
UNCLASSIFIED

AD NUMBER

LIMITATION CHANGES
TO:

FROM:

AUTHORITY

THIS PAGE IS UNCLASSIFIED

ADB805969

Approved for public release; distribution is
unlimited.

Distribution authorized to DoD only;
Administrative/Operational Use; MAR 1947. Other
requests shall be referred to National
Aeronautics and Space Administration,
Washington, DC. Pre-dates formal DoD
distribution statements. Treat as DoD only.

NASA TR Server website



^ 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 DEFORMATION AND HSAT-TREATJ 

By R. W. Mebs and D. J. M< 
National Bureau of Standards 

f 
T 

L- 
LANGLEfR^    ^T^ER 

HAMPTON, 

2 y mi 

VIRGINIA 

'ÜOTlOBe TÄKEW F^OIM'TT^^C: 

Washington 
March 1947 

rv 



3 1176 01433 3117 

NATIONAL ADVISORY COMMITTEE FOE AERONAUTICS 

TECHNICAL NOTE NO. 1100 

ELASTIC PROPERTIES IN TENSION AND SHEAR OF HIGH STRENGTH 

NONFERROUS METALS AND STAINLESS STEEL -- EFFECT 

OF PREVIOUS DEFORMATION AND HEAT TREATMENT 

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

SUMMARY 

A resume is given, of an investigation of the influence of plastic 
deformation and of annealing temperature on the tensile 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reports and notes, and from unpublished work in this investigation. 
There are also included data obtained from published and unpublished 
work performed on an independent investigation. 

The rod materials, namely, nickel, monel, Inconel, copper, 13:2 Cr- 
Ni steel, and 16:8 Cr-Ni steel, were tested in tension; 18:8 Cr-Ni steel 
tubes were tested in shear, and nickel, monel, aluminum-monel, and 
Inconel tubes were tested in both tension and shear. 

There are first described experiments on the relationship between 
hysteresis and creep, as obtained with repeated cyclic stressing of an- 
nealed stainless steel specimens over a constant load range. These 
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 five proof stresses 
used as indices of elastic or yield strength. From corrected stress- 
strain curves are derived the secant modulus and its variation with stress. 
The relationship between the forms of the stress-set and stress-strain 
curves and the values of the properties derived is, discussed. 

Curves of variation of proof stress and modulus with prior extension, 
as obtained with single rod specimens, consist in wavelike basic ourves 
with superposed oscillations due to differences of rest interval and ex- 
tension spacing; the effects of these differences are studied. Oscilla- 
tions 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 extension of cold reduction gave curves almost devoid of oscil- 
lation since the effects of variation of rest interval and extension 
spacing were removed. Comparison is also obtained between the variation 
of the several properties, 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 evaluated. The ratio between the tensile and shear 
proof stresses for the various annealed and cold-worked tubular metals is 
likewise calculated. 

The inflxience of annealing or tempering temperature on the proof 
stresses and moduli for the cold-worked metals and for air-hardened 13:2 
Cr-Ni steel is investigated. An improvement of- elastio strength gener- 
ally is obtained, without important loss of yield strengbh, by annealing 
at suitable temperature. 

The variation of the proof stress and modulus of elasticity with 
plastic deformation or annealing temperature is explained in terms of 
the relative dominance of three important factors: namely, (a) internal 
stress, (b) lattice-expansion or work-hardening, and (c) crysta3. re- 
orientation. 

Effective values of Polsson's ratio were computed_ from tensile and 
shear moduli obtained on tubular specimens. The "variation of Polsson's 
ratio with plastic deformation and annealing temperature is explained in 
terms of the degree of anisotropy produced by changes of (a) internal 
stress and (b) crystal orientation. 

INTRODUCTION 

An investigation of the elastic properties of high strength aircraft 
metals has been conducted at the National 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 elastic properties of stainless steels and nonferrous 
metals. The remaining reports comprise a eeries of technical notes (ref- 
erences 3 to 6) upon the low temperature properties of 18:8 Cr-Hi oteol, 
upon the shear elastic properties of stainless steel and nonferrous metal 
tubing, and upon Polsson's ratio for stainless steel, 

The present paper 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 7); ^nd (c) some unpublished, results 



HÄCA TN Wo. 1100 

obtained in another project upon the influence of annealing temperature 
on the tensile elastic properties of nonferrous rod materials. These ad- 
ditional data are believed to add substantially to the value of this sum- 
marizing paper. 

The elastic properties 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 is usually meant the stress necessary to deform 
the metal to a boundary between elastic and inelastic strain. As shown 
in several of the preceding papers (references 1, 2, 3, k,  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 yield strength of a metal are expressed in terms of five indices 
termed "proof stresses." These are the stresses necessary to cause per- 
manent strains of 0.001, 0.003, 0.01, 0.03, and 0.1 percent. The values 
so obtained are found to vary with the amount and direction of previous 
stressing beyond the elastic strength. 

As the stress-strain line for many metals is curved, the modulus of 
elasticity must be defined in terms of two or more indices. These in- 
dices may be taken as the modulus of elasticity at zero stress, and at 
one or more elevated stresses, and the linear stress coefficient of the 
modulus at zero stress, Co» In previous papers (references 1, 2, h, 
and 7)> 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 known, a 
fairly good picture of the elastic properties of a metal is obtained. 

Additional indices were derived for some of these metals: namely, 
the tensile-shear proof stress ratio, the work-hardening rate, and 
Poisson's ratio. Poissonfs ratio was derived from measured values of 
the tension and shear moduli, by use of an appropriate formula. Values 
of Poisson's ratio for 18:8 Cr-Hl 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 necessarily eliminated, for the sake of conciseness and clarity. 
The data presented are believed to be representative of each material 
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tested. Where feasible, summarizing statements give the results of work 
for vhich data are not presented. 

A study is made of the variation of the several elastic properties 
of metals, in tension and in shear, vith cold deformation and heat treat- 
ment. This variation is shown to he influenced by the relative dominance 
of three factors. 

The metals studied and apparatus 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 hysteresis and creep for an- 
nealed 18:8 Cr-Ni steel. These tests are discussed in part II. Part III 
gives the methods of measurement, and of plotting 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- 
uli and their linear stress coefficients for the metals investigated. 
The influence of annealing temperature on these moduli and their stress 
coefficients is discussed in part VII. The effect of lowering the test 
temperature on the tensile modulus is also studied. The variation of 
the calculated values of Poisson's ratio with plastic deformation and 
annealing temperature also is presented in parts VI and VII, respectively. 
The conclusions reached in this report are based on a comparison of the 
diagrams obtained with the several metals. 

I. MATERIALS AND APPARATUS 

1. Materials and Specimens 

The materials used in this investigation consist of several nonfer- 
rous metals, namely, nickel, monel, aluminum-monel, Inconel, copper, 
and two stainless steels, namely, 13:2 Cr-Ni steel and 18:8 Cr-Ni steel. 
Nickel, monel, aluminum-monel, and Inconel were supplied in both the rod 
and the tubular form by the Internat ionaiL Nickel Company. Results ob- 
tained with aluminum-monel rod were fragmentary, and are given only in 
an earlier report (reference 2). The oxygen-free copper rod was furnished 
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 annealed 18:8 
Cr-Ni steel rod was obtained from the stock room in this laboratory. The 
18:8 Cr-Ni steel tubing was purchased on the open market. 

The 13:21jr-Ni steel rod was supplied in the annealed condition 

k 
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(heated to 12lK)° F and slowly cooled in the furnace). The 18:8 Cr-Ni 
steel rod upon which hysteresis measurements were made had been soft- 
annealed. 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 intermediate anneal; aluminum-monel and Inconel 
tubing were also supplied in a soft-annealed condition. There also was 
supplied nickel, monel, aluminum-monel, and Inconel tubing which had been 
severely cold-reduced and then normalized or stress-relief-annealed at 
500° F. 

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 
frequently referred to as cold reduction, in order to differentiate from 
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 individual tubular specimens in table 3- The methods 
and amounts of cold 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 annealing or 
tempering treatment is indicated by a number 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 E and an additional number indicat- 
ing the nominal extension in percent. For 13:2 Cr-Ni steel (table 2) 
the letter E is 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 diameters and the diameters of the rod test spec- 
imens are given in table 1. The gage diameters of these specimens were 
made as large as possible in order to decrease the error of estimating 
the stress; the error (in pounds) in estimating 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 spec- 
imens was unimportant in this investigation, because the tests did not 
require extension beyond the point of beginning local contraction. 
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All tubes were of 1-inch outside diameter, nominal size. The nickel, 
monel, aluminum-monel, and Inconel tubes were of 0.085-inch wall thick- 
ness and the stainless steel tubes of 0.1-inch wall thickness, nominal 
size. The specimens were thoroughly cleaned, after which the length, 
average outside diameter, and weight of each were accurately measured. 
The average wall thickness of each specimen was computed from those data, 
and from a density value carefully determined by the hydrostatio weigh- 
ing method on a email sample of the same material. 

Single rod specimens were prepared corresponding to each treatment 
indicated in table 2. Duplicate specimens of nickel, monel, aluminum- 
monel, and Inconel tubes were prepared corresponding to each treatment 
indicated in table 3j identical tubular specimens were tested in tension 
and in torsion. Only single specimens of 18:8 Cr-Ni steel tubes were 
prepared corresponding to each treatment listed in table 3. Before test, 
each tubular specimen had its ends fitted with tight plugs in order to 
prevent distortion during test. 

2. Apparatus 

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

Most of the room temperature tension tests were made with a pair of 
Tuckerman optical extensometers; these gages were attached to opposite 
sides of the specimens. The'smallest gage division of this extensometer 
corresponds to a change of length of 0.0000^ inch. By means of a vernier 
on this instrument, it is possible to estimate changes of length to with- 
in about 0.000002 inch; this sensitivity corresponds to a strain sensi- 
tivity of 1 x 10~4 percent for the 2-inch gage length used. A limited 
number of measurements were also made with an Ewing extensometer of some- 
what poorer sensitivity. 

Room tomperature torsion tests were made with an optical torsion 
meter (fig. l) of high sensitivity, especially designed and constructed 
for measuring shear strain in this investigation. A description of- this 
torsion meter was given in earlier report (reference k). The smallest 
gage division on the scale of the collimator 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 lees than k.O x 10~3 percent for the size tubular 
specimens used. By means of a vernier on the collimator scale, changes 
of strain of less than 2.0 x lö~4 percent can be detected. 
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For the low temperature tests described In this report, the specimen 
was Immersed in a hath consisting of equal parts of carbon tetrachloride 
and chloroform., to which had been added an excess of solid carbon dioxide. 
The modified Tuckerman extensometer and chamber used (fig. 2) were de- 
scribed earlier (reference 3). 

II. HYSTERESIS AND CHEEP 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 mechanical hysteresis. By plotting strain measurements obtained 
at various stress increments', while raising and lowering the load in a 
single stress cycle, there would be obtained a 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 a hysteresis loop, which may or 
may not be closed at the bottom. The width of the loop and the degree of 
separation 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 permanent set, it is important to understand the influence of 
hysteresis on the stress-strain characteristic and its relationship to 
positive and negative creep. In figure 3 are shown selected hysteresis 
loops of series obtained upon each of three similar 18:8 Cr-Ni steel rod 
specimens, DA-5, DA-3, and DA-^.1 This rod material, DA, which was re- 
ceived in the soft-annealed 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 constant values of upper and lower load; 
the lower load was just sufficient to preserve alinement of the grips, 
the adapter, and the specimen. With the stress range used for each spec- 
imen, considerable permanent set was obtained with the initial 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. 

xIn the designation of these three specimens, the final number is 
used for identification only; it bears no relation to any annealing 
temperature. 
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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 
inside each loop in the lower row. The total plastic extension prior to 
each cycle is also given inside each loop. The time interval between 
cycles is indicated by the symbol at the beginning of eaoh 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 obtained on specimen DA»3 in the lower row.  (These specimens are 
designated 1A-5 and 1A-3, respectively, in reference 1.) Nevertheless, 
the permanent set per cycle decreased more rapidly 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 accidental overstressr 
ing, only 29 cycles could be obtained upon specimen DA-3; only the first 
5 cycles'are shown. A new specimen of this material, DA-it- (designated 
1A-4 in reference l) was given 30 rapid cycles over the same stress range, 
without measuring strain, and the experiment then was continued. Some 
few cycles obtained on speoimen DA-k  are given in the right-hand portion 
of the lower row of figure 3^ A comprehensive discussion and additional 
data, relative to these tests, are found in an earlier report (reference 
1). 

2. Hysteresis Experiments on Specimen DA-5 

The first k 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 material, caused an extension of 15 
percent. The solid line represents the- variation (with strain)'Of the 
nominal stress, that is, stress based on the original sectional area; the 
broken line represents the variation of stress based on the actual cross 
section corresponding to the strain. Each of the other loops of the 
upper row is a plot of the true stress as previously defined. 

Comparison of loops 1 to k,  with allowance for the fact that the 
abscissa scale is much more sensitive for loops, 2, 3>  and k than for 
loop 1, shows that each of these loops (both at the middle and at the 
bottom opening) is considerably narrower than the preceding loop. With 
continued cyclic repetition, the difference in form between any two ad- 
jacent loops gradually becomes smaller. In order to study these later 
variations, therefore, it is necessary to use a still more sensitive 
abscissa scale. For loops 5 to l6l, consequently, abscissas represent 
deviations from a tensile modulus of 31 x 106 psi, plotted on a more open 
scale.  (A more detailed discussion of the deviation method of plotting 
is given later.in the description of fig. k.) 

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 k; 

8 
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values for cycles not shown In this figure may be found in an earlier 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 unmeasured cycle was much less than for a measured cycle. 
The net plastic extension per cycle, consequently, was much less for the 
unmeasured than for the measured cycle. 

With cyclic repetition, as shown in figure 3 and table k,  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 variation of the cycle 
time, or of the time interval between cycles. Each cycle represented in 
the upper row of figure 3 generally 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 
Ikk to l^k,  however, there was a rest interval of 1 day. Loop 155, which 
followed this rest interval, is much wider than loop lltO. This widening 
effect is only temporary; during several subsequent loops the width rap- 
idly 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 between the total positive creep 
and the total negative creep during the cycle. Most of the positive 
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- 
itive creep; but 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 total negative creep 
occurring during a cycle. Values of the positive creep based on the 
bulging of the loop below the top, however, are listed In table k;  these 
values have only qualitative significance. They would be less had more 
time been allowed for positive creep at the top of the loop. 

Positive creep during the first part of the descent from the top may 
have its counterpart in negative creep during the first part of the as- 
cent from the bottom of the loop. That is, if time is 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 relationship, therefore, care is necessary to eliminate or 
minimize the disturbing effect of negative creep near the end of a cycle, 
on the form 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 creep 
was minimized by allowing a rest interval before beginning the next cycle. 
Time was thus given for completion of important thermal creep and the 
most rapid part of the inelastic creep. Much longer time is necessary, 
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however, to eliminate entirely the influence of inelastic negative creep 
(reference 9). In table 4, the amounts of negative creep during 1 and 3 
minutes are listed for specimen DA-5. That the rate of negative creep 
decreases rapidly is indicated "by the greater creep occurring during the 
first minute than in the succeeding 2 minutes. The negative creep during 
the first':minute for these cycles is not plotted in figure 3. 

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

In the lower row of figure 3 the loops represent series of cycles 
obtained on two specimens DA-3 and DA-lf. The stress range used was some- 
what smaller than used with specimen DA-5. As noted before, overstress 
on specimen DA-3 after 29 cycles necessitated the continuation of these 
tests upon specimen DA-4, which was first given 30 rapid unmeasured 
cycles. The total extension during these first 30 cycles was not meas- 
ured, but as explained earlier (reference l), could be assumed to be 
about 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 106 psi on a more open 
scale. Data on the cycles shown are listed in table k.    Data not shown 
for measured and unmeasured cycles on these specimens may be found in an 
an earlier report (reference 1, tables IV and V). 

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

Cycle 31 is somewhat wider than any of the loops immediately follow- 
ing (see reference l) owing probably to an unstable condition 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 positive creep likewise gradually decreases. 
The 3-day interval preceding loop 116 causes it to be somewhat wider than 
loop 83. However, loop 118, which has a short prior rest interval, has 
considerably less loop width than loop 83. Loops 376 and 377 are not ap- 
preciably different from loop 118. Eapid 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 rapid 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 aero. The width of the loop at the middle, how- 
ever, probably approaches a limiting value greater than zero. With a 
completely closed loop, the form and size would be independent of cycle 
time, producing "elastic," or better, "statical" hysteresis. 

Statical hysteresis evidently had not been attained in specimens 
DA-5 or DA-Ij-, since the loops are far from closure. Thousands, possibly 
millions,of cycles probably would be necessary to cause such closure 
(reference 10). With much shorter cycle time (higher cycle frequency), 
the number of cycles necessary to reach a condition of statical hystere- 
sis would be still greater. 

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 miorostructure of a metal. One kind 
of negative creep which is 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 creep given in the earlier re- 
port (reference 1, p. 8) it is shown that the measurable thermal creep 
caused by loading or unloading, within the yield stress range, a speci- 
men of the form and size used, pi-obably would be complete within a 
minute. Calculation of the amount of total thermal negative creep for 
the loops illustrated in figure 3 gives a value of less than 0.001 per- 
cent. The negative creep 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 
a distinction in the discussion of the data to be presented. 

III. MEASUREMENT OF STRESS, STRAIN, AND PERMANENT SET 

1. Method of Test and Plotting of Eesults 

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 0.1 percent. 
The specimen was not completely unloaded during each cycle, but only to 
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a fixed lower value, in order to avoid disturbing the alinement 'of grips, 
adapters, and specimen. 

By plotting for each cycle of stress, the strain as treasured by 
difference in strain meter readings at each upper load and at the begin>- 
ning of the first cycle of stress, against the stress corresponding to 
each upper load,1 a stress-strain curve may be obtained from the series " 
of stress cycles. Such a stress-strain curve is generally almost iden- 
tical with a curve obtained with uninterrupted increase of stress. An 
actual stress-strain curve obtained by cyclic loading and unloading in 
tension is shown in figure kA  (designated uncorrected). Stress is 
plotted as ordinates and. strain (extension) as abscissa. The experimen- 
tal values are indicated as points on the curve, which has been extrapo- 
lated to zero stress. 

For a more sensitive picture of the variation of strain with stress, 
it 1B desirable to plot a stress-deviation curve, aB shown by the broken 
curve (designated uncorrected) in figure kB.    The strains represented in 
this figure are not- the total strains, but are the calculated differences 
between the total strains and the strains corresponding to an assumed 
constant value of the modxalus of elasticity (for this curve 32 x 10 psi). 
Figure kB  is plotted upon a more open abscissa scale than is figure kA. 
By suitable choice of the assumed modulus value, the stress-deviation 
curve gives a very sensitive representation of the variation of strain 
with stress. Abscissa values on the broken curve in figure ^B correspond 
in figure kA to the horizontal distances between the straight line rep- 
resenting a modulus of 32 million psi and the plotted stress-strain 
curve, measured at corresponding stress ordinates. 

By plotting the stress for the upper load in each cycle against the 
permanent set, as measured by the difference in strain meter readings at 
the lower load, at the end of that cycle, and at the beginning of the 
first cycle, a stress-set curve is obtained. The stress-set curve corre- 
sponding to the stress-Btrain relationship in figures kA  and kB  is plot- 
ted in figure kC.    Experimental values are indicated on the curve. The 
extreme upper portion is not shown, owing to the sensitivity of the ab- 
scissa scale used. 

The values of strain and permanent set measured for each cycle of 
stress will depend on the time schedule of loading and unloading. In 
addition to the change of elastic strain with 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 investigation, therefore, 
the load was held for a period of 2 minutes at the upper and lower limit 

Each 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 
a small 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-strain and stress-set curves were 
obtained with the unextended specimen and after each inorement of exten- 
sion. Some of these increments were large, but others were equivalent 
only to the extension obtained in determining 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;1 the form of such curves will 
depend somewhat upon the duration of such a "rest interval." That cer- 
tain changes occur in a test specimen during a rest interval is evidenced 
by negative creep during this period. AB shown in earlier reports (ref- 
erences 1, 2, and T) f  these changes are greatly accelerated by 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-annealed specimens were extended vary- 
ing amounts, following which single correlated stress-strain and stress- 
set curves were measured on each specimen. Thus the influence of vary- 
ing extension spacing and rest interval were not factors in these later 
tests. 

2. Accuracy of Determination of Set and Strain Yalues 

Because of the change in elastic strain with load, any deviation in 
the actual load at which a strain meter reading is taken, from the re- 
corded value, will introduce an error in the determination of strain or 
set. This deviation will depend upon the sensibility 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. 

T3ince stress values are based upon the specimen cross section at 
the beginning of measurement of each stress-strain 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 mask the influence of important factors on the elastic proper- 
ties of metals. 

IV. THE HiFLUENCE OF PRIOR PLASTIC DEFORMATION ON TEE 

ELASTIC STRENGTH OF METALS 

In studying the elastic strength of metals, as affected by plastic 
deformation, attention will be given first to annealed nickel. The in- 
fluence of various factors upon the elastic strength of this metal will 
be studied in detail. A comparative study will then be made of the other 
metals. 

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

the Tensile Elastic Strength of Annealed Nickel Rod 

In order to investigate the tensile elastic properties of fully an- 
nealed nickel rod, a specimen of cold-drawn rod (R) was annealed at 
1^00° F (reference 7)- Correlated .stress-deviation and stress-set curves 
obtained with this specimen (R-l^) are shown in figure 5. The stress-set 
curves, similar to the curve found in figure *JC, 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 ^B. 

The origin of each stress-set curve in figure 5 is shifted to the 
right a constant interval from the origin of the preceding curve, and has 
its own scale of abscissas. 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 III, and with intervening 
(varying) amounts of prior plastic extension. Curve 9 of this group is 
identical with the stress-set curve in figure kC. 

The prior extensions for individual 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 correspondingly 
numbered experimentally determined points in figure 1,  which is derived 
from the stress-set curves in figure 5. 

The rest intervals between two series of cycles from which a pair 
of stress-set curves were determined, range from 31 to 37 minutes; 
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between, separate pairs 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 or more experimentally determined points on the curve. 

From each stress-set curve are derived five proof stress values cor- 
responding to total sets of 0.001, 0.003, 0.01, 0.03, and 0.1 percent. 
In figure 7, these proof stresses are plotted against the corresponding 
percentages of total prior plastic extension. Stress is plotted on an 
offset scale in order to differentiate the curves for the several proof 
sets. As Indices of elastic strength, the proof stresses based upon 
0.001- and 0.003-percent set probably should receive more consideration 
than the proof stresses based on larger percentages of permanent set. 
The 0.1-percent proof stress should be viewed as an index of yield 
strength rather than as an index of elastic strength. 

In each curve of figure 7> the points derived from experiment are 
distributed along the extension axis, in pairs, 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 determining the 
first curve of the pair. The alternate long and short extensions were 
made in order to reveal the influence of the amount of intervening plas- 
tic extension on the form of the stress-set and stress-strain curves and 
on the derived tensile elastic properties. 

The stress-set relationship, as affected by plastic extension, rest 
interval, and extension spacing may best be studied by considering the- 
derived curves of variation of the proof stresses with prior pl&Btic ex- 
tension. In studying this relationship for annealed nickel, however, it 
also shall be of interest to consider 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 should be noted that the oscillations in the curves for 0.001-percent 
proof 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 sensitivity of the testing appa- 
ratus . 

The first stress-set curve of each pair (fig. 5) generally is less 
steep than the second. This relationship is illustrated also by the re- 
lative height of the experimentally derived points in the diagram (fig. 
7)• The first point of each pair, with few exceptions, is lower than the 
second. Such differences are due partly to the differences in the dura- 
tion of the rest interval; the longer the rest interval, the lower gen- 
erally is the corresponding point on the derived diagram. This lowering 
is most prominent during the first portion of the rest interval and is 
slight after 1 day. The generally higher position of the second point 
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of a pair, however, Is due partly to the influence of the extension spao- 
ing. 

The oscillations due to the influence of the rest Interval and of 
the extension spacing are superposed on curves of variation of the proof 
stresses due to prior plastic extension alcne. The latter curves, here- 
after termad ""basic curves," would "be smooth in form, but cannot ho deter- 
mined independently on a single spocjünen. The basic curves would be 
nearly parallel, however, to curves drawn through the mean position of 
the osoillations. If the basic curves were drawn in figure 1,  all but 
the lowest curves would rise continuously, at a gradually decreasing rate. 
The basic curve for the 0,001-percent proof stress would not rise contin- 
uously, but would have several minima and maxima; it probably has a 
slight initial descent, as illustrated by the fact that point 3 is lower 
than point 1. In later measurements of the tension stress-set curves of 
nonferrous metal tubing, individual annealed specimens were extended vary- 
ing amounts before test; such derived proof stress extension curves hence 
are basic curves devoid of the influence of the rest interval and of the 
extension spacing. 

2. Internal Stresses and Their Effects on the Tensile Proof Stresses 

The oscillations in proof stress-extension curves may be attributed 
to variations of one or more kinds of internal stress due to changes of 
extension spacing or rest interval. As shown by Heyn and Bauer (refer- 
ence 11) and Masing (reference 12), the internal stresses induced are of 
three kinds. The first, termed macroscopic internal stress, is caused 
by noniinlformlty of plastic deformation in different parts of a cross sec- 
tion. Heyn has devised a method for measuring approximately internal 
stresses of this kind. Such internal stress tends to lower the obeerved 
elastic strength. The second kind of internal stress, termed hereafter 
"microstructural stress," is due to initial differences in the resistance 
to plastic deformation of variously oriented grains of a polycrystalline 
aggregate, and to differences in the strength of different microconstit- 
uents; when the stress is removed following plaetic deformation of the 
metal, some of the grains 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 
Ik)  and of the "elastic aftereffect," better designated as negative creep. 
There is some evidence, however, that the influence of microstructural 
stress is very similar to that of macroscopic internal stress. The 
Bauschinger effect probably is due largely to the third kind of internal 
stress. 

The third kind of internal stress described by Heyn and by Masing 
is associated with space-lattice changes involved in work-hardening. It 
has been shown by Smith and Wood (reference 15) that the plastic exbereion 
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of iron causes a three-dimensional expansion which remains after removal 
of the stress. This typo of internal stress, termed "lattice expansion," 
cannot be wholly removed except "by recryetallization. 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 it 
probably differs in direction parallel and normal to the direction of ex- 
tension, this directional variation would account for the Bauschinger ef- 
fect . 

In future discussion, the unqualified term "internal stress" will 
signify only the combined effect of macroscopic internal stress and micro- 
structural stress. The production of such internal stress tends to lower 
the proof stress. According to figure 7, and from results of interrupted 
tests on other metals to be described later, moderate to large extensions 
tend to induce internal stress; whereas slight extensions following such 
large reductions tend to remove it. During initial extension of nickel, 
the effect of induced internal stress also is evident in an actual slight 
lowering of the 0.001-percent basic proof stress curve. 

Lattice expansion tends to cause a rise of proof stress, as evi- 
denced by the general 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 
internal stress and lattice 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 raise the subsequently measured 
tensile yield stresses (0.2-percent offset) far above the compressive 
yield stresses, an evidence of the Bauschinger effect. In cold-drawing, 
however, tensile and oompressive yield stresses remained equal. Extend- 
ing from the right boundary of figure 7 are short lines indicating the 
proof stresses obtained upon a specimen of the nickel rod (E) in the 
cold-drawn condition (cold-drawn to 60-percent reduction, that is, 150- 
percerit equivalent extension, during manufacture). Extrapolation of the 
five proof stress curves to the right from 35-p©z"cent to 150-percent ex- 
tension would give proof 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 Elastic Strength 

of Nickel Tubing 

Nickel tubing (TEE) which had been cold-reduced 75 to 80 percent in 
area of cross section, and normalized at 500° P during manufacture, was 
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soft-annealed at IU5O0 F. Individual speoimens then were extended vary- 
ing amounts ranging from 0.5 to 10-0 percent.  (See table 3.) Tensile 
proof stresses, derived from, tensile stress-set curves obtained with these 
specimens, and with an unextended annealed specimen are plotted in figure 
8A. The amount of extension, given as equivalent reduction of area, is 
plotted as abscissa. The experimentally derived points are connected by 
straight lines. Smooth curves drawn through these points, however, would 
not deviate greatly from those lines. With increasing plastic extension 
(fig. 8A), all the proof stresses exhibit an Initial decrease followed by 
a rise. The rise is more rapid for the higher proof sets. 

In figure 8B are plotted tensile proof etresses measured upon nickel 
tubing cold-reduced 10, 20, 30, kO,  and 75 to 80 percent, respectively, 
during manufacture. The amount of cold-redaction is plotted as abscissa. 
Symbols denoting the various cold-reduced grades are marked on the diagram 
along corresponding abscissa.  (See table 3.) Proof stress values for 
the laboratory annealed specimen (IRE)  are plotted at zero equivalent re- 
duction in both figures 8A. and 8B. 

With increasing cold reduction (fig. SB) the proof stresses show a 
general rise,'which is greatest between zero and-10-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 is probably due 
to the dominant influence of increase of internal stress; the subsequent 
rise of proof stress with extension (fig. 8A) and the rise with cold re- 
duction (fig. 8B) may be attributed ohiefly to the influence of the sec- 
ond factor, lattice expansion or vork-hardening. 

Extrapolation of the almost linear 0.03- and 0.10-percent proof 
stress curves in figure 8A to 10-percent reduction would give values ap- 
proximately equal to that•obtained with nickel tubing, TEA, 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 percent-; 

k.  Influence of Plastic Deformation on the Shear Elastic Strength 

of Nickel Tubing 

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 danger 
of "buckling during measurement of strain. The shear stress and strain 
increased from the inner to the outer portions of the wall. Assuming 
that "both stress and strain increase linearly with distance from the axis 
of the tube, the shear stress T at the mean fiber would "be given by 
(reference IT) 

2M 
—sT 
it!)  t l-T^d (i) 

(-4 •«(!))- 
and the shear strain y   would he given "by 

7 - ia - SB A _ t\ (2) 
I,   2L V   TV 

where 

M   applied torque in inch-pounds 

D   outer diameter of tube 

t   thickness of tube 

r   mean radius (H-*> 
0   angle of twist in gage length L 

Shear stresses and strains computed "by formulas (l) and (2) will 
not deviate significantly from the true average values, even at large 
plastic strains. 

Nickel tubing TEF, which had been cold-reduced 75 to 80 percent in 
area and normalized at 500° F during manufacture, was soft-annealed at 
1^50° 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 extension expressed as equivalent 
reduction of area is plotted as ahscissa. 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 0.1- and 0.03-percent shear proof 
stresses show a slight initial rise; the lower proof stresses exhibit 
an initial decrease. At greater extensions all proof stresses rise; 
this rise is most rapid at the greater values of set. Figure 17-B 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 reduction 
in cross section is plotted as abscissa. The symbols denoting the vari- 
ous cold-reduced grades are marked in the diagram along corresponding 
abscissa. Proof stresses for the fully annealed nickel specimens are 
plotted at zero equivalent-reduction of area in both figures 17A and 17B. 
Solid lines connecting the points representing the various cold reductions 
would correspond closely to the actual variation of these proof stresses. 

The initial decrease 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 (flg. 17B) may be 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 tensile proof stress with prior plastic extension 
as determined upon a specimen of cold-drawn monel rod, soft-annealod at 
1400° F (G--14) is shown in figure 9.  (See reference 2.) The methods of 
testing, with intervening (varying) extensions, were similar to thoso em- 
ployed upon nicka.1 specimen E-14. These tests are described at-length in 
an earlier report.  (See reference 2.) The heat treatment-is described 
in table 2. 

A series of cold-reduced monel tubular specimens 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 variation of the proof 
stress with equivalent reduction, as obtained from single tests on each 
of the extended annealed specimens. 

Figure 10B shows the tensile proof stresses for the various cold- 
reduced grades of monel.-tubing, plotted against—the amount of cold reduc- 
tion. Values for annealed monel TGE are plotted at~zero reduction in 
each diagram.  The specimens used in deriving figure 10 are described in 
table 3. 

With tensile extension (figs. 9 and 10A), the proof stresses gener- 
ally exhibit an initial small decrease, followed by a rise; this rise Is 
most rapid for the higher proof stresses. With cold reduqtion (fig. 10B) 
all proof stresses rise continuously. The initial decrease may be at- 
tributed to the influence of induced internal stress. The subsequent 
rise with tensile extension and the rise with cold reduction probably are 
due to lattice expansion, that is, work-hardening. 
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FigureIßA shows the variation of shear proof stress with equivalent 
reduction as measured by single tests upon each of a series of cold- 
reduced monel tubular specimens TGF., which were soft-annealed at 1^00° F 
and then each extended a different amount before test. Figurel8B 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.3ßA), there occurs an initial drop in 
all shear proof stresses owing to dominance of induced internal stress. 
This is followed by a rise, due to dominance of lattice expansion. The 
rise with increasing cold reduction in figure l8B is likewise ascribed 
to lattice expansion. 

» 

With extension of annealed aluminum-monel tubing, TED (fig. HA), 
the tensile proof stresses exhibit an initial decrease followed by an 
increase. The variation is similar to that obtained with extension of 
annealed monel rod (fig. 9) and tubing (fig. 10A). With increasing cold 
reduction (fig. HB), all proof stresses for this metal rise. Values 
for the laboratory-  and factory-annealed tubing are plotted at zero 
reduction of area; broken lines connect these points with points repre- 
senting the smallest cold reduction. This diagram is similar to that 
obtained with monel tubing (fig. 10B). 

The shear proof stresses first decrease and later increase, with in- 
crease of extension of annealed aluminum-monel. tubing TED as 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 diagrams are in many respects similar to those ob- 
tained upon nickel tubing (fig. 17)• 

The variation with extension of the tensile proof stresses of a 
single Inconei rod specimen (L), cold-drawn' and annealed 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 Inconei tubing TLD, 
annealed at 1750° F, and with cold-reduction of Inconei tubing TL as 
measured upon a series of single specimens prepared in a manner similar 
to that employed in the tests on nickel, monel, and aluminum-monel tub- 
ing. The rod specimen L-I7.5 is described, in table 2, the tubular spec- 
imens in table 3. 

With tensile extension of annealed Inconei (figs. 12 and 13A), 
there is exhibited an initial decrease in all tensile proof stresses,: 
followed by a rise similar to that found for monel and aluminum-monel. 
With cold reduction (fig. 13B), all proof stresses rise. Values for 
the laboratory-annealed specimens lie somewhat above those for the 
factory-annealed product. This difference possibly is due to a 
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straightening operation given this metal following factory annealing, 
thereby inducing some internal stress. The initial decrease of proof 
stress with extension can "be attributed to induced internal 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 
TLD (fig. 20A), the shear proof stress exhibits an initial decrease fol- 
lowed by a rise, similar to that obtained with other metals. With in- 
crease of cold reduction of Inconel (fig. 20B), the shear proof stresses 
rise in a inenuer similar 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 
with points representing the smallest cold reductions. The actual vari- 
ation of the shear 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 W was annealed at 600° F 
(references 2 and 7)»  according to the treatment given in table 2. Cor- 
related tensile stress-strain and stress-set curves were obtained upon 
this specimen at intervals between extension increments, similar to the 
method employed with annealed nickel, monel, and Inconel rod. 

In figure l^A is shown a plot of tensile proof stress versus the 
amount of prior extension of the annealed copper rod M-6. All proof 
stresses exhibit a rise with extension. The proof stress values for 
0,001- and 0.003-percent set, however, oscillate somewhat about their 
mean positions, in a manner similar to that obtained with extension of 
other annealed rod materials. Lattice expansion or work-hardening evi- 
dently dominates throughout this rise. 

In figure 14B is shown the variation of proof stress with extension 
for cold-rolled copper rod W (references 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 severely cold-worked 
metals. An initial small extension produces a large rise of proof 
stress, especially for the lower values of set, due to relief of internal 
stress induced during the cold-rolling. With succeeding small extensions, 
the lower proof stresses oscillate over wide ranges. As the extension at 
maximum load is small, about 1 percent, negligible work-hardening would 
occur up to this point. Extended discussion of the influence of exten- 
sion 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 stainless 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 possess- 
ing deep hardening characteristics.  (See reference 2.) The tensile- 
elastic properties were obtained of this steel in its softest condition, 
and also after air-cooling 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, followed by furnace cool- 
ing. This material was obtained from, the manufacturer in the softest 
condition. • -. 

The other steel studied was 18:8 chromium-nickel steel. This"alloy 
usually is austenitic at room, temperature although structural changes may 
occur at low temperatures or from long exposure to elevated temperatures. 
Commercial hardening Is generally produced by oold-work. It may be sof- 
tened by water quenching from above l800° F. This high temperature is 
used in order to prevent intergranular precipitation of carbides. An ex- 
tended investigation has been carried on with this alloy In both the an- 
nealed and cold-worked conditions, and for several different compositions 
(references 1 and 2). A specimen of the soft "as-received" 13:2 Cr-Ni 
Bteel 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 variation 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 stresses for the 
smaller values of permanent set oscillate between high and low values; 
the low points generally correspond to the larger prior rest intervals. 
At various stages of the test, the specimen was loaded cyclically be- 
tween 1000 and 80,000 pel* nominal1 stress, Immediately preceding a 
stress-set curve. The proof stress values obtained from such curves are 
indicated by diamond-shaped symbols in the diagram. These generally are 
at high points In figure 15; whereas low values generally are found fol- 
lowing long rest intervals. The basic proof stress-extension curves 
would tend to riBe continuously with extension. 

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

3-The nominal stress, as differentiated from the true stress, is cal- 
culated by dividing the load by the original cross sectional gage area of 
the specimen. 
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"because appreciable negative creep was not permitted to occur after the 
preceding stress cycle; this, in turn, tends to diminish the amount of 
positive creep during measurement, especially at the lower values of set. 

A specimen of 18:8 Cr-Ni steel rod DM, which had "been cold-drawn 
to a moderate degree (designated half-hard) was water-quenched from 
183O0 F  in order to place it in its softest condition.  (See reference 2.) 
Details of heat treatment are given in table 2. Stress-strain and stress- 
set curves were then obtained with this specimen (DM-18.3) as annealed, 
and at intervals between successive stages of extension, in a manner sim- 
ilar to the tests on other rod specimens. 

With prior extension, the 0.1-, 0.03- and 0.01-percent proof stress 
curves (fig. 16) show a continuous rise. The 0.003-percent proof stress 
curve also exhibits a slight rise, althoiigh this rise is nearly masked by 
the wide fluctuation of values. The 0.001-percent-proof stress curve 
rises during early extension but exhibits no rise at greater extensions; 
it likewise fluctuates appreciably. 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- 
riations of internal stress superimposed upon the normal effect of dif- 
ference in rest interval. 

In earlier tests, not deeoribed here (references 1, 2, and J),  upon 
cold-drawn 1.8:8 Cr-Ni steel, as well as on other cold-drawn metals, it 
was found that extension of these specimens gave fluctuations of proof 
stress appreciably greater than those obtained during extension of an- 
nealed metal. This indicates a wider variation of internal stress in 
the cold-worked metal. 

Slight prestretohing of cold-worked specimens of both nonferroue 
metals and stainless steel generally gave some elevation of the several 
proof stresses, owing to relief of internal stress. 

In an investigation not connected with this project, the authors 
studied the effect of prior plastic deformation on the tensile proof 
stresses of annealed O.Oit-percent carbon steel.  (See reference 7«) The 
forms of the basic curves, and the fluctuations due to rest interval and 
extension spacing were similar to those obtained with the nonferroue 
metals and chromium-nickel steels studied here. It was found, however, 
that the intermittent method of measuring series of stress-strain and 
stress-set curves on those steels produced appreciable age-hardening 
additional to that obtained in ordinary tension tests to fracture. 

Next to be considered is the effect of plastic deformation on the 
shear elastic strength of the 18:8 alloy. A number of specimens of 
cold-drawn 18:8 Cr-Ni steel tubing TC were water-quenched from 1900° F 
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and each then extended a different amount, ranging- from 0.5 to 20 percent, 
respectively. ' A description, of these specimens is .given in table 3- 
Shear stress-strain and stress-set curves were' measured upon each speci- 
men and upon an unextended annealed specimen. 

Figure 21 "shows the variation of shear proof stress with prior plas- 
tic extension of annealed 18:8 Cr-Ni steel tubing TC-I9. The 0.1-,,0.03-, 
and 0.01-percent shear proof stresses rise continuously with extension.. 
The curve for 0.001-percent set, however, decreases to a minimum _for_ 
small values of extension and. rises only slightly with subsequent exten- 
sion. These variations are qualitatively similar to those obtained in 
the curves of tensile proof stress for some metals. 

The increase of internal stress with extension probably predominates 
in causing the initial decrease of the 0.001-percent proof stress. The 
rise with extension of the remaining proof stresses may be attributed to 
the dominant 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 .annealed, half- 
hard and hard grades of 18:8 Cr-Ni steel tubing, in order to determine 
the effect of prior torsion, upon their shear' elastic 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 k.) 

7. Various Strength Indices for Nonferrous Metals 

and Chromium-Nickel Steels 

From the proof stress values, enumerated above may be evaluated the 
"proof-stress ratio," and the tensile and shear "work-hardening rates." 

The proof-stress ratio may be defined as the ratio of tensile to 
shear "yield stress." In figure 22> this ratio for 0.1-percent set is 
plotted against the amount of cold work received, expressed as reduction 
of area, for the various nonferrous tubular metals. This ratio may be 
considered only as an empirical value, because equivalent nominal (0.1 
percent) sets in tension and shear are not directly comparable. On the 
left side of the diagram are found values obtained with annealed tubing, 
in the center values for cold-drawn tubing, and 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- 
duction of area. The high values obtained with nickel and monel 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, k}  6, and 
7«) Factory annealing of aluminum-monel and Inconel tubing gave lower 
values for this ratio than did laboratory annealed tubing. 

Another important index is the work-hardening rate, as represented 
by the ratio between the yield stress after slight plastic extension and 
the initial yield stress, for the soft-annealed metal. Such indices have 
been obtained from curves for the 0.1-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 obtained 
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, monel, and aluminum-monel. In shear, the highest rate 
is obtained with nickel, followed in order by monel, Inconel, and 
aluminum-monel. For nickel, the tensile work-hardening rate is greater 
for the tubular than for the rod material; for Inconel the rod material 
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 aluminum-monel and Inconel the tensile work- 
hardening rate is slightly larger. Monel gives work-hardening rates 
which are nearly equivalent for the various testing methods used; this 
is likewise true for 18:8 Cr-Ni steel. 

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

Annealing of cold-worked metals at temperatures below the recrystal- 
lization range will sometimes produce an improvement of elastic 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 annealed at different temperatures distributed over this range, be- 
fore measuring stress-strain and stress-set curves. First, a detailed 
study will be made of the effect of annealing temperature on the elastic 
strength of cold-worked nickel, followed by comparative studies of other 
metals. 

1. Influence of Annealing Temperature on the Tensile 

Elastic Strength of Nickel Rod and Tubing 

Figure 23A shows the variation 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 2. Smooth curves have been drawn through 
the mean positions of the points. 

With increase of annealing temperature, all proof stresses rise, 
reaching a maximum at about lt00° 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 stresses decrease; the maximum rate of de- 
crease is between 1100° and 1200° F, that is, in the recrystallization 
range. The position of the 0.001-percent proof stress curve is not well 
defined 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- 
sion and to recrystallization. 

In figure 2kB  is shown the variation of tensile proof stress with 
annealing temperature for nickel tubing THE, cold-reduced 75 to 80 per- 
cent. Proof stress values obtained upon a soft-annealed specimen TEF are 
replotted from figure 8 at 1^50° F. A description of the heat treatments 
of the various tubular specimens is given in table 3« 

With increase of annealing temperature, all proof stresses rise, 
reaching a maximum at about 900° F, for the 0.001-percent proof stress 
and at 700° F for the remaining proof stresses; the rise of the 0.1-per- 
cent proof stress is 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 diagram is somewhat similar to that ob- 
tained for cold-drawn nickel rod (fig. 23A). 

2. Influence of Annealing Temperature on the Shear Elastic 

Strength of Mickel Tubing 

In figure 28B is shown the variation of the shear proof stress with 
annealing temperature fcr nickel tubing.  (See reference 6.) These val- 
ues were derived from tests on a series of specimens of cold-reduced 
nickel tubing TEF, which had been reduced 75 to 80 percent during manu- 
facture and annealed in the laboratory at various temperatures. VaiLues 
obtained upon an unannealed specimen are plotted at 100° F and those for 
a soft-annealed specimen TEF are replotted from figure 17 at 1^50° F. 

With increase of annealing temperature there is a continuous de- 
crease of shear proof stress; this decrease is most rapid between 1100° 
and 12&0° F. This decrease may be attributed to the dominant influence 
of relief of lattice expansion, and to recrystallization. 

27 



NACA TN No. 1100 

3. Influence of Annealing Temperature on the Elastic Strength of Monel, 

Aluminum-Monel, Inconel, and Copper 

Figure 23B shove the variation of tensile proof stress with anneal- 
ing temperature for cold-drawn monel rod G (reference 2); figure 24A 
gives a similar diagram for cold-reduced.monel tubing TGD. With increase 
of annealing, temperature, the proof stresses rise_, reaching a maximum at 
500° F for the 0,1-percent proof stress, and at higher temperatures for 
some of the lower proof stresses. 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. 2^A). 

The initial rise in proof stress may be attributed to the predomi- 
nant influence of relief of internal strees, the subsequent decrease to 
removal of lattice expansion 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 0.1-percent proof stresB. Possibly 
equivalent reduction by different methods will not produce equivalent 
work-hardening. This apparent anamoly, however, may also be partly ex- 
plained by differences in composition. A greater hardness of the rod ma- 
terial is also indicated bj its lower recrystallization temperature range 
(above 1100° P). In many respects the tensile proof stress curves are 
similar to those for niokel. 

Figure 28A shows the variation of shear proof stress with annealing 
temperature, for cold-reduced monel 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 be expected, are nominally much lower than the tensile 
proof stresses. 

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 lOOOo to 1075° F. There are also lower maxima in 
the temperature range i+00° to 600° F. The upper maxima are due to pre- 
cipitation-hardening, the lower maxima 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 annealing aluminum-monel tubing 
(fig. 29B) there are obtained two maxima in the shear proof stress curves. 
(See reference 6.) The first and lower maximum due to internal stress 
relief, is obtained in the range 400° to 500° F. The second and higher 
maximum is obtained at 1075° 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 lattice-ex- 
pansion. 
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Figure 26A shows the variation of the tensile proof stresses with 
annealing temperature for cold-drawn Inconel rod L.  (See reference 2.) 
One unannaaled cold-drawn specimen was tested shortly after manufacture 
of this material; a second was tested kO months later. The time interval 
between receipt of the metal and the annealing of the specimens was from 
26 to 39 months; "between the receipt and the testing, the interval was 32 
to kl months. Results from tests on both specimens are slotted on the 
diagram. Smooth curves have been faired through the experimental points. 

The 0.1-percent tensile proof stress value obtained in the early 
test on cold-drawn metal is somewhat greater than any other value on the 
diagram. The 0.001- and 0.003-percent proof stress values for this spec- 
imen, however, are somewhat lower than those obtained with the cold-drawn 
specimen tested kQ months later. Consideration of the values obtained in 
the early test will be deferred until after consideration of the remainder 
of the diagram; All proof stresses rise with increase of annealing tem- 
perature up to 800° F; at higher temperatures the proof stresses drop 
continuously. The most rapid drop is between 1100° and l*t00° F. The 
initial rise of proof stress is attributed to relief of internal stress, 
the subsequent lowering to the removal of lattice-expansion effects and 
to recrystallization. 

Apparently, the Inconel rod, as-received, had been severely cold- 
drawn, and probably contained considerable internal stress. The kO- 
month storage period probably caused a partial relief of internal stress 
and likewise a partial removal of lattice expansion. This relief of 
internal stress produced the increase of the 0.001- and 0.003-percent 
proof stresses; whereas the removal of lattice expansion produced the 
decrease of the 0.1- and 0.03-percent proof stresses. 

With increase of temperature of annealing cold-reduced Inconel tub- 
ing TLC (fig. 25A), there are obtained maxima in the tensile proof stress 
curves between 700° and 1100° F. The rise to these maxima may be attrib- 
uted to relief of internal stress; the subsequent lowering to removal of 
lattice expansion. 

With increase of the temperature of annealing cold-reduced" Tnconel 
tubing TLC (fig. 29A), up to 600° or TOO F, there is a rise of shear 
proof stress; the subsequent decrease is most marked between 1100 and 
1300° F. This diagram 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 considered exact. 

With increase of the tempering temperature, all proof stresses rise, 
reaching a maximum near 700° F. With further temperature increase, the 
proof stresses decrease to a minimum between 1300° and 1^00° 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 1^00° F, some hardening of the material occurred. This 
material can be softened only by holding slightly below the transforma- 
tion temperature. 

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 is produced even with air- 
hardening. 

Some specimens of half-hard l8:8 Cr-Ni steel rod DM were annealed 
at various temperatures ranging from 500° to 1025° F for l/2 hour.  (See 
reference 2.) Another specimen was annealed for kM- hours at 482° F 
(250° C). Details of heat treatments are given in table 2. Correlated 
stress-strain and stress-set curves were measured on each specimen. The 
variation of proof stress with annealing temperature is shown in figure 
27A. Values for the unextended, annealed specimen DM-18.3 are plotted 
at 183O 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 maximum between 800° and 900° F. No data were 
obtained for specimens annealed between 1025° and I83O0 F; however, the 
curves have been drawn in this region according to the variation gener- 
ally obtained with this alloy, so as to exhibit a rapid decrease between 
1025° and 1300° F. The initial rise is due to relief of internal stress, 
the subsequent decrease to relief of lattice expansion and to recrystal- 
lization. Annealing at k82° F for an extended period gave little greater 
proof stress values than those obtained by the j&hort-time anneal at 
500° F. This result appears to indicate that greatly increasing the an- 
nealing time has not produced any gain 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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improvement in proof stresses, additional to that obtained "by the anneal- 
ing ti^eatment; this indicated that all internal stress was not relieved" 
by such annealing treatment. Such an improvement of proof stress was not 
generally obtained with slight prestretching of stress-relief annealed 
nonferrous metals. — 

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 
variation of test temperature on the tensile elastic properties. For 
this purpose a series of half-hard 18:8 Cr-Ni steel rod specimens, IM, 
were annealed at 500°, 700°, 900 , and 1830° F for l/2 hour, as 
indicated in table 2. These specimens and an unannealed specimen were 
tested at -110 F (-T8.5 C) according to methods described in an ear- 
lier report. (See reference 3*) The extensometer and insulated chamber 
used are shown in figure 2. 

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

Figure 30 shows 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 rise of shear proof stress 
with Increase of annealing temperature up to 900° F, owing to induced 
internal stress. At higher temperatures, the shear proof stress de- 
creases, the most rapid drop occurring near 1300° F. The approximate 
course of the curves in the range 1300° to 19OO0 F have been indicated 
by broken lines; no specimens were annealed in this interval. The sub- 
sequent drop of proof stress may be attributed to relief of lattice ex- 
pansion and to recrystallization. 

71. ESFLUENCE OF PRIOR PLASTIC DEFORMATION ON THE MODULUS OF ELASTICITY 

AND ITS LINEAR STRESS COEFFICIENT FOR VARIOUS METALS 

1. Influence of Plastic Extension on the Stress-Deviation Curve 

and Derived Indices for Annealed Nickel Rod 

An incomplete view of the elastic properties of a metal is obtained 
by considering only its stress-set relationship. Consideration should be 
given also to the influence of stress on the accompanying total strain 
and on the elastic strain. These relations are revealed by the stress- 

31 



HACA TN No. 1100 

deviation 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-lij- are shown in 
the upper row of figu.ro 5. Curve 9 of this group is identical with the 
stress-deviation curve in figure kB.    On soiae 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 various 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 considerable additional data to he secured, without greatly ex- 
tending the test time. These additional strain values shown in figure 5 
are not replotted in figure k,  although they were employed in drawing the 
uncorrected stress-strain and stress-deviation curves. 

The solid line (corrected) curve in figure kB  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 kC.    The solid line curves in 
the upper row in figure 5 are similarly obtained by using the adjacent 
broken-line stress-deviation curves and the stress-set curves Immediately 
below. 

Sinoe the lines are plotted as deviation from a fixed modulus 
(EA =• 32 X V6 psi) on an open scale, the strain scale is sensitive 
enough to reveal a curvature in most of these lineB. 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 is apparent that the modulus 
of elasticity decreases continuously with increase of stress. The secant 
modulus, given by the ratio of the stress to elastic strain, is used to 
study the variation of the modulus with stress, and with prior plastic 
extension. 

Figure kB  illustrates the method of calculating the secant modulus 
from the corrected stress-deviation curve. In order to calculate the 
secant modulus at 25,000 psi, a straight line is drawn from the origin 
A through the intersection B. This line extended, intersects the 
32,000-psi ordinate CD at E. The distance CE may be used to compute 
the modulus as follows: The strain corresponding to a modulus of 
32 X 106 pei at a stress of 32,000 psi would be 0.1 percent". The dis- 
tance CE has a value of 0.012 percent. The secant modulus at 25,000 
psi would therefore be equal to 32,000 divided by 0.00112, that is, 
28.53 million psi. By repeating this procedure of measuring the projec- 
tion on line CD of lines intersecting the stress-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-deviation curves in figure 5, are shown 
in figure 6. The lines are numbered consecutively in each figure to cor- 
respond to the stress-deviation curves from which they were derived. 
Each stress-modulus line has been shifted to the right from the preceding 
line, and has been given a separate abscissa scale; the scale of abscissa 
is indicated. Abscissas reading from left to right represent values of 
the secant modulus of elasticity (in million pounds per square inoh). 
Ordinates represent stress. The points on the curves in figure 6 corre- 
spond to the selected points on the corrected stress-deviation curves at 
which the modixlus was computed, not to stresses at which strains were 
observed. The prior plastic extension corresponding to each stress- 
modulus line is indicated in the derived diagram (fig. 35) at the corre- 
spondingly numbered point. 

In the consecutive series of stress-modulus lines for fully annealed 
nickel rod (fig. 6) lines 1, 3, ^> 6, 7, and 8 are curved throughout 
their extent. Lines 2 and 3 are curved only at the higher values of 
stress. The other lines in the figure are appsroxiiLately straight. The 
prior plastic extension "beyond which all stress-modulus lines are 
straight is about k percent (fig. 35)- 1« will be shown later that many 
annealed metals give straight stress-modulus lines only after being ex- 
tended somewhat. 

The modulus of elasticity at zero stress (Eo) may be determined 
directly from the stress-modulus line by extrapolating the line to zero 
stress. When the stress-modulus line is straight, the variation of the 
secant modulus (E) with stress (S) may be represented by 

E = Eo (1 - CoS) (3) 

where Co represents the linear stress coefficient of the secant mod- 
ulus. When the stress-modulus line is curved from the origin, the 
equation would include terms containing higher powers of S. In earlier 
reports (references 1, 2, 4, and 7) a second coefficient Cl, of the 
square of S was evaluated. Since the curved stress-modulus lines gen- 
erally do not represent true quadratic equations it has been considered 
desirable to evaluate the modulus at zero stress Eo, the linear stress 
coefficient of the modulus at zero stress, Co, and the modulus at one 
or more elevated values of stress. It should be noted that some of the 
curved stress-modulus lines for nickel give a value of zero for Co« 

When a stress-modulus line is straight the corrected stress-strain 
curve would be represented by 

c = S/E = —-S-  (k) 
Eo(l - C0S) 
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where e is the corrected strain. Since the correction term CoS is 
generally small compared with 1, equation (2) may "be written 

e « (l/Eo)(S + CoSa) (5) 

the equation for a quadrat3c parabola. For annealed nickel extended 
more than k percent, therefore, the stress-strain line evidently would 
he a quadratic parabola; at smaller prior extensions the line would be a 
curve of higher order. 

The diagram in figure 35 has been derived from values of Eo, Co, 
and the modulus at 30,000 psi, E30. Abscissas represent percentages of 
prior plastic extension. The ordinate scale for values of the modulus of 
elasticity is given on the left-hand border, and for the linear stress- 
coefficient, Co, on the right-band border. 

The experimenta3.1y determined points in figure 35 are numbered to 
correspond to the consecutively 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 Co is generally qualitatively similar to those in the curve of Eo, 
and is due to variations of extension spacing and rest interval. The 
more abrupt of the oscillations in figure 35 generally are associated 
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 steepness of the corrected stress-deviation curves of a pair 
generally is associated with an opposite difference in steepness of the 
corresponding stress-set curves. Increase of the rest interval appar- 
ently tends to decrease the slope of the stress-set curve and to increase 
the initial slope (Eo) and curvature (Co) of the corrected stress-devi- 
ation curve. The basic curve for Eo is indicated qualitatively in fig- 
ure 35 by the dotted line. The basic Co and E3 0 curves are so clear- 
ly indicated by the sequence of experimentally determined points, that 
no dotted curves are needed. 

The basic Eo curve (fig. 35) first descends rapidly at a decreas- 
ing rate and reaches a 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- 
tension. The value of Eo at beginning local contraction is about the 
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same as that for the severely cold-drawn nickel, E (fig. 35). Curve 
E30 rises steadily at a decreasing rate, over the indicated range for 
which it could he measured.  Curve CQ rises rapidly in a manner sim- 
ilar to the EQ curve, between points 7 and 9. Beyond point. 9, however, 
CQ descends at a decreasing rate. _,,_ 

The variation of the modulus of elasticity and its linear stress 
coefficient,  Co, with plastic deformation 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 
plane directions, (b) lattice expansion, and (c) preferred orientation. 
An extended discussion of the influence of these three factors is given 
in earlier reports.  (See references 2, 4, and 7.) Induced internal 
stress tends to cause a rise in the tsnsile (EQ) or shear (G-Q)  moduli of 
metals.  The magnitude of this effeet, however, is determined by relative 
directions of the planes of maximum-shear during prior deformation, and 
during subsequent modulus measurements; the effect will be greatest if 
the directions are parallel. The linear stress coefficient CQ    will 
likewise increase with increase of the induced internal stress. 

Lattice expansion, or work-hardening, tends to cause lowering of the 
tension and shear moduli.  It apparently is not directional in its effect, 
despite the earlier surmise that a possible difference in the amount of 
lattice expansion exists in directions normal to each other. Likewise, 
CQ tends to decrease with increase of lattice expansion. 

Cold deformation tends to orient the grains of a polycrystalline 
metal 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 grains are randomly 
oriented. Before studying the changes in relative dominance of the vari- 
ous factors upon the modulus, during extension of annealed nickel rod, a 
discussion will be given of the effect of crystal orientation on the 
elastic moduli of metals. 

2. The Directional Tariati.jn 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- 
sidered in the following discussion. The directional variation of the 

The short horizontal lines at the right-hand border.of figure 35 
indicate values obtained with unannealed cold-drawn nickel rod E. The 
horizontal arrows indicate values obtained with a cold-drawn nickel spec- 
imen that had been annealed for relief of internal stress at 500° E 
(E-5). 
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tensile and shear moduli in lattices of some metals of each of these 
types are illustrated "by the diagrams in figures 31 to 3k,  vhich are 
adaptations of diagrams in reference 18. These diagrams are drawn with 
spherical coordinates having their origins at the intersection of the 
three mutually perpendicular axes of symmetry. The surface shown in 
each figure is the locus of all points representing ("by distance and di- 
rection from the origin) values of the modulus of elasticity. The axes 
C represented in each figure are the cubic axes of symmetry. 

In the discussion of crystal orientation, use will be made 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 intercepts of the three principal axes. 
A direction in a crystal.is represented by a bracket [—] with the 
symbols of the crystal plane to which the direction is normal. A direc- 
tion making equal-angles with all three principal axes is denoted by 
[111] (octahedral), the direction of the cubic axes of symmetry by [100] , 
and the dodecahedral by [110j. In figures 31 to 3k the principal crys- 
tal directions are denoted by letters, as explained in the key to these 
figures. 

A typical diagram of variation of the tensile modulus of elasticity 
E of a face-centered cubic metal is the diagram for gold (fig. 31)• 
The modulus for this metal is least in the direction of the cubic axes 
(C) and greatest in the direction of the octahedral axes (0). The ratio 
between the maximum and minimum values for gold, as given in reference 
18, is 2.71. Diagrams for copper, silver, nickel, and several other 
face-oentered cubic metals would be similar to figure 31« The diagram 
for another face-centered cubic metal, aluminum (fig. 32), however, is 
very different in form. As indicated by this nearly spherical diagram, 
the ratio of the modulus for octahedral and cubic directions is about 
1.2.  (See reference 18.} From strain measurements made in the present 
investigation, it is indicated that the space diagram for monel is 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 diagram is similar in form to figure 31, having a 
ratio of modulus values in the octahedral and cubic directions of 2.15« 
(See reference 18.) For tungsten, the corresponding ratio is about 1.0, 
so that its diagram would be nearly a sphere, 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 3*1-, is opposite to that 
of the tensile modulus. The maximum value of the shearing modulus is 
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in the direction of the cubic axis (C), the minimum, value in the direction 
of the octahedral axis (0). The ratios of values of the shear modulus in 
cubic and octahedral directions for the various metals are very nearly 
the same as the corresponding ratios of the tensile modulus in octahedral 
and cubic directions. When these ratios are considerably greater than 1, 
the production of preferred orientation would cause a marked variation of 
Poiseon's ratio as obtained by the method described later in this report. 

3. The Influence of Plastic Deformation on Crystal Orientation 

• of Face-Centered Cubic Metals 

An eai-lier report (reference 2) gave a comprehensive discussion of 
cylindrical and parallelopipedal deformation of both face-centered and 
body-centered cubic single crystals and polycrystalline aggregates. In 
this report, discussion will be limited to cylindrical deformation of 
polycrystalline aggregates, that is, deformation in which equal percent- 
age changes occur in two dimensions and a necessarily opposite change in 
the third dimension. Such deformation is produced by extension or draw- 
ing. 

Cylindrical deformation of a polycrystalline aggregate of a face- 
centered cubic metal causes some of the crystals to assume octahedral 
[111] orientation and others to assume cubic [100] orientation along the 
specimen axis. Ettisch, Polanyi, and Weissenberg (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 [ill) orientation. This conclusion 
was also verified by Schmid and Wasserman (referenence 22), who also 
found that the orientation textures of various face-centered cubic met- 
als differ only in the proportions of the [111] and Q.00] 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 
orientation. Cold-drawn monel has a similar orientation.  (See roference 
24.) 

Although the orientation of cold-worked 18:8 Cr-Wl steel has not _ 
been determined by Z-i-ay methods, the results of the present investiga- 
tion suggest that it is predominantly cubic [100] . Such a conclusion is 
suggested by the appreciable rise of Poisson's ratio (as discussed later), 
as obtained by soft-annealing the cold-drawn 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-monel, 
and Inconel tubing, however, exhibit a marked drop in Poisson's ratio, 
with soft-annealing, probably owing to the removal of preferred [111] 
orientation. 
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h,  The Influence of Plastic Deformation on Crystal Orientation 

of Body-Centered Cubic Metals 

As shown "by Ettisch, Polanyi, and Weissenberg (reference 19) and 
others (reference 25), cold-drawn iron givea preferred dodecahedral [110] 
orientation in the axial direction. Such orientation was produced on 
iron, iron-silicon, and iron-vanadium alloys by drawing, or swaging plus 
drawing.  (See reference 26.) Recrystallization would tend to reduce the 
amount of preferred orientation. 

The only body-centered cubic metal included in this investigation is 
13s2 Cr-Ni steel. With extension of the annealed alloy, the change of 
orientation from a rand.om to a preferred [110] distribution would tend to 
produce only a small rise of the tensile modulus; such a tendency is not 
dominant over the range of extensions in figure k3.    Eor annealed open- 
hearth iron, as studied earlier in another project at this laboratory 
(reference 7), the tendency to increase of the tensile modulus with ex- 
tension was evidently small. Thus the effect upon the modulus of crystal 
reorientation is not so pronounced with body-centered cubic metals as 
with some face-centered cubic metals. A study of figure 33, together with 
the fact that the limiting oxtension of body-centered cubic metals is gen- 
erally small, would account for the small influence of preferred orienta- 
tion on the modulus of those metals. 

5. Influence of Plastic Deformation on the Tensile Modulus of Elasticity 

and Its Linear Stress Coefficient for Nickel Bod and Tubing 

The general rise of the tensile modulus Eo with extension of an- 
nealed nickel R-lk  (fig. 35) may 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 is ob- 
tained with cylindrical deformation of many face-centered cubic metals. 
The initial sharp drop of Eo may be attributed to dominance of the 
work-hardening factor. The subsequent sharp rise of Eo may be due in 
part to increasing internal stress, to which is attributed the initial 
rise of the Co curve. The subsequent descent of the Co curve is 
probably due to the dominant influence of lattice expansion. 

Eawai (reference 27) found an initial sharp drop of the tensile mod- 
ulus, followed by a slower rise, for nickel and copper. He erroneously 
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 expansion was not recognized in hie work. 
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The variation of the tension modulus E, and its linear stress- 
coefficient C0, with extension and cold reduction of tubing TR, is 

shown in figure 36. Proof stress curves for these specimens were given 
in figure 8. With extension of annealed nickel tubing TBF (fig. 36A), 
Eo first decreases sharply, and then rises to a maximum, within the 
first 2-percent equivalent reduction. At.greater extensions Eo shows 
little variation; whereas Ea5 (the tension modulus at 25,000 psi) ex- 
hibits a continuous.rise. With cold reduction of nickel tubing (fig. 
36B), the tension modulus exhibits a general rise. With slight extension 
of annealed nickel tubing, TEE (fig. 3&&),    GO rises to a maximum at 
the same equivalent reduction at which Eo reached a maximum. With cold 
reduction of nickel tubing (fig. 36B), CO rises to a maximum at moder- 
ate reduction, decreasing thereafter. 

The initial sharp drop of Eo with extension of annealed nickel tub- 
ing may "be attributed to lattice expansion; whereas the subsequent sharp 
rise of Eo and the rise of Co with initial extension may bo attributed 
to dominance of induced internal stress. The rise of Co with cold re- 
duction of nickel tubing probably is duo to the same cause. The genoral 
rise of the modulus E with extension or cold reduction prohably is due 
to the dominant influence of production of preferred octahedral [ ill] 
orientation parallel to the specimen axis. The drop in the Co curves 
after moderate deformation may be attributed to the effect of the lattice 
expansion. 

In many respects the forms of the E and CQ curves for extended 
annealed nickel tubing are qualitatively similar to those obtained for 
nickel rod. Such differences that appear to exist may be attributed to 
small differences in composition, to the form of the test specimens, to 
the uso of a number of tubular specimens and a single rod specimen, and 
to experimental variations. 

6. Influence of Plastic Deformation on the Shear Modulus of 

Elasticity and Its Linear Stress Coefficient for Nickel Tubing 

The variation of the shear modulus of elasticity with extension of 
annealed nickel tubing and with cold reduction of nickel tubing is shown 
in figures k5A  and k^B,  respectively. Sfo.ear proof stress values for 
these specimens are given in figure 17. Values obtained for the fully 
annealed metal are plotted at zero equivalent reduction in both diagrams. 
The method of derivation 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 tensilo modulus of nickel tubing (fig. 36) was derived for zero 
stress, and where possible, at 25,000 and at 50,000 pei. Nadai (reference 
28) has suggested that the stress-strain curve for a metal in pure shear 
can he derived from Its stress-strain curve in tension, by multiplying 
tension stresses by 1//3 and tension strains by 1.5- This relationship 
was derived for isotropic metals upon certain assumptions which are open 
to question. As a first approximation, however, It may be applied to" many 
other metals. Therefore, shear modulus values were obtained at zero 
stress, and where possible, at li|,'+50 and 28,900 psi. These modulus val- 
ues are to be utilized later in calculating Poisson's ratio for nickel 
tubing. 

With extension of annealed nickel tubing TEE (fig. *i-5A), the shear 
modulus of elasticity, Go, exhibits a sharp rise and decrease; at 
greater extensions little variation is noted. With increase of cold re- 
duction of nickel tubing (fig. *l-5B), the shear modulus G exhibits an 
initial increase, followed by a decrease. 

The fluctuations of the shear modulus with initial extension must not 
be considered significant, owing to the small stress range over which 
stress was measured.  (Sec 0.1-percent proof stress, fig. 17A.) At greater 
extensions, however, where the stress range is greater, there appears to 
be a balance among the various factors affecting G-. With increase of 
cold reduction (fig. k^A)  up to 30 percent,  the shear modulus rises, owing 
to the effect of induced internal 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. ^5A), the linear stress 
coefficient of the shear modulus has a zero value over nearly the whole 
range; Co reaches a maximum with 30-percent cold reduction of nickel tub- 
ing (fig. ^5B) and then decreases. The initial rise of Co with cold re- 
duction may be attributed to the effect of induced internal stress, the 
subsequent decrease to the effect of lattice expansion. 

7. Influence of Plastic Deformation on the Tensile and Shear Moduli 

of Elasticity for Monel, Aluminum-Monel, Inconel, and Copper 

Figure 37 shows the variation of the tensile modulus E and its 
linear stress coefficient Co with extension of annealed monel rod 
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G-14.  The tensile proof stress values for this specimen are shown in 
figure 9. EQ shows little variation, whereas E25 and ESQ exhibit a 
gradual rise. Evidently the various factors affecting EQ 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 obtained 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, CQ, 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 CQ curve is qualitatively 
similar to that obtained on annealed nickel (fig. 35). 

With extension of annealed monel tubing TGE (fig. 38A) both EQ and 
ES5 first decrease and then increase; both changes are slight. With cold 
reduction of monel tubing (fig. 3SB), the tension modulus increases slight- 
ly between 20- and 30-percent reduction; EQ exhibits a small decrease at 
large reductions. 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 crystal 
orientation on the modulus of monel rod or tubing is evidently not so pro- 
nounced as upon nickel rod and tubing. This 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 coefficient of the tensile modulus,  CQ, for 
monel tubing remains zero during extension (fig. 3QA.), but rises to a max- 
imum with 20-percent cold reduction (fig. 38B), 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 Bhear 
moduli of elasticity, GQ and Gl4>45, both decrease. GQ, Gl4>45, and 
GS8.g 8-11 rise with Increase of cold reduction Qf monel tub'ing (flg. 46B) 
from 10 to 20 percent and decrease 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 is ascribed to in- 
duced internal stress; the general decrease with extension and the subse- 
quant decrease with reduction may be attributed to the dominant influence 

1A correction of modulus values obtained from reference 2 was neces- 
sitated before plotting the corresponding diagrams in this report. Al- 
though diagrams showing the variation of the modulus were qualitatively 
correct in the earlier report, use of an important errata sheet attached 
to that report is required in order to obtain correct absolute values of 
the modulus. --...--:- = 
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of lattice expansion, and probably to a minor extent to the production of 
preferred octahedral [ill] crystal orientation. With extension of annealed 
monel tubing, the linear stress coefficient of the shear modulus CQ (fig- 
46A) rises sharply and drops to zero within about 4^-percent equivalent 
reduction. With cold reduction (fig. 46B) Co is zero for all grades ex- 
cept the monel cold-reduced 75 to 80 percent. The high values of Co 
give evidence of induced internal stress. 

The tensile modulus of elasticity, EQ, for annealed aluminum-monel 
tubing THD (fig. 39A) exhibits an increase with small extension, whereas 
E25 decreases; these values become nearly constant with further extension. 
Eco exhibits a steady rise with extension of this tubing. Some rise of 
the tension .modulus 1 is obtained for aluminum-monel tubing with increase 
of cold reduction from 40 to 60 percent (fig. 39B). No tubing was avail- 
able having reductions less than 40 percent. For the annealed aluminum- 
monel tubing, the linear stress coefficient of the tension modulus,  Co 
(fig. 39A), rise.3 rapidly with extension. This rise, and the rise of EQ 

with extension, may both be attributed to induced internal stress. The 
eventual rise of E with severe cold reduction of aluminum-monel tubing 
is probably due to the production of preferred octahedral [ill] crystal 
orientation. 

With increase in extension of annealed aluminum-monel tubing THD 
(fig. 47A), there is little variation of the shear modulus, C With cold 
reduction of aluminum-monel tubing (fig. 47B), there is a continuous de- 
crease of the shear-modulus. Evidently there ie a balance of influence of 
the various factors affecting G during extension. The lowering of the 
shear modulus with reduction may be attributed to lattice expansion, and 
probably in part to the production of preferred octahedral [ill] crystal 
orientation. 

The linear stress coefficient of the shear modulus,  CQ, exhibits a 
rise during extension of annealed aluminum-monel tubing, TBD (fig. 47A), 
owing to induced internal stress. With cold reduction (fig. 47B), the 
value of CQ remains small. 

With increase of extension of annealed rncönel rod, L-17.5 (fig. 40), 
there is a successive rapid rise and decrease of the tension modulus EQ, 

followed by a slower rise. Tl25 and E50 show a steady rise for prior 
extension greater than 4 percent. The initial rise of EQ is probably due 
to relief of internal stress, the subsequent decrease to lattice 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 Co is obtained during early extension, owing to induced internal 
stress, followed by a steady decrease, due to lattice expansion. 
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With extension of annealed Inconel tubing TLD (fig. ^1A), Eo rises 
sharply to a maximum, and later approaches a constant value; Ea5 and 
EB0 rise steadily from the low value measured at small extensions. With 
cold reduction of Inconel tubing (fig. 4iB), the tension modulus exhibits 
a sharp rise between 50- and 75-percent reduction. Tubing cold-worked to 
smaller reduction was not available. The value of the tension modulus 
for the laboratory annealed Inconel is larger than that obtained for the 
corresponding factory-annealed product TLA. This same relationship was 
also observed for aluminum-monel tubing (fig. 39). The linear stress co- 
efficient of the tensile modulus Co rises sharply with extension (fig. 
UlA), owing to induced internal stress. 

With increase of extension of soft-annealed Inconel tubing TLD 
(fig. H8A),  there is a continuous decrease of the shear modulus. A con- 
tinuous decrease is likewise obtained with cold reduction of this metal 
(fig, kSB). This general decrease may be attributed to the combined dom- 
inant influence of lattice expansion and to the production of preferred 
octahedral'[1133 crystal orientation along the specimen axis. With early 
extension of annealed Inconel (fig. hQk),  the linear stress coefficient 
of the shear modulus, Co, rises owing to the predominance of internal 
stress, and later decreases owing to the dominant effect of lattice ex- 
pansion. Factory annealed Inconel (TLA), (fig. h8B),  gives a very high 
value for Co in shear. It has been surmised that this high value may 
be attributed to the internal stress probably induced by the straighten- 
ing given this metal, following annealing. The value of Co decreases 
with cold work to zero at 75-percent reduction of area. 

In figure 42A is shown a plot of the tensile modulus E and its lin- 
ear stress coefficient Co, with extension of annealed oopper rod, 21-6. 
The modulus at zero stress, Eo, 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 experimental points would be par- 
allel to a basic curve devoid of the influence of extension spacings and 
rest intervals. The initial sharp drop of the modulus Eo may be attrib- 
uted to the dominant influence of lattice expansion. The initial rate of 
lattice expansion is high. During subsequent extension, the rise of the 
tensile modulus may be attributed to the combined dominant influence of 
induced internal stress and the production of preferred octahedral [ill] 
orientation. This diagram is somewhat similar to the diagram for nickel 
(figs. 35 and 36). 

The linear stress coefficient of the tension modulus, Co, exhibits 
a sharp rise, followed "by a rapid drop at a decreasing rate, to a low 
value. The absolute values of Co, for copper, are appreciably greater 
than those obtained with the higher strength metals. This is evident in 
the greater curvature of the stress-strain lines and the greater initial 
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slop© of the stress modulus lines.  (See references 2 and 7.) Apparently, 
induced internal stress is initially dominant in producing a rise of Co; 
whereas lattice expansion shortly "becomes dominant in causing the subse- 
quent drop of Co. This material is unique in giving curved stress-modu- 
lus lines (not shown, see referenoe 2) throughout the range of uniform ex- 
tension. All the other metals tested gave curved stress-modulus charac- 
teristics (see figs. 6 and 35 for nickel) only over the early portion of 
the extension range. 

In figure kSB  is shown the variation of Eo and Co with extension 
for cold-rolled copper W. The high value of Eo may be attributed to 
the preferred [111] orientation produced by cold rolling. Co is small 
and shows no significant variation. 

8. Influence of Plastic Deformation on the Modulus of Elasticity 

and Its Linear Stress Coefficient for Stainless Steels 

Figure h3  shows the variation with extension of the tensile modulus 
of elasticity, and its linear stress coefficient, Co, for the annealed 
13:2 Cr-Ni steel rod specimen. The proof stress values for this specimen 
are shown in figure 15. An Eo curve drawn through the mean position of 
the points would descend at a decreasing rate, approaching a nearly hori- 
zontal position at the maximum extension shown (Ik percent). As the max- 
imum load was reached at slightly less than 7 percent (extension), some 
stress-strain and stress-set curves evidently were obtained after exten- 
sion beyond the beginning 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 EaS and EB0 curves followed 
courses similar to the Eo curve. The linear stress coefficient, Co, 
exhibits an initial rise but varies little beyond this point. The Eo 
and 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 apparently dominates in causing the lower- 
ing of Eo with extension. Any preferred orientation which might occur 
during extension of this specimen of body-centered cubio 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 specimen 
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IM-18.3, the tension modulus So (fig« *&)  shows an initial slight rise 
during the first 5 percent of extension, followed by a steady and somewhat 
rapid decrease throughout the remainder of. the extension range. The modu- 
lus Eg5 exhibits a steady drop; whereas 150 rises slowly during the 
first 20-percent extension, and then decreases. The linear stress coeffi- 
cient, Co, exhibits a rapid rise during the first 15-percent extension, 
followed by a gradual decrease. 

The initial rise in the EQ -and Co curves may be attributed to a 
predominant influence of increasing internal stress, the subsequent de- 
crease of the modulus may be attributed in part to lattice expansion. 
Some of this decrease, however, may be due to the production of preferred 
orientation. Unlike the other face-centered cubic metals, deformation of 
this ferrous alloy is believed to produce a predominantly cubic |100] 
orientation in the direction of the rod axis. Such orientation would tend 
to lower the tension modulus. Slight prestretching of cold-worked speci- 
mens, however, generally produces a lowering of the tensile modulus, owing 
to relief of internal stress. 

In another investigation conducted in this laboratory (reference 7) 
a study was made of the effect of prior plastic extension on the tensile 
modulus of elasticity and its linear stress coefficient, Co, for low""" 
and medium carbon steels. It was found that an initial rise of the mod- 
ulus and Co is sometimes obtained with extension owing to induced in- 
ternal stress. Subsequent deformation causes little variation or even a 
small decrease of the modulus (except for a slight rise for the 0.20- 
percent carbon steel); the lattice expansion factor thus becomes" dominant. 
Evidently the change from random to preferred orientation produced at 
large deformations of these steels has a small, if any, elevating effect 
upon the modulus. The lowering effect of lattice expansion is generally 
dominant. 

Figure k-9  shows the variation of the shear modulus of elasticity G- 
and its linear stress coefficient Co>: with prior extension of annealed 
18:8 Cr-Ni'steel tubing, TC-19. With increasing extension, G- decreases 
almost continuously over the range shown. The linear stress coefficient, 
Co, is zero except at an' extension of 5 percent; no significance should 
be attached to this single small value. The continuous decrease of the 
shear modulus G-, with extension, may be attributed to the dominant in- 
fluence of lattice expansion. 

9. Influence of Plastic Deformation on Poisson's Ratio for Metals 

From measured tensile and shear modulus values for a metal an effec- 
tive value of Poisson's ratio, n, may be calculated according to the 
equation; 



NACA TN Ifo. 1100 

where E and G are the tension and shear moduli, respectively. (See 
reference 29.) If the metal is Isotropie this value will he equal to 
Polsson's ratio, as commonly determined from the ratio of unit lateral 
contraction to extension, under tensile loading, 

For the purpose of measuring the relative influence upon tensile and 
shear moduli of such variables as plastio deformation and annealing tem- 
perature - that is, to detect any changes in isotropy of the metal - the 
use of euch a calculated effective value may have certain advantages over 
that obtained by simultaneous extension and contraction measurements. 

Figure 59 shows the variation of the tensile modulus E, the shear 
modulus G, and Polsson's ratio u, with extension and cold reduction 
of nickel tubing. The modulus curves have been drawn through the mean 
positions of the experimental points as obtained from figures 36 and 45; 
these curves are used in deriving Poisso^s ratio. The abscissa scale is 
plotted as equivalent reduction of area. -In figure 59A are plotted values 
obtained with extended annealed nickel tubing; in figure 59B are plotted 
values obtained with cold-reduced nickel tubing. 

With extension up to 10 percent, annealed nickel tubing TKF shows 
little variation of Polsson's ratio. With cold reduction of nickel tub- 
ing (fig. 59-B), a small decrease in u is obtained at intermediate reduc- 
tions and a marked rise is 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 eventual large rise of Polsson's 
ratio with cold reduction. 

Figure 60 shows the variation of the tension modulus E, the shear 
modulus G, and Polsson's ratio n, with extension and cold reduction 
of monel tubing TG. With increase of extension (fig. 60A), u0 and na5 
rise. This rise may be attributed partly to the directional influence of 
the internal stress and probably 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 reorientation factor is believed to influence the rise of u with 
extension only to a minor degree. 

With cold reduction of monel tubing (fig. 60B), Polsson's ratio 
reaches a minimum at intermediate reductions of area; this decrease is 
small and should not be considered significant. No single factor appears 
to dominate in this range. With further cold reduction iXo and Ug0 
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rise rapidly, owing to the production of preferred octahedral [111] orien- 
tation along the specimen, axis, which tends to increase the tensile mod- 
ulus and decrease the shear modulus. The influence of this reorientation 
factor was nob evident in the -variation of the tension modulus E for 
monel tubing (fig. 38) and monel rod (fig. 37). Lattice expansion is "be- 
lieved to affect tensile and shear moduli similarly; it therefore is 
Isotropie in its effect and would not influence u. 

With prior extension of annealed alurninum-monel TED (fig. 61A.) and 
annealed Inconel TLD (fig. 62A) tubing, there is a rise in Poisson's 
ratio, \IQ,    probably- because of the directional influence of internal 
stress and possibly also because of reorientation. With increase in the 
cold reduction of aluminum-monel, TH (fig. 6lB) and Inconel TL (fig« 62B) 
tubing, Poisson's ratio n 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 compositions, the variation of Poisson's ratio within 
this range of cold work could not be ascertained. 

Attention will now he given to the range of numerical values of p. 
obtained with nonferrous metals'. For the unextended laboratory-annealed 
metals, the derived value of Poisson's ratio ranges from O.33 to 0.1+2. 
For annealed metals extended about 10 percent (9.1-percent equivalent re- 
duction), the values range from O.38 to 0.52. Factory-annealed aluminum- 
monel and Inconel gave values of 0.31+ and 0.28, respectively. At inter- 
mediate cold reductions, values as low as 0,3k were ohtainedj whereas at 
greater cold reductions the values ranged from 0.1+0 for monel tubing to 
O.51 for Inconel tubing. Minor fluctuations of this ratio might be at- 
tributed to the experimental error of measurements. 

Poisson's ratio obtained by measuring the ratio of unit lateral con- 
traction to unit longitudinal extension for an elastic isotropic metal 
will be found to he about 0.3.  (See reference 30.) Such a metal, there- 
fore, will expand in volumo under tensile stress. A value of 0.5 ohtained 
from such measurements would indicate that no volume change was obtained 
by extension.; Lead, with a measured value for u of 0A5, approaches 
this condition. In the present tests, however, where Poisson's ratio is 
calculated in terms of measured values of tension and shear elastic moduli 
of structural metals, an appreciable deviation of the effective value of 
Poisson's ratio from that obtained for the annealed metal would indicate a 
corresponding degree of anisotropy of the metal.  (See reference 30.) 
Thus, with extension of annealed tubing> and with cold reduction, produc- 
tion of anisotropy is indicated by the rise of the values of Poisson's 
ratio obtained. It would be expected that the metals hecame anisotropic, 
owing to the production of preferred orientation, and to the production of 
internal stress having directional properties. Likewise, a removal of 
anisotropy is obtained with soft annealing. 
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From values of the shear modulus obtained upcn 18:8 Cr-Nl steel tub- 
ing, TC, and the tension modulus obtained upon 18:8 Cr-Ni steel rod, 
DM, values of Poiseon's ratio were calculated by use of equation (6). It 
•was then possible to determine the variation of Poissonss ratio with ex- 
tension of the soft-annealed alloy. 

Figure 63 shows the variation of the tension modulus E, the shear 
modulus G, and Poisson's ratio [x   with extension of annealed 18:8 Cr-Ni 
steel. The modulus curves are faired through the mean positions of the 
experimental values obtained from earlier tests (not shown, see figs. hk 
and k9,  respectively). With increase of plastic extension, M. rises from 
an initial value of-0.32 reaching a constant value of O.UO after an exten- 
sion of about 12 percent. The values of ua5 and fiBO are almost con- 
stant over the observed range of prior extension at about 0.32 and 0.24, 
respectively. 

The initial rise of n with extension coincides with the initial 
rise of E(). This rise was attributed to the influence of residual inter- 
nal stress. That such a rise is not evident in the curve of Go may be 
attributed to the difference in directions of the principal shear stress 
during prior extension and during torsion testing. This difference would 
not exist for tension testing. Thus, the internal stress induced is 
anisotropic in its influence upon subsequently measured elastic proper- 
ties. With appreciable increase in stress during such testing, the resid- 
ual internal Btress would become negligible in comparison with the applied 
stress, or it may become relieved. The evidence of elastic anisotropy 
would then disappear, as indicated by the lower values obtained for f^5 

and H50. Such wide variation of. u with stress, which indicates a di- 
rectional influence of the internal stress, may also be noted in the dia- 
grams for extended monel (fig. 60), aluminum-monel (fig. 6l\ and Inconel 
(fig. 62). 

VII. INFLUENCE OF ANNEALING TEMPERATURE ON THE MODULUS OF 

ELASTICITY OF METALS 

Attention will now bo given to the variation of the tensile and shear 
moduli cf elasticity and their linear stress coefficients with the temper- 
ature of annealing. From stress-strain and stress-set curves obtained on 
specimens annealed at various temperatures, values were obtained of the 
modulus of elasticity at zero and at elevated stresses, and of its linear 
stress coefficient, CQ. • 
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1. Influence of Annealing Temperature on the Modulus of Elasticity and Its 

Linear Stress Coefficient for Cold-Worked Nonferrous Metal Eod and Tubing 

Figure 50A shows the variation of the tensile modulus of elasticity 
and its linear stress coefficient, for cold-drawn nickel rod (E) specimens 
annealed at various temperatures, the proof stress values of which are 
given in figure 2'3A. 

There is little variation of the modulus for annealing temperatures 
ranging between room temperature and 1100° F. At higher temperatures, 
there is a marked lowering of the modulus. The linear stress coefficient 
of the modulus, Co, decreases with increase of annealing temperature, 
and the value is zero for temperatures of 700° F and greater; this means 
that the modulus does not vary appreciably with stress for annealing 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 
factors affecting this property. The sudden drop of the modulus within 
the reorystallization range (above 1100° F) may be attributed to the com- 
bined dominant influences of relief of internal stress and the change of 
crystal orientation from preferred octahedral [ 111] along the specimen 
axis to a random distribution. 

Figure 51A shows the variation of the tensile modulus of elasticity 
E and its linear stress coefficient, Co, with annealing temperature for 
cold-reduced nickel tubing TEE. Proof stress curves for these specimens 
are given in figure 2te. With increase of annealing temperature up to 
about 1100 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 Co is 
obtained at an annealing temperature of 1200° F, low values being ob- 
tained at all other temperatures. The reality of the high value of Co 
may be questioned, since the stress range over which strain is measured 
is small (see fig. 2te), thus lowering appreciably the accuracy of deter- 
mining this index. The variation of the modulus with annealing tempera- 
ture for cold-reduced nickel tubing is similar to that obtained for the 
cold-drawn rod. The modulus values obtained with the tubing are somewhat 
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 its linear 
stress coefficient Co, obtained upon the tubular nickel specimens an- 
nealed at various temperatures. Proof stress values for these specimens 
are plotted in figure 28B. With increase of annealing temperature, the 

^9 



NACA TN Ho. 1100 

shear modulus G exhibits a small sharp rise between 1100° and 1200° F, 
followed by a larg9r drop with further increase in temperature. Possibly 
the sharp rise is due to lemoval of preferred orientation; the subsequent 
drop cannot be explained. However, for the 1400° F annealing temperature, 
the small range of stress over which strain is .measured (see 0.1-peroent 
proof stress, fig. 28B),. does not permit an accurate determination of the 
shear modulus. The several factors affecting E are in apparent balance 
for annealing temperatures below 1100° F. There is no regular variation 
of the linear stress coefficient of the shear modulus, Co, with increase 
of annealing temperature; the magnitude of CO is generally small. 

With increase of the temperature of annealing cold-drawn monel rod-G 
(fig. 52A), up to 1100° F, there is little variation of the tensile modu- 
lus Eo; a small drop of the modulus occurs at higher temperatures. ^B, 
Eso, and Ej00 rise rapidly with temperature from low values obtained 
with the cold-drawn metal (100° F), nearing the value of Eo at 65O0 F. 
Proof stress values for these specimens are given in figure 23B. With 
increase of the temperature of annealing 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 24A. Evi- 
dently the several factors affecting the tensile modulus, Eo, are in 
approximate balance with elevation of the annealing temperature. The high 
value of Co for both cold-drawn red (fig. 52A) and cold-reduced tubing 
(fig. 53A) is commensurate with the wide spread of modulus values for 
these metals. Co decreases rapidly with elevation of annealing tempera- 
ture. This decrease may be attributed to relief of internal stress. 

With increase of annealing 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 annealing temperature the linear stress coeffi- 
cient of the shear modulus, Co, oscillates about low values, reaching 
zero at l*K)0o F. 

With increase of annealing temperature, the tension modulus E for 
cold-reduced aluminum-monel tubing THC (fig. 53B) rises gradually, reach- 
ing a maximum at 1075° F. At higher temperatures Eo decreases. The 
initial rise of E is 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 coefficient of the tension modulus, Co for 
the cold-reduced metal (100° F) is commensurate with the large variation 
of the tension modulus with stress; both indicate the presence of inter- 
nal stress. With increase in tsmperature Co decreases owing to inter- 
nal stress relief. 
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With increase in the temperature of annealing aluminum-monel tubing 
(fig. 57), the shear modulus of elasticity, G, exhibits a gradual rise. 
This rise may he attributed to the combined dominant influence of the re- 
moval of lattice expansion effects, and to recrystallization. The linear 
stress coefficient of the shear modulus Co for aluminum-monel tubing 
exhibits a general decrease with increase of annealing temperature, owing 
to relief of internal stress; the absolute value is small. 

Figure 50B shows the variation of the tensile modulus E and its 
linear stress coefficient, Co> with the temperature of annealing cold- 
drawn Inconel rod L; the proof 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 increase of annealing temperature up to 1100° F, 
followed by a rapid decrease 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 is, reorientation from a preferred to a random distribution. 

The linear stress coefficient of the modulus, Co (fig. 50B), gives 
generally low values over the whole temperature range (ignoring results 
of early tests), except for a single high value at 11*50° F. No groat 
significance should be attached to this single high value, considering 
the small stress range over which strain was measured on this specimen 
(0.1-percent proof stress, fig. 26k). 

The high value of Eo and Co and the associated large variation 
of the modulus with stress, as obtained in the early tests on cold-drawn 
Inconel L (fig. 50B) indicate a dominant influence of the contained in- 
ternal stress. As noted above, the specimens tested later, both cold- 
drawn and annealed, exhibited lower values of Co, indicating a reduced 
amount of internal 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 Co. Softening, or . 
relief of lattice expansion, dominates in decreasing the upper proof 
stresses. Subsequent annealing within the stress-relief annealing range 
causes further internal stress relief which dominates in raising all 
proof stresses and also causes further relief of lattice expansion, 
which dominates in raising the modulus. 

With increase of the temperature of annealing cold-reduced Inconel 
tubing TLC up to 1100° F the tensile modulus E rises gradually owing 
to the dominant effect of removal of lattice expansion. " With further 
increase of temperature, the modulus drops rapidly, owing to 
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recrystalllzatlon, or removal of preferred orientation. The linear stress 
coefficient of the tension modulus, Co, is small, and shows no signifi- 
cant variation with temperature. 

With increase of the temperature of annealing cold-reduced Inconel 
tubing TLC (fig. 55B), there is obtained a gradual elevation of the shear 
modulus owing to the combined dominant Influence of relief of lattice 
expansion and recrystallizatlon. The linear stress coefficient of the 
shear modulus, Co, is small over the whole annealing temperature range 
for Inconel (fig. 55B) and shows no regular variation. 

k  Influence of Annealing or Tempering Temperature on the 

Modulus of Elasticity of Stainless Steels 

Figure 52B shows tho variation of the tension modulus E and its 
linear stress coefficient Co with tempering temperature for air-hardened 
13:2 Cr-Ni steel; the proof stress values for these specimens are shown In 
figure 2ÖB. For air-cooled and furnace-cooled specimens, these variations 
are slight. Apparently, no single factor is dominant in this range. Sin- 
gle high values of Eo and Co are obtained, however, for the as-received 
metal. Since this metal had been hot-rolled prior to the "annealing" 
treatment, evidently some of the deformation texture remained. It is be- 
lieved such a texture would contain dodecahedral [110] orientation along 
the specimen axis. Heating up to 1750° F would cause complete recrystalli- 
zation, and thus give a lower value of the tension modulus and its linear 
stress coefficient. 

The tension modulus of elasticity of half-hard 18:8 Cr-Ni steel rod, 
IM, rises with increase of annealing temperature (fig. 5hA)  over the 
range indicated. Proof stress values for these specimens are shown in 
figure 2'7A. Evidently, relief of lattice expansion dominates over the 
entire range in causing this rise of E. Some of this rise, however, may 
be due to a change of crystal orientation from predominantly cubic to 
random distribution. The ^-hour annealing time at 1+82° F did not cause 
any significant change of Eo or Co from the values obtained upon the 
specimen annealed 1/2 hour at 5C0° F. 

Figure 5kB  shows the variation of the tensile modulus E, and its 
linear stress coefficient, Co, with annealing temperature, as measured 
at -110° F (-78.5° C). There is a general increase of the tension modu- 
lus with annealing temperature, similar to that obtained in figure 5^A 
at room temperature. The modulus values measured at low temperature, 
however, are somewhat higher than the room temperature values, over tho 
entire range. Somewhat greater values of the linear stress coefficient 
of the modulus were obtained at low temperatures; the absolute values of 
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Co in figures 5^A and 5^B are small so that their apparent variations 
cannot "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 
reference 3.) 

Figure 58 shows the variation of the shear modulus of elasticity, 
G-, and its linear stress coefficient, Co, with the temperature of an- 
nealing 18:8 Cr-Ni steel tubing, TC. There is an almost continuous in- 
crease of the modulus with temperature, over the range shown, owing to 
dominance of relief of lattice expansion. Considerable fluctuation of 
the value of Co is obtained; the magnitude of these values, however, is 
small, and thus cannot be considered significant, 

5. Influence of Annealing Temperature on PoissonTs Patio 

for Various Metals 

It will also be of interest to consider any changes in isotropy of a 
work-hardened metal caused by variation of annealing temperature. Such a 
study is obtained by calculating Poissonss ratio, from corresponding 
curves of variation of tensile and shear moduli with annealing tempera- 
ture. 

Figure 61t- shows the variation of the tension and shear moduli and of 
the derived value of Poisson's ratio M-, with the temperature of anneal- 
ing cold-reduced nickel tubing, THE. Values obtained with fully annealed 
nickel tubing TBF are also used in plotting these curves. Experimental 
modulus values were replotted from figures 51A and 55A. Smooth curves are 
faired through the mean positions of the experimental points. 

PoissonTs ratio p. for nickel shows negligible variation with in- 
crease of annealing temperature up to 1100 F. Above this temperature, n 
decreases rapidly. This decrease may be attributed principally to the 
change of crystal orientation from a preferred to a random distribution. 

Figure 65 shows the variation of the tensile modulus E, the shear 
modulus G, and Poisson's ratio, u, 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, 
Poisson's ratio first decreases, and then increases. The actual variation 
is small and may be within the limits of experimental error. There evi- 
dently is an approximate balance between the various factors that influ- 
ence Poisson's ratio. The maximum cold work imparted to this unannealed 
tubing was not so great as that imparted to other metals. 
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Poieson's ratio for cold-reduced alumlnum-monel (fig. 66)  and Inccnel 
(fii. 67) tubing varies with annealing temperature in a manner rimilir Lo 
tLac for nickel tubing (fig. 6k). This property shows litble chunge with 
increase of annealing temperature up to 1100° F. For higher annealing 
temperatures, u for these metals drops rapidly owing to the removal of 
preferred orientation. Both of these metals had been severely cold- 
reduced (table 3) before annealing and testing. 

Figure 68 shows the variation of the tension modulus E, the shear 
modulus 0, and Poisson* s ratio u with the temperature of annealing 
cold-drawn 18:8 Cr-Ni steel. The modulus curves are faired through the 
mean positions of the points obtained in earlier tests.  (See figs. 54 
and 58, respectively.) 

With increase of annealing temperature from room temperature to 
1000° F, there is no significant variation of n0 or Ms0; these two 
curves are nearly coincident. With further increase, u0 rises from a 
value of 0.22 to about 0.31 at l800° F. The relief of Internal stress 
which occurs in the lower temperature range obviously does not affect 
Poisson's ratio. The internal stress induced by cold drawing apparently 
is Isotropie in its effect; in cold-drawing tubing and rod, the directions 
of the planes of maximum shear will tend to be widely distributed. 

The eventual rise of u with annealing temperature is attributed to 
another cause. After severe cold deformation of 18:8 Cr-Ni steel rod, as 
obtained with the cold-drawn alloy, the low value cf Eo (fig. 5^A) can 
be attributed in part to the production of preferred cubic [100] orienta- 
tion parallel to the specimen axis, such as occurs in some face-centered 
cubic metals. A low value of the shear modulus is not obtained with ccld- 
dravn stainless steel tubing.  (See fig. 58.) Hence, Poieson's ratio for 
coM-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 Poleson's 
ratio for cold-worked nickel, aluminum-monel, and Inconel tubing decreases 
within the recrystallization range; in these metals cold work produces 
preferred octahedral [111] orientation along the specimen axis. 

CONCLUSIONS 

The following conclusions apply to all the metals tested, except as 
indicated. 

1. An incomplete view of the tencile elastic properties jf a metal 
is obtained by considering either the stress-strain or stress-set rela- 
tionship alone. Consideration should be given to both relationships. 
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2. In a study of elastic properties, consideration should "be 
given to the time schedule followed during test. In the present in- 
vestigation, measurements were made only after holding each load for a 
period of 2 minutes. This permitted the positive or negative creep to 
reach a very low rate, enabling both accurate, and sensitive strain and 
set measurements to he made, - - 

3. Positive and 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 loopB. The 
permanent set produced during each cycle, which prevents closure of the 
loop, diminished with continued cyclic stressing over a fixed load 
range; there is an accompanying decrease of loop width. Permanent set 
and loop width may he temporarily increased by increase of prior rest 
interval or cycle time. Complete closure of hysteresis loops would he 
expected only after many thousands of stress cycles. 

h»    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 
variables« A plot of any one of these elastic properties versus 
total extension often gave curves having many wide abrupt oscillations 
superposed upon more gradual wavelite curves. The wide oscillations 
are generally associated with variation of the rest intervals and the 
extension spacing, which greatly affect the positive and negative creep 
and the amounts of induced internal stress. The forms of the more 
gradual basic curves are determined by certain fundamental factors 
enumerated below. 

5. With extension of soft-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 rapid initial decrease tends to occur in the curves correspond- 
ing to the smaller values of set; the subsequent rise is most rapid in 
the curves corresponding to the larger values of set. The general tend- 
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 internal, stress. The curves 
obtained with annealed tubing in both tension and shear, are devoid of 
much of the oscillation observed in the other curves, because these data 
were obtained by single tests upon a number of specimens which had each 
been extended a different amount after annealing. 

6. Best, following extension, tends to cause some Blight lowering 
of the tensile 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 some cold- 
drawn Inconel rod, after delivery. 
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7. The dominant-effect of annealing of cold-worked metals at inter- 
mediate temperatures is an increase of tensile or shear proof stress 
due to relief of internal stress. This factor has the greatest effect 
on the proof stresses corresponding to the lower values of set. 
Annealing at higher temperature produces relief of lattice expansion, 
and consequently a lowering of all proof stresses. 

8. The tensile or shear modulus of elasticity may he derived from • 
tensile or shear stress-strain lines, corrected for permanent set. Since 
the elastic moduli of many metals vary with stress, it is convenient to 
derive the linear stress coefficient Co, of the modulus at—zero stress, 
and moduli at various values of stress. In order to determine the modu- 
lus of elasticity more accurately, the corrected values of strain may be 
plotted as deviations from a fixed modulus upon an open scale. From the 
five proof stresses corresponding to permanent 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, 
it is possible to obtain a fairly good picture of the elastic properties 
of a metal in either tension or shear. 

9- With increase of extension of an annealed metal, the variation 
of the tensile or shear modulus is determined by the relative influences 
of throe factors; namely, internal stress, lattice expansion, and cryst^il 
reorientation. With variation of the temperature of annealing a cold- 
workod metal, the modulus is likewise dependent upon the relative influ- 
ence of these three fundamental factors. Such influence will differ for 
the several metals tested. 

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

10. With extension of annealed nickel rod or tubing or copper rod, 
the tension modulus, Eo, initially decreases sharply to a minimum, 
rising at greater extensions at a gradually decreasing rate. After 
appreciable deformation, as obtained with cold reduction of- nickel tub- 
ing, a more pronounced rise of the tensile modulus occurs. 

With tensile extension of annealed monel rod or tubing, or with 
cold reduction of monel tubing, the tension modulus Eo shows littlo 
variation. Likewise, little variation of Eo is obtained with exten- 
sion of annealed Inconel tubing. With initial extension of aluminum- 
monel tubing, Eo is found to rise sharply, with no appreciable varia- 
tions occurring at greater extensions. Wibh extension of annealed 
Inconel rod, Eo rises sharply and then decreases more gradually, ris- 
ing again slightly only at large extensions. 
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At large cold reductions of both aluminum-monel and Inconel tubing, 
a sharp rise of the modulus, EQ, is obtained. 

11. With extension of annealed 13:2 chromium-nickel steel rod, the 
tension modulus EQ decreases gradually, reaching a minimum at "beginning 

local contraction. 

With extension of annealed 18:8 chromium-nickel steel rod, E0, 
initially rises slightly to a maximum, and then decreases 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, G-Q, shows little variation. With extension of annealed 
monel, Inconel, and 18:8 Cr-Ni steel tubing, Go decreases steadily. 

With increasing cold reduction of monel and nickel tubing, Go rises 
to a maximum at intermediate reductions and then decreases at greater re- 
ductions. With increasing cold reduction of aluminum-monel and Inconel 
tubing, a steady decrease of GQ 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 EQ» Over a similar 
temperature range, the tension modulus EQ, for cold-reduced Inconel rod 

and tubing, and aluminum-monel tubing rises. Within the recrystallization 
range, however, EQ decreases somewhat for all the above metals except 

monel tubing. Higher values of E0 are obtained with factory-annealed 
than laboratory-annealed tubing. 

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

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

Ik»    Little variation of the shear modulus GQ 
iB obtained with 

increase of the temperature of annealing cold-reduced nickel and monel 
tubing. A steady rise of GQ is obtained, however, with increase of the 
temperature of annealing cold-reduced aluminum-monel, Inconel, and 18:8 
Cr-Ni steel tubing. 

15« The linear stress coefficient of the tension modulus, CQ, for 

annealed nickel, aluminum-monel, and Inconel rod and tubing and for 
annealed monel and 18:8 Cr-Ni steel rod rises to maximum, and then 
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decreases, during extension. With extension of monel tubing and 13:2 Cr~ 
Ni steel rod, no significant variation of CQ occurs. With extunsion 
of annealed, copper rod, CQ drops rapidly to a small value. With cold 
reduction of monel and nickel tubing, C0 rises to a maximum at inter- 

mediate reductions, and then decreases. 

l6. The linear stress coefficient of the shear modulus, C0, rises 

to maximum values with extension of annealed nickel, monel, alumlnum- 
monel, and Inconel tubing« No significant variation of CQ is obtained 
with cold reduction of these motale. 

IT. With increase of the temperature of annealing nickel and monol 
rod and monel and aliualnum-inonol tubing, there is obtained a decrease of 
the linear stress coefficient of the tension modulus. This decrease 
obviously corresponds to a decrease in variation of the tension modulus 
with stress. 

With increase of the temperature of annealing monel and aluminum- 
monel tubing, the linear stresB coefficient of the shear modulus like- 
wise decreases. The diagrams for the remaining metals show no significant 
variation of these coefficients 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 initial extension of annealed aluminum-monel tubing and an- 
nealed Inconel rod, in causing a rise of EQ. It probably also is domi- 

nant in producing the rise of EQ and G0 with intermediate cold re- 

duction of nickel and monel tubing. It likewise is dominant in affecting 
a rise of the linear stress coefficients of tensile and shear moduli 
during initial extension 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 CQ obtained upon some unannealed cold-worked metals may be 

associated with the presence of internal stresB. The high values of JCQ 

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

19. The work-hardening or lattice expansion of metals, as differ- 
entiated from changes of crystal 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 attributed to the dominant effect of lattice expansion. The drop 
of EQ at greater extensions for annealed Inconol and 18:8 Cr-Ni steel 
rod, as well as the continuous drop of the shear modulus GQ with 
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extension of annealed 18:8 Cr-Tff steel tubing mcy "be attributed to this 
factor. 

The rise within the stress relief annealing range of the tension 
and shear moduli of aluminum-monel, Inconel, and 18:8 Cr-ITi steel prob- 
ably is due to the removal of the lattice expansion of these metals. 

20. A change of crystal orientation of m«Jiy 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 also 
upon the directional variation of the modulus of a crystal of the metal 
concerned. 

With cold deformation of some face-centered cubic metals, there is 
produced a preferred octahedral [111) orientation, which tends to in- 
crease the tensile modulus and to decrease the shear modulus. Such a 
change is dominant in the rise with extension and cold reduction of 
nickel, with extension of copper, and with large cold reductions of 
aluminum-monel and Inconel tubing. The rapid drop at large deformations 
of the shear modulus of nicicel, aluminum-monel, and Inconel tubing may 
be attributed in part to dominance of this factor. 

The rapid decrease of the tension modulus EQ at large extensions 

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

Deformation of annealed 13:2 Cr-M steel, is believed to produce a 
preferred dodeoahedral [110] 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 annealing, the lowering of the tensile moduli of nickel, 
aluminum-monel, and Inconel may be attributed to the dominant effect of 
removal of preferred octahedral [111] orientation« Soft annealing of 
cold-drawn 18:8 Cr-Hi steel, however, tends to raise the tensile modulus, 
possibly because of the removal of preferred cubic [100] orientation. 

The fact that variations of the tensile and shear moduli are less 
for monel than for nickel or copper, ouggests that the directional 
variation of these moduli are less in a crystal of monel than in ^ith^r 
nickel or copper. Possibly a similar relationship may be found Letveen. 
other alloys and their constituent metals. 

21. Poisson's ratio, u, as calculated from tensile or zhe-zr moduli, 
will be affected only by those factors which produce anisotropy within a 
metal. £— 
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With extension of monel, aluminum-monel, Inconel, and. 18:8 Cr-Ni 
steol, Polsson's ratio u0 rises; During prior extension, the direction 
of the principal shear stresses wiil he the same as during subsequent ten- 
sion testing, hut not during subsequent torsion testing. . The internal 
stresses produced during prior extension therefore tend to raise the ten- 
sion modulus to a greater extent than the torsion modulus is raisodj it 
is anisotropic in its effect. The large variation of u with stress, 
during extension of these metals, probably likewise is due to this effect. 

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

22. With large cold reductions, as obtained with nickel, aluminum- 
monel, and Inconel tubing, there is obtained a marked rise of Polsson's 
ratio n; monol tubing likewise shows a. small rise of i^ with cold 
reduction. TMs rise is duo to the production of preferred octahedral 
[111] orientation in these metals, which affects tensile and shear 
moduli in an opposite manner. The crystal orientation factor therefore, 
likewise is anisotropic In its effect. On the other hand, Polsson's 
ratio, (x for cold-drawn 18:8 Cr-Ni steol is very low owing to the pro- 
duction of preferred cubic [100] orientation. 

23. With soft annealing of nickel, aluminum-monol, and Inconel tub- 
ing, there is obtained a decrease of u, owing to the removal of pre- 
ferred orientation; whereas soft annealing of 3.8:8 Cr-Ni steel causes a 
rise of [x.    Cold-reduced monel shows no appreciable variation of n 
with annealing temperature, due in part probably to its lesser degree of 
cold work of this metal, and in part to the small directional variation 
of the modulus for a crystal of this alloy. 

An appreciable variation of Polsson's ratio from its value in the 
annealed state gives evidence of anisotropy produced within a metal. 
Because Polsson's ratio is very sensitive to small changes of either the 
tensile or shear moduli, only large variations of |i calculated by the 
method used in this investigation can be considered significant. 

2k.    With lowering of test temperature to -110° F for 18:8 Cr-Ni 
steel, a general increase of both tensile proof stress and modulus of 
elasticity is obtained. Such elevation occurs throughout the annealing 
temperature ranje investigated. 

25. There have been evaluated, for the various metals tested, the 
tensile-shear proof stress ratios for 0.1-percent set and the work-hard- 
ening rates in tension and in shear. The tensile-shear proof stress 
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 determines the rate of rise at the 0.1- 
percent proof stress. • This rate Is greatest for annealed copper and 
nickel and least for annealed nionel and aluminum-monel. 

National Bureau of Standards, 
Washington, D. C, April 19^5. 
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lable 1,- Chemical Compositions. 

CD 

Metal 
De- 
aig- 
na- 
j-i  ixon 

Diameter or 
Dimensions 
as received 
(in.j 

Gage 
Diameter 
.'in.) 

Chemical Composition (percent) 
c Fe fl,1 Cu Gr HI 

9% r p 

Nickel rod a 0.625 0.417 0.07 0.08 99.49 0.03 — 0.24 - 0.OO5 0*08 

Siokel tubing ia 1 z 0.085 — .04 .05 99.53 .04 — .28   - .005 .03 

n Anc K/Yl -id 1    Ol TH-P* 2J* «ML — •7t   - tWI 
in 

Moael tubing TG 1 x 0.085   .13 1.49 67.64 29.70 — .96   - .005 .05 

Aluainua-Hionel 
tubing TH 1 x 0.085   .16 0.33 66.42 29.68 — .25 2.80 - .005 .33 

Inconel rod L 0.5 .333 .23 5.3 Biff.   I3.H — — - «_ — 

laconel tabixig •a. 1 x 0.085 — .08 6.40 79.33 0.15 13.64 .20 — - .011 .17 

Copper rod H 0,875 .500 — — — 99.97 — — — - — — 

JLjie. vx-fu.   a bau. 
rod E .875 .500 .09 Biff. 2.08   13.3 .48 — - — .26 

Annealed 10:3 
Cr-Ni steal roa DA .625 .417 .07 Diff. 8.63   18.22 .44 — 0.012 .018 -50 

Cold-drawn 13:8 
Cr-Hi steel rod 

1« .625 .417 .10 Diff. 9.38 — 18.82 .47 — .015 — •35 

18:8 Cr-Hi steel 
tubing TC 1 x 0.1 — .07 Mff. 10.4   18.5 — — - — — 

a 
> 

O 

O 
O 
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Table 2.- Thermal Treatments of Hod Materials. 

Treatment Specimen Temper- Time] Temper-] Time 
Material As Received Designation ature Heidi Cooled In ature Held Cooled fyi 

f (oP) (hre) C°F) (hrs) 
R — — As received 
R-2 200 2 Furnace 
R-3 300 2 Air 

Nickel Cold drawn 
•* R-5 500 2 Furnace 

60 percent R-7 700 2 n 

R-9 900 2 n 

R-ll 1100 2 n 
R-12 1200 2 ii 

«. R-14 1400 2 n 

" G 
G-3 
G-4.5 
G-6.5 

300 
450 
650 

2 
3 
2 

As received 
Air 
Air 
Air 

Uonel Cold drawn G-8 800 5 Furnace 
40 percent 4 G-9 

G-9.75 
0-11 
G-12 

900 
975 

1100 
1200 

2 
2 
1 
2 

Air 
Air 
Air 
Furnace 

k. G-14 1400 1 Furnace 

r 
L As received 
L As received , 40 months later 
L-2 200 6 Air 
L-3 300 2 Air 
L-4.5 450 3 Air 

Inconel Cold drawn - L-6.5 
L-7.5 
L-8.5 
L-9.75 
L-ll 
L-14.5 

650 
750 
850 
975 
1100 
1450 

2 
6 
2 
2 
2 
1 

Air 
Air 
Furnace 
Air 
Furnace 
Furnace 

». L-17.5• 1750 2 Furnace 

Copper Cold rolled { N As received 
75 percent K-6 600 22 Air 

*• E     1 
E-A 

1240(a ) Furaace(a) 
fAir 

As received 
As air cooled 

E-A-6 n 600 Z~) 
E-A-7.5 IT 750 3 
E-A-8.5 

n 850 2 
13 »2 Annealed < E-A-9.5 • 1750 1' ti 950 2 > Furnace 
Cr-Ni E-A-ll it 1100 1 
Steel E-A-12 

E-A-14.5 

n 
n 

1200 
1450 

2 

k. 
E-F   J 

1 
.Furnace As furnace cooled 

1    1 
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lable 2.- Continued. 

Treatment Speclmen Temper- Time Temper- Time 
Material As Received Designation attire Held Cooled In ature Held Cooled In 

(OF) (hrs) (OF) (hra.) 
Annealed DA As received 

/T)M As received Tested at room and low tem- 
peratures 

DM-4..8 -480 IA Air Tested at room temperature 
I818  J 
Cr-Ni "\ 

DM-5 500 * n Tested at room and low tem- 

< DM-7 
DM-9 

peratures 
Steel Cold drawn 700 A- n nun    n   ii   H 

900 I n n   ii   n    it   it   it 

DM-10.25 1025 i it Tested at room temperature 
^M-18.3 1830 \ Water Tested at room and low tem- 

\ 0 -B peratures 

l    1 

(a)  By manufacturer. 

Table 5.- Worto-Hardening Hates'6'  for Annealed Metals and Alloys. 

Method of Measuring 
and Form 

Material 
Nickel Monel Alumlnum- 

Monel 
Inconel Copper 13:2 Cr-NI 

Steel 
18:8 Cr-fli 

Steel 

Tension, rod 1.87 1.30 — 1.45 2.15 1.43 1,67 

Tension, tubing 1.94. 1.32 1.28 1.36 — — —- 

Shear, tubing 2.33 1.33 1.15 1.21 — — 1.70 

(a) Ratio of 0.1-percent proof stress for metal extended to 3 percent equivalent 

reduction to that for   unattended metal. 
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Table 3.- Details of Bbarmal and Mechanical Treatments of Tubing 

Specimen 
Metal Treatments Received Desig- Mo. of Annealing Cooled 

^fwhnnlcal Treatment 
Remarks 

nation Specimens Temperature Time Held Tn 
laeg. r; inours; 

'Cold drawn 10 percent   TEA 2 — As received 
Cold drawn 20 percent   TRB 2 — As received 
Cold drawn 30 percent   TEC 2 — As received 
Cold drawn Jfi percent   TRD 2 — An received 

TEE 2 — As received 
TRE-3 2 300 1 
TRE-5 2 500 

Tube reducer TRE-7 2 700 •     1 Air Tested as annealed 
75 to SO percent TRE-9 2 900 

Nickel. TRE-10 2 1000 
TR TKE-11 2 1100 

„TRg_I2 2 1200 «/ 
01 fTRF-U.5         2    "| 

f 
Tested as annealed 

<J Tube reducer 
75 to 80 percent 

TRF-U.5R-0.5 2 
J TRF-U-5R-1.0 2 < 

Extended 0.5 percent 
•         1.0     • 

normalized at (TRF-M.5R-2.0 2    > M50 "         2.0     n 

500°F TRF-U.5R-3.0 2 
TRF-H.5R-5.0 2 

• 3.0     • 
• 5.0     " 

h. ^TRF-U.5R-10.0 2 V. •        10.0      » 

'Cold drawn 10 percent   TGA 2 __ As received 
Cold drawn 20 percent   TGB 2 — As received 
Cold drawn 30 percent   TGC 2 — Ag received 

ravin 0 = 
TGD-3 2 300 

N 

TGD-5 2 500 
r TGD-7 2 700 

y i Monel jCold drawn Jfi percentTGD-9 2 900 Air Tested as annealed 
TG 

. 

TGD-10 
TGD-11 
TDD-12 

2 
2 
2 

1000 
1100 
1200 / 

o 

O 

O 
O 



Tahle 3a.- Continued. 

Specinen 
Metal Treatments Beceived Desig- Ho. of Annealing Cooled 

Mechanical Treatneni 
Beoarks 

nation. Speeinens Temperature Tine Held In ,.                                   1 >- \ (deg. F) (hours} 
lionel 
TG 

TGE-U 2 Tested as annealed 
TGB-14R-0.5 2 Extended 0.5 percent 
TGB-UR-1.0 2 •         1.0     » 

Tube reducer . TGB-L4B-2.0 2> 1400 1 Air •[      •         2.0     « 
75 to 80 percent, TGE-L4R-3.0 2 •         3.0     • 
normalized at 500°F TGE-14Ä-5.0 2 "        5.0     " 

v IjGE-lilR-lO.O 2J i.    "       10.0     • 

rAnnealed THA 2 As received 
Cold drawn Jß percentTBB 2 Ap received 

THC 2 ^. As received 
2 300   1 

THC-5 2 500   1 
Tube reducer <THC-7 2 700   f 1 Air Tested as annealed 
60 percent THC-9 

THC-10 
2 
2 

900 
1000 J 

Alun- THC-10.75 2 1075 10 Air Tested as annealed 
inum- THC-12.00 2 1200 1 Oil Tested as annealed 
Honel 

'THD-I5.5 2* Tested as annealed 
TH THD-I5.5R-O.5 2 Extended 0.5 percent 

Tube reducer THD-15.5R-1.0 1 •        1.0      • Tested in tension 
60 percent, 

| THD-15.5R-2.0 Oil ' 
i only. 

normalised at 500°F 2 1550 1 n         2*0       " 
THD-15.5&-3.0 2 "   y.o  • 
THD-15.5R-5.0 2 •      5.0     • 

«i JHD-15.5R-10.0 2j k,     "       10.0       • 

Annealed TU 2 __ As received 
Cold drawn 50 peroentTLB 2 — As received 

TLC 2 _ As received 
TLG-3 2 300 "I 
TLC-5 2 500 

Tube reducer TLC-7 2 700 
S> 75-80 percent TI£-9 2 900 1 Air Tested as annealed 

Inconel TLC-11 2 1100 
TL TLC-13 2 1300 

>. TLC-15 2 1500 
 _ 1 ,———» 

53 
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f Cable 3b.- Continued. 

Specimen 
Mätal Treatments Beceived Desig- Mo. of Annealing Cooled (a) 

Mechanical Treatment 
Remarks 

nation Specinens Temperature Tine Held In 
(deg. F) (hourB> 

Incone] 'TLD-17.5 2 \ 'Tested as annealed 
TL « TLD-17.5Br0.5 

TLD-17.5R-1.0 
TLD-17.5&-2.0 

2 
2 
2 

^   1750 

Extended 0.5 percent 
"       1.0     » 
"       2.0     " 

Tube reducer TLD-17.5R-3.0 2 1 Air "      3.0     « 
75-80 percent* TLD-17.5R-5.0 2 n      5.0     • 
noraalised at 50CK»E TLD-17.5Kr-10.0 2 •     10.0     » 

TLD-17.5B-17.0 1 »     17.0     »       Tasted in tension 
only. 

^ JtD-17.5R-17.25 1 t t      •     17.25   •       Tested in torsion 
^*- only. 

0> TC 1 •v As received n       w         a    a 
CO TC-3 

TC-5 
1 
1 

300) 
500 

IT      •        n    n 
•       a          a     a 

TC-7 1 700 V 1 Air Tested as annealed v       *         «    n 

TC-9 1 900 •          •              O       • 

TC-11 1 iiooj MM          •      a 

TC-13 1 1300*) "tested as annealed •        •           »     a 

18 .8 Cr-J Cold-drawn               .- TG-19 r \ •       t           n •      a         n    * 

Ni Steel] TC-19H-0.5 i Extended 0.5 percent •       a         •     • 

TC lTC-19R-1.0 i •       1.0     • •       «         •     • 

TC-19H-2.0 i S   1900 > 1 Kater "       2.0     • •       »         •     • 
•pn-iQB-^.n i a       a_n     « *       a         «a 

TC-19K-5.0 l "       5.0     " •       •         n     w 

TC-19R-10.0 l •     10.0     • •       a          a     • 

I.TC-19R-20.0 

1 
\ ^ ",   so.o    • a        a          n     •> 

s 
O 

O 
o 

(a) Only nominal extensions indicated; for actual values, see diagrams. 



Table 4.- ^Bteresie 
Time In- Femanent Set 

Speolnen 
No. 

Cycle 
No. 

True Stress 
Eange 

Total 
Cycle 
Time 

terval Af- 
ter Pre- 
ceding 

Straln 
Bange 

l<oop 
Width 

Due to C1 rcle. 1 Total 
Permanent 
Set 

negative Creep at 
BottOB.   % 

Positive 
Creep 
Below 

Before 
negative 

1 
Hot 1 ain ! 2 min.| 3 Hin. 

Cycle Creep Top 
(lb per in.2 (rain. (hr:atn) (*) (i) {%) w 

DA-5 1 1.4-75.5*L03 i , 15-3   ___ 15.00 15.00 — — _ __ 
2 1.7-75.5 13.0 0:0 0.424 0.145 0.094 0.086 15.086 0.006 — 0.008 — 
3 0:0 »U9K .038 .034 

*\ J-    -» run 
J.P.XAI .003 — .UUU|. — 

4 1.7-75.5 10.5 0:0 .349 .076 .022 .018 15.138 .002 — .004 — 
5 1.7-75.5 11.0 0:0 •346 .074 .023 .015 15.153 .004 — .008 0.006 
6 1,7-75.5 10.5 0:0 .345 .069 .018 .0x5 15.168 .001 — .003 .005 
a 1.7-75.5 8.0 0:0 .337 .065 .013 .009 15.187 .003 __ .004 .005 

35 1.7-75.5 9.0 0:0 .329 .055 .010 .005 15.249 .003 — .005 .003 
^i i    n ife   e 11    n f\mf\ VYl ncn nnd nrtc 1 c   n£JL nnn nr\o fine n X.f-»?.? J-JL.V v*u • J*-7 +\JJ 1 <uvo »W.J VlCW *WU£ 

mmmm 
•wj • WJ 

140 1.7-75.5 12.0 0:0 .324 .049 .006 .003 15.344 .002 — .003 .003 
155 1.7-75.5 10.0 24:0 .353 .067 .032 .027 15.387 .004 — .005 .005 

•<l 156 1.7-75.5 9-0 0x0 .331 .054 .008 .004 15.391 .002 — .004 .005 
o 157 1.7-75.5 10.0 0:0 .333 .054 .009 .005 15.396 .003 -.- .004 .003 

159 1.7-75.5 57.5 0:0 .335 .055 .010 .006 15.404 .002 — .004. .003 
•> Li T    M   rffr   *r T r\   f\ n»r\ ~3*\€* t\Cf\ rwlc IWI 1 c   im «no nrn rtrti 
1QJ. J-. IT>*3 1W»U \J»U + JOO m\JJM m\J\JJ • uux J.J.I#S7 • WJ «iM/tff »wif 

DA-3 1 1.4-45.5x103 29.0 —«_ 3.36 3.20 . 3.185 3.185 _..— __^. <—m __ 
2 1.5-45.5 16.5 0:0 0.329 0.187 0.166 0.156 3.34I   0.010     
3 1.5-45.5 8.5 0:0 .232 .092 .061 .060 3.4OI   .001   — 
4 1.5-45.5 8.5 0:0 ,230 .083 .054 .051 3.452   .003     
*; x o.n 0:0 .221 .084 .036 =034 3.486   .002   0,030 

DA-4 1-30 1.5-45.5x103 1.0 (Avg.)- u, m,wm .^__ 3.50 3.50 .    T«- -. _— — 
31 1.5-45-5 10.0 0:0 0.224 0.076 0.055 0.052 3.552   0.003   0.015 
83 1.5-45.5 13.5 0:02 .178 .026 .0088 .0064 3.791 0.0024 —   .0038 

116 1.5-45.5 10.0 72:0 .187 .031 .0175 .0137 3.867 .0038 —   .0016 
118 1,5-45.5 12.5 0:02 .175 .022 .0055 .0034 3.873 .0021 —   .OO37 
376 1.5-45.5 17.0 0:02 .176 .024 .0053 .0030 3.955 .0023 —   .0052 
377 1-5-45.5 13.5 0:02 .178 .025 .0077 .0057 3.963 .0020 —   .0026 
388 1.5-45.5 7L,0 0:02 .185 .032 .0120 .0112 3-981 .0008 — — .0024 
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NAOA TN No. 1100 Fig. 1 

S     Specimen 

A, A1  Gage rings 

B, B'  Set screws 

0     Cylinder 

D, D1  Standard prisms 

E, £'  Roof prisms 

F     Placement screw positions 

Figure 1.- Optical torsion meter. 



BAOA TU Ho. 1100 Figs. 2,3 

[C^M^-Ofc 

S    Test speoimen 

A, A'  Specimen olamps 

B, B1  Ameler testing machine adapters 

0    Special adapter 

Insulated cooling system 

Helical spring 

Outer extension arms 

Inner extension arms 

E, H1  Heating coils 

J, J'  Stellite prismatic losenges 

K,  K' Roof prisms 

D 

£ 

F,   F' 

a, o« 

Figure 2.- Assembly of low temperature,  tension testing apparatus. 
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Figure 8.- Variation of tensile proof stresses with prior deformation for 
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Figure 12.- Variation of tensile proof stresses with prior extension for 
annealed Inconel rod L-17.5. 
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Figure 16.- Variation of tensile proof stresses with prior extension for 
annealed 18:8 chromium-nickel steel DU-18.3. 
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Figure 17.- Variation of shear proof stress with prior deformation for 
nickel tubing TR. A-Nickel TRF, annealed and extended. B- 

Cold-reduced nickel. 
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Figure 18.- Variation of shear proof stresses with prior deformation for 
monel tubing TO.  A-Monel TOE,   annealed and extended.  B-OoId- 

reduced monel. 
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Figure 19.- Variation of shear proof stresses with prior deformation 
for aluminum-monel tubing TH. A-Altuninum-monel THD,  anneal- 

ed and extended. B-Oold-reduced aluminum-monel. 
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Figure 30.- Variation of shear proof stresses with prior deformation for 
Inoonel tubing TL. A-Inconel TLD, annealed and extended. B- 

Oold-reduced Inconel. 

// ' 
<^" <?40 30 

cf Q.   40 30 20 

4? 40 30 20 10 

40 30 20  10    0 
I 

30 20  10    0   Ö 

ro 
20   10    0    9 

i     O 
.£ 

10    0  o 
*>   ° ro 

?    § »e   o 
o 
o 
ö 

HARD  I8'8 CR-NI  STEEL,  TC 
ANNEALEO   AT   I900T.   EXTENDED   INDICATED  AMOUNT 

i 
oJ «5-i 

o.< ?3' A" 
PL 

T f 

0. an r J ̂—1 

0.0 0 k% —( 
j 

•ooo !% 
_„»-<: i— —c >— 

3 
6        8        10       12       14       16      18      20     22     24 

PRIOR   EXTENSION,   PERCENT 

Figure 21.- Variation of shear proof stresses with prior extension for 
annealed 18;8 chromium-nickel steel tubing TC-19. 
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Figure 22.- Influence of cold-reduction on the ratio of 0.1-percent proof 
stress  in tension end in shear for nonferrous metal tubing. 
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Figure 24.- Variation of tensile proof stresses with annealing tempera- 
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Figure 47.- Variation of shear modulus of elasticity and its linear 
stress coefficient with prior deformation for aluminum 

monel tubing TH. A-Aluminum-monel THD, annealed and extended. B-Cold- 
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