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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE NO. 1100

ELASTIC PROPERTIES IN TENSION AND SHEAR OF HIGH STRENGTH

NONFERROUS METALS AND STAINLESS STEEL -- EFFECT

OF PREVIOUS TEFORMATION AND HEAT TREATMENT o

By R. W, Mebs and D. J. McAdam, Jr.

SUMMARY

A résums is given of an investigation of the Influence of plastic
deformation and of annealing temperature on the tenslile and shear elastic
properties of high strength nonferrous metals and stainless steels in the
form of rods and tubes. The data were obtained from earlier technical
reports and notes, and from unpublished work in this investigetion.

There are also included data obtalined from published and unpublished
work performed on an independent investigation.

The rod meterisls, namely, nickel, monel, Inconel, copper, 13:2 Cr-
Ni steel, and 1&:8 Cr-Ni steel, were tested In tension; 18:8 Cr-Ni steel
tubes were tested in shear, and nickel, monel, aluminum-monel, and
Inconel tuhes were tested in both tension and shear. T

There are flrst described experiments on the relationship between
hysteresls and creep, as obtainsd with repeated cyclic stressing of an-
nealed stainless steel specimens over & constant load range. Thess
tests, which preceded the measurements of elastic properties, assisted
In devising the loading time schedule used in such measurements.

From corrected stress-set curves are derived the flve proof stresses
used as indices of elaestic or yleld strength. From corrected stress-
strain curves are derived the secant modulus and ite variation with stress.
The relationship between the forms of the stress-set and stress-strain
curves and the values of the properties derived 1s discussed.

Curves of variatlon of proof stress and modulus with prior extension,
as obtained with single rod specimens, consist In wavellke baslc curves
with superposed oscillations due to differences of rest interval and ex-
tension svacing; the effects of these differences are studied. Oscilla-
tlons of proof stress and modulus are generally opposite in manner. The
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use of a series of tubular specimens corresponding to different amounts
of prior extensicn of cold reduction gave curves almost devoid of oscil-
lation since the effects of variation of rest interval and extension
spacing were removed. Compalison is alzo obtalned tetween the varlation
of the several piroperties, as measured in tension and in shear. The rise
of proof stress with extension is studied, and the work-hardening rates
of' the various metals svaluated. The ratio between the tensile and shear
proof stresses for the various aunealed and cold-worked tubular metals is
likewise calculated.

The iInfluence of ammealing or teupering temperature on the proof
stresses and moduli for the cold-worked metals and for ailr-hardened 13:2
Cr-Ni steel is investimated. An improvement of elastic strength gener-
ally is obtained, without important loss of yield strength, by ammealing
at suitable temperature. '

The variation of the proof stress and modulus of elasticity with
plastic deformetion or ammeeling temperature is expleined in terms of
the relafive dominance of three important factors: namely, (a) internal
gtress, (b) lattice-expansion or work-hardening, and (c) crystal. re-
orientation.

Effective values of Poisson’s ratio were compubed from tensile and
ghear moduli obtained on tubular specimens. The variation of Poisson's
ratio with plastic deformation and amnoaling temperature ls explained.in
terms of the degree of anisotropy produced by changes of (a) intermal
stress and (b) crystal orientation.

INTRODUCTION

An investigation of the slastic properties of high strength alrcraft
metals has been conducted at the Nationsl Bureau of Standards for several
years under the sponsorship of the National Advisory Committee for
Aeronautics. A series of papers (references 1 to-6) have been presented.
The first two (references 1 and 2) were comprehensive technical reports
upon the tensile eslastic properties of stainless steels and nonferrous
metals. The remaining reports camprise a series of technical notes (ref-
erences 3 to 6) upon the low temperature properties of 18:8 Cr-Ni steol,
upon the shear elastic properties of stainiess steel and nonferrous metal
tubing, and upon Poisson's ratio for stainless steel,

The present peper is a summary of the preceding reports, and also
contains considerable additional information consisting of (a) the re-
sults of tension tests on nonferrous tubing not previously reported,

(b) some useful information obtained on nickel rod in another investi-
gation in this laboratory (reference T}, and (c) some unpublished. results

2
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obtained in another project upon the influence of annealing temperature
on the tengile elastic properties of nonferrous rod materiels. Thesge ad-
ditional data are bellieved to add substantially to the velue of this sum-
marizing paper.

The elastic prcperties of a metal, as considered in this report,
comprise the elastic strength, the elastic modulus, and associated indi-
ces. These properties may be derived in both tension and shear.

By elastic strength 1s usuelly meant the stress necessary to deform
the metal to a boundary between elastic and ineisstic strain. As showmn
in saveral of the preceding papers (refevences 1, 2, 3, 4, and 7), this
boundary is not definite but depends upon the sensitivity of the method
of measurement. For practical purposes, therefore, the elastic strength
and yleld strength of e metal are expresged iIn terms of five indices
termed "proof stresses." Those are the stresses necessary to cause per-
menent strains of 0.001, 0.003, 0.01, 0.03, and 0.l percent. The values
s0 obteined are found to vary with the amount and direction of previous
gstressing beyond the elastic strength.

As the styress-gtrain line for many metels is curved, the modulus of
elasticity must be defired in terms of two or mors indices. Thess in-
dices msy be taken as the modulus of elasticity at zero stress, and at
one or more elevated stresses, and the linear stress coefficient of the
modulug at zero stress, Co. In previous papers (references 1, 2, L,
and T7), the quadratic stress coefficient of the modulus C! was used.
This index is not evaluated in the present summary. When the five proof
stresses and the variation of the modulus with stress are kmown, a
falrly good picture of the elastic properties of a metal is obtained.

Additional indices were derived for some of these metals: namely,
the tensile-sheay proof stress ratio, the work-hardening rate, and
Poisson's ratio. Poisson®s ratio was derived from meassured values of
the tengsion and shear moduli, by use of an sppropriate formula. Values
of Poisson's ratio for 18:8 Cr-Ni steel were derived from tension and
torsion measurements on cold-drawn rod and tubing, respectively. (See
reference 5.) From values of the shear modulus derived previously
(reference 6) and of the tension modulus presented here for the first
time, the values of Poisson's ratio were derived for nonferrous metal
tubing. The tensile-shear proof stress ratios and the work-hardening
rates of these nonferrous metals are likewise presented as new data.
There are also presented the elastic properties of 18:8 Cr-Ni steel rod
at low temperatures.

In this paper, considerable data contained in the earlier reports
were necessgarily eliminated, for the sake of conciseness and clarity.
The dete presented are believed to be representative of each material
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tested. Where feaslble, suimarizing statements give the resulis of work
for which data are not presented.

A study 1s made of the variation of the several slestic propertlies
of metals, in temsion and in shear, with cold deformation and heat treat-
ment. This variastion 1s ghown to be influsnced by the relative dominance
of three factors.

The metals studled and epparatus used are described in part I. In
the development of the method of testing used, a preliminary investiga-
tion was made of the relationship between hysteresls and creep for an-
nealed 18:8 Cr-Ni stesl. These tests are discussed in part II. Part III
glves the methods of measuremeut, snd of plotiting stress-set and stress-
deviation curves. The effect of prior plastic deformation on the tensile
and shear elastic strengths of the various metals studied is discussed in
part IV. The influence of annealing temperature on the elastic strength
is presented in part V. This section also includes a discussion of the
low temperature tests of 18:8 Cr-Ni steel, Part VI contains a study of
the Influence of prior plastic deformation on the tensile and shear mod-
ull and theilr linear stress coefficienta for the metals investigeted.

The influence of annealing temperature on these modull and thelr stress
coefficients 1s discussed in part VII. The effect of lowering the test
temperature on the tensile modulus is slso studied. The variation of

the calculated values of Poisson's ratlo with plastic defermation and
annealing temperature also is presented in parts VI and VII, respectively.
The conclusions reached in this report are based on a comparisom of the
diagrams obtained with the several metals.

I. MATERYTALS AND APPARATUS

1. Materials and Specimens

The materials used in this investigatlon consist of several nonfer-
rous metals, namely, nickel, monel, aluminum-monel, Inconel, coppex,
and two stainless steele, namely, 13:2 Cr-Ni steel and 18:8 Cr-Ni stoel.
Nickel, monel, aluminum-monel, and Inconel were supplied in both the rod
and the tubular form by the International Nickel Company. Results ob-
talned with aluminum-monel rod were fragmentary, and are given only in
an earlier report (reference 2). The oxygen-free copper rod was furnlished
by the Scomet Engineering Company. The 13:2 Cr-Ni steel rod was furnished
by the Carpenter Steel Company. The cold-drawn 18:8 Cr-Ni steel rod was
furnished by the Allegheny-Ludlum Steel Corporation. The annecled 18:8
Cr-Ni1 steel rod was obtained from the stock room in this laboratory. The
18:8 Cr-Ni steel tubing was purchased on the open market. o

The 13:2&-1\‘1 ste&trod vag supplled in the annealed condition
4
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(heated to 1240° F and slowly cooled in the furnace). The 18:8 Cr-Ni
steel rod upon which hysteresis meagurements were made had been soft-
ammealed. The copper rod was cold-rolled. All the other rod material
was furnished in the cold-drawn condition. The 18:8 Cr-Ni steel tubing
was cold-drawn during manufacture. Nickel, monel, aluminum-monel, and
Inconel tubing were each supplied in several hardness grades as obtained
by cold reduction without intermediste anneal; sluminuvm-monel and Inconel
tubing were also supplied in a soft-annsaled condition. There also was
supplied nickel, monel, aluminum-monel, and Inconel tubing which had been
sevgrely cold-reduced and then normalized or stress-relief-annealed at
500° F. i ©o

Cold reduction in the manufacture of the nonferrous tubing was ob-
tained by “cold-drawing"” or by the "tube reducer" method. The cold-
drawing method consists in drawing the tubing between a standard drawing
die and a mandrel. The tube reducer method consists in kneading the
tubing over a mandrel by the use of rolls. The latter method was used
only in producing severely cold-reduced tubing. Both methods will be
freguently referred to as cold reduction, in order to differentiate fram
cold deformation obtained by tensile extension of specimens soft-annealed
in the laboratory.

Chemical compositions of all the materials are listed in table 1.
Mechanical and thermal treatments of individual rod specimens are listed
in table 2, and of individuel tubular specimens in teble 3. The methods
and amounts of ¢old reduction imparted to the materials during manufac-
ture are also listed in tables 2 and 3. In each serial designation, the
first letter or series of letters identifies the material as to composi-
tion, form,and degree of cold work during manufacture. Any ennealing or
tempering treatment is indicated by a nurmber following these letters,
denoting the number of degrees Fahrenheit in hundreds. If the specimen
was extended following the annealing treatment, and before test, these
numbers are followed by the letter R and an additional number indicat-
ing the nominel extemsion in percent. For 13:2 Cr-Ni steel (table 2)
the letter E 1is followed by a second letter which indicates the method
of cooling from 1750° F, namely, A for air cooling and F for furnace
cooling; the final number indicates the tempering temperature in hundreds.

The original rod dlameters and the dlameters of the rod test spec-
Imens are given in tgble 1. The gage dlameters of these specimens were
made as large as possible in order to decrease the error of estimating
the stress; the error (in pounds) in estimmting the load is practically
independent of the load, for any scale range of the testing machine, In
other respects, the rod specimens were according to the standard of the
American Society for Testing Materials for threaded specimens with 2-
inch gage length. The ratio of gage length to diameter for the rod srec-
imens was unimportent in thig investigatlon, because the tests did not
require extension beyond the point of beginning local contractiom.

)
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All tubes were of l-inch outside diamster, nominal size. The nickel,
monel, aluminvm-monel, and Inconel tubes were of 0.085-inch wall thick-
ness and the stalnless steel tubes of O.l-inch wall thickness, nominal
plze. The spetimens were thoroughly cleaned, after which the length,
average outslde diameter, and weight of each were accurately measured.
The average wall thickness of each gpecimen was computed from these data,
and from a density value carefully determined by the hydrostatic weigh-
ing method on a small sample of the sams maberial.

Single rod specimens Were prepared ccocrresponding to sach treatment
indicated in table 2. Duplicate specimens of nickel, monel, aluminum-
monel, and Inconel tubes were prepared corresponding to each treatment
indicated in table 3; i1dentical tubular specimens were tested in tenslon
and in torsion. Only single specimens of 18:8 Cr-N1 steel tubes were
prepared corresponding to each treatmernt listed in table 3. Bofore test,
each tubular specimen had 1ts ends fittsd with tlaght plugs in order to
prevent distortion during teat. :

2. Appaxatus

A pendulum-hydraulic testing machine of 50,000-pound capacity was
used for tension testing. The threaded rod specimens were held in grips
with gpherical seats. Wedge type grips held the tubulaer tension test
specimens. Torsion tests were made in a manually Operated pendulum-type
testing machine of 13,000 inch-pound capacity. '

Mogt of the room temperature tension teste were mede with a pair of
Tuckermsn optical extensometers; these gages were asttached to opposite
sides of the speclmens. The gmalleat gage dlvision of this extensometer
corregponds to a charge of length of 0.00004 inch. By means of a vernier
on this instrument, it 1s possible to estimate changes of length to with-
in about 0,000002 inch; this sensitivity correspconds to a gtrain sensi-
tivity of 1 X 10™% percent for the 2-inch gage length used. A limited
number of measurements were also made with an Ewing exbensometer of some-
what poorer sensltivity.

Room tumperature torsion tests were made with an optical torsion
meter (fig. 1) of high sensitivity, especially designed and ccnstructed
for measuring shear strain in this investigation. A description of this
torsion meter was given in earlier report (reference 4). The smallest
gage division on the scale of the collimastor used in conjunction with the
torsion meter represents a relative angular motion of 0.0002 radian of
tube cross section a gage length (2% in.) apart. This corresponds to a
change of strain of less than 4.0 X 10 3 percent for the size tubular
gpeclmens used. By means of a vernier on the collimator scale, changes
of strain of less than 2.0 X 10°* percent can be detected.

6
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For the low *temperature tests described in this report, the specimen
was immersed in a bath comsisting of equal parts of carbon tetrachloride
and chloroform, to which had been added an excess of golld carbon dioxide.
The modified Tuckerman extensometer and chamber used (fig. 2) were de-
scribed earlier (reference 3). ' ' '

II. HYSTERESIS AND CREEP OF ANNEALED 18:8 Cr-Ni STEEL

As previously mentioned, the boundary between elastic and plastic
strain is considerably affected by the amount and direction of any pre-
vious stressing beyond this boundary. One manifestation of this effect is
known as mechanicel hysteresis. By plotting strain measurements obtained
at various stress increments, while raising and lowsring the load in &
single stress cycle, there would be obtained & curve the ascending and
descending portions of which generally do not coincide. This would hold
true even if the maximum stress were well below the technical elastic
limit. The cycle of stress thus causes & hysteresis loop, which may or
may not be closed at the bottom. The width of the loop and the degree of
geparation of the ascending and descending curves at the bottom depend on
the stress range, the rate of loading and the number and character of the
previous cycles.

1. General Description of Experiments on Hysteresis and Creep

In order to study in detail the interrelationship between stress,
strain, and permasnent set, it is lmportant to understand the influence of
hysteresis on the stress-strain characteristic and its relationship to
positive and negative creep. In figure 3 are shown selscted hysteresis
loops of geries obtained upon each of three similar 18:8 Cr-Ni steel rod

specimens, DA-5, DA-3, and DA-4.l This rod material, DA, which was re-
colved in the soft-apnealed condition, is the same as used in a previous

investigation in this laboratory (reference 8). In each of the series,
the specimen was loaded between congtant values of upper and lower load;
the lower load was Just sufficlent to preserve alinement of the grips,
the edepter, and the specimen. With the stress range used for each spec-
imen, considerable permanent set was obtained with the initlal cycles.
The stresses indicated were calculated by dividing the load by the cross
sectional area at the beginning of each cycle. Such stresses are termed
true stresses. .

In figure 3 the origin of each loop has been shifted forward by a
constant abscissa interval from the origin of the preceding loop plotted.

1In the designation of these three specimens, the final number is
uged for identification only; it bears no relation to any annealing
temperature.

T
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The number of each cycle in the series is given at the top. The cycle
.time, in minutes, is given at the top of each loop in the upper row and
ingide each loop in the lower row. The total plastic extension prior to
each cycle ls also glven inside each loop. The time intervael between
cycles is indicated by the symbol at the beginning of each cycle.

Because of the greater stress range in the cycles of the upper row,
the plastic extension of specimen DA~5 in the first few cycles was greater
than obtaired on specimen DA-3 in the lower row. (These specimens are
designated 14-5 and 1A-3, respectively, in reference l.) Nevertheless,
the- pexmanent svt per cycle decreased more repldly in the upper row than
in the lower row, owing probably to the greater work-hardening at the _
greater stress range in these cycles. Because of accldental overstress-
ing, only 29 cycles could be obtained upon specimen DA-3; only the first
5 cycles are shown. A new gpecimen of this material, DA-4 (designated
1A-4 in reference 1) was given 30 rapid cycles over the same stress renge,
without measuring strain, and the experiment then was continued. Soms
few cycles obtained on specimen DA-4 are given in the right-hand portion
of the lower row of figure 3. A comprehensive discussion and additional
d?ta, relative to these tests, are found in an earlier report (reference
1). :

2. Bysteresis Experiments on Specimen DA-S

The first U4 cycles in the upper row of figure 3 are represented by
ordinary stress-strain curves. The first cycle, because of the relatively
high stress applied to this annealed materisl, caused an extension of 15
percent. The solid line represents the variation (with strain) of the
nominal stiess, that is, stress based on the original sectional area; the
broken line represents the variafion of stress based on the actual cross
gection corresponding to the strain. IXach of the other loops of the
upper row is a plot of the true stress as previously defined.

Comparison of loops 1 to 4, with allowance for the fact that the
abscisssa scale 1s much more sensitiVe for loops, 2, 3, and L4 than for
loop 1, shows that each of these loops (both at the middle and at the
bottom opening) 1s considerably nerrower than the preceding loop. With
continued cyclic repetition, the dlfference in form between any two ad-
Jacent loops gradually becomes smaller. In order to study these later
variations, therefore, it i1s necessaxry to use e still more sensitive
abscissa scele. For loops 5 to 161, consequently, absclssas represent
deviations from a tensile modulus of 31 x 10° psi, plotted on a more open
scale. (A more detatled discussion of the deviation method of plotting
is given later.in tke description of fig. 4.)

Consideration is given now to the variation with cyclic repetition

of the loop width at the middle, the width of the opening at the bottom,
and the negative creep at the bottom. These values are listed in table 4

8
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values for cycles not shown in this figure may be found in an earliier re-
port (reference 1, table III). For some cycles, strain measurements were
not made, but the stress range was the same as for the measured cycles.
The time for the unmsasured cycle was much less than for a measured cycle.
The net plastic extension per cycle, consequently, wes much less for the
unmeasgured than for the measured cycle.

With cyclic repetition, as shown in figure 3 and table Lk, the width
of the loop at the middle, and the width of the opening at the bottom
tend to decrease. This general Trend for each of these values, however,
is sometimes interrupted or masked by any marked veriation of the cycle
time, or of the time inteival between cycles. ZEFach cycle represented In
the upper row of figure 3 geterally started immediately after the end of
the cycle preceding it in the test. (The measured negative creep at the
end of a cycle was viewed as part of that cycle.) After 11 short cycles
1kl to 154, however, there was a rest interval of 1 day. Loop 155, which
followed this rest intervel, is much wider than loop 140. This widening
effect ls only temporary; during several subsequent loops the width rap-
1dly decreases and the general trend is resumed.

The net permanent extension per cycle (width of the opening at the
bottom of the loop) is the difference betwsen the total positive creep
and the total negative creep during the cycle. Most of the posltive
creep occurs at and near the top of the loop, and most of the negative
creep occurs at and near the bottom. The bulging of the loop in the
first part of the descent from the top gives qualitative evidence of pos-
1tive creep; bubt the actual creep is less than indicated, owing to the
use of the deviation method of plotting. It was not possible to make di-
rect measurements of either the total positive or totel negative creep
occurring during a cycle. Values of the positive creep baéed_On the
bulging of the loop below the top, however, are listed in table 4; these
values have only qualitative significance. They would be less had more
time been allowéd for positive creep at the top of the loop.

Positive creep during the first part of the descent from the top may
have i1ts counterpart in negative creep during the first part of the as-
cent from the bottom of the loop. That is, if time 1g not given for neg-
ative creep at the bottom of a loop, negative creep generally becomes ev-
ident during the first part of the ascent of the next loop in increasing
the steepness of the curve. In an investigation of the stress-strain or
stress-set relstionship, therefore, care is necessary to eliminate or
minimize the disturbing effect of negative creep near the end of a cycle,
on the foxrm of the following stress-strain or stress-set curve. In the
cycles represented in figure 3 and in most of the experiments represented
in the figures of this report, the disturbing effect of negative ctfeep
was minimized by allowing a rest interval before beginning the next cycle.
Time was thus given for completicn of important thermsal creep and the
most rapld paxrt of the inelastic creep. Much longer time 1s necessary,

9



NACA TN No. 1100

however, to eliminate entirsly the influence of inelastic negative creep
(reference 9). In table 4, the amounts of regative creep during 1 and 3
minutes are listed for specimen DA-5, That the rate of nsgative creep
decreases rapidly is indicated by the greater creep occurring during the
firest minute than in the succeeding 2 minutes. ‘The negative oreep during
the firstiminute for these cycles is not plotted in figure 3.

3. Hysteresis Experiments on Specimens DA-3 and DA-4

In the lower row of flgure 3 the locps represent series of cycles
obtained on two specimens DA~3 and DA-4. The gtress range used was some-
what smaller than used with specimen DA-5. As noted before, overstress
on gpecimen DA-3 after 29 cycles necessitated the continuation of these
tests upon specimen DA-L, which was firet given 30 repid unmeasured
cycles. The total extension during these first 30 cycles was not meas-
ured, but as explained earlisr (refersnce 1), could be assumed to be
eabout 3.5 percent.

The first five stress-strain loops for specimen DA-3 are plotted;
the remaining selected loops shown were obtained with specimen DA-4, and
are plotted as deviation from a modulus of 31 X 10° psi on a more open
scale., Data on the cycles shown are listed in table 4. Data not shown
for measured and unmeasured cycles on these speclimens may be found in an
an earlier report (reference 1, tables IV and V).

For cycles 83 through 388 upon specimen DA-4, the extensometer used
was reset after each measured cycle, permitting some small ummeasured
negatlve creep during this interim, This interval was therefore not con-
gldered a part of a cycle; as indicated by the first symbol of the suc-
ceeding cycls, thils resetting generally required 2 minutes. The negative
creep messured after the first minute rest interval, however, is consid-
ered a portion of the previous cycle.

Cycle 31 1s somewhat wider then any of the loops immediately follow-
ing (see reference 1) owing probably to an unstable cordition induced
during the preceding 30 rapid cycles. With slow cyclic repetition, the
maximum loop width and the width of the opening at the bottom of the loop
gradually decrease. The positlve creep likewise gradually decreases.

The 3-day interval preceding loop 116 caeuses it to be somewhat wider than
loop 83. However, loop 118, which has a short prior rest intervel, has
considerably less loop width than loop 83. Loops 376 and 377 are not ap-
preciably different from loop 118. Rapid cyclic stressing preceding

loop 376 evidently did not cause it to differ appreciably from loop 377.
Hence, loop 388 is effectively wider than loop 377 owing to the greatly
increased cycle time, rather than because of the repid cycles preceding
it.

10
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k, Variation of Creep with Cyclic Repetition

Negative creep at the bottom of the loop evidently decreases rapidly
during the first few cycles, and changes more slowly with further cyclic
stressing. With cyclic repetition, both the net positive and negative
creep probably approach zero. The width of the loop at the middie, how-
ever, probably approaches a limiting value greater then zero. With a
completely closed loop, the form and size would be independent of cycle
time, producing “elastic," or better, "statical" hystereais.

Statical hysteresis evidently hed not been attained in specimens
DA-5 or DA-L4, gince the loops are far from closure. Thousands, possibly
millions,of cycles probably would be necessary to cause such closure
(refe*ence 10). With much shorter cycle time (higher cycle fregquency),
the number of cycles necessary to reach a condition of stabical hystere-
sis would be still gredter.

Negative creep frequently is called “elastic aftereffect." This
term is erroneous, however, because negative creep is often caused by
plastic deformation of parts of the microstructure of a metal. One kind
of negative creep which 1s truly elastic is thermal creep, as caused by
temperature equalization of a metal following a rapid change of stress.
In a comprehensive discussion of thermal crsep given in the earlier re-
port (reference 1, p. 8) it is shown that the measureble thermel creep
caused by loading or unloading, within the yield stress range, a speci-
men of the form and size used, probebly would be complete within s
minute. Calculation of the eamount of total thermal negative creep for
the loops illustrated in figure 3 gives a value of less than 0.00L per-
cent. The negative creép observed at the end of each loop measured was
therefore almost entirely inelastic creep. Although there may be a
real difference between the so-called "drift" and other types of slow
creep referred to in the literature, the authors are unable to make such
& distinction in the discussion of the data to be presented.

III. MEASUREMENT OF STEESS, STRAIN, AND PERMANENT SET

1. Method of Test and Plotting of Results

In each series of hysteresis experiments previously described, the
stress range was held constant. To investigate the elastic strength and
modulus of elasticity, however, it has been found desirable to subject
the metal to repeated stress cycles of increasing range, so as to obtain
correlated stress-strain and stress-set curves. For this purpose spec-
imens have been loaded and unloaded cyclically to progressively greater
loads, until the total plastic extension reached at. least 0.l percent.
The specimen was not completely unloaded during each cycle, but only to

11
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a fixed lower value, ln order to avold disturbing the alinement 'of grips,
adapters, and specimen.

By plotting for each cycle of stress, the strain as measured by
dlfference in stiain meter readings at each upper load and at the begin~
ning of the first cycle of stress, ageinst the atress corresponding to
each upper load,l a stress-strain curve may be obtained from the series
of stress cycles. Such a stress-straln curve is generally almost lden-
tical with a curve obtained with uninterrupted increase of stross. An
actual stress-strain curve obtained by cyclic loading end unloading in
tension is shown in figure 4A (designated uncorrected). Stress is
plotted as ordinates and strain (extension) as abscissa. The experimen-
tal values are lndicated as peints on the cu¥ve, which has heen extrapo-
lated to zero stress.

For a more sensitive picture of the veriation of strain with stress,
it 1s desirable to plot a stiress-deviation curve, as shown by the broken
curve (designated uncorrected) in figure 4#B. The strains represented in
thie figure are not the total sirains, but are the calculated differences
between the total strains and the strains corresponding to an assumed
constant value of the modulus of elasticity (for this curve 32 X lOsjpsﬂ.
Figure 4B is plotted upon a more open abscissa scale than is figure LA.
By sultable cholce of the assumed modulus value, the stress-deviation
curve gives a very sensitive representation of the variastion of sirain _
with stress. Absclssa values on the broken curve in figure 4B correspond
in figure 4A to the horizontel distances between the straight line rep-
resenting a modulus of 32 million psli and the plotted stress-strain
curve, measured at corresponding stress ordinates.

By plotting the stress for the upper load in each cycle agalnst the
permenent set, as measured by the difference in strain meter readings at
the lower load, at the erd of that cycle, and at the begimming of the
Tirgt cycle, a stress-set curve is obtained. The siress-set curve corre-
sponding to the stress-strain relationship in figures 4A and 4B is plot-
ted in figure U4C. ZExperimental values are indicated on the curve. The
extreme upper portion ls not shown, owing to the sensitivity of the ab-
sclssa scale used.

The values of straln and permanent set measured for each cycle of
stress wlll depend on the time schedule of loading and unloading. In
addition to the change of elastic straln wlth change of load, positive
creep will occur at and near the upper load; whereas negative creep will
occur while at and near the lower load. In this investlgation, therefore,
the load was held for a period of 2 minutes at the upper and lower limlt

lEach stress value is based upon the load and upon the dimensions
of the specimen at the beginning of the series of cycles.
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in each cycle before strain meter readings were obtained. After this _
holding time, as indicated in part II, the creep rate will have reached
& swall value. The use of such holding times made it unnecessary to
maintain an ultrasensitive control of the rates of loading and unloading
or to obtain readings at exactly prescribed times. The actual rates were
maintained well within the required limits.

In order to investigate the influence of prior plastic extension on
the stress-deviation and stress-set curves, some rod specimens were ex-
tended plastically by numerous increments to about the point of beginning
local contraction. Correlated stress-strein and stress-set curves were
obtained with the unextended specimen and after each increment of exten-
sion. Some of these increments were large, but others were equivalent
only to the extension obtained in dsteimining the previous stress-set
curve. The distribution of these increments of extension over the range
of prior deformation is termed "extension spacing." After each incre-
ment of extension, the specimen was permitted to rest before determining
the stress-strain and stress-set curves;l the form of such curves will
depend somswhat upon the duration of such a "rest irterval." That cer-
taln changes occur in & test specimen during a rest interval 1s evidenced
by negative creep during this period. As shown in earlier reports (ref-
erences 1, 2, and T7), these changes are greatly accelerated bty a slight
elevation of the temperature during the rest interval.

In later tests, in a study of the influence of plastic deformation
upon the elastic properties of nonferrous metal tubing and 18:8 Cr-Ni
steel tubing, different laboratory-annesled specimens were extended vary-
ing amounts, following which single correlated stress-strein and stress-
set curves were measursd on each specimen. Thus the influence of vary-
ing extension gpacing and rest interval were not factors in these later
tests. .

2. AccuPacy of Determination of Set and Strain Values

Because of the change in elastic strein with load, any deviation In
the actual load at which a strain mster reading is taken, from the re-
corded value, will introduce an error in the determination of strain or
set. This deviation will dspend upon the senslbllity of reading the
scale of the testing machine and the ability of the testing machine op-
erator to maintain the load during strain meter readings.

*Since stress velues are based upon the specimen cross section at
the beginning of measurement of each stress-gstrain curve, they will be
referred to in this report as "true" stresses, as distinguished from
"nominal" stresses based upon the original cross section of the specimen.
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A discussion of the relative influence of these factors is given in
earlier reports (references 1, 2, and 7). It is there shown that these
errors are negligible, or may be minimized by careful test procedures, so
as not to magk the influencd of important factors on the elastic proper-
ties of metals. '

IV. THE INFLUENCE OF PRIOR PLASTIC DEFORMATION ON TEE
ELASTIC STRENGTH OF MBETALS

In studylng the elastic strength of metals, es affected by plastic
deformation, attention will be gliven flret to annealed nickel. The in-
fluence of various factors upon the elastic strength of this metal will
be studied in detall. A comparative study will then be made of the other
nmetals. '

1. Influence of Plestic Extension on the Stress-Set Curve and

the Tenslle Elastic Strength of Annealed Nickel Rod

In order to investigate the tensile elastic properties of fully an-
nealed nickel rod, a specimen of cold-drewn rod (R) was annealed at
1400° F (reference 7). Correlated. .stress-deviation and stress-set curves
obtained with this specimen (R-14) are shown in figure 5. The stress-set
curves, similar to the curve found in figure U4C, are in the lower row of
the figure. Directly above the origin of each stress-set curve is the
origin of the corresponding stress-deviation curve, similar to that found
in figure 4B.

The origin of each stress-set curve in flgure 5 1s shifted to the
right a constant intervel from the origin of the preceding curve, and has
its own scale of sbscissas. Distances between the origins have no rela-
‘tion to this scale. The curves were obtained consecutively from left to
right, in pairs, by methods described in part IIY, and with intervening
(varying) amounte of prior plastic extension. Curve 9 of this group is
identical with the stress-set curve in figure kC.

The prior extensions for individusl curves are not indicated in fig-
ure 5. The curves are numbered consecutively, however, and the percent-
ages of prior extension may be found by referring to the correspcndingly
numbered experimentally determined points in figure 7, which ls derived
from the stress-set curves in figure 5.

The rest intervels between two meries of cycles from which a pair
of stress-set curves were determined, range from 31 to 37 minutes;
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between separate psirs of curves the rest interval was somewhat longer.
The rest interval preceding each series of cycles from which a stress-
set curve is obtained is indicated in figure 5 by the symbol placed at
one oy more experimentglly determined points on the curve.

From each stress-set curve are derived five proof stress wvalues cor-
regponding to total sets of 0.001, 0.003, 0.01, 0.03, and 0.1 percent.
In figure 7, these proof stresses are plotited sgalngt the corresponding
percentages of total prior plastic extension. Stress is plotted on an
offget scale in order to differentiate the curves for the geveral proof
sets. As indices of elastic strength, the proof stresses based upon
0.C01- and 0.003-percent set probzbly should receive more consideration
than the proof stresses based on larger percentages of permement set.
The 0.l-percent proof astress should be viewed as an index of yield
strength rather than as an index of elastic strength.

In each curve of figure T, the points derived from experiment are
digtributed alcng the extension sxis, in palrs, which are separated by
relatively long intervening plastic extensions. Each pair of points is
derived from a pair of stress-set curves determined with an intervening
plastic extension equivalent only to that obtained in detexrmining the
first curve of the pair. The alternate long and short extensions were
mede in order to reveal the influence of the amount of intervening plas-
tlc extension on the form of the stress-set and stress-strain curves and
on the derived temsile elastlc properties.

The stress-set relationship, as affected by plastic extension, rest
interval, and extension spacing may besgt be studied by considering the.
derived curves of variation of the proof stresses with prior plestic ex-
tension, In studying this relatiomnship for annealed nickel, however, it
also ghall bs of interest to comsider the interrelationship of the forms
of the derived curves (fig. 7) and the stress-set curves (fig. 5). The
steeper the stress-set curves, the higher are the derived proof stresses.
It skould be noted that the oscillations in the curves for 0,00l-percent
progf stress are usually large and parallel to those for greater values
of set. They are due principally, therefore, to variations in properties
of the test specimen, not to any lack of egensitivity of the testing appa-
ratus.

The first stress-set curve of each palr (fig. 5) generally is less
steep than the second. This relationship is illustrated also by the re-
lative height of the experimentally derived pointe in the disgram (fig.
7). The first point of each pair, with few exceptlons, is lower than the
second. Such differences are due partly to the differences in the dura-
tlon of the rest interwval; the longer the rest interval, the lower gen-
erally is the corresponding point on the derived dlagram. Tkis lowering
1s most prominent during the first portion of the rest interval and is
slight after 1 day. The generally higher position of the second point

15



RACA TN No. 1100

of a pair, however, 1s due partly to the influence of the extension spaoc-
ing. .

The oscillations due to the influence of the rest interval and of
the extension spacing are supexrmosed on curves of variation of the proof
stresses due to prior plagtic extension alcne. The latter curves, here-
after termsd "baslc curves," would be smooth in form, but cannot be deter-
mined indepsndently on a single epoclmen. The bgeic curves would be
neayxly paccllel, however, to curves drewn throush the mean position of
the oscillations. If the basic curves were drawn in filgure 7, all but
the lowest curves would rise comtinuwously, at a gradually dccreasing rate,
The beglc curve for the 0,00l-percsnt proof stress would not rise contin-
uously, but would have severasl minima snd maxims; it probably has a
glight initial descent, as illuatrated by the fact that point 3 1is lower
than point 1. In later meszsurements of the tenslion stress-get curves of
nonferrous metal tubing, individual annealed spocimens were extended vary-
ing amounts before test; such derived proof stress extension curves hence
are basic curves devold of the influence of the rest interval and of thse
extension spacing.

2. Internal Stresses and Their Tffects on the Tenslle Proof Stresees

The oscillatione in proof stress-extension curves may be attributed
to variatlons of one or more kinds of internal stress due to chenges of
extension spacing or rest interval. As.shown by Heyn and Bauer (refer-
ence 11) and Masing (refersnce 12), the internal stresses induced are of
three kinds. The firet, termed macroscovic internal stress, is caused
by nommiformity of plastic deformation in different parts of a cross sec-
tion. Heyn hag deviged a method for measuring approximstely internal
gtresses of thig kind., Such internal stress tends to lower the obeerved
elastic gtrength. The second kind of internal stress, termed hereafter
"microstructural stress,” is due to initial differences in the resistarnce
to plastic deformation of variously oriented grains of a polycrystalline
aggregate, and to differences in the strength of different microconstlt-
uents; when the stross is removed following plastic deformation of the
metal, gome of the gralns will be under tensile stress and others under
compressive stress. According to Masing (reference 13) and others,
microstructural stress is the cause of the Bauschinger Effect (reference
14) and of the "olastic aftereffect,” better designated as negative creep.
There is sows evidence, however, that the influence of mlcrostructural
stress 1s very similer to that of macroscoplc intermal stress. The
Bauschinger effect probably ils due largely to the third kind of internal
gtress.

The third kind of internal stress described by Heyn and by Masing
is associated with space-lattlce changes involved in work-hardening. I%
has been shown by Smith and Wood (reference 15) that the plastic extersion
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of iron causes a three-dimensional expansion which remeins after removal
of the stress. This type of internal stress, termed "lattice expansionm,”
canniot be wholly removed except by recrystallization. The authors of the
present summary are of the opinion, however, that the lattice expansion
diminished somewhat with rest at room temperature. The lattice expansion,
therefore, probably is associated essentially with work-hardening. As 1t
DProbably differs in direction parallel and normal to the direction of ex-
tension, this dlrectional variation would account for the Bauschinger ef-
fact. -

In future discussion, the ungualified term "internmal stress" will
8ignify only the combined effect of macroscopic intermal stress and micro-
structural stress. The production of such internal stress tends to lower
the proof stress. According to figure T, and from results of interrupted
tests on other metals to be described later, moderate to large extensions
tend to ilnduce internal stress; wheoreas slight extensions following such
large reductions tend to remove i1t. During inltial extension of nickel,
the effect of induced internmal stress also is evident in an actual slight
lowering of the 0.00l-percent basic proof stress cuxve.

Lattice expansion tends to cause a rise of proof stress, as evi-
denced by the gemeral rise of all proof stresses with extension of an-
nealed nickel (fig. 7). The oscillations superposed on the basic curves
are due to fluctuations of the relative dominant influences of induced
interral stress and lettice expansion. They are most evident in the
lower proof stress curves.

Templin and Sturm (reference 16) show that uninterrupted plastic de-
formation by tensile extension tends to railge the subsequently measured
tensile yleld stresses (0.2-percent offset) far above the compressive
yield stresses, an evidence of the Bauschinger effect. In cold-drawing,
however, tensile and compressive yield stresses remained equal. Extend-
ing from the right boundary of figure 7 ars short lines indicating the
proof stresses cbtailned upon & specimen of the nickel rod (R) in the
cold-drawn condition (cold-drawn to E0-percent reduction, that is, 150-
percent equivalent extemsion, during menufscture). Extrapolation of the
five proof stress curves to the right from 35-percent to 150-percent ex-
tension would give proocf stress values somewhat higher than those ob-
tained for the cold-drawn nickel rod, an evidence of the Bauschinger ef-
fect.

3. Influence of Plastic Deformation on the Tensile Elastlic Strength

of Nickel Tubing

Nickel tubing (TRF) which had been cold-reduced 75 to 80 percent in
area of cross section, and normalized at 500° F during menufacture, was

L7



NACA TN-No. 110Q

soft-annealed at 1450° F. Individual specimens then were extended vary-
ing amounts ranging from 0.5 to 10.0 percent. (See table 3.) Tensile
procf stresses, derived from tensile stress-set curves obtained with these
specimens, and with an unextended annealéd cpecimen are plotted in figure
8A. The amount of extension, glven as equivalent reduction of area, 1s
plotted as abscissa. The experimentally derived points are comnectwd by
streight lines. Smooth curves drawn tbrough these polnts, howevear, would
not deviate greatly firom these lines. With increasing plastlc extension
(fig. 84), all the proof stresses exhibit an initial decrease followed by
a rise. The rise ig more rapid for the higher proof sets.

In figure 8B are plotted tensile proof stresses measured upon nickel
tubing cold-reduced 10, 20, 30, 40, and 75 to 80 percent, respectively,
during manufacture. The amount of cold-reduction 1s plotted as absclssa.
Synbols denoting the various cold-reduced grades are marked on the dlagranm
along corresponding abscissa. (See table 3.) Proof stress values for
the laboratory amnealed specimen (TRF) are plotted at zero equivalent re-
duction in both figures 8A and 8B.

With increasing cold reduction (fig. 8B) the proof stresges show a
general rise, which 1s grestest between zero and l0-percent reduction.
Values of proof stress for the annealed tubing and for nickel tubing cold-
reduced 10 percent are connected by broken straight lines because the
course of these curves is least accurately defined in this range.

The intial decrease in proof stress with extension i1s probably due
to the dominant influence of incresse of intermal stress; the subsequent
rise of proof stress with extension (7ig. 8A) and the rise with cold re-
duction (fig. 8B) may be attributed ohilefly to the influence of the sec-
ond factor, lattlice expansion or work-hardening.

Extrapolation of the almost linear 0,03- and 0.10-percent proof
stress curves in figure 8A to 1l0-percent reduction would glve values ap-
proximately equal to that obtained with nickel tubing, TRA, cold-reduced
10 percent. Extrapolation of the lower proof stress curves for the ex-
tended tubing would give values lower than those obtained with the tubing
cold-reduced 10 percents

L, Imfluence of Plastic Deformation on the Shear Elastic Strength
of Nickel Tuding
The procedure of measuring shear strain and shear permanent set, us-
ing the optical torsion meter and the pendulum type torsion testing ma-

chine was generally the same as the procedure followed in the tension
measurements.
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The tubing was as thin-walled as was deemed possible without dangor
of buckling during measurement of strain. The ghear stress and strain
increased from the inner to the outer portions of the wall. Assuming
that both stress and strain increase linsarly with distance from the axls
of the tube, the shear stress T at the msan fiber would be given by

(reference 1T)
_ oM 1
T n'DEt[<l - 2% + 2<%>2>:' o)

and the shear strain 7 would be given by

S IO B

whers

M applied torgue in inch-pounds
D outer dismeter of tube
t

thickness of tube

23]

mean radius (D - t)
2

e angle of twist in gage length L

Shear stresses end strains computed by formulas (1) and (2) will
not deviate gignificantly from the true average values, sven at large
plastic strains.

Nickel tubing TRF, which had been cold-rsduced T5 to 80 percent in
area and normelized at 500° F during manufacture, was soft-annealed at
1450° F. (See reference 6.) Individual specimens then were extended vari-
ous amounts ranging nominally from 0.5 to 10.0 percent, respectively.
These specimens are described in table 3. Shear proof stress values de-
rived from shear stress-set curves measured upon these specimens are
plotted in figure 17A. The amount of exlkension expressed as squivalent
reduction of area is plotted as abscissa., The experimentally derived
points are connected by straight lines. A smooth curve drawn through
the experimentally derived points would not deviate greatly from these
lines. With increasing extension the 0.1l- and 0.03-percent shear proof
gtresses show a glight initial rise; the lower proof stresses exhibit
an initiel decrease. At greater extensions all proof stresses rise;
this rise is most rapid at the greater values of set. Figurs 17B shows
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shear proof stresses obtained with nickel tubing cold-reduced 10, 20, 30,
40, and 75 to 80 percent during manufacture. The amount of cold reductlon
in cross msection is ploited am abscissa. The symbole denoting the vaii-
ous cold-reduced grades are marked in the diagram along corresponding
abecliema., Proof stresmses for the fully annealéd nickel specimens are
plotted at zero equivalent reductlon of area in both figures 174 and 17B.
Solid lines connecting the points representing the various cold reductions
would correspond closely to the actual varlation of these proof stresses.

The initial decresase of the lower proof stresses with extension of
the annealed metal (fig. 17A) probably is due to an increase of internal
stress. The subsequent rise of proof stress with extension (fig. 17A)
and the rise with cold reduction (fig. 17B) may he attributed to the
lattice-expansion factor.

5. Influence of Plastic Deformation on the Elastic Strength of
Monel, Aluminum-Monel, Inconel, and Copper

The variation of tenaile proof stress with prior plastic extenaslon
as determined upon a ampecimen of cold-drawn monel rod, soft-annealed at
1400° F (G-14) is shown in figure 9. (See reference 2. ) The methodas of
testing, with intervening (varying) extensions, were similar to thoso em-
ployed upon nick#l specimen R-14. These tests are described at~length in
an earlier report. (See reference 2.) The heat treatmentis described
in table 2. ' ’

A series of cold~reduced monsl tubular aspecimens TGE was soft-
annealed at 1400° F and was then extended a chosen amount, which ranged
from 0.5 to 10 percent. Figure 10A shows the varlation of the proof
stress with equivalent reduction, as obtalned from =single tests on each
of the extended annealed speclmens.

Figure 10B shows the tensile proof stresses for the various cold-
reduced grades of monel.tubing, plotted against—the amount of cold reduc-
tlon. Values for annealed monel TGE are plotted at—zero reduction in
each diagram, The agpeclmenas used in deriving figure 17 are described in
table 3. ) o ' T T

With tensile extension (figs. 9 and lOA) the proof stresses gener-
ally exhibit an initial smsll decrease, followed by a rise; this rise ls
most rapld for the higher proof stresses. - With cold reduction (fig. 10B)
all proof mstresses rise continuously. The inltial decrease may be at-
tributed to the influence of induced internal stress. The subsequent
rise with tenslle sxtension and the rise with cold reduction prcbably are
due to lattice expansion, that is, work-hardening.
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Figure 18A shows the variation of shear proof stress with equivalent
reduction ag measured by single tests upon sach of a series of cold-
reduced monel tubular specimens TGE, which were soft-annesled at 1400° F
and then each extended a different amount befors test. FigurelfB shows
the variation of shear proof stress with cold reduction for the several
grades of cold-reduced monel tubing. These tests were described in an
earlier report. (See reference 6.) The specimens tested are described
in table 3. With extension (fig.184), there occurs an initial drop in
all sheer proof stresses owing to dominance Of induced internal stress.
This 1s followed by & rise, due to dominance of lattice expansion. The
rise with increasing cold reduction in figure 188 is likewlse ascribed
to lattlice expansion. ) .

With extension of amnealed aluminum-monel tubing, THD (fig. 11A),
the tenslle proof stresses exhibit an initial decrease followed by &n
increase. The variation 1s similsr to that obtained with extension of
ennealed monel rod (fig. 9) end tubing (fig. 10A). With increasing cold
reduction (fig. 11B), all proof stresses for this metel rise. Values
for the lsboratory- eand factory-annealed tubing are plotted at zero
reductlon of area; broken lines comnect these points with points repre-
senting the smallest cold reduction. This diegram is similar to that
obtained with monel tubing (fig. 10B). - o . -

The shear proof stresses first decrease and later increase, with in-
crease of extension of annealed sluminum-monel.tubing THD gs shown in fig-
ure 19A. (See also reference 6,) With cold reduction of aluminum-monel
(fig. 19B), all shear proof stresses rise. Values for the laboratory- ~~
and factory-annealed specimens are plotted at zero reduction; broken
lines connect these points with points representing the smallest cold
reductions. These diagrems are in many respects similar to those ob-
tained upon nickel tubing (fig. 17).

The variation with extension of the tenslile proof stresses of a

single Inconel rod specimen (L), cold-drawn and annsaled at 1750° F, is
shown in figure 12. (See also reference 2.) Figure 13 shows the vari-

ation of tensile proof stress with extension of Inconel tubing TID,
annesled at 1750° F, and with cold-reduction of Inconel tubing TL as
meagured upon = series of single specimens prepared in a manner similar
to that employed in the tests on nickel, monel, end aluminum-monel tub-
ing. The rod specimen I-1T7.5 1s described. in table 2, the tubular spec-
imens in table 3.

With tensile extension of amnealed Inconel (figs. 12 and 13A),
there 1s exhibited an initial decrease in all tensile proof stresses,:
followed by a rise similar to that found for monel and sluminum-monel.
With cold reduction (fig. 13B), all proof stresses rise. Values for
the laboratory-annealed specimens lie pomswhat above those for the
factory-annealed product. This difference possibly 1s due to a
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straightening operation given this metal following factory anneeling,
thereby inducing some inteimal stress. The initial decrease of proof
gtress with extensicn can be attributed to induced internsl stress; the
subsequent rise with tensile extension and the rise with cold reduction
may be attributed to lattice expansion.

With increase of tensile extension of soft-annealed Inconel tubing
7LD (fig. EOA), the shear proof etress sxhlbits an initial decrease fol-
lowed by a rise, simllar to that obtained with other metals. With in-
crease of cold reduction of Incomel (fig. 20B), the shear proof stresses
rise in & msmner similer to that obtained with aluminum-monel metal (fig.
19B). Values for both the laboratory- and factory-annealed specimens are
Plotted at zero reduction of area, and broken lines connect these points
witl points representing the smallest cold reductioms. The actual vari-
ation of the shesar proof stresses over this range may deviate appreciably
from such an indicated linear relationship. The solid lines connecting
the points representing the various cold reductions would correspond more
nearly to the actual variation of these proof stresses.

A specimen of cold-rolled copper rod N was annealed at 600° F
(references 2 and T7), according to the treatment given in table 2. Cor-
related tensile stress-strain and stress-set curves were obtalined upon
this specimen at intervals between extension incrsments, similar to the
method employed with annealed nickel, monel, snd Inconel rod.

In figure 14A is shovn & plot of tensile proof stress versus the
amount of prior extension of the annealed copper rod N-6., All proof
stresses exhibit a rise with.extenslon. The proof stress values for
0.001- and 0.003-percent set, however, oscillate somewhat about their
mean positions, in & manner similar to that obtained with extension of
other annealsd rod materials. ILattice expansion or work-hardening evi-
dently dominetes throughout this rise.

In figure 14B is shown the variation of proof stress with extension
for cold-rolled copper rod N (refercnces 2 and 7). This material had
been reduced 75 percent in area of cross section (300-percent equivalent-
extension) during manufacture, without intermediate anneal. This dia-
gram is typical of that obtained with extension of geverely cold-worked
metals. An initial small extension produces a large rise of proof
stress, especially for the lower values of set, dus to relief of internal
stress induced during the cold-rolling. With succeeding small extenslons,
the lower proof stresses oscillate over wide ranges. As the extension at
maximum lcad is swsll, about 1 perxrceant, negligible work-hardening would
occur up to this point. Extended discussion of the influence of exten-
sicn upon the proof stresses of many cold-worked metals is found in the
earlier reports (references 1, 2, and 7).
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6. The Effect of Plastic Deformation on the Elastic Strength
of Two Stainless Steels -

Two types of chromium-nickel stalnless steels were studied in this -
investigation. One steel; composed principally of 13-percent chromium ~
and about 2-percent nickel, is a heat treatable stainless steel poOssoss-
ing deop hardening characteristics. (See reference 2.) The tensile-
elastic properties were obtained of this steel in ite softest condition,
and also after air-cocling from 1750° F and tempering at various temper-
atures, followed by furnace cooling. The softest condition is obtained
by holding at a temperature of about 1260° F, follcwed by furnace cool-
ing. 7This material was obtained from the manu:acturer in the softest
condition.

The other steel studied was 18:8 chromium-nickel steel. This alloy
usually ies austenitic at room temperature although structural changes may
occuxr at low temperstures or from long exposure to elevated temperatures.
Commercial hardening is gencrslly nroduced by cold-work. It may be sof-
‘tened by water quenching from above 1800° F. This high temperature is
uged In order to prevent intergranular precipitation of carbides. An ex-
tended investigation hes been carried on with this alloy in both the an-
nealed and cold-worked conditioms, and for several different compositions
(references 1 and 2). A specimen of the soft "as-received" 13:2 Cr-Ni
stesl rod was extended by small stages to the beginning of local contrac-
tion; after each of the stages, correlated stress-strain and stress-set
curves were determined. (See reference 2.)

Figure 15 shows the veriation with extension of the tensile proof
stresses of this material. With extension, all proof stresses show an
initial sharp rise. At greater extensions, the proof stresges for the
emaller values of permanent set oscillate between high and low values;
the low pcints generaliy correspond to the larger prior rest intervals.
At varlous stages of the test, the specimen was loaded cyclically be-
tween 1000 and 80,000 psi, nominel® stress, immediately preceding a
stress-set curve. The proof stress values obtained from such curves ars
indicated by diamond-shaped symbols in the disgram. These generally are
at high points in figure 15; whereas low values generally are found fol-
lowing long rest intervals. The baslc proof stress-extension curves
would tend to rise continuously with extension. -

The general rise of proof stress may be attributed to work-hardeming.
Part of the oscillation is due to variation of induced intermal stress.
However, high values of proof stress generally follow short rest intervals

1The nominal stress, as differentiated from the true stress, 1s cal-
culated by dividing the lcad by the original cross sectional gage erea of
the specimen.
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because appreciable negative tcreep was not permitted to occur after the
preceding stress cycle; this, in turn, tends to diminish the amount of
posltive creep during measurement, esgpecially at the lower values of set.

A specimen of 18:8 Cr-Ni steel rod IM, which had been cold-drawn
to a moderate degree (designated half-hard) was water-quenched firom
1830° F in order to place it in its softest condition. (See reference 2.)
Details of heat tremtment are given in table 2. Stress-strain and stregs-
set curves were then obtained with this specimen (DM-18.3) as annealed,
and at intervals between esuccessive stages of extension, in & manner sim-
ilexr to the tests on other rod specimens.

With prior extension, the 0.l-, 0.03- and 0.0l-percent proof stress
curves (fig. 16) show a continuous rise. The 0.003-percent proof stress
curve also exhibits a slight rige, although this rise ls nearly masked by
the wide fluctuation of valuea. The 0.00l-percent proof stress curve
rises during early extension but exhibits no rise at greater extensions;
it likewimse fluctuates appreclably. Otherwise, the curves are similar to
those obtained upon other metals. Apparently lattice expansion predomi-
nates during early extension, as evidenced by a steady rise of-proof
stress. The wide fluctuations of proof stress give evidence of large va-
ristions of intermal stress superimposed upon the normel effect of dif-
ference in rest interval.

In earlier tests, not described here (references 1, 2, and T), upon
cold-drawn 18:8 Cr-Ni steel, as well as on other cold-drawn metals, it
was found thet extension of these specimens gave fluctuations of proof
stress appreciably greater than those obtained during extension of an-
nealed metal, This indicates & wilder varlation of intermal stress in
the cold-worked metal.

Slight preetretching of cold-worked specimens of both nonferrous
metals and sbainless steel generally gave some elevation of the several
proof stresses, owing to rellef of internal stress.

In an investigation not connected with this project, the authors
studled the effect of prior plastic deformation on the tensile proof
stresses of annealed 0.04-percent carbon steel. (See reference T7.) The
forms of the baeslc curves, and the fluctuations due to rest interval and
extension spacing were similar to those obtalned with the nonferrous
metals and chromium-nickel steels studied here. It was found, however,
that the intexrmittent method of measuring series of stress-strain and
stress-set curves on those steels produced eppreciable age-hardening
additlonsl to that obtained in ordinary tension tests to fracture.

Next to be considered is the effect of plaptic deformation on the
shear elastic strength of the 18:8 alloy. A number of specimens of
cold-drawvn 18:8 Cr-Ni steel tubing TC were water-quenched from 1900° F
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and each ‘then extended a different amount, ranglng from O 5 to 20 perwent,
respectively. ' A description of these specimens is given in table 3.
Shear stress-strain and stress-set curves were measured upron each speci—
men and upon an unextended annea]ed gpecimen. .

Figure 21 ‘shows the variation of shear proof stress with prior plas-
tic extension of amnealed 18:8 Cr-Ni steel tubing TC-19. The 0.1-, 0.03-,
and 0,0l-percent shear proof stresses rise continnously with extension.
The curve for 0.00l-percent set, howsver, decreases to a minimm for _
sziall values of extension and rises only slightly with subsequent exten~
gion. These variations sre qualitebively similar to those obtained in

the curves of tengile proof stress for some metals.,

The iIncrease of internsl stress with extension probably predominates
in causing the initial decrease of the O. 001ﬁpercent proof gtress. The
rise with extension of the remaining proof stresses may be attributed to
the dominent influence of ,the lattice-expansion factor. Since separate
specimens were used, these curves are devoid of the fluctuation due to in-
fluence of extension spacing and rest interval

A number of other tests were also made upon factory anrealed, hglf-
hard and hard grades of 18:8 Cr-Ni. steel tubing, in order to determine
the effect of prior torsion upon their shear elasgtic properties.

The influence of prior plastic torsion was found to be in many re-~
spects similar to the effects of prior extension; these results are given
in an earlier report. (See reference 4.) :

T. Various Strength Indices for Nonferrous Metals
and ChromiumpNickel Steels

From the proof stress values.: enumerated above may be evaluated the
"proof-stress ratio," and the tensile and shear work—bardening retes."

The proof—stress ratio may be: defined as the ratio of tensile to
shear "yield stress." In figure 22, this ratio for O.l-percent set is
plotted against the amount of cold. work reoeived, expressed as reduction
of aresms, for the various nonferrous tubular metals. This ratio may be
considered only as an sempirical value, because equivalent nominal (0.2
percent) sets in tension and shear are not directly comparable. On the
left side of the diagram are found values obtained with annezsled tubing,
in the centeor values for cold-drawn tubing, end on the right for tubing
work-hardened by the tube-reducer method. (See table 3.) Generally
lower values of this ratio are obtained in the.middle range of the re-
ducticn of area., The high values obtailned with nickel and mcnel at 75-
percent reduction of area (300-percent equivalent extension) might be
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associated with directional effects due to preferred crystal orientation
in these metals. (See pt. VI of this paper and references 2, 4, 6, and
7.) Factory anneasling of aluminum-monel end Inconel tubing gave lower
values for thils ratio than did laboratory annealed tubing.

Another important index is the work-hardening rete, eas represented
by the ratio between the yield stress after slight plastic extension and
the initial yleld stress, for the soft-annealed mstel. Such indices have
been obtained from curves for the O.l-percent proof stress by determining
the ratio between the proof stress at 3-percent equivalent reduction
(3.1-percent extension) and the initial proof stress., Values obtaeined
from tensile and shear proof stress curves are given in table 5 for rod
and tubular materials.

It will be noted that the highest work-hardening rate for nonferrous
metals is obtained in tension with copper rod, followed in order by
nickel, Inconel, mousl, and aluminum-monel. In shear, the highest rate
ls obtained with nickel, followed in order by monel, Inconel, and
eluminum-monel. For nickel, the tensile work-hardening rate ls greater
for the tubuler then for the rod materiel; for Inconel the rod materisl
has the larger rate. These differences, however, are too small to be
significant. The work-hardening rate for nickel is somewhat greater in
shear than in tension; for eluminum-monel and Inconel the tensile work-
hardening rate is slightly larger. Monel glves work-hardening retes
which are nearly equivalent for the various testing methods used; this
is likewiame true for 18:8 Cr-Ni steel.

V. INFLUENCE OF ANNEALING TEMPERATURE ON THE ELASTIC STRENGTH OF METALS

Annealing of cold-worked metals at temperatures below the recrystel-
lizetion range will sometimes produce an improvement of elastlc proper-
ties above those obtained on the unannealed metals. In order to deter-
mine the variation of proof stresses over the whole annealing temperature
range, individual specimens of each of the several cold-worked metals
were ennealed at different temperatures distributed over this range, be-
fore measuring stress-strain and stress-set curves. First, a detailled
study will be made of the effect of annealing temperature on the elastic
strength of cold-worked nickel, followed by comperative studies of other

metals.
1. Influence of Annealing Temperature on the Tensile
Elestic Strength of Nickel Rod and Tubing

Figure 23A shows the veriation of tensile proof stress with anneal-
ing temperature for nickel rod R, cold-drawn 60 percent in reduction
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of area during manufacture. The heat treatments of the various rod spec-
imens are described in table Z. Smooth curves have been drawn through
the mean positions of the points.

With increase of annealing temperature, all proof stresses rise,
reaching a meximum at about 4OO° F for the 0,10-percent proof stress, and
at about 500° F for the remaining proof stresses; the rise of the 0.10-
percent proof stress is the slowest. With further increase of annealing
temperature, the tensile proof sfresses decrease; the maximum rate of de-

crease is between 1100° and 1200° F, that is, in the recrystallization
range., The position of the 0.00l-percent proof atress curve is not well

deflned because the error of estimation of this value is evidently quite
large. The initial rise may be attributed to relief of deleterious in-
ternal stress, the subsequent decrease to the removal of lattice expan-
slon and to recrystallization. :

In figure 24B i1s shown the variation of tensile proof stress with
annealing temperature for nickel tubing TRE, cold-reduced 75 to 80 per-
cent. Proof stress values cbtained upon a soft-ennealed specimen TRF are
replotted from figure 8 at 1450° F. A deescription of the heat treatments
of the various tubular specimens is given in table 3.

With incresse of annealing temperatire, all p¥oof stresses rise,
reaching a maximum at about 900° F, for the 0,00l-percent proof stress
and at 700° F for the remaining proof stresses; the rise of the O.l-per-
cent proof stress 1s very slight, With further increase of temperature,
all proof stresses decrease and the decrease is at a maximum rate be-
tween 1100° F and 1200° F. This dlagrem is somewhat similar to that ob-
tained for cold-drawn nickel rod (fig. 23A4).

2. Influence of Amnealing Temperature on the Sheer Elastic
Strength of Nickel Tubing

In figure 28B is shown the variation of the shear proof stress with
annealing temperature fcr nickel tubing. (See reference 6.) These vel-
ues Were derived from tests on a series of specimens of cold-reduced
nickel tubing TRF, which had been reduced 75 to 80 percent during manu-
facture and annealed in the laboratory at various temperatures. Values
obtained upon an unannealed specimen are plotted at 100° F end those for
a soft-amnealed specimen TRF are replotted from figure 17 at 1450° F.

With increase of annealing temperature there is a continuous de-
crease of shear proof stress; this decreoase is most rapld between 1100°
end 1260° F. This decrease may be attributed to the dominant influence
of relief of lattice expansion, and to recrystallization.
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3. Influence of Annealing Temperature on the Elastic Strength of Monel,
Aluminum-Monel, Inconel, and Copper

Figure 23B shows the variation of tensile proof stress with ammeal-
ing tenperature for.cold-drawn monel rod G (reference 2); figure 24A
gives a simllar diagram for cold-reduced monel tubing TGD. With increasse
of ammealing temperature, the proof stressés rise, reaching a maximum at
500° F for the 0.l-percent proof gtress, and at higher temperatures for
some of the lower proof siresses. The subsequent decrease in proof
stress is most rapid above 1100° F for monel rod (fig. 23B), and above
1200° F for monel tubing (fig. 244).

The initial rige in proof stress may be attributed to the predomi-
nant influence of relief of internal stress, the subsequent decrease to
removal of lattice expemnsion and to recrystallization. Although tubing
TGD had received nominally the same cold work as had rod G, the latter
shows a somewhat greater value of the O.l-percent proof stress. Possidly
equivalent reduction by different umethods will not produce eguivalent
work-hardening. This apparent answoly, however, may also be partly ex-
plained by differences in composition. A greater hardness of the rod ma-
terial is also indicated by its lower recrystaliization temperature range
(above 1100° F). In many recpects the tensile proof stress curves are
similar to those for nickel.

Figure 28A shows the variation of shear proof stress with annealing
temperature, for cold-reduced momel tubing TGD. (See reference 6.) The
forms of these. curves are in many respects similar to the curves for ten-
sile proof stress for this metal (figs. 23B and 24A). The shear proof
stresses, as would bé expected, are nominally much lower than the tensile
proof stresses. . g : :

With increase of annealing temperature for aluminum-monel metal tub-
ing TH (fig. 25B), there are obtained maxima in the various tensile proof
stresses, ranging from 10000 to 1075C0 F. There are also lowsr maxima in
the temperature range 400° to 600° F. The upper maximas are due to pre-
cipitation-hardening, the lower maxime to relief of Internal stress. All
proof stresses drop rapidly for annealing temperatures above 1075° F,
owing to the recrystallization.

With increase of the temperature of ennealing aluminum-monel tubing
(fig. 29B) there are obtained two maxime in the shear proof stress curves.
(See reference 6.) The first and lower maximum due to internmal stress
relief, is obtalned in the range 400° to 500° ¥, The second and higher
maximum is obtained at 1075C F and is attributed to precipitation harden-
ing of this alloy. At temperatures above 1075° F the shear proof stress
drops rapidly, owing to recrystallization and to removal of lattilce ex-
pansion.
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Figure 26A shows the variation of the tensile pruof stresees with
annealing temperature for cold-arewn Incomel rod L. (See reference 2.)
One unannsaled cold-drawn epecimen was tested shortly after manufacture
of this material; a seccnd was tested 40 months later. The time interval
between receipt of the metal and the amnsaling of the speclmens was from
26 to 39 months; between the receipt and the testing, the interval was 32
to 41 months. Results from tests on both specimens are vplotied on the
diagram. Smpoth curves have teen feired through the experimental points.

The 0.l-percent temsille proof stress value obtained in the early
test on cold-drawn metsl is somewhalt greater thar eny other valus on the
dlagram. The 0.001- and 0,003-percent proof stress values for this spec-
imen, however, are scmevhat lower than those obtained with the cold-drawn
gpecimen tested 4Q months later. Consideration of the valuss obtained in
the early test will be deferred until after consideration of the remaindar
of the diagram, All proof etresses rise with increase of annealing tem-
berature up to 800° F; at higher temperatures the Broof stresses drop
continuously. The most rapid drop is between 1100° ard 1400° F. The
initlal rise of proof stress ig attributed to rellef of intermal astress,
the subsequent lowering to the removal of lattice-expansion effects and
to recrystalliization.

Apparently, the Inconel rod, as-received, had been geverely cold-
drawn, and probably contained considerable intermal stress. The LO-
month storage pericd probably caused a partial relisf of Internal stress
and likewlge a partial removal of lattlce expamnsion, Tkis relief of
Internal stress produced the increase of the 0.00lL- and 0.003-percent
proof stresses; whereas the removal of lattice expansicn produced the
decreage of the 0.l1- and 0.03-percent proof stresses.

With increase of temperature of emnealing cold-reduced Inconel tub-
ing TIC (fig. 25A), there are obtained maxims in the tensile proof stress
curves between TOO® and 1100° F. The rise to these maxima may be attrib-
uted to relief of intermal stress; the subsequent lowering to removal of
lattice expansion.

With increase of the temperature of annealing cold-redunced Inconel
tubing TIC (fig. 294), up to 600° or ’(OOo F, there i§ a rise of shear
proof gtross; the subsequent decrease is most marked between 1100~ and
1300° F. This diagrem is similar to those obtained with nickel and
mcnel tubing (fig. 28).
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k, Influence of Annealing or Tempering Temperature on the
Elastic Strength of Chromium-Nickel Stainless Steel

Figure 26B shows the variation of the tensile proof stress with tem-
pering temperature for 13:2 Cr-Ni steel. (See reference 2.) Details of
the heat treatments are given in table 2. Values obtained upon the spec-
imen tested as-received are plotted at 1260° F, Curves are faired
through the mean position of the points; because of the fluctuation of
values, the positions of such curves must not be ccnsidered exact.

With increase of the tempering temperature, all proof stresses rise,
reaching a maximum neayr TOO° F. With further temperature increase, the
proot stresses decrease to a minimum between 1300° and 1400° F, and then
increase somewhat with rise in temperature up to 1750° F. It is there-
fore seen, that even with a controlled decelerated rate of furnace cool-
ing from above 1400° F, gome hardening of the material occurred. This
material can be softened only by holding slightly below the transforma-
tion temperaturs.

The initial rise of proof stress with tempering temperature is due
to relief of internal stress, the subsequent lowering is due to recrys-
tallization. Internal stress evidently 1s produced even with air-
hardening. :

Scme specimens of half-hard 18:8 Cr-Ni steel rod DM were annealed
at various temperatures ranging from 500° to 1025° F for 1/2 hour. (See
reference 2.) Another specimen was annealed for U4l hours at 482° F
(250° C). Details of heat treatments are given in table 2. Coxrelated
stress-gtrain and stress-set curves were measured on each specimen, The
variation of prcof stress with annealing temperature 1s shown in figure
27A. Values for the unextended, amnealed specimgn DM-18.3 are plotted
at 1830O F and for an unannealed specimen at 100~ F, Curves are faired
through the mean positions of the points.

With increase of annealing temperature, there is a marked rise of
proof stress, reaching a msximum between 800° and 900° ¥. Ko data were
obtained for specimens annealed between 1025° and 1830° F; however, the
curves have been drawn in this region according to the variation gener-
ally obtained with this alloy, so as to exhiblt a rapid decrease between
1025° and 1300° F. The initial rise is due to relief of internsl stress,
the subsequent decrease to rellef of lattice expansion and to recrystal-
lization. Annealing at 482° F for an extended period gave little greater
proof stress values than those obtained by the Short-time anneal at
500° F. This result appears to indicate that greatly increasing the an-
nealing time has not produced any galn in elastic strength.

Other tests discussed previously (reference 2) show that prestretch-
ing of stress-relief annealed 18:8 Cr-Ni steel specimens gave slight
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inmprovement in proof gtresses, additioral to that obtained by the anneal-
ing treatment; this indlcated that all intermal stress was not relieved
by such annealing treatment. Such an improvement of proof stress was not
generally obtained with siight prestretching of stress-relief annealed
nonferrous metals. B : : T

In studying the elastic properties of 18:8 Cr-Ni steel, some tests
were made at sub-zero temperature, in order to determine the effect of
varlagtion of test temperature on the tensile elastic properties. For
this purpose a serieg of hglf-hard 18:8 Cr-Ni steel rod specimens, IM,
were annesled at 500°, 700°, 900°, and 1830° F for 1/2 hour, as
indicated in t%ble 2. These specimens and an unannealed specimen were
tested at -110" F (-78.5  C) according to methods described in an ear-
lier report. (See reference 3.) The extensomsier and insulated chamber
used ere shown in figure 2. )

Figure 27B shows the variation of the low temperature tensile proof
strese with annealing temperature for this alloy. Comparison with fig-
ure 2TA for room temperature tests indicates that the curves are similar
in form, but generally give somewhat higher prcof stresses., A gimilar
rise of proof stress with deorease of test temperature was also obtained
upon & severely cold-drawn 18:8 Cr-Ni steel rod. {See reference 3.)

Figure 30 ghows the variation of the shear proof stress with the
temperature of annealing cold-drawn 18:8 Cr-Ni steel tubing TC as
measured at room temperature. There is a rige of shear proof stress
with increase of smnesling temperature up to 900° F, owing to induced
internal stress. At higher temperatures, the shear proof stress de-
creages, the most repid drop occurring near 1300° F. The approximate
courge of the curves in the range 1300° to 1900° F have been indicated
by broken lines; no specimens were amnealed in thie interval. The sub-
sequent drop of proof stress may be attributed to relief of lattice ex-
pansion and to recrystallizatiom.

VI. INFLUENCE OF PRIOR PLASTIC DEFORMATION ON THE MODULUS OF ELASTICITY
AND ITS LINEAR STRESS COEFFICTENT FOR VARIOUS METALS
1. Influence of Plastic Extension on the Stress-Devietion Curve
and Derived Indices for Annealed Nickel Rod
An incomplete view of the elastic properties of a metal 1s obtained
by consldering only its stresgs-set relationshlip. Consideration sghould be
glven also to the influence of stress on the accompanying total strain

end on the elastic strain. These relations sre revealed by the stress-
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devliation curves for nickel and by derived curves and indices. A compar-
ative study later will be made upon other metals.

Stress-deviation curves for annealed nickel rod R-1k are shown in
the upper row of figure 5. Curve 9 of this group ls identical with the
stress-deviation curve in figure 4B. On soime of these curves, as well as
on scattered stress-deviation curves for some other metals (not given in
this report), are plotted strain values at stresses other than those
corresponding to upper loads in the varlcus stress cycles. The addition-
al data were obtained following pauses of 2-minute duration at these
stresses during the increase of load in the various cycles. They per-
mitted coneslderable additional data to be swcured, without greatly ex-
tending the test time. These nrnddlitionsl strein values shown in figure 5
are not replotted in figure 4, altlhough they were employed in drawing the
uncorrected stress-strain end streseg-dsviation curves.

The solid line (corrected) curve in fimure 4B is obtained by sub-
tracting from the broken line curve, the amounts of permanent set at the
same stress values in the curve in figure 4C. The solild line curves in
the upper row in figure 5 are similarly obtalned by using the adjucent
broken-line stress-deviation curves and the strese-get curves Ilmmediately
below. ’

Sinoe the lines are plotted as deviation from a fixed modulus
(Ea = 32 X 10° psi) on an open scale, the strain scale is sensitive
snough to reveal a curvature in most of these lines. The assumed modulus
value selected causes some of the curves to show an initial backward tilt.
There is a tendency for the first curve of a pair to be steeper than the
second. From the shape of these curves, it 1s appsrent that the modulus
of elastlcity decreases continuously with increese of stress. The secant
modulus, given by the ratio of the stress to elastic strain, 1s used to
study the variation of the modulus with stress, end with prior plastic
extension., '

Figure 4B illustrates the method of calculating the secant modulus
from the corrected stress-deviation curve. In order to calculate the
secent modulus at 25,000 psi, a gtraight line 1s drawn from the origin
A through the intergection B. Thie llne extended, intersects the
32,000-psi ordinate CD at XE. The distance CE may be used to compute
the modulus as follcws: The strain corresponding to a modulus of
32 x 108 pel at a stress of 32,000 pei would be 0.1l percemnt. The dis-
tance CE hae a value of 0.012 percent. The gecant modulus at 25,000
pel would therefore be equal to 32,000 divided by 0.00112, that is,
28.53 million psi. By ropeating this procedure of measuring the projec-
tlon on line CD of lines intersecting the sfress-deviation curve at
various selected stresses, the variation of the secant modulus with
stress can be evaluated.
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Graphs of variation of the secant modulus of elasticity with stress,
derived from the corrected stress-devietion curves in figure 5, are shown
in figure 6. The lines are numbered comsecutively in each figure to cor-
respond to the stress-deviation curves from which they were derived.

Fach stress-modulus line has been shifted to the right from the preceding
line, and has been given & separate abscisse scale; the scale of abscissa
is indicated. Abscissas readlng from left to right represent values of
the secant modnlus of elasticity (in million pounds per sguare inch).
Ordinates represent stress. The points on the curves in figure 6 corre-
spond to the gelected pointa on the corrected stress-deviation curves ab
vwhich the modnlus was computed, not to stresses at which strains were
observed. The prior plastic extension gorresponding to each stress-
modulus line is indicated in the derived diagram (fig. 35) et the corre-
spondingly numbered point.

In the consecutive series of stresgs-modulus lines for fully anuneeled
nickel rod (fig. 6) lines 1, 3, 4, 6, 7, and 8 are curved throughout
theiyr extent. Lines 2 and 3 are curved only et the higher values of
stress. The other lines in the figure are spproxinately stralght. The
prior plestic exbtension beyond which all stress-modulus lines are
straight is about 4 percemt (fig. 35). It will be shown later that many
enneeled metals glve straight stress-modulus lines only after being ex-
tended samewhat.

The modulus of elestlcity at zero stress (EQ) may be determined
directly from the stress-modulus line by extrapolating the line to zero
stress. When the stress-modulus line 1s straight, the variation of the
socant modulus (E) with stress (S) may be represented by

E =Eo (1 - Cos) (3)

where C0Q represents the linear strese coefficient of the secant mod-
ulus. When the stress-modulus line is curved from the origin, the
equation would include terms conbtaining highor powers of S. 1In earlier
reports (references 1, 2, 4, and 7) a second coefficient C!, of the
square of S was evaluated. Since the curved stress-modulus lines gen-
erally do not represent true guadratic equations it has been considered
deslirable to evaluate the modulus st zero stress Ep, the linear stress
coefficient of the modulus at zero stress, Co, and the modulus at one
or more eleveated velues of stress. It should be noted that some of the
curved stress-modulus lines for nickel glve a value of zero for Cg.

When a siress-modulus line 1s streight the corrected stress-strein
curve would be represented by

.5
€= 88 = s ()
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where ¢ 1s the corrected strain. Since the correctlon term CpS 1l1s
generally small compared with 1, equation (2) may be written

¢ = (1/E0) (S + Cos®) (5)

the equation for a quadratic parsbola. For sannealed nickel extended
more than 4 percent, therefore, the stress-strain line evidsntly would
be & quadratic parabolas; at smaller prior extensiona the line would be a
curve of higher oxder.

The diagram in figure 35 has been derived from values of ZEp, Co,
and the modnlus at 30,000 psi, Eso' Abscissas represent percentages of
prior plestic extension. The ordineste scale for values of the modulus of
elasticity is given on the lef't-hand border, and for the linear stress-
coefflcient, Cp, on the right-hand horder.

The experimentally determined points in figure 35 are numbered to
correspond. to the comsecutively numbered stress-modulus lines in figure
6, and to the consecutively numbered stress-deviation lines in figure 5.
The points in figure 35 give a curve consisting of oscillations super-
posed on a smooth basic curve (not shown). The oscillations in the curve
for Cp 1s generally gualitatively similar to those In the curve of Eg,
and is due to variations of extension spacing and rest interval. The
moxre abrupt of the oscillations In figure 35 generally are assoclated
with opposite oscillations in the proof stress-extension curves for this
specimen (fig. 7). This is in accordance with the fact that tho differ-
ence in steepuess of the corrected stress-deviation curves of a pair
generelly is associated with an opposite differoence in steepness of the
corresponding stress-set curves. Increase of the rest interval appar-
ently tends to decrease the slope of the stress-sebt curve and to incroase
the initial slope (Eo) and curvature (Co) of the corrected stress-devi-
ation curve. The basic curve for EQ i1s indicated qualitatively in fig-
ure 35 by the dotted line. The basic Cp and E;, curves are so clear-

1y indicated by the sequence of experimentally determined points, that
no dotted curves are needed.

The basic EQ ocurve (fig. 35) first descends rapidly at a decreas-
ing rate and reaches & minimum at slight plastic extension. With fur-
ther extension, the curve rises rapidly above the value at zero plastic
extension and continues to rise at a gradually decreasing rate. At the
beginning of local contraction (35-percent extension), the Eo curve is
still rising slowly, and is considerably higher than at zero plastic ex-
tongion. The value of EQ at beginning lccal contraction ls about the
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same as that for the severely cold-drawn nickel, R (fig. 35)% Curve
Ez, rises steadlly at a decreasing rate, over the indicated range for

which 1t could be measured. Curve Cp vrises rapidly in a mamner sim-

liar to the Eg curve, between points 7 and 9. Beyond point 9, however,
Co descends at a decreasing rate. : ' S

The variation of the modulus of elasticity and its linear stress
coefficlent, Cg, with plastic deformatiovn or with heat treatment, is
determined by the relative influence of certain fundamental factors:
namely, (a) internal stress, and its distribution over the possible slip
plene directions, (b) lattice expahaion, and (c) preferred orientation.
An extended discussicn of the inflnence of these three factors is given
in earlier reports. (See references 2, 4, and 7.) Induced internal
stress tends to cause & rise in the tensile (Eg) or shear (Gg) moduli of
metals. The magnlitude of this effect, however, 1s determined by relative
directions of the planes of maximum'shsar during prior deformaetion, and
during subsequent modulus measurements; the effect will be greatest if
the directions are parallel. The linear stress coefflcient Cp will
likewise Increase with increase of the induced internal stress.

Lattice expansion, or work-hardenlng, tends to cause lowering of the
tension and shear moduli. It apparently is not dlrectional in its effect,
desplte the sarlier surmliese that a possible difference in the amount of
lattice expansion exists in directions normal to each other. Likewilse,
Co tends to decrease wilth increase of lattice expanslon. '

Cold deformation tends to orient the grains of a polycrystalline
mstal so as to aline certain crystalline planes along preferred direc-
tions. Owing to the large directional variation of the modulus within
the crystals of many metals, such reorientation would tend to change the
value of the modulus from that obtained when the greins are randomly
oriented. Before studylng the changes in relative dominance of thes vari-
ous factors upon the modulus, during extension of amnealed nickel rod, a
discussion will be given of the effect of crystal orilentation on the
elastic modull of metals. g 20 e

2. The Directional Variatl.n of the Modulus of Single Crystals

As the metals considered in this report are either face-centered or
body-centered cubic, only these two types of space lattice will be con-
gidered in the followlng discussion. The directional variation of the

“The short hcrizontal lines at the right-hand border of figure 35
Indicate values obtained with unannealed cold-drawn nickel rod R. The
horlzontal arrows indicate values obtained with a cold-drawn nickel spec-
%men)that had been annealed for relief of internal stress at 500° P

R-5).
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tenslile end shear modull in lattices of some metals of each of thess
types are illustreted by the dlagreams in figures 31 to 34, which are
adaptations of diagrams in reference 18. These diagrams are drawn with
spherical coordinates having their origins at the intersection of the
three mutually perpendlcular axes of symmetry. The surface chown in
each figure is the locus of all points representing (by distance and 4i-
rection from the origin) values of the modulus of elasticity. The axes
C represented in sach figure asre the cubic axes of symmetry.

In the discussion of crystal orientation, use will be mads of the
Miller indices of crystal planes and directions. A crystal plane is
thereby denoted by a parentheses (---) with symbols, representing the
reciprocals of the ratios of the intercepis of the three principal axes.
A directlon in a crystal is represented by a bracket [ ~--] with the
symbols of the crystal plane to which the direction is normel. A direc-
tion meking equal_angles with all three principal axes is denoted by
[111] (octahedral), the direction of the cublc axes of symmetry by [100],
and the dodecahedral by [110]}. In figures 31 to 34 the principal crys-
tal dirsctions are denoted by letters, as explained in the key to these
figures.

A typical dilagraem of variation of the tensile modulus of elasticity
E of a face-cenlered cubic metal is the diagram for gold (fig. 31).
The modulus for this metal is least in the direction of the cublc axes
(C) and greatest in the direction of the octahedral axes (0). The ratioc
between the maximum and minimum values for gold, as given in reference
18, is 2.71. Diagrams for copper, sllver, nickel, and seversl otaer
face-centered cubic metals would be similer to figure 31. The dlagram
for another face-centered cubic metal, aluminum (fig. 32), however, is
very dilfferent in foxm. As indicated by this nearly spherical diagram,
the ratio of the modulus for octahedral and cublc directions is about
1.2. (See reference 18.,) From strain measurements made in the present
Investigation, it is indicated that the space dlagram for monel 1s prob-
ably more similar to that for aluminum (fig. 32) than to that for gold
(fig. 31). The space diagrams for nickel, aluminum-monel, Inconel, and
18:8 Cr-Ni steel crystals, however, are probably similar to that for
gold (fig. 31).

The diagram for a body-centered cubic metal, alpha iron, is shown
in figure 33. This disgram 1s similar in form to figure 31, having a
ratlo of modulus velues in the octahedral and cublc directions of 2.15.
(See reference 18.) For tungsten, the corresponding ratio is about 1.0,
?o that %ts diagram would be nearly & sphers, like that for aluminum
fig. 32).

The directional variation of the shearing modulus (G), as illus-
trated by the diagram for alpha iron in figure 34, is opposite to that
of the tehsile modnlus. The maximum value of the sheering modulus is
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in the direction of the cubic axis (C), the minimum velue in the direction
of the octahedral axis (0). The ratios of values of the shear modulus in

cubic and octahedral directions for the verious metals are very nearly

the seme as the corresponding ratlos of the tensile modulus in octahedral

and cubic directions. When thess ratios are considerably greater than 1,

the production of preferred orientation would cause a marked variation of

Poisson's ratio as obtainsd by the method described later in this report.

3. The Influence of Plagtlic Deformation on Crystal Orientation
- of Face-Centered Cubic Metals

An earlier report (refevence 2) gave a comprehensive discussion of
cylindrical and parallelopipedal deformastion of both face-centersd and .
body-centered cubic single crysbals and polycrystalline sggregates. In
this report, discussion will be limited to cylindrical deformstion of
polycrystalline aggregates, that is, deformntion in which equal percent-
age changes occur in two dimensions and a necessairily opposite change In
the third dimension. Such deformation is produced by extension or draw-

ing.

Cylindrical deformation of a polycrystalline aggregebe of & feace-
centered cubilc metal causes some of the crystals to assume octahedral
[111] orientation and others to assume cubic [100] orientation along the
specimen axis. Eittisch, Polanyi, end Welssenberg (references 19 and 20)
thus found that hard-drawn wires of such metals have double fiber tex-
ture. Sachs and Schiebold (reference 21), however, found that aluminum
has almost entirely the octahedral [111] orlentation. This conclusion
was also verified by Schmid and Wasserman (referenence 22), who algo
found that the orlentetlon textures of various face-centered cubic met-
als differ only in the proportlons of the [111] and [LOO] orientations
along the crystal axis. Copper was found to be predominantly octahedral
[111], whereas silver was predominantly cubic [100]. Gold contained ap-
proximately equal proportions of the two orientations. Greenwood (ref-
erence 23) found cold-drawn nickel wires to have predominantly octahedral
OEi?ntation. Cold-drewn monel hes a similar orientation. (See roference
24,

Although the orientatior of cold-worked 18:8 Cr-Ni steel has not
beon determined by X-ray meéethods, the results of the present Investiga-
tion suggest that it is predominantly cubic [100]. Such a conclusion is
suggested by the appreciable rige of Poisson’s ratio (as discussed later),
as obteined by soft-annealing the cold-draswn. alloy (fig. 68), a treatment
that would change the crystal orientation from preferred to random dis-
tribution. As will be shown later, cold-drawn nickel, aluminum-monei,
and Inconel tubing, however, exhibit a marked drop in Poisson's ratio,
with soft-anmmealing, probebly owing to the removel of preferred [111]

orientetion.
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4, The Tufluence of Plastic Deformation on Crystal Orientation
of Bcdy-Centoered Cubic Metals

As shown by Ettisch, Polanyi, end Weissenberg {reference 19) end
others (reference 25), cold-drawn iron gives preferred dodecahedral [110]
orientation in the axial direction. Such oxientation was produced on
iron, iron-silicon, and iron-vansdivm alloys by drewing, or swaging plus
drawing. {(See reference 26.) Reorystallization would tend to reduco the
amount of preferred orientation.

The only body-centered cubic metnl incliunded in this invegtigation is
13:2 Cr-Ni gteel, With extonsion of the annealed alloy, the change of
oriontation from a rendom to a preferred [110] distribution would tend to
produce only a small riss of the tensile modulus; such a tendency is not
dominant over the range of oxtensiona in figure 43. For annealed open-
hearth iron, as studied earlier in another project at this laboratory
(reference 7), the tendency to increase of the tensile modnlus with ex-
tension was evidently small. Thus the effect upon the modulus of crystal
reorientation is not so prcnounced with body-centered cublic meitals as
with some face-centeved cvbilec metals. A study of figure 33, together with
the fact that the limlting oxtension of body-centered cublic metals is gen-
erally small, would account for the small influence of preferred orienta-
tion on the medulus of those metals.

5. Influence of Plastic Deformation on the Tensile Modulus of Elasticity
and Its Lipear Stress Coefficient for Nickel Rod and Tubing

The gencral rise of the tenmsile modulus Ep with extension of an-
nealed nickol R-14k (fig. 35) mey be attributed to the dominant influence
of the change of crystal orientation from random to preferred octahedral
{111] orientation parallel to the specimen axis. Such orientation 1s ob-
tained with cylindrical deformation of many face-centered cubic metals.
The initial sharp drop of EQ may be attridbuted to dominance of the
work-hardening factor. The subsequent sharp rise of Ep may be due in
part to increasing internal stress, to which is attributed the initial,
rise of the €0 ocurve. The subsequent descent of the Cp curve is
probably due to the dominant influence of latitlce expansion.

Rawai (reference 27) found an initiel sharp drop of the tensile mod-
wius, followed by a slower. rise, for nickel and copper. He errcnecusly
attributed this initial drop to increasing internal stress and the subse-
quent rise correctly, at least in part, to preferred orientation. The
effect of lattice oxpansion was not recognized in his work.
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The variation of the tension modulus E, and its linear stress-
coefficient Cg, with extension and cold reduction of tubing TR, 1is

shown in figure 36. Proof stress curves for these specimens were given
in figure 8. With extension of ammealed nickel tubing TRF (fig. 364),
By first decreases sharply, and then rises to & maximum, within the
first 2-percent equivalent rcduction. At greater extensions Xo shows
little variation; whersas E_ (the tension modulus at 25,000 psi) ex-
hibits & continuous.rige. With cold reduction of nickel tubing (fig.
36B), the tonsion modulus exhibits & general rise. With slight extension
of annealed nickel tubing, TRF (Pig. 36A), Cp rises to a maximum at
the pame equivalent reduction at which Bpo reached a maximum. With cold
reduction of nickel tubing (fig. 36B), C0 rises to a meximum at moder-

ate reduction, decreasing thereafter.

The initial sharp drop of Fp with extension of annealed nickel tub-
ing may be attributed to lattice expansion; whersas the subsequent sharp
rise of EQ and the rise of Cg with initial extension may be attributed
to dominance of induced internal stress. The rise of C0 with cold re-
duction of nickel tubing probably is dueo to the same cause. The genoral
rige of the moduluse E wilth extension or cold reduction probatly is due
to the dominent influence of production of preferred octahedral [ 111}
orientation parallel to the specimen axis., The drop in the Co curves
after moderate deformatlion may be attributed to the effect of the lattice
expansion.,

In many respects the forms of the E and Cg curves for extended
annealed nickel tubling are quslitatively similar to those obtained for
nickel rod. BSuch differences that appear to exist may he attributed to
emall differences in cowmpositicn, to the form of the test specimens, to
the use of a number of tubular specimens and a single xod specimen, and
to experimental varistions.

6. Influence of Plastic Deformetion on the Shear Modulus of
BElagticity and Ite Linear Stress Coefficient for Nickel Tubing

. The variation of the shear modulus of elasticity with extension of
arnealed nickel tubing and with cold reduction of nickel tubing is shown
in figures 45A and 45B, respectively. Shear proof stress values for

these specimens are given in figure 17. Values obtained for the fully
ennealed metal are plotted at zero equivelent reduction in both diegrams.
The method of derivaetion of the shear modulus from the shear stress-strain
and stress-set curves is similar to that employed in the derivation of
tensile moduli.
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The tensilec modulus of nickel tubing (fig. 36) was derived for zero
stress, and where poesible, at 25,000 and at 50,000 psi. Nudal (reference
28) has suggested that the stress-strain curxrve for a metal in pure shear
can be derived from its stress-strain curve in tension, by multiplying
tension stresses by lA]? and tenpion strains by 1.5. This relationship
was derived for isotropic metals upon certaln assumptions which are open
to question. As a first approximation, however, 1t may be applied to many
other metals. Therefore, shear modulus values were obtalned at zero
stress, and where possible, at 14,450 snd 28,900 psi. Thege modulus val-
ues are to be ntilized later in calculating Polsson'’s ratio for nickel
tubing. -

With extension of ammealed nickel tubing TRF (fig. 45A), the shear
modulus of elasticity, Go, exhlblts & sharp rise and decrease; at
greater extensions little variation is noted., With increase of cold re-
duction of nickel tubing {(fig. 45B), the shear modulus G exhibits an
initial increase, followed by & decrsage.

The fluctuations of the shear modulus with initial extension must not
be coneldered significant, owing to the small stress range over which
stress was measured. (See 0.l-perceéat proof stress, fig. 17A.) A% greater
extensions, however, where the stress range 1s greater, there appears %o
be e balance among the various factors affecting G. With increase of
cold reduction (fig. 45A) up to 30 percent, the shear modulus rises, owing
to the effect of induced intermal stress. With subsequent cold reduction,
the decrease of the shear modulus may be attributed.-to the combined domi-
nant influence of lattice expansion and to the production of preferred
[111] crystal orientation along the crystal axis; the reorientation factor
would tend to cause a continuing decrease of the shear modulus, whereas it
would tend to increase the tensile modulus.

With extension of annealed nickel tubing (fig. 45A), the linear stress
coefficlent of the shear modulus has a zero vaius over nearly the whole
range; C0 reaches & maximum with 30-percent cold reductlion of nickel tub~
ing (fig. 45B) and then decreases. The initial rise of Cp with cold re-

duction may be attributed to the effect of induced intermal stress, the
subsequent decrease to the effect of lattice expansion.
T. Influence of Plestic Deformation on the Tensile and Shear Moduli
of Elasticity for Momnel, Aluminum-Monel, Inconel, and Copper

Figure 37 shows the variation of the tensile modulus E and 1ts
linear stress coefficlent Cg wlth extenslon of annealed monel rod
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g-14." The tensile proof stress values for this specimen are shown in
figure 9. Eqg shows little variation, whereas Ezg and Eg, exhibit a
gradual rise. Evidently the various factors affecting Ey are in near
balance during such extension. The absolute values of the tensile modu-
lus for monel, as would be expected, are less than those obtalned with
nickel. The modulus-extension curve for nickel rod had exhibited a gen-
eral rise (fig. 35).

The linear stress coefficient of the tensile modulus, Cqg, for an-
nealed monel G-14 (fig. 37) exhibits a pronounced rise to a maximum during
the first 10-percent extension, decreasing steadily thereafter. The rise
is attributed to induced internal stress, the subsequent lowering to the
dominant influence of lattice expansion. This Cg curve is qualitatively
similar to that obtained on annealed nickel (fig. 35).

With extension of annealed monel tubing TGE (fig. 38A) both Bo and
Eyg [irst decrease and then iuncrease; both changes are slight. With cold
reduction of monel tubing (fig. 38B), the tension modulus increases slight-
ly between 20- and 30-percent reduction; Eg exhibits a small decrease at
large reducticns. Proof stress values for these specimens are given in
figure 10. There evidently is a balance of influence of the various fac-
tors affecting the tensile modulus. The influence of preferred d¢rystal
orientation on the modulus of monel rod or tubing is evidently not so pro-
nounced as upon nickel rod and tubing. Tais difference is probably not
due to a lesser degree of preferred orientation obtained with monel, but
rather to a smaller directional variation of the modulus of the monel crys-
tal. The linear stress coefficients of the tensile modulus, Cp, for
monel tubing remains zero during extension (fig. 384), but rises to a max-
imum with 20-percent cold reduction (fig. SSB), decreasing thereafter.
This rise is probably due to the dominant influence of induced internal
stress. :

With extension of annealed monel tubing TGE (fig. 46A) the shear
moduli of elasticity, CGp and Gi4.45 Dboth decrease. Gp, GCGi4.4s5, and
Gog.g all rise with increase of cold reduction of monel tubing (fig. 46B)
from 10 to 20 percent and decreass continuously with further reduction to
values below that obtained for the annealed metal. The initial rise with
cold reduction of the shear modulus of monel tubing 1s ascribed to in-

duced internsl stress; the general decrease with extension and the subse-

quant dscrease with reduction may be attributed to the dominant influence

1A correction of modulus values obtained from reference 2 was neces-
siltated before plotting the corresponding diagrams in this report. Al-
though diagrams showing the variation of the modulus were qualitatively
correct in the sarlier report, use of an Important errata sheet attached
to that report is required in order to obtain correct absolute values of
the modulus. - : : SR
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of lattlce expansion, and probably to a minor extent to the production of
prererred octahedral [111] crystal orilentation. With extenslon of annealed
monel tubing, the linear stress coefficient of the shear modulus Cp (fig.
46A) rises sharply and drops to zero within about éé-percent equivalent
reduction. With cold reduction (fig. 46B) Cg 1is zero for all grades ox-
capt the monel cold-reduced 75 to 8C percent. The high valuse of GCp

glve evlidence of induced lntermal stresa.

The tensile modulus of elastlcity, By, for annealed aluminum-monel
tubing THD (fig. 39A) exhibits an increase with small extension, whereas
E,5 decreases; these values beceme nearly constant with further extension.
Ega exhlbits a steady riase vwith extension of this tubing. Some rise of
the tension modulus “E is obtained for aluminum-monel tubing with increase
of cold reduction from 40 to 60 percent (fig. 39B). No tubilng was avall- .
able having reductlons lesg than 40 percent. For the annealed aluminum-
monel tubing, the linsar stross coefficient of the tension modulus, Cp
(fig. 39A), rises rapidly with extension. This rise, and the rise of Eg
with extension, may both be attributed to induced internal stress. The
eventual rise of E with severs cold reduction of aluminum-monel tubing
is probably due to the production of préferred octahedral [111] crystal
orlentation. ) ' o

With increase in extension of ammsaled aluminum-monel tublrg THD
(fig. 474), there is littls variaticn of the shear modulus, G. With cold
reduction of aluminum-monel tubing (fig. 47B), there is a continuous de-
creage of the shear modulus. Evidently there is a balance of influence of
the various factors affecting G during extension. The lowering of tho
shear modulus withk reduction may be attributed to lattlce expansion, and
probably in part to the production of preferred octahedral [111] crystal
orientation. '

The linsar stress coefficlent of the shear modulus, Cp, eoxhiblts a
rlge during extenslon of annealed aluminum-monel tubing, THD (£ig. 474),
owing to induced internal stress. With cold reductlon (fig. 47B), the
value of Cp remalns small. ' )

With increase of extension of annealed Thcomel rod, L-17.5 (fig. 40),
there 1s a successive rapid rise and decrease of the tenslon modulus Egp,
followed by a slower rise. TFps and Eg, show a steady rise for prior =
extenasion greater than 4 percent. The Initilal rise of Ep 1s probably due
to rellsef of internal stress, the subsequent decrease to latilce expansion.
The eventual rise may be attributed to dominance of the production of pre-
ferred octahedral [111] orientation along the specimen axis, A sharp rise
of Cp 1s obtained during early extension, owing to induced internal
stress, followed by a steady decrsase, due to latitlce expansion.
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With extension of annesled Inconsl tubing TID (fig. 41A), Eo rises

sharply to a maximum, and later approaches a comstant valus; E,g and
E5o rise steadily from the low value measured at small extensions. With
cold reduction ofl Inconsl tubing {fig. L41B), the tension modulus exhibits
& sharp rise between 50- and 75-pexcent reduction. Tubing cold-worked to
smaller reduction was not available. The value of the temsion modulus
for the laboratory amnealed Inconel ie larger than that obtained for the
coxresponding factory-énrealed product TILA. This same relationship was
also observed for aluminum-mcnel tubing (fig. 39}. The linear stress co-
efficient of the temsile modulus CQ rises sherply with extension (fig.
L14), owing to induced intermel stress.

With increase of extension of soft-annealed Inconel tubing TLD
(fig. 48a), there is a continuous dscrease of the shear modulus. A con-
tinuous decrease is likewise obtained with cold reduction of this metal
(fig. 48B). This general decrease may be attributed to the combined dom-
Inant influence of lattice expansion and to %he production of preferred
octahedral {111] crystal orientation along the specimen axis. With early
extension of ammealed Inconel (fig. 48A), the linear stress coefficient
of the shear modulus, CQ, rises owing 40 the predominance of intermal
stress, and later decreases owing to the dominant effect of lattice ex-
pension. Factory annealed Inconel (TLA), (fig. 48B), gives e very high
valus for Co in shear. It has been surmised that this high value may
be attributed to the internal stress probably induced by the stralghten-
ing given this metal, following ennealing. The value of Cg decreases
uith cold work to zero at TS5-percent reduction of area.

In figure 42A is shown a plot of the tensile modulus E and its lin-
ear stress coefficient CQ, with extension of annealed copper rod, N-6.
The modulus &t zero stress, EQ, exhibits an initial sharp decrease, fol-
lowed by a slower rise at a decreasing rate. The dotted curve which is
drawn through the mean positions of the experimentel points would be par-
allel to a basic curve devoid of the influencé of extension spacings and
rest intervals. The initial sharp drop of the modulus Ep may be attrib-
uted to the dominant influence of lattice expansion. The initial rate of
lattice expansion is high. During subseguent extension, the rise of the
tengile modulus may be attribubted to the combined dominant influence of
indnced internal stress and the production of preferred octahedral [111]
orientation. This diagrem le somewhat similar to the dilagram for nickel
(figs. 35 and 36). _

The linear stress coefficient of the tension modulus, CQ, exhibits
& sharp rise, followed by & rapid drop at a decreasing rate, to a low
value. The absolute values of CQ, for copper, are appreciably greater

than those obtained with the higher strength metals. This is evident 1n
the greater curvature of the stress-strain lines and the greater initial
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slope of the stress modulus lines. (See references 2 and 7.) Appavrently,
induced internsl stress is initially dominant in producing a rise of C0j
whereas lattice expension shortly becomes dominsnt in causing the subse-
quent drop of Cp. This material is unique in giving curved stress-modu-
lus lines (not shown, see reference 2) throughout the range of uniform ex-
tension. All the other metals tested gave curved stress-modulus charac-
teristice (see figs. 6 and 35 for nickel) only over the early portion of
the extension range.

- In figure 42B is shown the variation of Ep and COp with extension
for cold-rolled copper N. The high value of E0 may be attributed to
the preferred [111] orientation produced by cold rolling. CQ is small
and shows no significant varistion.

8. Influence of Plastic Deformation on the Modulus of Elasticity
and Its Linear Strems Coefficient for Stainless Steels

Figure 43 shows the variation with extension of the tensile modulus
of elasticity, and its linear stress coefficlent, Cp, for the annealed
13:2 Cxr-Ni steel rod specimen. The proof stress walues for this specimen
are shown in figure 15. 2An Ep curve drawn through the mean position of
the points would descend at a decreasing rate, approasching a nearly hori-
zontal position at the maximum extension shown (14 percent). As the max-
imum load was reached at slightly less than 7 percent (extension), some
gtress-strain and stress-set curves evidently were obtained after exten-
sion beyond the bheginning of local contraction. Since the reduced sec-
tion did not have an abruptly curved contour and extended over an appre-
ciable fraction of the gage length, determination of the beginning of
local contraction was difficult. The Eyg end Ege curves followed
courses simllar to the Ep curve. The linear stress coefficient, Co,
exhibits an initial rise but varies little beyond this point. The EQ
end CO curves generally oscillate in directions opposite to those of
the proof stress curves - that is, low values generally follow short rest
intervals.

The work-hardening factor epparently dominates in causing the lower-
ing of Eo with extension. Any preferred orientation which might occur

during extension of this speclmen of body-centered cubic metal would like-
wise tend to raise the modulus; the orientation produced during such small
extension, however, would be expected to be negligible. The initial rise

of the Co curve is probably due to the dominant influence of increase of

Internal stress.

With increase of extension of annealed 18:8 Cr-Ni steel sgpecimen
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T¥-18.3, the tension modulus Eo (fig. 44) shows en initial slight rise
during the first 5 percent of extenslon, followed by a steady end somewhat
rapid decrease throughout the remainder of the extension range. - The modu-
lus E,5 exhibits a steady drop; whereas By, rises slowly during the
first 20-percent extension, and then decreases. The linear stress coeffi-
clent, Cp, exhibits a rapid rise during the first 1l5-percernt extension,
Tollowed by & gradual decrecse. '

The initial rise in the Ep end Cp curves may be attributed to a
nredamwnant influence of increasing intermal stress, the subsequent de-
crease of the modulus may be attributed in part to lattice expansion.

Some of this decreage, however, may be due to the production of preferred
orientation. Unlike the other face-centered cubic metals, deformatiom of
this ferrous alloy is believed to produce a predominantly cubic [L00]
orientation in the direction of the rod axis. Such orientation would tend
to lower the tension modulus. 8light prestretching of cold-worked speci-
mens, however, generally produces & lowering of the tensile modulus, owing
to relief of internal stress.

In another investigabtion conducted in this laboratory (reference T)
a sbtudy was made of the effect of prior plastic extension on.the tensille
modulug of elaetlcity and its linear stress ooefficient, Co, for low
and medium carbon gteels. It was found Yhat en initial rise of the mod-
ulug and Cp is sometimes obtained with extenslon owing %o induced in-
ternal gtress. Subsequent deformation causes little variation or even a
small decrease of the modulus (except for a slight rise for the O, 20-
percent carbon steel); the lattice expansion factor thus becomes dominant.
Evidently the change from random to preferred orientation produced at
large deformations of these szteels has a small, if any, elevabing effect
upon the modulus. The lowering effect of lattice exparsion is generally
dominant. : ‘

Figure 49 shows the variation of the sghear modulus of elasticity G
and 1ts linear stress coefficient <CQ; With prior extension of annealed
18:8 Cr-Ni steel tubing, TC-19. With increasing extemsion, [l -decreases
almost continuously over the range shown. The linear stress coefficient,
Co, 1is zero except at an extension of 5 perben# no significance should

be attached to this single small value. The continuwous decrease of the
shear modulus G, with extension, may be attributed to the dominant in-
fluence of lattice expansion. .

9. Influence of Plasgtic Deformation on Poissonts Ratio for Metals

From measurgd tensile and shear modulus values for a metal an effec-
tive value of Poisson's ratio, K, may be calculated according %o the
equation:
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“.2%-1 (6)

where E and G are the tension and sheer modull, respectively. (Ses
reference 29.) If the metal is isotropic this value will be equal to
Poisson's ratio, as coamonly determined from the ratic of unit lateral
contraction to extension, under tensile loading.

For the purpose of measuring the relative influsnce upon tensile and
shear moduli of such variables as plastic deformation end annealing tem-
Derature - that is, to detect any changes in isotropy of the metal - the
use ¢f such a calculated effective value may have certalin advantuges over
that obtalned by simultaneous extension and contraction measuremsnts.

Pigure 59 ghows the variation of the tenaile modulus X, -the shear
modulus G, and Polsson's ratio u, with extension and ccld reduction
of nickel tubing. The modulus curves have been drawn through the mean
positions of the experimental pointe as obtained from figures 36 and 45;
these curves are used in deriving Polsson's ratio. The absclsma scale is
plotted as equivalent reduction of area. -In figure 5GA are plotted values
obtained with extended amnealed nickel tubing; in figure 53B are plotted
values obtained with cold-reduced nickel tubing.

With extension wp to 10 percant, annealed nickel tubing TRF shows
1ittle variation of Polssonts ratlo. With cold reduction of nickel tub-
ing (fig. 59B), a amall decrease in M is obtained at intermediate reduo-
tions and a marked rise 1s obtained at large reductions. During exten-
sion, the various factors apparently affect tensile and shear modulus val-
ues proportionally. The difference in effect of the reorientation on the
tensile and shear moduli accounts for the eveniual large rise of Poisson's
ratio with cold reduction. -

Figure 60 shows the variation of the tension modulus E, the shear
modulus G, and Polsson’s ratio u, with extension and cold reduction
of monel tubing TG. With increase of extension (fig. 60A), Ko and Mg,
rise. This risec may be abttributed partly to the directional inflirence of
the intermal stress and probebly in part to the effect of the reorienta-
tion factor. However, owing to the less rapid initial rise of Polsson's
ratio with cold reduction of monel tubing, as indicated in figure 60B,-
the reorientetion faotor is believed to influence the rise of pu with
oextension only to a minox degree.

With cold reduction of monel tubing (fig. 60B), Polsson's ratio
reaches a minimum at intermediate reductions of area; this decrease 1l
small and should not be considered significent., No single factor appeare
to dominate in this range. With further cold reduction po and Ky,
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rise rapidly, owing %o the production of preferred octahedral [11l] orien-
tation along the specimen axis, which teunds to increase the tensile mod-
wlus end decrease the shear modulus. The influence of this reorientation
factor was not evident in the variation of the tension modulus E for
monel tubing (fig. 38) and monel rod (fig. 37). ZLattice expansion is be-
lieved to affect tensile and shear moduli similarly; it therefore is
1sotropic in its effect and would not influence H.

~ With prior extension of ammealed aluminum-monel THD (fig. 61A) and
annealed Inconel. TID (fig. 62A) tubing, there is a rise in Poissonfs
ratio, g, probebly becavse of the directional influence of internal

stregs ard possibly also because of reorientation. With incremsse in the
cold reduction of sluminum-monel, TH (fig. 61B) and Inconel TL (fig. 62B)
tubing, Poisson's ratio u for these metals exhibits a steady rise.

This rise may be attributed to the production of preferred [111] crystal
orientation. Since tubing having intermediate cold reductions was not sup-
plied in these two compositlons, the variation of Poisson’s ratio within
this range of cold work could not be ascertained. -

Attention will now be glven to the range of numerical values of p
obtained with nonferrous metals. TFor the unextended laboratory-smnealed
metals, the derived value of Poisson's ratio ranges from 0.33 to 0.42.
For annealed metals extended about 10 percent (9.l-percent equivalent re-
duction), the values range from O. 38 to 0.52., Factory-annealed aluminum-
monel and Inconel gave values of 0.34 and 0.28, respectively. At inter-
mediaste cold reductions, velues as low as O, 3’+ were obtained; whereas at
greater cold reductions the values ranged from 0.L0 for monel tublng to
0.51 for Inconel tubing. Minor fluctuations of this ratio might be at-
tributed to the experimentel error of measuroments.

Poissont!s ratio obtained by measuring the ratio of unit lateral cun-
traction to unit longitudinal extension for an elastic isotropic metal
will be found to be about 0.3, (See reference 30.) Such a metal, there-
fore, will expend in volumo under tensile stress. A value of 0.5 obtained
from such measurements would indicate that no volume change was obtalued
by extension: Lead, with a measured value for p of 0.45, approaches
this condition.  In the present tests, however, where Poisson's ratlo 1s
calculsted in terms of measured values of tension and shear elastlic modull
of structural metals, an appreciable deviation of the effective value of
Poisson's ratio from thet obtained for the annealed metal would indicate a
corresponding degree of anilsotropy of the metal. (See reference 30.)
Thus, with extension of annealed tubing; and with cold reductiom, produc-
tion of anisotropy i1s indicated by the rise of the values of Poisson's
ratio obtained. It would be expected that the metals became anisotroplc,
owing to ths production of preferred orientstion, and to the production of
internal stress having directiomal nroperties. Likewlse, a removal of
anigsotropy is obtalned with soft annealing.
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From values of the shear modulus obtained upcn 18:8 Cr-N1 steel tub-
ing, TC, and the tensicn modulus obtained upon 18:8 Cr-Ni steel rod,

DM, values of Poisson's ratio were calculated by use of eguation (6). It
wag then possible to determine the variation of Poisson®s ratio with ex-
tenslon of . the soft-annealed alloy.

Pigure 63 shows the variation of the tension modulus E, +the shear
modulus G, end Poisson's ratio p with extension of annesuled 18:8 Cr-Ni
steel, The modulus curves are falred through the mean positions of the
experimental values obtained from earlier tests (not shown, see figs. Lk
and 49, respectively). With increase of plastic extension, i rises from
an initial value of0.32 reaching a constant value of 0.40 after an exten-
slon of about 12 percent. The values of H,, and pg, are almost con-
stent over the observed range of prior extension at about 0.32 and 0.2,
respectively. '

The initial rise of p with extensicn coincildes with the initial
rige of Eg. This rise was attributed to the influence of residual inter-
nel stregs. That such a rise is not evident in the curve of GO may be
abttributed to the difference in directlions of the principal shear stress
during prior extension and during torsion testing. This difference wonld
not exist for tension testing. Thus, the intermal stress induced is
anlgotropic in its influence upon gubgeguently measured elastic proper-
tlies. With appreclable increase 1n stress during such testing, the resid-
ual intermal stress would become negligible in comparigon with the applied
stress, or 1t msy becoms relieved. The evidence of elastic anlsotropy
would then disappear, as indicated by the lower velues obtained for W,s
end Ug, Such wide variation of @ with stress, which indlcates a di-
rectional influsnce of the internal stress, may also be noted 1n the dlia-
%rams £o§ extended monel (fig. 60), aluminum-monel (fig. 61), and Inccnel

fig. 62

VII. INFLUENCE COF ANNEATING TEMPERATURE ON THE MODULUS OF

ELASTICITY OF METALS

Attention will now boe given to the variation of the tensile and shear
moduli cf elasticity and thelr linear stress coefflclents with the temper-
ature of ammealing. From stress-strain and stress-set curves obtained on
gspecimens annealed at various temperatures, values were obtelned of the
modulus of elasticity at gero and at elevated stresses, and of 1ts linear
stress coefficient, Cgq.-
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1. Influence of Annealing Temperature on the Modulue of Elasticity and Its
Linear Stress Coefficlent for Cold-Worked Nonferrous Metal Rod and Tubing

Pigure 50A shows the variation of the tensile modulus of elasticity
and i1tes linear stress coefficient, for cold-drawn nickel rod (R) specimens
amnealed at various temperatures, the proof stress values of which are
gilven in figure 23A. :

There 1s little variation of the modulus for ammealing temperatures
renging between room temperature and 1100° F. At higher temperatures,
there is a marked lowering of the modulus. The linear stress coefficlent
of the modulus, CO, dJdecreases with increase of annealing temperature,
and the value 1s zero for temperatures of TOO® F and greater; this means
that the modulus does not vary eppreciably with gtress for anmmealing tem-
peratures above 700 F.

The horizontal course of the modulus curve throughout the lower tem-
perature range may be attributed to a balance of influence of the several
Tactors affecting this property. The sudden drop of the modulus within
the recrystallization range (above 1100° F) may be attributed to the com-
bined dominant influences of relief of internal stress and the changs of
crystal orientation from preferred octahsdral [11l] along the specimen
axis to a random distribution.

Figure 51A shows the varilation of the tensile modulus of elasticity
E and ite lilnear stress coefficient, CqQ, with annealing temperature for
cold-reduced nicksel tubing TRE. ZFProof gtress curves for these speclmens
are glven %n figure 24B., With increase of ammealing temperature up to
about llOO F, the tensile modulus shows little change. With increase
above 1100° F a marked decrease of the modulus is found, probably due
largely to removal of preferred orientation. A high value of CQ 1is
obtained at an ennealing temperature of 1200° T, low values being ob-
tained at all other temperstures. The reality of the high value of CoQ
may be questioned, since the stress range over which strain is measured
is emall (see fig. 24B), thus lowering appreciably the accuracy of deter-
mining this index. The variation of the modulus with annealing tempcra-
ture for cold-reduced nickel tubing is similar to that obtained for the
cold-drawn rod, The modulus values obtained with the tubing sre scmewhatb
greater than with the rod, owing probably to the greater degree of cold
work and hence a greater amount of preferred orientation, obtained with
the tubing.

In figure 55A are plotted values of the shear modulus and ite lineaxr
stress coefficient Cg, obtained upon the tubular nickel specimens an-

nealed at various temperatures. Proof stress values for these apecimens
are plotted in figure 28B., With increase of ammealing temperature, the
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shear modulus G exhibite a small sharp rise between 1100° end 1200° F,
foliowed by a largsr drop with further increase in temperature. Posaibly
the sharp rise is due to removal of preferred orientation; the subsequent
drop cannot be explained. Hcwever, for the 1400° F annealing temperature,
the small renge of stress over which strain is measursd (see 0.l-percent
proof stress, fig. 28B), does not permit an accurate determination of the
shear modulus. The several factors affecting E are in aprarent balance
for annesling temperatures below 1100° F, Thare is no regular variation
of the linear stress coefficlent of the shear modulus, Cg, with increase

of annealing temperature; the magnitude of CO is generally small.

With increase of the temperature of amnealing cold-drawn monel rod-G
(fig. 52A), up to 1100° P, there is little variation of the tensile modu-
lus EQ; a small drop of the modulus occurs at higher temperatures. &g,
Espy and Eyop rise repldly with temperature from low values obtained
with the cold-drawn metal (100° F), nearing the value of By at 650° F.

Proof stress values for these specimens are given im figure 23B. With
increase of the temperature of ammealing cold-reduced monel ‘tubing TGD
(fig. 53A), the modulus E shows little variation over the whole range.
Proof stress values for these specimons are given ih figure 2hA. Evi-
dently the several factors affecting the tensile modulus, E0, are in
approximate balancs with elevation of the ennsesling temperature. The high
value of Cgp for both cold-drawn rod (£ig. 524) and cold-reduced tubing
(fig. 53A) 1s commensurate with the wide spread of modulus values for
these metals. Cp dJdecreases rapidly wlth elevation of annesling tempers-
ture., This decrease fay be attributed to relief of internel stress.

With increase of anneeling temperature for cold-reduced monel tubing
TGD (fig. 56), the shear modulus G shows little variation with anneal-
ing temperature, indicating that the various factors are in approximate
balance. With increase of ammesaling ‘temperature the linear stress coeffi-
cient of the shear modulus, Cg, oscillates about low values, reaching

zero at 1400° F.

With increase of annealing temperature, the tension modulus E Tfor
cold-reduced aluminum-monel tubing THC (fig. 53B) risss gradually, reach-
ing e maximum at 1075D F. At higher temperatures Eo decreases. The
initial rise of E 1is due to the dominant influence of relief of work-
hardening effects; whereas reorientation occurring during recrystalliza-
tion produces the subsequent lowering of the modulus. A high initial
value of the linear stress ccefficient of the tension modulus, OCg Ior
the cold-veduced metal (100° F) is ccmmensurate with the large varilation
of the tensicn modulus with stress; both indicate the presence of inter-
nal stress. With increase in temperature Cp decreaces owing to inler-
nal stress relief.
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With increase in the temperature of sunealing aluminum-monel tubing
(fig. 57), the shear modulus of elasiicity, G, exhibits a gradual rise.
This rise may be attributed to the combined domimant influence of the re-
moval of lsttice expansion effects, and to recrystallization. The linear
stress coefficlent of the shear modulus Cp for aluminum-monsl tubing

exhibits a goneral decreage with increase of armealing tempsrature, owing
to relief of internal stress; the absolube value is smell.

Figure 50B shows the variation of the tensile modulus E and ite
linear stress coefficient, CQ, with the temperabure of annealing cold-

drewn Inconel rod L; +the prool stress values for this specimen are
given in figure 26A. Setting aside temporarily the values obtained in
the early tests on cold-drawn rod, there is indicated a gradual rise of
the tension modulus with inciresse of amnesling temperature up to 1100° F,
followed by a rapld decreame to values somewhat below that for the cold-
drawn metal. The gradual rise may be attributed to the dominance of re-
lief of lattice expansion, the subsequent lowering to recrystallization,
that 1s, reorientation from a preferred to & random distribution.

The linear stress coefficient of the modulus, Co (fig. 5CB), gives

generally low values over the whole temperature rangs (ignoring results
of early tests), except for a single high value at 1450 F. No groat
significence should be attached to this single high value, considering
the small stress range over which strain vas measured on this specimen
(0.1-percent proof stress, fig. 26A).

The high value of Eo and Co and the assoclated large variation

of the modulus with stress, as obtained 1n the early tests on cold-drswn
Inconel L (fig. 50B) irdicate a dominant ianfluence of the contained in-
ternal stress. As noted above, the specimens tested later, both cold-

drawn and annealed, exhibited lower values of Cg, indicating a reduced

amount of intermsl stress.

In review, when severely cold-drawn Inconel is permitted to rest a
long period (in this case, over 3 years) both relief of internal stress
and some softening occurs. Internal stress relief dominates in raising
the lower proof stresses and in lowering Eo and OCog. Softening, or

relief of lattice sexpansion, dominates in decreasing the upper proof
stresses, OSubsequent annssling within the stress-relisef amnesaling range
cauges further internasl stress relief which dominates in raising all
proof stresses and also causes further relief of lattice expansion,
which dominastes in raising the modulus.

-

With increase of the temperature of annealing cold-reduced Inconsl
tubing TIC up to 1100° F the tensile modulus E rises gradvually owing
to the dominant effect of removal of lattice expansion. With furthex
increase of temperature, the modulus drops rapldly, owing to
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recrystallization, or removal of preferred orientation. The linear stress
coefflclent of the tenslon modulus, Cp, 1&g small, and shows no signifi-

cant variation with temperature.

With inciease of the teumperature of ennealing cold-reduced Inconel
tubing TIC (fig. 55B), there 1s obtalned a graduel elevation of the shear
medulus owing to the combined dominant inTluence of relief of latbtice
expansion and recrystallization. The lineur stress coefficlent of the
shear modulus, C@Q, 1e enall over the whol¢ annealing temperature xange

for Inconsl (fig. “5B) and shows no reguler variation.

4 Influence of Amnealing or Tempering Temperature on the
Modulug of Elasgticity of Btalnless Steels

Figure 52B showg tho variation of the tension modulus E and ite
linear stress coefficlent Cp with tempering temperature for alr.hardened
13:2 Cr-N1 steel; the proof stress values for these specimens are shown in
figure 2@B. For air-cooled and furnace-cooled specimens, these variations
are slight. Apparentiy, no single factor is dominent in this range. Sin-
8le high values of EQ and CQ are obtained, hcwever, for the as-received
metal. Since this metal had been hot-rolled prior to the "ammealing"
treatment, evidsntly some of the deformation texture remained. It is Dbe-
lieved such a texture would contain dodecahedrel [ 110] orilentation along
the gpecimen axis. Heating up to 1750° F would cause cumplets recrystalli-
zation, and thus give & lower value of the tension modulus and its linear
stress coefficlent.

The tension modulus of elagticity of half-hard 18:8 Cr-Ni steel rod,
DM, rises with increase of annealing temperature (fig. 5UA) over the
range indicated. Proof sgtresse values for these specimens are shown In
figure 27A. Evidently, relief of lattlce expansion dominates over the
entire range in causing this rise of K. Some of this rise, however, may
be due to & change of crystal orientation from predominantly cublc to
rendom distribution. The Uh-hour ennealing time at 482° F did not cause
any significant change of Eg or Co from the values ohtained upon the

specimen ammealed 1/2 hour at 5C0° F,

Figure 5B shows the variation of the tensile modulus E, and 1ts
linear strems cuefficient, CQ, with annealing tcmperature, as measured
at -110° F (-78.50 C). There is a general increase of the tensiun modu-
lus with anmealing temperature, similar to that cbtained in Ffigure ShA
at room temperature. The modulus values measured at low temperature,
however, are somewhat higher than the room temperature values, over the
entire range. Somewhat greater values of the linear stiess coefficient
of the modulus wers obtalned at low tempermbures; the absolute values of
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Co in figures 54A and 54B are small so that their appavent variations
camuot be considered significant. A similar variation of the tension mod-
ulus with annealing temperature, and with lowering of test temperature,
was also obtained with severely cold-drawn 18:8 Cr-Ni steel rod. (See
refevence 3.)

Figure 58 shows the varietion of the shear modulus of elasticlity,
G, eand its linear stress coefficient, Cp, with the temperature of an-
nealing 18:8 Cr-Ni steel tubing, TC. There is an almost continuous in-
creage of the modnlus with temperature, over the range shown, owing to
dominance of relief of lattice expansion. Considerable fluctuation of
the valus of Co 1is obtainsed; the magnitude of these values, however, is

small, and thus carnot be considered significant.

5. Influence of Annesling Temperature on Poisson's Ratio
 for Various Metals

It will also be of interest to consider any changes in 1sotropy of a
work-hardened metal caused by variation of annealing temperature. Such a
study is obtained by calculating Polsgon®s ratic, from corresponding
curves of vexrlation of tensile and shear modull with anneallng tempera-
ture.

Figure 64 ghows the variation of the temsion and shear modnli and of
the derived value of Poisson's ratio i, with the temperature of anneal-
ing cold-reduced nickel tubing, TRE. Values obtained with fully annealed
nickel tubing TRF are also used in plotting these curves., Experimental
modulus values were replotted from figures 51A and 55A. Smooth curves ars
falred through the mean positions of the experimental points.

Poisson's ratio B for nickel shows negligible variation with in-
crease of annealing temperature up to 1100° F. Above this tempera.ture, M
decreases rapidly. This decrease may be attributed principally to the
change of crystal orientation from a preferred to a random distribution.

Figure 65 ghows the variation of the tensile modulus E, the shear
modulus G; and Polgson's retio, i, with annealing temperature for
cold~-reduced monel tubing TGD. The modulus curves are reproduced from
figures 52A and 56, respectively. With increase of annealing temperature,
Poigeon's ratio first decreases, and then increases. The actuasl variation
is small and may be within the limits of experimental error. There evi-
dently ls an approximate balance between the various factors that Influ-
ence Polsscn®s ratio. The meximum cold work impaited to this unannealed
tublng was not so great as that imparted to othsr metels.
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Poigpgon's ratio for cold-reduced aluminum-monel (fig. 66) and Inccmel
(£12. 67) tubing varies with annealing temperature in a msnner similar Lo
tlac for nickel tubing (fig. 64). This property shows little chunge with
increase of annealing temperature up to 1100° F. For higher annealing
temperatures, © for these metals drops rapidly owing to the removal of
preferred orientation. Both of these metals had been severely cold-
reduced (tabls 3) before annealing and testing.

Figure 68 shows the variation of the temsion modulus E, tke shear
modulus G, and Polssonts ratio p with the temperature of anrealing
cold-drawn 18:8 Cr-Ni steel. The modulus curves are falred through the
mean positions of the points obtained in sarlier tests. (Ses figs. 54
and 58, respectively.)

With increase of annealing temperaturs from room temperature to
1000° F, there is no significant variation of p, or pso; these iwo
curvesg are nearly coincildsnt. With further increase, Hg rises from a
value of 0.22 to about 0.31 at 1800° F. The relief of intermal strecs
which occurs in the lower temperature renge obviously does not arffect
Poigson's ratio. The intermal stress induced by cold drawing aprarently
is igotropic in its effect; in cold~-drawing tubing and rod, the dlrections
of the planes of maximum shear will tend to be widely distributed.

The eventual rise of K with esnnealing temperature ig attributed to
another cause. After severs cold deformation of 18:8 Cr-Ni steel rod, as
obtained with the cold-drawn alloy, the low value ¢f Fo (fig. 54A) can
be attributed in part to the production of preferred cubic [100] orienta-
tion parallel to the specimsn axls, such as ogcurs in some face-centered
cubic metals. A low valus of the shear modulus is not obtained with cclé-
dravn stainlees steel tubing. (See fig. 58.) Hence, Poisson's ratio for
cold-drawn alloy will be lower than the value obtained with annealed
alloy. Therefore, recrystallization of the cold-drawn alloy should in-
crease the value of Poisson's ratio. It was shown earlier that Poigson's
ratio for cold-worked nickel, aluminum-monel, and Inconel tubing decreases
within the recrystallization range; in these metals cold work produces
preferred octahsdral [11l] orientation along the specimen exis.

CONCLUSIONS

The following conclusions spply to all the metals tested, excep* as
indicated.

1. An incamplete view of the tensile elastic properties uf a mesal
is obtained by consgidering either the stress-strain or stress-set rela-
tionshlp alone. Consideration should be given to both relationships.
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2., In a study of elastic properties, considoration should be
given to the time schedule followed during test. In the present in-
vestligation, msasurements were made only after holding each load for a
period of 2 minutes. This permitted the positive or negative cresp to
reach & very low rate, enabling both accurate, and sensitive strain and
set measurements to be mads. e —

3. Positlive =nd negative creep occur during cyclic stressing of a
specimen, even when well within the elastic limit of the metal, so as to
give stress-strain characteristics of the form of hysteresis loops. The
permanent set produced during each cycle, which prevents closure of the
loop, diminished with continuned cyclic stressing over a fixed lcad
range; there is sn accompanying decrezse of loop width. Permanent set
and loop width mey be temporarily increased by increase of prior rest
interval or cycle time. Complete closure of hysteresis loops would be
expected only after many thousands of stress cycles.

L., The making of successive stress-strain and stress-set curves up-
on a single specimen, with intervening extension spacing and rest
intervals, gave elastic property values much influenced by these two
variasbies. A plot of any one of these elastic properties versus
total extension often gave curves having many wide abrupt oscillatlons
superposed upon more gradual wave like curves. The wide osclllations
are generally assoclated with variatlon of the rest intervals and the
extension spacing, which greatly affect the positive and negative creep
and. the amounts of induced internasl stress. The forms of the more
gradual basic curves are detexrmined by certéin fundamental faectors
enumsrated below.

5. With extension of sof t-annealed metals, the basic tensile or
shear proof stress-extension curves exhibited either an initial de-
crease or a slow rise, followed at greater extensions by a steeper rise.
The most rapild initial decrease tends to occur in the curves correspond-
ing to the smeller values of set; the subsequent rise is most rapid in
the curves corresponding to the larger values of set. The general btend-
ency of the basic proof stress-extension curves to rise because of the
lattice expansion or work hardening is initially diminished, or over-
come, by the lowering effect of the induced internsl stress. The curves
obtained with annealed tubing in both tension and shear, sre devoid of
much of the oscillation observed in the other curves, because these data
were obtalned by single tests upon a number of specimens which had each
been extended a different amount after annealing. )

6. Rest, following extension, tends to cause some slight lowering
of the 'bensile proof stresses for the metals tested. This decrease is
attributed to a dominant effect of a slight softening of the metal.

This effect was quite evident after a 3-year rest period given sone cold-
drawn Inconel rod, after delivery.
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7. The dominant-effect of annealing of cold-worked metals at inter-
medlate temperatures 1s an incresse of tenslle or shear proof atress
due to relief ol internel stress. This factor has the greatest effect
on the proof stresses corresponding to the lower values of set.
Anneuling at higher temperature produces relief of lattice expanalon,
and consequently a lowering of all proof stresses.

8. The temsile or shear modulus of elasticity may be derived from -
tensile or shear stress-strain lines, corrected for permanent set. Since
the elastic modull of many metals vary with stress, it is convenient to
derive the linear stiress coefficient CQ, of the modulus at—zero stross,
and modull at various values of stress. In order to dstermine the modu-
lus of elasticity more accurately, the corrected values of straln may be
plotted as deviations from a fixed modulus Updh an open scale. From the
Tlve proof stiresses corresponding to permasnent sets of 0,001, 0,003,
0.01, 0.03, and 0.1 percent, from the modulus at zero stress and at one
or more elevated stresses, and from the linear stress coefficient, Co,
1t is possible to obtain a falrly good picture of the elastic properties
of a4 metal in elther tension or shear.

9. With increase of oextension of an annealed metal, the variation
of the tensile or shear modulus 1s determined by the relative influences
of throe factors; namely, intermal stress, lattice expansion, and cryastnl
reorientation. With variation of the temperature of asmmealing a cold-
worked metal, the modulus is likewise depondent upon the relative influ-
ence of these three fundamental factors. Such influence will differ for
the several metals tesgted. o T T ’

The various metals differ somewhat 1n the form of the curves ob-
tained showing the variation of the modulus with extension, cold reduc-
tlon end annealing temperature. Such tension and torsion moduwlus curves
Tor a single metal are likewise not similar in form.

10. With extension of annealed nickel rod or tubing or copper rod,
the tension modulug, EQ, Iinitially decreases sharply to a minimum,

rising at greater extenslons at a gradually decreasing rate. After
appreclable deformation, as obtained with cold reduction of nickel tub-
ing, & more pronounced rise of the tensile modulus occurs.

With tensile extension of annealed monel rod or tublng, or with
cold reduction of monel tubing, the tension modulus Xo shows littlo

variation. Likewlse, little variation of EQ i1s obtained with exten-

slon of annealed Inconel tubing. With initial extension of aluminum~
monel tubing, Eo 1is found to rise sharply, with no appreciable varia-
tions occurring at greater extensions. With extemsion of annealed
Inconel rod, Eo rises sherply and then decreases more gradually, riu-
ing again slightly only at large extensions.
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At large cold reductions of both aluminum-monsl end Inconel tubing,
a sharp rise of the modulus, Ey, is obtained.

11. With extension of annealed 13:2 chromium-nickel steel rod, the
tenslon modulus Ep decreases gradunally, reoaching a minimum at beglnning

local contraction.

With extension of amnealed 18:8 chromium-nickel steel rod, Egq,

initially rises slightly to a maximum, and then decresses at a fairly
constant rate over the remaining range of uniform extension,

12, With extension of annealed nickel and aluminum-monel tubing, the
shear modulus, Gp, showe little varlation. With extenslon of anncaled
monel, Inconel, and 18:8 Cr.Ni steel tubing, Gg decreases steadily.

With increasing cold reduction of monel and nickel tubing, GQ rises
to a meximum at intermesdiate reductions and then dscreases at greater re-

ductions. With increasing cold reduction of aluminum-monel and Incomel
tubing, a steady decrease of Gp is evident.

13. With increase of the temperature of annealing cold-worked nickel
or monel rod or tubing, over the stress-relief annealing range, there is
obtained little variation of the tension modulus Eg. Over a similer
temperature range, the tension modnius Eg, for cold-reduced Inconel rod

end tubing, and elumlnum-monel tubing rises. Within the recrystallization
range, however, E, decreases somewhat for all the above metals except

monel tubing. Higher values of Ey are obtalned with factory-annealed
than laboratory-amnealed tubing. '

Alr-hardened 13:2 Cr-Ni steel exhibits little variation of the ten-
sion modnlus, Eg, with tempering temperature. These values are some-

what less than obtained with the factory-smnealed metal. With increase
of the temperature of annseling cold-drawn 18:8 Cr-Ni steel, the tension
modulus increases at a steady rate.

1k, Little veriation of the shear modulus Gp 1s obtained with

increase of the temperature of annealing cold-reduced nickel and monel
tubing. A steady rise of Gy 1is obtalned, however, with increase of the

temperature of annealing cold-reduced aluminum-monel, Inconel, and 18:8
Cr-Ni steel tubing.

15. The linear siress coefficlent of the tension modulus, Cj,, for

annealed nickel, aluminum-monel, and Inconel rod and tubing and for
anncaled monel and 18:8 Cr-Ni steel rod rises to maximum, and then
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decreases, during extension. With exlension of monel tubing end 13:2 Cr~
Ni steel rod, no significent variation of Cp occurs. With extunsion

of annealed. copper rod, Cg drops rapidly to a small value. With cold
reduction of monel and nickel tubing, Cg wises to a maximum at inter-
mediate reductions, and then decreases.

16. The linesr stress cosfficient of the shear modulus, Cp, riges

to maximum values with extension of annealed nickel, monel, eluminum-
nonel, end Inconel tubing. No significant variation of Co 18 obtained

with cold reduction of these metals.

17. With increase of the temperature of annealing nickel and moncl
rod and monel and aluwninum-monel tubing, there ls obtained & decrease of
the linear stress ccefficient of tlie tension modulus. This dscrease
obviously corresponds to a decresse in variation of the tension modulus
with stress.

With increase of the temporature of annesling monel and aluminum-
monel tubing, the linsvsr stress coefficient of the shear modulus liko-
wise decresmes. The diagrems for the remaining metels show no significant
variation of these coefficlents with annealing temperature.

18. An increase of internal stress tends to produce a rise of the
tension and shear moduli at zero stress for metals. It evidently is domi~
nant during inatial extension of annealed aluminum-monel tubing and an-
nesled Inconel rod, in causing & rise of Ey. It probably also is domi-

nant in producing the rise of Ey and Gp with intermediate cold re-

duction of nickel and monel tubing.- It likewise is domlnant in affucting
a rise of the linear stress coefficients of tenslle and shear modulil
during inltial extonsion of a number of the metals tested. The wide varia-
tion of the tension and shear moduli with stress, and the associated large
values of CO obtained upon some unannealed cold-worked metals may be

asgociated with the presence of internael stress. The high values of Eq

obtained upon factory-ennesled aluminum-monel and Inconel tubing, and 13:2
Cr-Ni steel rod, probebly can be attributed to the internal stress pro-
duced during finishing.

19. The work-hardsning or lattice expansion of metals, as differ-
entiated from changes of crystel orientation, tends to cause a decrease
of both tensile and shear moduli. The decrease of the tension modulus
with initial extension of nickel, copper, and 13:2 Cr-Ni steel probably
can be attridbuted to the dominant effect of lattice expansion. The drop
of E, at greater extpnsions for anncaled Inconol and 18:8 Cr-Ni steel
rod, as well as the continuous drop of the shear modulus Gy with
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extension of annealed 18:8 Cr-Ni steel tubing mry be attributed to this
factor.,

The rise within the stress relief annesling range of the tension
end shear moduli of aluminum-monel, Incomnel, and 18:8 Cr-Ni steel prob-
ably is due to the removael of the lattice expamnsion of these metals.

20, A change of crystal orientetion of many metal crystals, botween
states of preferred and random distribution, will tend to change the
values of tensile and shear moduli. Such variation of the modulus is
dependent not only upon the percentage of the crystals affected, but aleo
upon the directional variation of the modulus of a crystal of the mstal
concerned.,

With cold deformetion of some face~-centered cubic metals, there is
produced a preferred octahedral [1lI orientation, which tends to in-
crease the tensile modulus and to decreasse the shear modulus.  Buch =&
change is dominaent in the rise with extenelon and cold reduction of
nickel, with extemnsion of copper, and with lerge cold reductions of
aluminum-monel and Inconel tuhing. The replid drop at large deformations
of tho shear modulus of nickel, alumlinuwe-mopel, and Inconel tubing may
be attributed in part to dcmjnance of this factor.

The raplid decrease of the tension modulue E; at large extensions

of amnesled 18:8 Cr-Ni steel, however, may possibly be attributed in
part to the dominant effect of production of preferred cubic [100]

orientation.

Deformation of amnnealed 13:2 Cr-Ni steel, is belleved to produce a
preferred dodecahedral [11.0] orientation of this metal. Any such change
evidently does not have a dominant effect upon the variation of the
modulus of this metal.

With soft ennealing, the lowering of the tensile moduli of nickel,
eluminum-monel, and Inconel may be attributed to the dominant effect of
removal of preferred octahedral [ 111} orientation. Soft anmealing of
cold-drawn 18:8 Cr-Ni steel, however, tends to raise the tensile modulus,
poesibly because of the removal of preferred cubic [100]} oriewtation.

The fact that variations of the tensile and shear mcduli are leass
for monel than for nickel or copper. suggests that the directionsl
variation of these moduli are less in a cryetal of monel than in sith.r
nickel or copper. Ponssibly & simlilar relationship may be found Letreen
other alloys and their constituent metals.

21l. Poisscn's ratio, i, as calculated from tensile or chezr modull,
will be affected only by those factors which produce anisotrory withia a
metal, ¥

29 )
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With extension of monel, aluminum-monel, Iuconel, and 18:8 Cr-Ni
gteol, Poissonts ratio u, rises. During prior extension, the direction
of the principsl shear stresses will be the same as during subsequent ten-
sion testing, but not during subsequent torsion testing, . The intermal
stresses produced during prior extension therefore tend to ralse the ten-
slon modulue to a greater extent than the torsion modulus is raised; it
is anisotyopic in ite effect. The large variation of u with stress,
dnring extension of theme metals, probably likewlse 1s dye to this effect.

However, the internal stress produced during small cold reductions
evidently tends to be isotropic in its effect upon subsequently measured
properties,

22, With large cold reductions, as obtained with nickel, aluminum-
monel, and Inconel tubing, there i1s obtained a mearked rise of Poilsson's
ratio K3 monel tubing likewlse ghows a small rise of p with cold
reduction., Thls rise is duo to the production of preferred octahedral
[111] orientation in these metals, which affects tensile and shear
moduli in an opposite mamner. The cryastal orientation factor therefore,
likewise 1is anisotropic in ite effect. On the other hand, Poissonts
ratio, iy for cold-drawn 18:8 Cr-Ni stecl is very low owing to the pro-
duction of prefeirred cubic [100] orientation.

23. With soft annealing of nickel, aluminum-monel, &and Inconel tub-
ing, there 1s obtalned & decrease of , owing to the removal of pre-
ferred orientation; whereas soft annealing of 18:8 Cr-Ni steel causca a
rise of p., Cold-reduced monel showe no appreciable variation of u
with annealing temperature, due in part probably to its lesser degreo of
cold work of this metal, and in part to the small diroctlonsl variation
of the modulue for a crystal of thie slloy.

An epprecieble variation of Poisson'!s ratio from ite value in the
annealed state gives evidence of anisotropy produced within s metal.
Because Poisson's ratio is very sensitive to small changes of either the
tensile or shear modull, only large variations of & calculated by the
method used in this investigalion can be consldecred significant.

2h. With lowering of test temperature to -110° F for 18:8 Cr-Ni
steel, a general increase of toth tenslle proof stress and modulus of
elastlicity is obtained. Such slevation occurs throughout the annealing
temperature ranye investlgated.

25. There have been evaluated, for the varlous metals tested, the
tenslle-ghear proof streass ratios for O.l-percent set and the work-hard-
ening rates in tension and in shear. The tenslle-shear proof streas
value for cold-drawn metals is found to be less than for annealed metals
or for metals severely work-hardened by the tube-reducer method. The
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- —rate of work hardening of a metal determinea the rate of rise at the O.l1-
rercent proof stress. . This rate is grezteast for annealed coppér and
nickel and least for ammesled uonel and sluminum-monel.

National Bureau of Standards,

Washington, D. C., April 1945.
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Zable 1.~ Chemical Compositioms.

De- |Dlameter or
Metal aig- |Dimensions [Gage

na- |as received [Diameter Chemical. Conposition (percent)

tlon| (in.) (in.) [ Fo | Fi | ©u Cr B [ u ] Pl BT &
Hickel rod R 0.625 0.417 }0.07 0.08 99.49 | 0.03 — 024 | — - .005 | 0.08
Nickel tubing TR {1 x 0.085 — Q04 05 99.53 04 -_— o28 -— - 1 .005 03

el rod G- 0.875 +500 .18 1.24 | DAff, 124.85 —_ O — = 4 007 10

hel t‘ﬂbing TG 1 x 0.%5 —— 013 l- 9 67.64 29.’m — 096 — S oms 005
Alusinun-monel
abtng m[1x0.085 | — |.26 | 033 |6642|29.68| — | .25 |280] -].005( .33
Inconel red L 0.5 .333 .23 5¢3 MEf.e | — 13.2 —_— -— - - -
Inconel tﬂbj—ng TL 1 X 0-%5 - ow 6-40 'B.33 0015 13.64» -20 — - .011 017
Copper X | 0.875 <500 - - — 199.97 = -— - -1 — -
19.0 G_, (YT —ta-‘l
rod T B 875 500 | .09 | piee. | 208 — | 1.3 | 48| — - =] .2
Amesled 18:8
Gr-l(i Btau Tod D-A. .&5 .417 007 Diffo 8.63 Caa 18.& o“ — 00012 00]8 '50
Cold-drawn 18:8
C;'—N__i _51_'.98_1 ‘I_'f‘)d m -&5 0417 om Diff. 9.% —— 18.& .‘7 _—— 0015 bd -35
18:8 Cr-Ki steel
tablng |1x01 | — 07 | maer. | 204 | — {185 | — ) | -] - | —
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Table 2.~ Thermal Treatments of Rod Materisls.

eatument Specimen | Temper-| Time Temper-] Time
Materiall Ag Regeived | Designation e_ | Held|Cooled In_|ature ! Held] Cooled In
(°F) | (hrs) (°F)
" R — -— (A8 received (nrs)
R-2 200 2 |Furnece
R-3 300 2 |ALr
Nickel |[GCold drawm 4 R-5 500 2 | Furnsce
60 percent R-7 00 2 n
R-9 300 2 &
R-11 1100 2 "
R-12 1200 2 L
L R-14 1400 2 L
r G _— — | A8 received
G-3 300 2 |Alr
G=4.5 450 3 |Alr
G-6.5 650 2 | Air
Monel Cold drawn 4 o8 800 5 | Furnace
40 percent G-9 900 2 |Alr
G-9.75 975 2 | Alr
G-11 1100 1 |Adr
G-12 1200 2 | Purnace
_ G-1l4 1400 1 | Furnece
(L As received
L As received, 40 months later
-2 200 6 | Alr
L-3 300 2 | Alr
J L-4e5 450 3 |Air
Inconel |Cold drawm I-6.5 650 2| Alr
L-7.5 750 6 | Adx
L-8.5 850 2 | Furnace
L-9.75 975 2| adir
L-11 1100 2 | Purnace
L-l4.5 1450 1 | Furmasce
L L-17.5. | 1750 2 | Furnace
Copper |Cold rolled { N As received
75 percent N-6 600 22 | Alx
r B 12z0(a) Furnace(e) As received
E-A A r As air cooled
BE-A-6 L 600 2
E-A-"7.5 il 750 3
4 E-A-8.5 U 850 2
1332 Annealed E-A-9.5 }1750 1" 950 2 Furnace
Cr-Ni E-A-11 L 1100 1
Steel E~A-12 L 1200 2
E~A-14.5 2 1450 1
B-F - \Furnace As furnace cooled
) B
| I

€5



NACA TN No. 1100

Table 2.- Continued.

Treatment Speclmen Temper— Time Temper-] Time
L_Miberigl_ |As Received | Designatlon|ature | Held|Cooled In | ature |Held |Cooled In
N (oF) [(hra) (9F) [(prs.)
(1 Annealed DA As received
(DM As received Tested at room and low tem-
peratures
DN-4.8 480 4 | Alr Tested at room temperature
1838 DM-5 500 PR Tested at room and low tem-
Cr-Ni J peratures
Steel Cold drawn DM-7 700 n L u L L u L
m_,g %0 r n n n " n "
DM-10.25 1025 L Tested at room temperature
@&1—18-3 1830 Water Tested at room and low tem-
\[_ peratures
[ |

(a) By manufaocturer.

Table 5.~ Work-Hardenling Be.tes(a) for Annealed Metals and Alloys.

Method of Measuring Material
and Form Nlckel | Honel | Aluminum- | Inconel | Copper | 13t2 Cr-N1|18;8 Gr-ni|
Monel sSteel Steel
Tension, rod 1.87 1.30 — L.45 2.15 1.43 1.67
1 Tension, tubing 1.941 1.32 1.28 1.36 -— -_ -—
Shear, tubing 232 1.33 1.15 1.21 - —_— 1.70

(a) Ratio of O.l-percent proof stress for metal extended to 3 percent squivalent

reduction to that for uunextended metal.
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Table 3.~ Detalls of Tharmsl amd Mechanical Treatments of Tubing

Lg

Specimnen
Metal | Trestments Received | Deglg~ {No. of
nation |Specimens
(Cold drawn 10 percent TRA 2
Cold drawn 20 percent TRB 2
Cold drawn 30 percent TRC 2
Cold drawn 40 percent TRD 2
2
TRE-3 2
TRE~5 2
Tube reducer J TRE-7 2
75 to 80 percent TRE-9 2
Hicke1.+ TRE-10 2
TR TRE-11 2
LIRE-12 2
("TRE-14.5 2 )
Tube reducer TRF-14.5R-0.5 2
75 to 80 percent [) TRF-14.5R-1.0 2
normellzed at TR¥F-14.5R~-2.0 2
5000F TRF-14.58-3.0 2
TR-F"‘M.SR"5.0 2
" \_TRF—].L.5R—10.0 2)
(Cold drawn 10 percent TGA 2
Cold drewn 20 percent TGB 2
Cold drawn 30 percemt TGC 2
(TGD 2
TGD-3 2
TGD-5 2
J R TGD-7 2
Monel [1Cold drawn 40 percentTGD-9 2
TG TGD-10 2
TGD-11 2
2

 T6D-12

Aunealing
T atur
{Geg. F)

- e

1450

588388, 1)

1200

Time Hald

Cooledl
In

Mechsnical T !(&)t

Remarks

{hours)

As Tecelved
As received
As recelved
As recelved
‘AB recelved

Ag roceived
As recelved

Tested as annealed

Tested as ammealed
Extended 0.5 percent

n 1.0 v
L 2,0 "
] 3.0 "
n 5.0 ]
fn 10.0 L

Tested a8 anmealed

"ON NI VO¥N
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Pable 3a.- Contimued.

Specimen
Metel |[Treatments Recelved | Desig- No. of Anneeling
pation | Specipeng]
i {deg. F)
¥onel ! TGE-14 2
16 TGE-~-14R~0.5 2
TGE-1.R-1.0 2
Tube reducer TGE-14R-2.0 2 1400
75 to 80 percent, TGE-14R-3.0 2
normelized at 5000F |TGE~14B-5.0 2
\ TGE-14R-10.0 2
( Annealed THA 2
Cold drawn 40 percentTHB 2
(THC 2 o
TRG-3 2 300
THC-5 2 500
Tube reduger ﬁ THC-7 2 700
60 percent, THC-9 2 900
THC-10 2 1000
Sz~ J THC-10.75 2| 107
inum- PHC-12.00 2 1200
i (THD-15.5 2
TH THD-15.5R~0.5 2
Tube reducer THD-15.5R-1.0 1
60 percemt, < ;r
normalized at 5000F )} THD-15.5R~R.0 2 1550
THD-15.58~3.0 2
THD-15.5R~5.0 2
\ THD-15.5R-10.0 2
Annesaled TLA 2 —
Cold drawn 50 percentILB 2 _
("TLG 2 _—
TLC-3 2 300 )
TLC-5 2 500
Tube reducer L" TLC-7 2 00
75 - 80 percent TLC-9 2 900
Inconell TLC-11 2 1100
1L -3 2 1300
L \TLC-15 2 | Is00 |

(=]

In | Mechanical 'h'ee.tuen‘g

Remarks

(hours)

As received
Ap recelived
As recelived

10

Ap recelved
As received
Ag received

Tested a8 amesled
Extended 0.5 percent
1.0

®f 3T m a=m
a2 2 a3

Tested a8 annealed

Tested as anneeled
Tested as ammsaled

Tosted as annealed
Extended 0.5 percent
n

[
L
o

3 3 = 2
5\.11\:)1\.)
[l =R R )
3 333

»

Tegted as annealed

Tested in tension

mly‘
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Table 3b.~ Continued.

Specinen
Mdtal | Treatments Becelved| Desig- No. of |Annealing Caoled (a% Remarks
nation | Specinens| Temperature| Time Held In Mechanical Treatmen
(deg. F) {houra) o
Incon (TLD-17.5 2 (Tested as annealed
™ TLD-17.58-0.5 2 Extended 0.5 percent
TLD-17.5R~1.0 2 " 1.0 ™
TLD-17.58~2.0 2 * 20 "
Tube reducer Jﬁ.n-r?.sa-a.o 21> 1750 1 Mrf v 30 w
/5 - 80 percent, TLD-17.5R~5.0 2 n 50 ¢
normalized at 5000F | TLD-17.5R-10.0 2 ® 10,0 ®
TLD-17.58-17.0 1 * 17.0 " Tegted in tension
oly.
L \TLD-17.58-17.25  1|J L " 17.25 *  Tested in torsion
> only.
TC X Az recelved LI LA
TC-3 1 300\ n = u N
7C-5 1 500 " n " o»
C-7 1 700 > 1l AMr | Tested as axmealed LA LA
T0-9 1 900 ] ] U]
1¢~11 1 1100) I R
TC-13 1] 13000 (Tented as armealed | * =« *
1818 Cr-/Cold—drawn { 16-19 1 - .
Ni Steel T6-19R-0.5 1 Extended 0.5 percent] * *© LA
TC TC-19R~1.0 1 " 1.0 LI B I
TC-19R-2.0 1 } 1900 & 1 Fater{ " 2.0 * L2 B
TC-19R-3.0 1 " 30 LI B I
TC-19R-5.0 1 n 5.0 L] ” ] " =
TC-19R-10.0 1 " 100 " * v wow
\F0-19R-20.0 1} y [ " 20,0 =" L

(a) Only nominal extensions indicated; for actusl values, soce diagrams.
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Toble 4,~ Hysteresie

Q4

Time In- Permanent Set
Speoimen|Cycle| True Streas|Total|terval Af-|Strainlioop |Dye to e, %|Total Negative Creep at Positive
No. No, Renge |Cycle|ter Pre- |Range |Width|Before Permanent tom Cresp
Tize |ceding Negative| Net Set 1 min. 2 mind 3 win. | Below
Cyole Creep Top
(1b per in.<)(min.}{br:ain) [(8) [(%) (%) %
DA-5 L[ 1047550203 —| o |15.3 | — — [15.00 }15.00 — - — -
2 [1.7-75.5 13.0{ ©:0 0.4240.145| 0,094 | 0.086 [15.086| 0.006 | — |o0.008 | —
3 1-7"75v5 MG 0‘0 03&" om 0038 oGB‘ll- 15-120 .m o om hand
4 107-7505 10.5 O:O 0349 0076 0022 0018 15.1% .O(R - .004 —
5 1.7“75.5 11.0 0‘0 om o074 0023 0015 15.153 om - 0008 0.0%
6 1'7"’7505 10.5 0:0 -345 0069 018 .01-5 15-1& 001 — .003 <005
8 [1.7-75.5 8.0| 010 .337) .065| .13 | .009 |15.87] .003 | — | 004 | .005
35 1.7-75.5 9.0 030 «3R9 .055 010 005 15.249 +003 — 005 003
39 1 1.7-75.5 11.0; 030 3291 057 008 005 (15.2667 .002 —_ 003 005
140 [1.7-75.5 12.0{ 030 o324 <049 .006 «003 |15.344] 002 | — +003 .003
155 |1.7=75.5 10.0| 24:0 353 067 .032 027 |15.387F .004 — .C05 005
156 | 1.7~75.5 9.0} 00 .331] 054 .008 .004 |15.391] .002 — 004 005
157 1.7—75-5 10.0 0:0 0333 0054 .w9 .005 15-3% -003 - om om3
159 |1.7-75.5 57.5] 0:0 <335 .0551 .010 006 |15.404) .002 —_— .004 -003
161 1.7"7505 10.0 0:0 u328 0050 .005 .m}. lﬁnm .w'j C_J .90“; o%"}
DA-3 1 | L.4-45.5x103| 29.0 —_— 3.36 |3.20 —_— 3.185 ] 3.185} — - — -—
2 | 1e5-45.5 16.5| 00 0.329(0.187| 0.166 0.156 | 3.34L] -— (0.010 — —
3 105'10505 8.5 0‘0 023«2 0092 0061- 0060 3-401 el -wl hacaue G
‘-ll- 105"45'5 805 0:0 .230 0%3 0054, 0051 30452 —— 0003 L L)
5 .'.65-!",565 969 Q;Q %?-21- =O8_l§ eg,- =g,3.l¢ 3911-,86 hasana eQQ.Z - 09030
DA-4  |1-30 |1.5-45.5x203] 1.0 (Avg.)— —_— =] — 3.50 | 3.50 | — — - -
31 | 1.5-45.5 10.0; 0:0 0.224|0.075| 0.055 0.052 | 3.552] — ]0.003 —_ 0.015
83 | 1.5-45.5 13.5| 0:02 Q78| J026) 0088 | .0064] 3.WL[0.0024 | — — 0038
116 | 1e5-4545 10.0] 72:0 L1871 03| 0175 .0127| 3.867| .0038 - -_ 0016
118 [ 1.5~45.5 2.5 0O: 175 .022]  .0055 «0034] 3.873| 0024 — — 0037
376 | 1.5-45.5 17.0| 0:02 JA76) .024] 0053 .0030| 3.955| .0023 —_ —_ 0052
37‘7 105"'45'5 13.5 0302 0178 0025 .0077 .m57 30963 -m20 C C .(X)26
388 11.5-45.5 7..0] Gs:02 .185] .032( .0120 .0112] 3.981} .0008 — —-— 0024
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8 Specimen

A, A' Gage rings

B, B'" 8et screws

¢ Cylinder

D, D' Standard prisms

E, E' Roof prisms

F Placement screw positions

Figure 1l.- Optical torsion meter.
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Test specimen

A, A' Specimen olamps

B, B! Amaler testing machine adapters
8pecial adapter

Ingulated cooling system
Helicel spring

2

Inner extension arms

o

¢

D

5

F, F'* Outer extension erms
. .

H Heating coils
d

, d! Btellite prismatic lozenges

o B K, K' Roof prisms

Figure 3.~ Assembly of low temperature, tensicn testing apparatus.
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Figs. 38,39

NACA TH No. 1100

Figure 89.- Variation of shear proof stresses with annealing tempera~-
ture. A-Cold-reduced Inconel tubing TL. B-Cold-reduced
aluminum-monel tubing TH.
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Figure 31.- Directional variation of the Figure 32.~ Directional variation of the
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Figure 33.- Directional variation of the
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Figure 36.- Variation of tensile modulus of elasticity and of 1ts linear
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Figure 38,~ Variation of tensile modulus of elastioity and its linear
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Z e
(=] > INCONEL, L-I75
or
3 34 GOLD DRAWN, ANNEALED AT 175D ___l &
3 ~J I R e = i g
x 32 — ¢t £ =
g y: T — D__.———_' §
- s —— 3 O ——— g
8 ° .' I g | b=l Eﬂ—’-.—_-_—_——— o g
— =
& 20 o S S P 60 _u
— E et X 107
@ — e
- [ el
a 26 ﬁ_/ 50 E
= S
g 24 ] 40 it
B < g
Je2 30 o
w PRIOR REST INTERVAL I (]
L. O —6MIN. e E
© -?’ O --32 TO S5MIN. . 20
® A .20 TD 22 MR, C s
= WV -- 44 TD 9DHR. o <
2 x
S 3
= °

o] 2 4 6 8 10 12 14 16 I8 20 22 24 26 28 30 32 3I4 36
PRIOR EXTENSION, PERCENT

Figure 40.- Variation of tensile modulus of elaatlcity and its linear
atreas coefficient with prior extension for annealed Inoconel
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Figure 43.- Variation of tensile modulus of elastioity and its linear
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Figure 44.- Variation of tensile modulus of elasticity and ite linear
stress coefficient with prior extension for annealed 18:8
ohromium-nickel steel DM-18.3.
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Figure 45.- Variation of shear modulus of elasticity and its linear
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ing TR. A-Nickel TRF, annealed and extended. B-Cold-reduced nickel.
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Figure 46.~ Variation of shear modulus of elasticity and its linear
stress coefficient with prior deformation for monel tub-
ing TG. A-Monel TGE, annealed and extended. B-Oold-reduced monel.
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annealed and extended. B-Cold-reduced Inoonel.
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stress coefficient with annealing temperature for oold-
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Figure 58.- Variation of shear modulus of elasticity and its linear
stress coceffioclent with annealing temperature for cold-
drawn 18:8 chromium-nickel steel tubing TC.
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Figure 59.- Variation of Poisson's ratio with prior deformation for
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Figure 64.- Variation of Poiseon's ratio with
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