 770 7-97 Average
Proportional Limit, 1000 psi 6} 706 739 72,0
Yield Strength, 1000 psi 740 24/ 7¢7
Yield Point (Upper), 1000 psi 779
Yield Point (Lower), 1000 psi 75
Modulus of Rupture, 1000 psi 1065\ 1062| 1070 /06.6
Shearing Strain, in/in 0,96 0.9¢| 29¢ 0.9§
Energy Absorbed, in-1b 2,/80| 2/00| 2720 2,(30
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rable 49. Torsion Properties of RC-13CB Titanium Alloy at 700° F

(Aged)

FIRST SPEED Specimen No. 7-9 728 74/ Average
Proportional Limit, 1000 psi U9 SO7| s¢5 570
Yield Strength, 1000 psi 24| $722| 570 b0.2
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 87 1087 1720 /Y3
Shearing Strain, in/in 0.95\ 1ot} 0.9¢ 0.98
Energy Absorbed, in-lb 2200) 2,300 2180 2,230

SECOND SPEED Specimen No. 7-/0 7-26 742 Average
Proportional Limit, 1000 psei $s78V 54 S48 SrY
Yield Strength, 1000 psi s0./| $73| o0 5/
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 1060} 1050| 109/ /067
Shearing Strain, in/in 2. 88| 0.86| 0. 95 0.90
Energy Absorbed, in-1b 4910\ 1, 8/0] 2110 L 9¢0

THIRD SPEED Specimen No, 7-// 2.27 743 Average
Proportional Limit, 1000 psi 6.0, $6H4 £3, 563
Yield Strength, 1000 psi 63.9| 642| 655 s
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi (064 10853 1047 /088
Shearing Strain, in/in 0.92 087 057 189
Energy Absorbed, in-1b 2020\ ;924 /90 /, 950

FOURTH SPEED Specimen No, 7-/2 7-2§ 7.4 Average
Proportional Limit, 1000 psi 26/ 7661 73.% I%s
Yield Strength, 1000 psi 76.8 742
Yield Point (Upper), 1000 psi | %24/ 72/ '
Yield Point (Lower), 1000 psi 747 7¢2
Modulus of Rupture, 1000 psi 708.9| /1082] rp82 /07 8§
Shearing Strain, in/in L0011 093] 0.8 0,97
Energy Absorbed, in-1b 2,3/0| 2/00| 2,24/ 2220
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Table 50,

Torsien Properties of gg-laaa 'rit-anin Alloy

at 1 (Not Aged)

FIRST SPEED Specimen No, 7-¢9 7-7/ 7-9i Average
Proportional Limit, 1000 psi /33| 4.6}a049 14. 6
Yield Strength, 1000 psi /18Y 717.712s5.6 204
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 236 23./{28.5 25.1
Shearing Strain, in/in 3/20| 1863 33.67 33.5
Energy Absorbed, in-1b 14,000| (3, ¢00|)¥, 870 13, 100

SECOND SPEED Specimen No. 4-$3 7-72 7p-¢2 Average
Proportional Limit, 1000 psi 72.8] 35/| 32% 336
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi #33| #32| ¢30 432
Yield Point (Lower), 1000 psi 34| 42| 409 Ho 2
Modulus of Rupture, 1000 psi Yy s\ 459 44y $sf
Shearing Strain, in/in gy Ygeo| 1/ L3/
Energy Absorbed, in-1b 3 600| 3430 3,540 3590

THIRD SPEED Specimen No. #7-&/ 7-93 7-93 Average
Proportional Limit, 1000 psi ¥6./) ul¥ 437 Y27
Yield Strength, 1000 psi Y7Y\ 478 493 ¥52
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi 76 ¢80 £99 $PS
Shearing Strain, in/in 2,37 209 23% 2,27
Energy Absorbed, in-1b 2,240) 2,/20| 2,3¢0 2,230

FOURTH SPEED Specimen No. 7-52 7-£6 7-9¢ Average
Proportional Limit, 1000 psi so| £26| 2.4 60.%
Yield Strength, 1000 psi $3 4§75
Yield Point (Upper), 1000 psi 540 62 ¢
Yield Point (Lower), 1000 psi | $%3 98
Modulus of Rupture, 1000 psi Foo| 725| pors 77.$
Shearing Strain, in/in r2¢8 222 sr¥ £2/
Energy Absorbed, in-1b 2/20| L 980| 4§30 20/90
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Tabie 51. Torsien Preperties or(nc-lgm Pitanium Alley at 1000°F

FIRST SPEED Specimen No. g-1 gty =33 Average
Proportional Limit, 1000 psi 12,8 120 187 ' 37474
Yield Strength, 1000 psi /&6 190 220 /9.9

vield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psl

Modulus of Rupture, 1000 psi 2860  AYY) as0 2. 8
Shearing Strain, in/in 3844 3738 37.85] 37287
Energy Absorbed, in-1b 18680 16,650
SECOND SPEED Specimen No. 77/& 7-24 Average
Proportional Limit, 1000 psi 3/7| 703 307
Yield Strength, 1000 psi '
Yield Point (Upper), 1000 psi Yool 358 39¢
Yield Point (Lower), 1000 psi | 397| 3%% 39.3
Modulus of Rupture, 1000 psi LYl 433 4 3.
Shearing Strain, in/in #29| 364 3.97
Energy Absorbed, in-1b 3640\ 3070 3,350
THIRD SPEED Specimen No. 7-7 7/ 7-3% Average
Proportional Limit, 1000 psi | 339! 356| 363 343
Yield Strength, 1000 psi yrl| w2 $lé i3

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi S8 $42| 70 $6.3
Shearing Strain, in/in 2271 264} 17 2,22
Energy Absorbed, in-1b 2,380 28/0| 4, 8/0 2220
FOURTH SPEED Specimen No. 7-2 7-4 7-9% Average
Proportional Limit, 1000 psi sof| wy3| wsyy “70
Yield Strength, 1000 psi ' 492| $£3 $47

Yield Point (Upper), 1000 psi so¥
Yield Point (Lower), 1000 psi 17%kg

Modulus of Rupture, 1000 psi 73 Y| 746 74/
Shearing Strain, in/in .37 20| 730 /.29
Energy Absorbed, in-1b 2,040} 1 £$0] 2,/20 2,000
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The following tables of data numbered 52 to 64 list
information obtalned in an exploratory series of tests in
which a furnace was used that did not develop uniform tem-
perature along the gage length., The temperatures listed
are those measured at the center of length of the specl-
men, The ends of the one inch gage length were as mmsch
as 50F to 100F cooler at the highest temperatures employed.,
Therefore, these data have not been analyzed nor included
in the report of this investigation.
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EXPLORATORY TESTS

Table 52. Torsion Properties of SAE 1018 Steel at 400°F

(Not Aged)
PIRST SPEED Specimen No. Average
Proportional Limit, 1000 psi
Yield Strength, 1000 psl
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi
Shearing Strain, in/in
Energy Absorbed, in-1b
SECOND SPEED Specimen No. /-& /-38 /-/e7 Average
Proportional Limit, 1000 psi |2£9| 26#| 2646 2642
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 24¢9| 26¢ 246 2632
Yield Point (Lower), 1000 psi | 222| 2/4| 2¢¥9 232
Modulus of Rupture, 1000 psi | 4&¥%| 43| 730 670
Shearing Strain, in/in LYY 143 1.2/ /YL
Energy Absorbed, in-l1lb 2800 /.9[0 1, o 2, /oo
THIRD SPEED Specimen No. /-7 /-3¢ /-7/ Average
Proportional Limit, 1000 psi abz2y 259 12/ 23/
Yield Strength, 1000 psi
‘Yield Point (Upper), 1000 psi | 262| 2£9| 289 27,0
Yield Point (Lower), 1000 psi | 224| 223| 266 23 §
Modulus of Rupture, 1000 psi £6.7) 48 747 £8.7
Shearing Strain, in/in 24%| 192 1.8/ 2,00
Energy Absorbed, in-1b 3.Uyo| 24600 2 449 2,780
FOURTH SPEED Specimen No, /-§ /-/2 [-72 Average
Proportional Limit, 1000 psi 246l 303| 33.3 32.7
Yield Strength, 1000 psi
Yield Point {(Upper), 1000 psi 3¢ €| 303 323 22.7
Yield Point (Lower), 1000 psi 202| agY| 30.¥ 295
Modulus of Rupture, 1000 psi 2/.1 67.2| 75.3 7/. 2
Shearing Strain, in/in 3,99| 2¢2| 24e 2,57
Energy Absorbed, in-1b toyo| 3,694 3230 3,780
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EXPLORATORY TESTS

TABLE 53. Torsion Properties of SAE 1018 Steel at 400°F (Aged)

FIRST SPEED Specimen No., Average
Proportional Limit, 1000 psi
Yield Strength, 1000 psi
Yield Point (Upper)}, 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi
Shearing Strain, in/in
Energy Absorbed, In-l1lb

SECOND SPEED Specimen No, Average
Proportional Limit, 1000 psi
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi
S8hearing Strain, in/in
Energy Absorbed, in-1b

THIRD SPEED Specimen No, /-23 Average
Proportional Limit, 1000 psi 297§ 229
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi 275 : 27 %
Yield Point (Lower), 1000 psi | 230 230
Modulus of Rupture, 1000 psi L8 §85
Shearing Strain, in/in 20F% : 208
Energy Absorbed, in-1lb 2 35| 2 780

FOURTH SPEED Specimen No. _ ) Average

Proportional Limit, 1000 psi
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi
Shearing Strain, in/in
Energy Absorbed, in-1b
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EXPLORATORY TESTS

TARLE S5%. Tersiem Preperties of SAE 1018 Steel at TOO®P

(Mot Aged)
FIRST SPEED Specimen No. Average
Proportional Limit, 1000 psl
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi
Shearing Strain, in/in
~ Energy Abscrbed, in-lb
SECOND SPEED Specimen No. /-& [=/0  [-/2 Average
Proportional Limit, 1000 psi 2671 /9.8 2al¥ 222
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi | 269 ;96| 2,4 222
Yield Point (Lower), 1000 psi | 22.0] ;27| 2/¢ 20,6
Modulus of Rupture, 1000 psi 69.0] g0} 724 688§
Shearing Strain, in/in 127 39| 427 £3/
Ehergy Absorbed, in-1b 4 Roo| 4950 2 009 /, 920
THIRD SPEED Specimen No. /-// (43 [-97§ Average
Proportional Limit, 1000 psi 2o.0| 3.3} 180 /73
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi |24/ 2| 242 236 240
Yield Point (Lower), 1000 psi | a/2 | 2/2| 22,7 2/.71
Modulus of Rupture, 1000 psi b6.2| L4T| 720 4979
Shearing Strain, in/in 78 193] 0.87 [$S
Energy Absorbed, in-1b 2,470 24y 1 2/0 2040
FOURTH SPEED Specimen No. /-37 /-4¢ /-94 Average
Proportional Limit, 1000 psi 229 20| 3¢5 300
Yield Strength, 1000 psi '
Yield Point (Upper), 1000 psi 2771 2ans | 47 3006
Yield Point (Lower), 1000 psi 262| 24?| 290 24 3
Modulus of Rupture, 1000 psi 63| s42| 930 678
Shearing Strain, in/in 2.00| 1,921 L4 / &%
Energy‘Absorbed, in-1b 27(/0 2 sw| 2,840 2 400
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EXFLORATORY TES?S

TARLE 55. rmmnr&gwxmmuxm‘r

FIRST SPEED Specimen No. Average
Proportional Limit, 1000 psi
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi
Shearing Strain, in/in
Energy Absorbed, in-lb
SECOND SPEED Specimen No. /-6 /77 /-7% /-1/F [-12% pverage
Proportional Limit, 1000 psi 742) 7881 (4] 80| 13.3] 139
Yield Strength, 1000 psi 16Y¥| 200) 200| 90| 197! 190
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi U971 4S8 w2 478] /22 4s9
Shearing Strain, in/in — | 2PEl — | 290| 2.13 196
Energy Absorbed, in-1b — | 4Fo0] — |2 00e| 2039 /95O
THIRD SPEED Specimen No. /-/& [-47 /-77 Average
Proportional Limit, 1000 psi /9./t 193] /180 /8§
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi /9./] /9.3 207 79.7
Yield Point (Lower), 1000 psi 1729 7129 20.% /5.9
Modulus of Rupture, 1000 psi $48 £62) 2,0 79
Shearing Strain, in/in (Y] ol 099 L06
Energy Absorbed, in-1b £ 320} /270 4 334 430
FOURTH SPEED Specimen No. /-+& /[-¢f [-8¢ Average
Proportional Limit, 1000 psi 2UYY 290)| 26./ 26,2
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi 2¢¢Y 2501 26/ 26.2
Yield Point (Lower), 1000 psi | 24| 267 26/ 2€7
Modulus of Rupture, 1000 psi 2ol 662 489 £ 7
Shearing Strain, in/in Luél r&2| 223 L Y0
Energy Absorbed, in-1b L7230\ 2 /e0| [, 730 /250
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EXPLORATORY TESTS

TARLE 56. Tersien Properties of 24S-T Alumimum Alloy at 200°F
(Not Aged)

FIRST SPEED Specimen No. Aver35%
Proportional Limlt, 1000 psil
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point {Lower), 1000 psi
Modulus of Rupture, 1000 psi
Shearing Strain, in/in
Energy Absorbed, In-lb

SECOND SPEED Specimen No. 3-4 3-3¥ »2-70 Average
Proportional Limit, 1000 psi 28/ 268 282 278
Yield Strength, 1000 psi 22,0| 322 3/¥% 32,0

Yield Point (Upper), 1000 psi
Yield Point {Lower), 1000 psi

Modulus of Rupture, 1000 psi £9¢| £73| $£7 578
Shearing Strain, in/in 0.56| 056| 057 0,84
Energy Absorbed, in-1b 700| 690| 700 700
THIRD SPEED Specimen No. 3-7 2-39 3-7/ Average
Proportional Limit, 1000 psi 2/.5| 2/.8| 2¢7 22 6
Yield Strength, 1000 psi 2671 229| 3/ 29 3

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi $0.7| $321 $22 §20
Shearing Strain, in/in 0,8/ 04é} 03 250
Energy Absorbed, in-1lb $bo| sao| s/0 $60
FOURTH SPEED Specimen No. 37-§% 3-§e 3'7‘ Average
Proportional Limit, 1000 psi | 26¢| 3é0| 23./ 27,8

Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi s6.9 £72] 3¢7% $6.9
Shearing Strain, in/in 2,47| 258 0.8/ 28/
Energy Absorbed, in-lb $70| 660 $¢fo $90
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EXFLORATORY TESTS

TARLEZ 57. Tersien Properties of 24S-T Alwmimm Alley at 200% (Aged)

FIRST SPEED Specimen No. Average
Proportional Limit, 1000 psi
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi
Shearing Strain, in/in
Energy Absorbed, in-lb

SECOND SPEED Specimen No. 3-224 Average
Proportional Limit, 1000 psi 262 262
Yield Strength, 1000 psi I Y ryE’4

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 564 $é,
Shearing Strain, in/in 054 0,56
Energy Absorbed, 1in-1lb 700 poe
THIRD SPEED Specimen No. J-27 3-§¢ 3-§7 Average
Proportional Limit, 1000 psi | 34.2| 222| /&0 24/}
Yield Strength, 1000 psi 33.%| 3/8]| 267 jo.8

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi £65| s0é| 62 SUY

Shearing Strain, in/in 0.£5| 0.4 0.¢/ 987/

Energy Absorbed, in-1b 70| $¥o| &40 630
FOURTH SPEED Specimen No. Average

Proportional Limit, 1000 psi
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi
Shearing Strain, in/in
Energy Absorbed, in-l1lb
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EXPLORATORY TESTS
TuE 58. Tersiem Properties of 245-7 Alweimem Alley at 400°p
(Mot Aged) ' |

FIRST SPEED Speclimen No. Average
Froportional Limit, 1000 psi ET
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point {Lower), 1000 psi
Modulus of Rupture, 1000 psi
Shearing Strain, in/in
Energy Absorbed, in-lb

SECOND SPEED Specimen No. 3-/p0 3-42 3-% Averrge
Proportional Limit, 1000 psi 2471 223 2/2 22.9
Yield Strength, 1000 psi 293| 267| 242 275

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 8o\ u1.9] #4752 & 7
Shearing Strain, in/in 2.64| 09| 0.67 069
Energy Absorbed, in-1b 00| 770| ko 740
THIRD SPEED Specimen No. 3?-// 3-43 3-75 Average
Proportional Limit, 1000 psi ($Y| 233 720 169
Yield Strength, 1000 psi 26| 2591 287 1 25U

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi -

Modulus of Rupture, 1000 psi usy| w4s| Ye¥ 46,6
Shearing Strain, in/in 0.62| 062} 064 243
Energy Absorbed, in-1b Yo\ 630 720 6o
FOURTH SPEED Specimen No. 3-7 342 3-§2 Average
Proportional Limit, 1000 psi | 4§ 203 270 23.9

Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point {Lower), 1000 psi

Modulus of Rupture, 1000 psi /8 wury| 47 $0. U
Shearing Strain, in/in 043 038 owy 2,42
Energy Absorbed, in-1b Y70 380\ (Yo §so
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TARLE 59. Tersien Preperties of 245-¥ Alwximwm Alley as 300°% (Aged)

FIRST SPEED Specimen No, __Average
Proportional Limit, 1000 psi |
Yield Strength, 1000 psl
Yield Point (Upper), 1000 psi
Yield Point {Lower), 1000 psi
Modulus of Rupture, 1000 psl
Shearing Strain, in/in
Energy Absorbed, in-1b

SECOND SPEED Specimen No. 3- 2-¥9 3-99 Average

Proportional Limit, 1000 psi 2801 23.0| 2978 283
Yield Strength, .1000 psi 3081 3/6| 3/¥ 32

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi Y 368 Y 356
Shearing Strain, in/in 0.72¢| 073 0.90 075
Energy Absorbed, in-1b $so| $s0| poo $£70
THIRD SPEED Specimen No. 3-27 3-§9 3-9/ Average
Proportional Limit, 1000 psi | 27¥| 2/.¢] 26.7 282
Yield Strength, 1000 psi 3397 35¥]| 308 33.3

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi Yo7 ¢3./| oo U/l 3

Shearing Strain, in/in 068 0.632| 0.67 066

Energy Absorbed, in-1b sfo| $70) séo $70
FOURTH SPEED Specimen No. Average

Proportional Limit, 1000 psi
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point {Lower), 1000 psi
Modulus of Rupture, 1000 psi
Shearing Strain, in/in
Energy Absorbed, in-1b
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EXPLORATORY TRSTS

TABLE 60. "ersion Properties of 2iS-T Alumimum Alloy at 600°F
- (Xot Aged)

FIRST SPEED Specimen No. Average
Proportional Limit, 1000 psi :
Yield Strength, 1000 psl
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psil
Shearing Strain, in/in
Energy Absorbed, in-1b

SECOND SPEED Specimen No. 3-'¥ 2-¢6 2-7% Average
Proportional Limit, 1000 psi | /$/ '/y&] 23.0 /9.0
Yield Strength, 1000 psi /73] 220| 268 2/.9

Yield Point (Upper), 1000 psi .
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 198} 24¢] 280 /44
Shearing Strain, in/in 0.22| o977 0.2 2.7/
Energy Absorbed, in-1b 270 | 2701 2¢o i30
THIRD SPEED Specimen No. J2-/§ J2-/7 3-47 2-77 Average
Proportional Limit, 1000 psi 262\ 1/.0} 10,0| 263 /8¢
Yield Strength, 1000 psi 27.81 27| 2£3] 3/0 2782

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi $9/1 — | ySo| 358 Y32
Shearing Strain, in/in 059 — | 042| 072 X312
. Energy Absorbed, in-1b Yol — | syo| ¥9o 590
FOURTH SPEED Specimen No. J-/6 348 3-Fo Average
Proportional Limit, 1000 psi 26,00 220| 300 293

Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 4.8 62| 495 472
Shearing Strain, in/in 0.26| 0.33| 03¢ 0.3/
Energy Absorbed, in-1b a70| 3¢o| 250 330
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EXPLORATORY TESTS
TABIZ 61. Torsien Preperties of 23S-T Alwmiwwm Alley at 600°F (Aged)

FIRST SPEED Specimen No. Average
Proportional Limit, 1000 psi
Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi -
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi
Shearing Strain, in/in
Energy Absorbed, in-lb

SECOND SPEED Specimen No. 32-30 3-42 3-96 Average
Proportional Limit, 1000 psi $3 &£/ | ¢, S 6
Yield Strength, 1000 psi 66| bo| 76 6.7

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi g6 25| r03 £5
Shearing Strain, in/in a2yl — —_ o /4
Energy Absorbed, in-1b foo] — — Q0o
THIRD SPEED Specimen No. 3-39 3-33 3-§/ 34/ 3-9% Average
Proportional Limit, 1000 psi Y91 66| 45 72| 5% 4.2
Yield Strength, 1000 psi 73| 82| g0 27| 82 ¥/

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi /23| 128| 14Y 185 3] /43
Shearing Strain, in/in £370 — | £3¥ 2P0 — LY
Energy Absorbed, in-lb LYool — | Lyl 1os0] — /, 300
FOURTH SPEED Specimen No, Average

Proporticnal Limit, 1000 psi
Yleld Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psi
Shearing Strain, in/in

Energy Abscorbed, in.lb
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EXPLORATORY TESTS

TARLZ 62. Tersien Preperties of FS-1 Tgnsi\u Alley at 200%F
(Not Aged

FIRST SPEED Speclimen No. Average
Proportional Limit, 1000 psi
Yield Strength, 1000 psl
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi
Modulus of Rupture, 1000 psl
Shearing Strain, in/in
Energy Absorbed, in-lb

SECOND SPEED Specimen No. _ Average
Proportional Limit, 1000 psl '
Ylield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psl
Modulus of Rupture, 1000 psi
Shearing Strain, in/in
Energy Absorbed, in-1b

THIRD SPEED Specimen No. -39 S$-4/ &3 Average
Proportional Limit, 1000 psi o/t 68| YU _ 4,/
Yield Strength, 1000 psi 0.2 2.7 6.6 58

Yield Point (Upper), 1000 psi
Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi 3/0f »0.2} 2581 30,/
Shearing Strain, in/in o YY| o&¥i o080 0. 47
Energy Absorbed, in-1b 2501 2f0f 260 280
FOURTH SPEED Specimen No. 4£.57 Average
Proportional Limit, 1000 psi 4o 1o

Yield Strength, 1000 psi
Yield Point (Upper), 1000 psi
Yield Point (Lower)}, 1000 psi

Modulus of Rupture, 1000 psi. 292 272
Shearing Strain, in/in 039[. 0,34[
Energy Absorbed, in-l1b 1 §o /50
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EXFLORATORY TESTS

TARLE 63. Tersien Preperties ef FS-1 Magmesimm Alley at ¥oe‘r
(Mot Aged)

FIRST SPEED Specimen No.

Average

Proportional Limit, 1000 psi

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi

Shearing Strain, in/in

Enexrgy Absorbed, ln«lb

SECOND SPEED Specimen No.

Average

Proportional Limit, 1000 psi

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi

Shearing Strain, in/in

Energy Absorbed, in-l1b

THIRD SPEED

Specimen No.

I

77

Average

Proportional Limit, 1000 psi

3.0

24 |

Yield Strength, 1000 psi

53

4.6

£2

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi

23,

22,71

249

237

‘Shearing Strain, in/in

77!

2,93

254

097

Energy Absorbed, in-lb

%o

/20

20

430

FOURTH SPEED

Sspecimen No,

Average

Proportional Limit, 1000 psi

Yleld Strength, 1000 psi

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi

Shearing Strain, in/in

Energy Absorbed, in-1b
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EXPLORATORY TESTS

TABLE 6%. Tersien Properties of FS-1 Magnesium Alloy at 600°F
(Not Aged)

FIRST SPEED Specimen No.

Average

Proportional Limit, 1000 psi

¥ileld Strength, 1000 psi

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi

Shearing Strain, in/in

Energy Absorbed, in-lb

SECOND SPEED Specimen No.

Average

Proportional Limit, 1000 psi

Yield Strength, 1000 psi

Yield Point (Upper), 1000 psi

vield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi

Shearing Strain, in/in

Energy Absorbed, in-lb

THIRD SPEED

Specimen No.

£2%

83

&9/

Average

Proportional Limit, 1000 psi

3./

2.8

2,7

29

Yield Strength, 1000 psi

48

47

§.0

4.8

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi

70,9

ra./

16.2

73,/

Shearing Strain, in/in

/59

[A21

JA’2;

13%

Energy Absorbed, in-lb

JJo

280!

lbo

350

FOURTH SPEED

Specimen No.

Average

Proporticnal Limilt, 1000 psi

Yleld Strength, 1000 psl

Yield Point (Upper), 1000 psi

Yield Point (Lower), 1000 psi

Modulus of Rupture, 1000 psi

Shearing Strain, in/in

Energy Absorbed, in-1b

WADG TR 53-10
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TABLE II

SPATIC TENSILE PROPERTIES OF METALS TESTED

= LIS ‘é
] [=] Lo
- - ~ L ]
oooEEg Bo o Eo o EUE sy
iy “eR SE4 S g8, i3ii
39 3% #3% F3™ gzEE dL.R 24
g% #e g o 28% AET 2y
Material 7
SAE 1018 Steel 150  a=e-— 34,900 34,700 57,000 38.5 72.0
I-81 e ;1,200 39,800 ss.uagg 32.0 g;.'(
1-97 e g 38,800 .0 &5
Average —w=———n 38,300 37,800 63,500 ;5.8 69.'-2?
SAE 4340 Steel  2-50 ~———— 12,000 10,500 152,000 18.5 60.0
2-81  —=—— 142,800 140,000 152,000 18.0 58.6
2-97 —ew—-— 2,200 141,000 152,000  19.0 _61.8
Avergge  ———mw- B3,300  W0,500 152,000 18.5 ©0.1
245-7 Aluminum 3-50 45,000 68,100 13.0 31.0
Alloy 3-81  u7,h400 67,400 20,0 33.5
3-97 00 6,600 _22:0 32.0
Average U7, 67, 100 20. 2.2
755-T Aluminum 450 68,200 78,600 1.0 32,8
Alloy 4h.g1 66,200 77,400 15.0 31.8
L.97 67,600 78,100  15.0  32.4
Averagge 67,300 78,000 W, 7 32.3
F5-1 Magnesium 5-112 28,500 ko, 700 15.0 35.6
Alloy 5-113 28,500 40,900 5.0 34.9
5-11 28,600 40,800 16.0 35.6
Average 28,500 40,800 15. R4
Cormercially 650 ——— 84,500 80,500 95,500 27.0 5.k
Pure Titanium 68 e £2,800 82,100 095,500 26.0 U8.9
RC-T0 6-97  ——=— 77,900 77,300 91,000  27.0 _52.b
Averagé  —w——=-—— 81,700 80,100 oL, 000 2b.7 U8.9
Titanium Alloy 7850  mee—— 132,000 130,000 1,000 20.0 52.3
RC-130B 7-81  —we—ee 134,000 131,000 144,000 20,0 50.8
7-96  <+ee=—- 133,100 132,000 143,000 20.0 48.0
Average ———-- 132,700 131,300 142,700 20.0 504
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1.

6.

TABLE IV
SAMPLE CALCULATIONS

Teet Ne. 133, 755-T Aluminum Alley, Spec. No. 4-19
2nd Speed (.005 shearing strain/sec.), Room Temperature

For converting deflections en iscillograph recerd to units for plotting,
callbratisn constante ars used. For exammle:

Twist = 1.26 in. (deflection) x 3.29 deg./in. = 4.14°

Toroue = 1,21 in. {deflection) x £6.5 1b~in./in. = 104.6 lbein.

The strength properties, provertional limit, yleld strength and modulns
of rupture are computed from the erdinery formula v = Te/J: for example;

T
T~ = ":". 193 1b-in. =%63,300 psi.
0.00305 1n.

The le of twist corresponding to a 6.2 veroent shear straln nffset
is found from the relation: Y = 08/Q

Solving, a.5l=z’e-‘-'—’$- .%&%‘}%ﬁl « 0.92°

The total energy asbsorbed, W, in the 1-in. gage length is equal to ST ae
represented by the area under the T vs. & curve.

Trom Fig.13, Area = 77.0 squsres (by planimeter); thus

0 x 20 deg. x 20 1b~in.

(1]
The total shearing straln is equal te —35

0.
v = g2 E2le o 0377 tn. /.

total strain O, in,/in.
The strain rate {average) = “totel time = _2%_'.5_'.&._

Y = 0.00507 in./in./sec.
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orsion Testing Machine Set Up for the Slowest Rate of Loading.

m
AL

Pig, 1




o.250"

¥
.25‘3' — *— é I:‘;o“
l l_ Fh—uw —

400 7 248 :

™ *

Fig.2 Detaills of the Torsion Test Specimen.

1.0"
ii-_ 4’1 1 plastic tubing

!
S plastic
\N f ) tubing
S
= = == ——1 ot =

brass tubing

Fig.3 Details of the Water-Cooled Torsion Weigh-Bor.
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Light Source

Lucite Rods
Photo Gell

il I
E‘F‘ ______________ i

Path_of Light

de

A
§l{@: Specimen

Filywheel

Photo Cell

Fig. 4 Appara’rus for Measurement of the Angle of Twist
by Means of a Photoelectric Cell.
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.
.

Fig.5 Twist Measuring Apparatus for Slower Speed
~ Tests. :

A 6v.
Fig.6 Circuit Diagram for the Slide Wire Component
of the Twist Indicator, Fig.5.
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Fig. 7 Timing and Switching Mechanisms for Controlling the Sequence
of Events When Testing at the High Rates of Strain.
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loading arm with
specimen in place

insulgtion ceramic muffles
- metol\ liner .
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L Yl lidd AL
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Fig.8 Sectional View of the Electric Furnace for Elevated
Temperature Torsion Tests,
Controiler
Relay
—o—y T
Variac l_;j Furnace Heating Elements
Hot _~
—\
IIOVAC _~
Ground

Fig. 9 Wiring of the Furnace and Control Circuit.
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Fig. 10 Electric Furnace and Control Panel for Elevated
Temperature Tests.
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1)/

)

Yield Strength, 1000 psi.
Ny
o]

0 : : — : ' ]
O 200 400 600 800 000

Temperature, °F5

Fig. 16 Effect of Temperature on the Shearing Yield
Strength of SAE 10!8 Steel in Torsion.

00O OOOI 00! I
Strain Rate, m./m./sec.

i 2 3 4
Speed

Fig. 17. Combined Effects of Rate of Strain and Temperature
on the Shearing Yield Strength of SAE 08 Steel in Torsion.
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TESTED AT 1000F

TESTED AT 700F

Fig. 61 RC-70 Titanium Specimens Broken in Second Speed Tests.
(Magnification X2)
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Fig.66 Torque -Twist*Curves for Fourth Speed Torsion Tests of
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Fig.72 Torque - Twist Curves for Fourth Speed Torsion Tests of RG-130-B

Titonium Alloy at Four Temperdtures.
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Fig.93 Voriation of Torque ot Shearing Strain, r =030 in/in.
with the Parameter Tm for SAE 4340 Steel in Torsion
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Fig.94 Variation of Torque at Shearing Strain,
y =030 in/in. with the Parometer Tm for
24S-T Aluminum Alloy in Torsion.
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