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TECHNICAL NOTE NO. 886

IONAL ELASTIC PROPERTIES OF 18:8 CHROMIUM~NICKEL STEEL

AFFECTED BY PLASTIC DEFORMATION AND BY HEAT TREATMENT

By R, W, Mebs ‘amd Di &, MeAdamy «Jr.,

- SUMMARY

¥ A study was made of the relationship between torsional
tress, strain, and permanent set for 18:8 chromium—nickel

steel in the annealed, half-hard, -and hard conditions. The
imf luence of plastic extension, plastic torsion, and an—
aling temperature unon the torsional elastic properties

s discussed., A comparison .is made of thege results with
Bis'e obtained in the’study of the tensile elastic proper—
les.

A torsion meter of high sensitivity, especially de—

. 8igned and constructed for the present investigation, is

- described. Tubular specimens having the optimum ration of

wall thickness to diameter were tested, The relationships
etween mean stress and torque and between mean strain and
ngle of twist are given by equations derived with certain
imple basic assunmptions,

‘The influence of either prior extension or prior tor~
ion upon the shear proof stress and the shear modulus of
fhiloity at zerio wsitress s, found to be quite similar to
e influence of ‘prior extension on the tensile proof stress
nd the tensile modulus of elastlcity at. zero stress. The
nfluence of prior torsion on the linear stress coefficient
f the shear modulus is somewhat slmllar to the influence
of prior extension on the llnpar stress coefficient of the
tensile modulus, The influence of prior deformation on the
corresponding quadratic stress coefficients of the respec—
ive moduli, however lg dissdinmilear.

The torsional and tensile elastic properties are in-
uenced in a s1mllar manner by change in annealing tem—
rature.

The factors involved in the variation of the torsional
@stic properties with prioer extension, prior torsion, and
ne llng temperature are shown to be (a) 1nternal ﬁtr'
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which may be either macroscéopic or microstructural; (b)
work-hardening or lattice expansion, and (c) ecrystal
reorientation.

INTRODUCTION" .

During the past seven years, the National Bureau
of Standards has been studying properties of high—strength
aireraft mebals, a project - 8poasored by the Nationgl
Advisory Committee for Aeronautics. The previous reports
of this investigation (references 1, 2, and 3) discussed
the -tensile-elgstic vroperties of métals with particular
reference-to their elastic strength and modulus of elas—
ticity. -A vpaper by the same authors (reference 4) de—-
scribes .the results of an investigation, not sponsored byy
the -NAGA, -of the tensile elastic properties of some metals
not included - -in the NACA reports.

Because the boundary between elastic and inelastic
strain is indefinite, it was found necessary to evaluate
the elastic strength in terms of a number . of indices,
termed "proof stresses:" These are the stresses necessary
to cause permanent extensions of 0,001, 0,003, 0.01, 0.03, and
0.1 percent... The ‘tensile stress—strainm line f-or many -
metals is curved.; - hence the ‘tensile modulus of elasticity
cannot be expressed by a single ' numerical value dbut only
in terms of several indices. The "indices used in the pre—
vious reports are the modulus of elasticity at zero stress
_EO -and the linear :and the quadratic stress cdefficieqts
of the: modulus® G ‘and ~C'.. When these various indices
-.are: known, the tensile elastic properties of metdals ‘are
fairly well defined., -“In earlier investigations studies
were made of the effect of plastic deformation and heat
~treatment upon the tensile elastiic properties gt both room
- temperature (references 1 and 2) and sub—zero tempsrature

(reference 3). - SRS T : T T ;

In many structures ‘and machines, forces that set up
large shearing stresses in "drive:shafts "and .other conhect—
ing members are transmitted as torques. A knowledge of
the reaction of metals -to pure ‘shearing forces therefore
is desirable. - The phase of ‘the investigation now in prog-—
ress.deals with the shear elastic properties of. different
high-strength aircraft metals based on tests of thin tubu—
lar specimens subjected to torsicnal loading producing
shealr .~ y ' i . : i :




\

NACA Technical Note No. 886 3

The present report discusses the results of torsion
tests of steels of the 18~percent chromium and 8-percent
nickel type widely used to fabricate high-strength members
for aircraft structures, The properties considered are
Shear '‘proof stress., shear. modulus of elasticity and its
stress coefficients, and the variation of these indices
with plastic extension, plastic torsion, and heat treat—
ment, The fundamental factors underlying the results also
are discussed., - Throughout: this. paper,.the terms "torsion"
and "shesr" will be used synonymously. -

MATER IALS AND APPARATUS

Materials and Specimens

The 18:8 chromium—-nickel steel tubing was supplied in
three grades of hardness — annealed, half-hard, and hard,
The compositions of these metals are given in table I, The
thermal and cold—working treatments applied in the labora-—
tory on some of these specimens are indicated in table II,
e dnitial terslonal properties are found dp ‘table TEIT,

All the metal tubes were of l—inch outside diameter
and Q.l—-inch wall thickness, nominal size, Specimens were
cut from these tubes into lengths of about. 15 inches and
the ends were sguared in.a lathe, The specimens then were
cleaned thoroughly, after which the length, the diameter,
and the weight of each was accurately determined, From
these data and from density values measured on small sam-
ples of the same material, the average wall thickness of
each specimen was computed,

Apparatus

THe -machine used for the torsion tests was of the

manually operated pendulum type having a capacity of

13,000 inch—-pounds. The mounting of the specimen and tor-—
sion meter for measuring strain is shown in figurs 1, The
ends of the tubes were reinforced by two steel plugs of
proper diameter and the tubes then were clamped firmly be-—
tween wedge—shape jaws.

L torsion meter af high sensitivity, especially de-
signed and constructed for measuring strain in this inves—
vigation,; is shown 4n debail in figure 2, It: consists of
two similar rings A and A' (ring A' 4is not visible)
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spaced 2% inches -on centers, each fastened to specimen §
by thrtee ‘cetgerews B and. Bl Ta ring &Y - ls: pifgidiy
attached.a-hollow metal cylinder €, which extends over ‘
ring "~ Aj: . there is 4 slight- clebrantce between: cylinder-:C
ahd ring A% - To: ecylinder -G -aré-attached Two ordirary
2l e priasms: DT -oondd D - and- Piod tings A" tho izlasst Eoer
P cunse s Camid K one set of adjacent ordinary and roof
priicm el DS an d S RE R slids aimet i e a ]l Iystopposidte o §edi il
and- E7 with respect to spécimen .S5.: After prioper ad-—
justment of the position of each set of prisms,; the rela—
tive angular motion of rings A and A' was measured by
Tuckerman optical collimator (reference 5). The readings
from both sets of prisms were averaged to eliminate the
angular displacement due to any slight bending of the tu—
bular specimen that may accompany appreciable plastic
straining.

In order that the gage length over which angular

.twist was to be measured could be set accurately, cylin—

der € was held rigidly to ring A by three screws (not
shown) at position F while the torsion meter was being
attached to the tubular specimen. These Screws were re— ’
moved before the test. Although readings could be taken

only over a shear—strain range of less than 1 percent dur—

ing a single setting of the torsion meter, it was possible

by resetting the meter, with - the aid of the three place-—

ment screws at- F, +to extend indefinitely the range over

which straing$ .could be.nmeasured.

The smallest division on the collimator scale repre—

. sents ra relative angular motion‘of the two rings of 0.0002

radian, which corresponds td a change in strain of less
than 0.004 percent. By means.of a vernier on the collima—
tor scale, changes in strain could be measured directly

to less than 0.0002 percent,

EASUREMENT.-OF STRESS, STRAIN, AND PERMANENT SET IN TORSION
Method of Test

In order ‘to investigate the relationship:between
stress, strain, and permanent set .for a ' metal undergoing
shear , a torsional stress—set curve and a correlated tor—
sion stréss—<strainicurve were determined. For this purpose
the specimen was loaded and untoaded eyclically ‘in torsion
to progressively greater values of torgue until.a plagstic
shear strain or torsion set of about 0.1 percent had been
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reached. The minimum-value of “torgue (unloaded state) in
each cycle was 180 inéh—pounds. - By plotting the maximum
shear stress for each cycle against“the corresponding
total shear strain, a torsional gtress—strain curve was
obtained. By plotting the:maximum.shear stress for each
cycle against “the .corresponding value of total plastic
shear obtained after reducing the torque to 180 inch-—-
pounds, a torsional stress—~set ceurve was obtained. This
procedure 1is analogous to that used in the investigation
of the tensile elastic properties of metals (references 1

s 4 :

In obtaining such correlated curves, it was important
to adhere to a carefully predetermined time schedule. For
a series of cycles, the rates of loading and unloading
were about the same for each cycle. The maximum and mini-—
mum loads for all ¢ycles were each maintained for a period
of 2 minutes. Torsion-meter readings were obtained at the
bleginning of the series of .¢yéles and at the end of each
2—minute holding period,

The fobtal torsional set or tobal plastic sHear at the
end of any cyclé (180-in.-1b lead) was computed from the
difference between the meter reading at the end of such
cycle and the reading at:the beginning of the series of
loading ecycles. The torsional set or plastic shear ob-
tained ‘during a single cycle is equivalent to the differ—
ence between the positive and the negative torsional creep
oeeurring during the .€ycle, : Positive creep will occur
while approaching and maintaining the upper load; negative
creep will occur while approaching arnd maintaining the
lower load. The total strain for any load was computed
from the difference betiveen the torsion—meter reading at
that load and the reading at the beginning of the series
of cycles. i :

In order to investigate the influence of prior plastic
torsion on the torsional stress—set and stress—deviation
curves, after the determination of the initial curves, sonme
specimens were twisted plastically by numerous successive
inerements of plastic shear until definite signs of buckling
of the tube were noted. Correlated torsional stress—strain
and stress—set curves were obtained after each increment
of plastic shear. Some of these increments were equivalent
only to the plastic shear obtained in the tests upon which
the previous stress—set curve was based; others were much
larger, Between these increments of plastic shear, the
specimen was allowed to rest after unloading before deter—
mining the subsequent stress—set and stress—strain curves,
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The duration of such a Y"rest interval" has a pronounced
influence upon the form .of the stress—set and stress—
deviation curves derived from subsequent measurements.

:Certain changes will: 6cdeur in . the testlspecimen dur—
ing the rest interval, as evidenced by negative shear
creep during this period. This ereep is ‘analogous to ‘the
negative creep in tension occurring during rest between
successive tensile loadings of a specimen.

The mrior plastic torsion fior any one series oef Eycles
will be defined as the difference in shear strain , as
obtained at the 180-inch—pound load, at the beginning of
that series and at the beginning of the first series.

Since the torsion meter was reset after each series of
cycles, the prior plastic torsion actually wasg measured as
the sum of the total torsién sets given the specimen prior
to that series.. The bterme "prior plastic torsion," "plas-
tie borsion:! and "prior: torsion'-are used synonymousiylin
this report,

Calenlation of S#éress and Strain Values
and--Priesentation ‘of Results

Since the tubing selected for test was of appreciable
thickness in order to permit large amouants of plastie shear
without buckling, the shear stress and therefore the ‘'shear
strain increased somewhat from the inner to the outer por-—
tions of the wall. i

An exact determination of the shear stress at any ra—
dius is possible (reference 6), but complicated, since the
distribution of stress along a radius is dependent upon
the form of the shear stress—strain curve of the metal.
Bhe shear fotrain.or: toresionsselt '~ Youalb nadiuwsy: vy is given
by the relation : ol -

ro
1

v < d5)

where 8 is the angle of twist produced in gage length 1.

Methods of  approximation, based on some simplifying
assumptions, generally are used to determine the shear
stress and strain. Ian_ this report ,..the method echosen
(reference 6) was based on the calculation of the stress
and strain in the mean fiber on the assumption that both
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stresses and strains increase linearly with the distance
Hreom the -axlg of the tube, as they doe in-the - elastic case.
The following notation is used:

M applied torque, inch-pounds

D . outer diameter of tube

G thickness of tube

= ; D—%
r mean radius . = T
the shear stress
; 1
g 2 M r ] (2)

7 D3 t‘ ; e SR

and the shear strain

Y = _1:..9. 6D

l 2l

“\
\
!

19
5/ oy

Il
|
|

(1_

It can be shown that for /D = 0.12 the stresses
so calculated would not differ by more than 14 percent
from any stress existing in the wall and that the stresses
at the mean fiber calculated from equation (3) could not
be in error by more than 1,5 percent.. Since torsional de-—
formation of a tubular specimen produces only negligible
changes 1n the dimensions of the tube, values of stress,
strain, and set were based upon original dimensions.

By the use of tubes having nominally constant values
g b .and D,  a comparigon of wvalues, of sbress and strain
obtained with different specimens would be vslid, nothwith-—
standing the form of equation (2) or (3). Shear stress—set
curves were derived from values of shear stress and torsion
get calculated by equations (2).and (3).

The shear stress—strain relationship is best studied
by uvse of the shesr stress—deviatien curve.. Such a curve
is obtained by plotting against the shear stress, not the
total shear strain,but the difference between the total
shear strain produced at the maximum load for each cycle

and a strain for a corresponding load computed on the basis

of an assumed constant vslue of the shear modulus of elas-—
vtieity,. These differences.represent -deviastions of the-
actual stress—strain curve from a straight stress—strain
line the slope of which is based on the chosen value of the
modulus,. With a suitable choice of the assumed value of
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the moduluws’; the Stress=deviation curve gives a very

.'sensitive representation “of ‘the "variation: of strain with

stress.
Accuracy of Set-apnd-Strdin -Values

As previously noted, values of strain and set are
determined from readings made at each upper and lower
load. During the making of strain meaSurements, ‘any
deviation from the selected load setting will introduce
an error in the test because of a resultant change in
elastic strain. This deviation will depend upon the
accuracy of reading the dial, the ability of the testing—
machine operator to adjust and maintain the load during
measurement, and the frictional torque of the bearings
between the pendulum’ and the specimen. Because of the
high gear ratio in the loading mechanism and the use of
ball bearings between the vendulum and the specimen,
errors due to the two factors last mentioned are negli-
€ible. By use of a vernier c¢cn the loading scale, shear-—
stress variations of about 70 pounds per square inch
could be detected. Tf a shiesr modunlus of 11,000,000
pounds per sguare inch 'is assumed, this value ccrresponds
to a shear—strain error of about 0.0006 percent. Such
an error will be minimized when a number of experimental
peints are used in fairing the siress—set and the stress—
deviation curves. The actual errors do not appear suffi-
cient to invalidate the conclusions drawn from the tests.

INFLUENCE OF PLASTIC EXTENSION ON TORSIONAL ELASTIC

- PROPERTIES OF ANNEALED IB:S“CHROMIUM—NICKEL STEEL

The torsional elastic properties of 18:8 chromium—
nickel steel, determined for the material in the as-—
received conditions, designated annealed TA, half-—
Hard  TB, @apd hard ©TC, ©ure 1isted in table I]1. The
determination of these values is discussed later.

In order to obtain this alloy in intérmediatestagm of

cold work, a series of hard—grade specimens were treated
as follows: They were initially softened by heating to
19000 F and water quenching; the heating at 1900° F com-
pletely dissolved all carbides® and the subsequent guench-
ing prevented their reprecipitation at the grain bound-
aries. The material so treated was less hard than the
annealed material as received.” By using the initially
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hard—-grade materisl, structural uniformity was assured.
Some of the specimens thus treated were then extended
different amounts .in a tension—testing machine; these

Bt ciia oflg were»0sBy 0110, - 240,. 840, 530, 1040, /and 2050
percent. The steel reinforcing plugs later required in
the torsion tests were inserted in the ends of these
specimens prior to these extensions, Careful measurements
were made of the extension and of the average diameter of
tihe .reduced section of 'each tube,. The tests of this ser—
ies of specimens and of an unextended annealed specimen
will next be considered,

Torsional Elastic Strength as Influenced
b Prior: Plastiec Zxlension

Shear stress—set curves and correlated stress—
deviation curves, derived from torsion tests made upon the
svecimens previously extended various amounts, are shown
in the upper and lower rows, respectively, of figure 3.
Only single curves were obtained for each specimen: The
percentage of prior tensile extension given each specimen
after snnealing is indicated on the corresponding curve.
Bisthc” lower portion of the . figure, abscissas represent
values of torsional set as derived by equation (3); the
scale :of "abseissas is indicated and expressed ‘as percent
torsion (strain). The ordinates represent shear stress,
which is computed by using ecuation (2) and is based on
the dimensions of each specimen after prior extension,

The stréess—set curves show that the highest values of
shear stress over the indicated ranges of permanent set
were obtained for the specimens having the largest prior
extensions. The slopes of these curves over the lower
stress range, however, vary in a different manner; the
steepness of these curves decreases progressively for the
initial stages of prior extension and then increases dur-—
ing subsecuent stages., The shear proof stresses corre-
sponding to selected values of plastic shear or torsion
set, termed "proof sets," were determined from stress-set
curves. The values of proof set selected were 0.001,
e 0,08, 0.03, and 0,1 percent; these values ave
pumerically the came as those used in the determination
of the tensile proof stresses of metals.

The variation of shear proof stresses with prior ex-—
tension for these specimens is shown in figure 5. The
proof—stress curves for 0.01-, 0.03-, and O.l—-percent
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set rise continuously with increasing values of prior
extension. The curve for 0.00l-percent proof set, how-
ever, decreases to a minimum for small values of extension
and rises: only slightly with further extension: it s

thus qualitatively St s e tiof tihe correspond1ng curve Tior
tensile proof stress (references 1 and 2)

In reference 4 it was noted that the oscillations in
the tensile proof stress—extension curves might be attrib—
uted to variations of one or more kinds of internal stress.
as shown by Heyn and Bauer (reference 7) and by Masing (ref—
erence 8), the internal stresses induced by plastic defor—
mas i ons jgre 'of three kinds. The first kipd, which is re—
ferred to in this report and in -reference 4 as macroscopic
Intbernal ‘Shress, ls caused by nonuniformity of plastie
deformation in different parts of -a cross section. Suech

internal stress tends to lower the observed elastic strength,

The second kind, referred to as microstructural stress, is
caused by initial differences in the resistance to plastic

deformation of variously oriented grains or to differences

in the ‘strength of different. microconstituents; this type
occurs when the metal is stressed beyond its yield strength.
Masing has attributed the cause of the Bauschinger effect
and of negative ‘creep to the second type of internal stress;
That is ., ' 1t btends to.lncrease the resistance Lo deformation
of the metal in ‘the direction of previous loading and to
decrease the resistance in the opposite direction. There

is some evidence, however, that the influence of microstruc-—
tural stress is very similar to the influence of macroscopic
internal stress. ‘

The third kind of internal stress described by Heyn
end Masing is associated with space—lattice changes involved
in work hardening. It has been shown by Smith and Wood
(reference 9) that plastic extension of iron causes the
existence of a three—dimensional expansion after removal of
the stress. This type of internal ‘stress cannot be totally
eliminated except by recrystallization. There is some
evidence that the lattice expansion increases linearly with
increasing plastic deformation. - The lattice expansion is
associated with one or more structural changes (other than
change of c¢rystal orientation) occurring during work
hardening, such as slip on crystal planes, grain fragmen—
tation, and so forth. " There: is some ewidence: that ‘the
Bauschinger effect is partly or wholly due to lattice ex—
vansion. In the present report, as in earllier reports;
the term internal stress does not apply to stresses due to
space—lattice changes. The influence of space—lattice
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changes — that is, the lattice—expansion factor (the term
work—hardening factor also has been used in previous
papers) — will be referred to frequently in this report.

The increase in macroscopic or microstructural in—
ternal stress, after slight plastic deformation, probably
Predominates in causing the initial lowering of the 0.001—
percent shear proof stress as shown in figure 5. At
greater values of prior extension, however, the subsequent
rise of the 0.00l-percent proof stress probably is due to
the predominant influence of the lattice—expansion factor.
The progressive rise of the proof—stress curves for 0.01-—,
0.03—, and O.l-percent set is a manifestation of the pre—
dominance of the lattice—expansion factor through the
entire range of prior extension. As separate specimens
were used st esch wvalue of extension, the influence of
varying rest intervals and extension spacing was hobt a con—
trolling factor, Therefore, significant fluctuations in
the proof-stress curves do not occur,

In reference 2, the work-—hardening index of a metal
was empirically defined as the ratio of the O.l—percent
tensile proof stress measured after 3—percent extension to
e obtained before extension. This ratio for the an-—
meslled alloy was found to ve 1,74, The ratio determined
in a similar manner for the O.l-percent shear proof stress
is 1.70. Computations based on work by Nadai (reference
10) would indicate that a O.l-percent tensile strain causes
shear strain in the direction of the maximum shear stress
about equivalent to that caused by a 0.l5-percent torsion
strain (reference 6), Although values of plastic torsion
as great as 0.15 percent were not obtained during any sin—
gle setting of the torsion meter, the nearly horizontal
slopes of the stress—set curves above 0,10-percent torsion
(fig. 3) would indicate that the ratio for the 0.l5-percent

torsion proof stress would not differ greatly from the
Wwaiiue of 1.70,- - This. faelf suggests that tensile and forsion

stress—set measurements give similar values for the work—
hardening index.

S shown in table III, the values of shear proof stress
for .the half-hard and the hard alloy are significantly
greater than those obtained for the metal extended 20 per—
cent , As previously noted, the values of shear proof stress
for the material annealed :in the laboratory were lower than
those for the material as received. It is not known whether
this difference is attributable to a difference in annealing
temperature used in the two cases or to a possible finishing
treatment given the as—received annealed material in
straightening rolls or dies that would impart cold work.
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Effect of Plastic Extension -on Shear Stress—Deviation Curve

An incomplete view of the elastic properties of a
metal is obtained by considering only the relation between
stress 'and the residual deformation after the applied
stress is released. The anfluence of ‘sbress! on® the acecom—
pany.ing total strain and on the elastic strain should ailso
be considered. These relationships are revealed by the
stress—~deviation- curves and by subsequently derived curves
and indices. - '

In the upper 'portion of figure 3, the broken—line
curves represent deviation values calculated from stress
and strain measurements by the method described in the pre—
ceding section, using an assumed value of 11x10°% pounds
per square inch.-for the shear modulus., The solid—line
(corrected) curves were derived from the broken—line curves
by deducting values of set obtained from corresponding
shear stess—set curyves .immediately below, Abscissas rep—
Tesent values of deviatdion:; the scale of abscissas ds indi—
cated and expressed in percent torsion (strain). The cor—
rected shear stress—deviation lines are generally curwved,

“indicating a decrease of the msadulus of elasticity with

increase in stress. With an increase in the value of prior
extension, the general slope of the corrected curve de—
creases, thus ‘indicating a corresvonding decrease of the
mean value of the modulus. The relationship between the
curves is better revealed by the derived diagrams (figs.

4 and 6).

Variation »f Shear Modulus with Stress
as Influenced by Plastic Extension

The shear secant modulus, given by the ratio of
stress to elastic strain, 1s used in this report to study
the variation of the shear modulus of elasticity with
different stresses. The tensile secant* modulus was used
in the previous reports to study the influence of several
falehors on the wariliablion of Young'ls medulus with sitress.

The variation of the shear secant modulus of elas—

ticity with stress derived from the corrected stress—

deviation curves in figure 3 are shown in figure 4. The
prior extension in percent, given each specimen, is indi-
cated on the corresponding curve.

*This modulus differs‘from a frequently used secant modu—
lus based on the variation of total strain with stress.
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The points indicated in figure 4 do not correspond
to stresses at which strains were measured, but to se—
lected points on the corrected shear stress—deviation
curves for -which the secant moduli were evaluated.

, With the exception of the curve for 5-percent exten—
sion, the:- lines are vertical over the lower part of the
stress range, The curve for 5—percent extension shows a
continuous decrease in modulus with increase in stress.
The curvature of the shear sftress—modulus lines at the
higher stress values indicates a slight decrease of the
modulus values,

The shear modulus at zero stress Gp may be deter—
mined divectly from the shear stress—modulus’' line by ex—
trapolating to zero stress (references 2 and 4), When
the modulus line is straight, the variation of the secant
modulus of shear G with shear stress S may be repre-—
sented by

- T BT T (4)

The constant k is the cotangent of the angle of
Slope of the shear stress—modulus line. It has been found
more convenient to express equation (4) in the form of

G = Go(1 — CgS) (5)

where Cp = k/GO represents the linear stress coefficient
it he 'secant modulus.

When the torsional stress—modulus line is curved
from the origin, the stress coefficient of the modulus
Co according to equation (5) would no longer be constant
but would vary with stress. By adding another term to
equation (5), such a stress—modulus line may be more cor-—
rectly represented as

G = G45(1 -~ Cys - C's?) (6)
where CO and G . are bobh constant. Lhe constamnt @ G
is the quadratic stress coefficient of the modulus and is
an index of the curwvature of the stress—modulus line. Use
of the second coefficient C' will De ‘made in the discus—
sion of some of the test .results in this report, In fig—
ure 4, however, the values of €' would be small and

therefore were not derived.
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Valugs of .CO are indicated (see fig, 4) by a number
ad jacent to each stress—modulus line, .The wvalue of GO
for each strese—modulus line .is: Andicated by the 1nters@c—
tion of that line with the axis: of. abscissas’.

It is evident that.values of '0n  .and C' ‘change ac-—
cording to variations in the form-of the corrected stress—
deviation curve. The general equation for this curve as
derived from equatlon (6) is

€ = 5/6 = S/G (1 Co

where € is the corrected shear strain. As the linear and
quadratic terms. are small compared with unltv, equatlon (7)

S c'SE) -' _';': (7)

may be written as. . T : , 7
€ & R c's ¢ 8)
(G ) + o o £ X

Since the strain corresponding to the tangent to the stress-—
strain line at the origin is. S/G,, the deviation €4 from
this tangent is :

L% Bl oty 5w 5 e c?ssﬁ : (9)

; - A S = ety .

When the stress—modulus line is straight, ¢! is zero

and the last term in the parentheses of equation (9) disap—
pears, The stress—deviation relationship corresponding to
a straight stress—modulus line, therefore, is represented
by :

(10)

which is the equation of a quadratic paraboia. When C

is zero and the derived stress—modulus line is. curved,
equation (9) becomes

€q = C'S7/6,

which 1s the eguation for a cubic parabola.

e possibleé that the -shear stress-—deviation curves
are more accurately represented by equations of a different
form, involving additional polynomial terms, or by a mathe—
matical expression of a different type. If the near
linearity of the derived stress—modulus curves is consid-—
ered, however, use of the empirical equations is justified.
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Influence of Plastic Zxtension on
Shear Modulus of Zlasticity

Figure 6, based on the values of Gp and Cp de-— |
rived from the curves in figure 4, shows the variation
of Gg and Cqo with prior plastic extension of the an—
nealed alloy. Abscissas represent plastic extension in
percent. The ordinate scale on the left—hand margin rep—
resents values of the shear modulus at zero stress Gg
plotted in the upper curve. The scale of values of ¢
plotted in the lower curve is found on the right—hand
margin.

The shear modulus of elasticity G, decreases gen-—
erally with increase of prior extension (fig. 6). The
value of CO was zero in every case except for the 5-—

percent extension. The positive value of CO indicates

that the corresponﬁing stress—deviation curve in figure 3
is not linear over the lower stress range, Such devia—
tion from linearity is not apparent in figure 3 and was
measurable only when the curve was drawn to the much
larger scale used for the original diagrams. No great
significance should be attached, therefore, to this singu—
bar deviation in the . Co . extens1on eu T ve L s NEnleritio s ilia
extension does influence the values of  Gp but has little
influence on CO

Influence of Various'Factors.upon Torsional and Tensile
Elastic Properties as Affected by Plastic Extension

In references 2 and 4 it was noted that the variation
of the tensile elastic properties with extension or with
annealing temperature could be directly associated with
three important factors: namely, (a) internal stress, which
may be either macroscopic or microstructural; (b) lattice—
expansion or work-hardening factor; and (c) ceystal reori—
entation. The first twc factors were described previously
in this section. The term crystal reorientation as used
in this paper implies the change from a state of random
orientation to a preferred state after appreciable deforma—
tion, This change may have a precnounced 1nflupnce upon
the elastic properties of many metals.

Increasing macroscopic or microstructural internal
stress will tend to decrease the tensile proof stresses
and increase the tenslile modulus ®f elasticity and its lin-
ear and gquadratic stress coefficients ‘Cp and C', 4n
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increase in the "lattice “expansion is accompanied dy an in-
crease in the tensile proof stresses and a decrease in the
tensile modulus of elasticity and:its  stress coefficients.

The ‘influence of the crystal-orientation factor is
revealed only by variation-of the mddulus of elasticity;
apparently it has 1ittle ‘imfluence upvn 0Cg, C', ~or the
other ‘elastic properties. Its influence is depéendent upon
the directional variation of the modulus of elasticity with
respect to the principal crystal axes and upon the preferen—
tial crystal orientation found in the metal after appreciable
cold “work. Detailed ‘discussions of - this subject are given
in references 2 and 3.

The “variation of the several elastic properties with
prior extension, with ‘prior torsion, or with annealing
temperature will depend upon the relative dominance of

these several Tactors.

The shear modulus at zero stress Gg (fig. 6) and the
tension modulus at zero stress Ej (reference 2) for the
annealed 18.:8 alloy, in general, decrease progressively
with increasing plastic extension. This decreasé is at—
tributed in both cases to the predominant influence of the
lattice—expansion factor, It has been noted that the pro-
gressive increase 'of the torsional proof stresses with
Prior extension as shown in the curves for 0.01— to 0.10-—
rercent set of figure 5 can be attributed to the predomi-
nant influence of lattice expansion. A similar relation-—
ship has been found for tensile proof stresses.

In tension tests, in which single annealed specimens
were given a series of successive extensions, the infiu-
ence of these factors and of rest interval and extension

- spacing was evidenced by the fluctuations of the proof

stresses, the modulus at zero stress Ep and its stress
coefficients, Cp ‘and: C': Sueh-fluctiations are nbdt

ments obtained with an extensometer, which, though normally
direct reading, was found tater to contain a fixed calibra—
tion error; the extensometer assembly previously had been
altered in an unorthodox manner., Knowledge of this error

was obbtagined. only after the report. was first published. It
is necessary, therefore, in order to secure proper q.antita-—
tive data from this report to study an important. errata sheet
that should accompany all copies. The corrections indicated
by this errata sheet are quite simple, involving only the
multiplication of some modulus values by.a fixed correction
factor; this, change does not affect qualitatively the results
or conclusions given in the original.reporst..
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eviddent  in figures 5 and 6. .'As previously stated, the
gradual increase of internal stress with increasing exten—
sion (fig. 5) is evidenced by its depressing influence
upon the shear proof stresses for the lower wvalues of set.
This effect has been noted also in tension: measurements.

In tension tests of the annealed 18:8 alloy, it was
noted that the linear and the gquadratic stress coefficients
differed considerably for different degrees of prior exten—
s fon. o torsion Glesbts, the dinear stress coeffiecisnt C
is zero over nearly the whole extension range (fig. 6);-
whereas  C!, as evidenced by the slight curvature of' the
stress—modulus lines (fig. 4), is small, This difference
in values obtained in tension and torsion tests is not
wholly accounted for by differences in the two test pro—
cedures. It is probable that plastic extension influences
the torsion coefficients to a somewhat lesser degree than
it does the tension coefficients. In tension measurements,
Co first increased, owing to the predominant influence of
increasing internal stress, and later decreased, owing to
vlhe® preidominant  influence of lattice expansion.!! The dn-—
ternal—-stress factor evidently predominated only in the
very early stages of extension in causing a rapid rise of
C', which then decreased more gradually to zero within 12—
to 1l6-percent extension.

The crystal—orientation factor, which exerts a pre—
dominating influence only after large extensions, is evi-—
denced in tension tests in the later rise of the modulus
eurves . of such materials as monsl metal, Inconel (reference
2) nickel, and copper (reference 4) but not in the.curves
of 18:8 chromium—nickel steel (references 1, 2, and 4).

The rangée of plastic extension in. the present. torsion
tests, however, is insufficient to cause any apprPClablP
crystal reorientation, -

INFLUSNCE OF PRIOR PLASTIC TOXSION ON TORSIONAL ELASTIC
PROPERTIES OF 18:8 CHROMIUM—NICKEL STEEL
Extension causes cylindrical deformation of the poly-—

crystalline alloy if the ftension is applied without trans—
verse restraint, In the cold drawing or rolling of bars,

edditional transverse réstraint is applied,: Tensile load-

ing can be shown to be Pquivalent to the simultaneous ap-—
plication of a volume—expansion force and shearing forces
along planes situated at an angle of approximately 54%44
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with-respect. to the direction of loading. .Tt was' consid-—
ered of interest, therefore, to study the influence ‘of-
plastie shear. alone upon the torsional elastic properties

s ot he: A28t 8xadt loey..

The test procedure was similar to that used in the
previous 'investigation of the effect. of prior extension

-upon the tensile elastic properties of metals (references

1 to-4). This procedure consists in obtaining correlated

"torsional stress—set and stress—deviation ecurves. from

test data for a.single specimen, in the as—-received condi-

tion and after imparting successive predetermined incre-
-fhents of plastic. torsion, The. method of determining indi-

vidual (torsional stress—set or stress—deviation curves is
descr.ibed ‘in a preceding section. This procedure was fol-
lowed flor the annealed, the half-hard, and the hard 18:8

chromium—nickel steel.

In tension tests, the range of- the plastic extension
over which elastic properties were measured was limited to

-the range. of: uniform contraction of the speecimens. . En

torsion tests, however, no significant change occurs in the
cross section of the tube. The limitation to uniform de-—
formation will be shear fracture, or buckliing or helical de—
formation (reference 6) .because. of elastic -or plastic in-—
stability.

" The use of -thick-walled  tubing, as indicated in a pre—
ceding section, would decrease both the uniformity of stress

distribution and the accuracy of determining the mean stress.

These [considerations led to a compromige in .5 value of. 0.1
fior hhe” rat o of walidl: fhickness  to tube-wdigmeter. « In %he
present investigation, obserwvable helical deformation was
found [to be the only limitation to thn range of unlform
deformation. .

Bfifect:, of- Prilor Plastic Torglion mpon Torsienal Bllasitidc
Strength- of Annealed 18:8 Chromium-Nickel Steel

Shear stress—deviation and stress—set curves are shown
in the upper and leower Trows, respectively, of figure 7, as

Lobtained after warious inerements of plastic torsion ofia

specimen of the as—received annealed alloy. ' The origin of
each curve is shifted to the right a constant distance from

the origin of the preceding’ curve - Bach' curve thus has its

‘own scale pE" abisteissasd,
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The curves from left to right were obtained consecu-
tively after intervening (varying) amounts of prior plastic
shear.  Some of these shear increments were large; others
were equivalent only to the plastic shear obtained in de—
termining the previous shear stress—set curve. Between
increments of torsion, the specimen was allows to rest be—

" fore determining the subsequent stress—strain and stress-—

sel leurvels., The duration “of ‘such a' rest dinterval will
have a pronounced influence upon the form of the stress—
set and stresgs—deviation curves derived from subsequent
measurements,

In making a series of torsion tests of a specimen, a
total plastic shear of about 0.1 percent was usually ob-—
tained during the initial test. After a rest interval of
sbout B0 minutes, a gecond series’' of load cycles was ap—
Plied to the specimen and a somewhat greater total plastic
ghiear was obtained;:  Oceasionally, following a similan
rest interval, a third series of measurements was made
during which a large total plastié shear was obtained.
e inatroduction ‘of a third test in a seriesg, '@ procedure
that was not followed in the measurement of tensile elas-—
tic properties, was made in those cases where the time
schedule permitted; it enabled the securing of additional
useful test data within a given total time interval with-
out influencing the results obtained from other tests in

the series. Following this pair or trio of tests, the
specimen was allowed to rest for a period of 18 hours or
longer and the entire procedure was repeated. This sched-—

ule was continued until helical deformation of the test
specimen occurred.

Certzin changes will oceur in the test specimen dur-—
ing a rest interval as evidenced by negative torsional

creep during this period. Any variation in temperature
‘with time after previous plastic shear, although effecting
felehonce of . dimensionsg of the specimen, will not. cause any

change in the torsion—-meter readings. Since elastic shear-—
ing strain causes no change in volume, no subsequent ther-—
mal creep occurs (reference 1). Torsional negative creep

probably is associated only with changes in lattice expan-—
sion following preceding plastic torsion.

The prior torsions are nof indleated in figure 7. The
curves are numbered consecutively, however, and the per-—
centages of prior torsion., as calculated by equation 3 in
terms of unit shear, may be found by referring to the cor-
responding points in figures 9 and 10, These points are
calculated from curves in figure 7 in a manner previously
described for figures 5 and 6.
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The rest interval preceding eagch test 'is indicated

by, a designating symbol . for the eurves or  points -on the

diagrams. In figure 9 the shear proof stresses are plot-—
ted against the corresponding percentage: of prior plastic
torsion. - Pifferences in the -increments of plastic torsion
between curves permit the determination of the influence of
this variable upon the form of the stress—set curve and the

. walups (lof bihe deriweds proof stresses, o The distributions of

these increments over the range of total prior torsiomn is
termed "torsion spacing." The shear stress—set relation-—
ship, as affeeted by plastic torsion, rest interval, and
torsion spacing may be studied best by considering both
the stress—set curves and the derived curves showing the

-variation of the shear proof stresses with different de—

grees - of prior plastic torsion. The steeper the stress—
set curve, the higher are the derived proof stresses. As
indices of torsional elastic strength, the proofi stregses
based on 0.001— and 0.003—percent torsional proof set
probably should receive more consideration than the proof
stresses based on larger percentages of plastic shear.

The O.l-percent torsional proof set should be viewed as an
index of the shear yield strength rather than as an index
of thel shear elastic strength.

The oscillations of :the 0,001l- and 0.003—percent
proof —stress curve (fig, 9) generally are larger than,
though similar to, the-curves for the higler walues of
proof set. The oscillations are therefore principally due

~to changes in the properties of the test specimen and not
%o a lack of accuracy of the testing apparatus. These

oscillations are gqualitatively similar to those obtained
in the tensile proof stress—extension curves for this
alloy (references-1 and 2).

The stress—set. curves (fig; 7) obtained after long
rest intervals generally are less steep than those obtained
af ter) short rest Intervals.  For sweecessive curves having
shortlregts intervals of similar length " the curve corre—
sponding to the smaller torsion spacing generally is
steeper; this difference in steepness usually ‘is not
marked, 'These relationships are best illustrated in the

derivied diagram of figure-9, Points. corresponding to long
rest |intervals are usually lower than those correspending
to sHort intervals,  With two successive point. correspond—

ing to equal rest intervals, the second points, which cor—
responds to a large prizr torsion spacing, usually is
slightly: lower-. =t

+The oscillations: (fig. 9) dwe to the influencé-of rest

| R I i
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interval and torsion spacing are superposed upon curves
gffswepiat i on. of proeoof stresses due to pricr plagivit tier—
sion alone, These last-mentioned curves, hereinafter
termed "basic curves,! are smooth in form but cannot be
determined independently. The basic curves would be ap-—
Proximately parallel to curves drawn through the mean
eis i tiikons. of - the wosecillations.

The basic 0.1— and 0.03-percent shear proof stress
curves in figure 9 would rise continuously over the indi-

gated range of prior torsion, The two lower basic curves,
" however, would show a rise over only the initial part of

the range of plastic torsion and would thereafter descend

gradually. These oscillations in the proof stresses (ref-
erences 1, 2, and 4) probably are due to variations of in—

ternal stress. The decrease of proof stress following a

long rest interval is attributed to negative creep induced

by the preceding plastic deformation,

The rapid initial rise of the basic proof—stress
curves (fig. 9) with prior torsion and the more gradual
rise in the upper curves for subsequent stages of prior

torsion (0.l1— and 0.03-percent Set) are attributed to work

hardening of the metal in shear; that is, to the lattice-—
expansion factor.

The relative influence of plastic extension and
plastic shear may be noted in a comparison of figures 5
and 9. The differences in proof—-stress vezlues for corre—
sponding sets at zero abscissa are due to-differences in
the initial hardness of the specimens. As previously
noted, this condition is due to the difference in treat—

‘ment of the as—received—annealed and laboratory—annealed

material, and may account for the generally lower value
gt proof -stress.for the curve in figure 5 ;than for the

igorresponding curve in figure 9.

Because two weeks had elapsed between the time of
prior extension and the time of testing the specimens re—
ferred to in figure 5, it. is presumed that the processes
of negative creep were completed during this time inter-—
T This conclusion is evidenced by the gradual rise
of the proof—stress curves (fig. 5); if the process of

-negative creep was not completed in the extended specimens
there would have been a large increase in the proof-stress

values between 0 and 0.5-percent extension (such 88 e
Wileated in fig. 9).,
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The ‘general rate :of increasse of ‘proof stress in the
curves for 0,01= 40 O.l-percent.set for tensile: extension
(fig. 5) is greater :than  that for the corresponding curves
for .prior plastic shear (fig., 9). ".It is -of ‘interest, :
therefore, to: obtain an index of initial work hardening
of this metal in shear, B9l i sF assumed? thal The matio
of shear strain to tensile strain is. the same as. the the—
oretical equivalence of these factors; that is, 11: 1, the
shear work-hardening index comparable to the previously

-def’ined tensile work—hardening index would be the ratio of

. the O.l-percent shear proof. stress at 4i—09rcent privoee
torsion to that at O percent prior tors1on. For' the as—
Tepblyved nonosled alleoy TR - (fig,. 9), this ratio is 1.30,
a value somewhat smaller than the value of 1.70 prev1ouslv
computed for the tensile work— —hardening index (fig. 5)
This difference in work—hardening index would be even
greater, except for the rapid increase in shear proof
stresses during the initial stages of prior plastic shear ;
(fig. 9). The difference in value probably is largely due
to the differences in hardness of the as— TPCPlVPd annealed
and laboratory annealed cp9c1mens.

" For -the hlgher values of prior plastic strain, the
O0.1l-percent torsional proof stress curve based on prior
extensien (fig. 5), is steeper than the curve based on
prior torsion (flg. 9). At large values of prior deforma-—
tion, however, the averagé”ri§p'of the O,l-percent proof—
stress |curve in flgure b over -s prior—extension 1ncrement
of-:1,0|percent is apnrox1mately equivalent to the average
Tise of the corresbponding curve ih figure 9 over a prior—
torsion increment of 1,5 percent. This relatlonshlp indi-—
“cates that the work-hardening rates for large strain values
of the alloy induced by tension or by torsion are approxi-—
mately equivalent if the assumption regardlng the equivalence
of tengile to torsional straln s correct

Bffect of Plastic Torsionhdn Stress—Strain Rnlétionship
of Annealed 18: 8 Chromium—Nickel Steel

The corrected stress—deviation curve .of the annealed
alloyi(fig, 7) tends to decrease in slope and tq increase
in curvature with increase 1n}ﬂast1c torsion. There is-,
moreoyer ; no direct .relationship between the form of this
curve and the duration of the rest interval,. The signif-—
icance of variation in the form of the curve is revealed

in the derived diagrams (figs. 8 and 10).
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The stress-—modulus lines in figure 8 show an increase
n Seurvature with an inerease in . prior topsion. The ini—
tial slopes of these curves, however, do not vary in a
Pegular manner. The variation with prior torsion of the
shear modulus at zero stressg Gy and its linear stress

coefficient Cp 1is shown in the upper and lower curves,
respectively, of figure 10. The shear modulus decreases
with increasing plastic torsion at a gradually diminishing
rate, reaches a minimum at about 8—percent torsion gnd then
Imerieases slightly with-further torsion.

The value of ©Cp fluctuates considerably throughout
the range of torsion, A curve drawn through the mean posi—
Witenilof tHe ‘points, However, would rise rapidly at first,
Mealeh '@ maximum at a .-torsgion of about 3% percent, and then

recede only slightly thereafter, Slight differences in the
form of the lower parts of the stress—modulus lines cause
large variations in the value of Co. Because of the

marked curvature of the stress—modulus lines for this alloy,
values of the quadratic stress coefficient C' have been
derived from these curves and plotted against prior torsion
(fig, 11). The derived curve may be considered as consist—
ing of oscillations superposed upon a basic curve of smooth
form. The basic curve would rise continuously with torsion
reach a maximum at a torsion value of about 12 percent,and

decrease thereafter. This eurve Wifters fron the curyed of
variation with prior extension of the quadratic stress co—
elff el ent 7€ of® the tengile modulus; as moted in refer—

Eliees 2and 4, the tensile curwve riges abruptly te a maxi-
mum and then decreases at a lesser rate, reaching a zero
value after 12— to l6—percent extension,.

Values of the shear modulus at an intermediate stress
of 20,000 pounds per square inch have been plotted against
prior torsion in figure 10; these values were obtained
directly from figure 8, This curve shows a general decrease
of this intermediate modulus G5 throughout the indicated
Mami-ellof sprifor torsion; bthe curve is quite smooth in form.
It e gl 1biat ivedy: samilar to the intermediate tensile
modudus " Fizo and Egpo curves.for this alloy.

It can be shown that the differences between values of
Goo and G at corresponding prior torsions are dependent
principally upon the large values of the quadratic stress
Bhetficieat: C', - and only to a lesser extent upon the
values of Cpy.  The differences between values of the tem—
sile moduli Ey and Ego at corresponding extensions (ref—
erences 1 and 2) were found to be dependent principally
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upon‘the-magnitude of the linear stress cqeffigient:‘Coi
It must be noted that the G,, curve (fig, .10) is plotted
over the lower range of deformation; whereas the. Eanp and
BE5o - curves are plotted over somewhat higher ranges of
deformation. The torsional stress—deviation curve for

annealed 18: .8 chromium-nickel steel, therefore, is:-nearly
a-cubic parabola throughout -the range of .prior torsion;

-whereas tensile stress—deviation curves of the form of cu-

bic parabolas are obtained only in-the initial :range of
prior extension. The oscillations of the curve for Cjp

(fig. 10) and €' (fig. 11) are irregilar and theré&fore

‘bear no apparent relatiom to the magnitude of rest inter—

vals and torsion spacings, It is.probablke that these
irregularities are."dwe partly ‘to oscillations in internal
stress and partly to :limitations in the .sensitivity .of -the
apparatus. The relatively smooth forms of the curves of
variation of . G. -and. Gps with prior torsion (fig, -10)
indicate that time intervals and torsion spacings exert
Tittle influence on the values of these indices, -

_Effect .of Prion Plastic ?Qfsionlupon Torsional Elastic

. ..Strength of Half-Hard and Hard Steel

The torsional stress—set curves of the half-hard and
the hard 18 ::8 chromium—nickel steels are shown in the
lower portion of figures 124 and 12B, respectively. The
amount of total prior plastic torsion corresponding to
each curve may be obtained from the derived diagrams in
Tigures 14 gnd 15,

The stress—set curves for both the half-hard and the
hard alloy corresponding to long rest intervals generally
are -less.- steep than the curves immediately preceding or
following which correspond to relatively short rest inter-
valsy, This.phenomenon is revealed 'in the derived diagram:
of propf stress,versus: prior torsion (fig. 14) by the
minima in proof stresses -for indicated long. prior rest
intervals.

- There is significant increase :din:proof stresses (fig.
14) accompanying the initial.increment- of prior torsion in
every case. With furdther torsion, the proof—stress curves
for 0.01- to O.l-percent set rise. The proof—stress curves
for 0.001- and 0,003-percent set for the half—-hard 18 : 8
chromium-nickel steel (fig, 14A) first decrease and then
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. increase with little oscillation; whereas the éame"btrves
S Be the hard alloy (fig. 14B) fluctuate apprec1ably, ex—

hlbltlng a general decrease with prior torsion.

" The oscillations in the curves probably are associated

with variations in torsion spacing and rest intervals and

are superposed upon basic curves showing more gradual vari-—

eations. These basic curves would be approximately parallel
to curves passing through the mean positions of the derived
points. The minima in the curves at points corresponding
to the longer prior rest intervals is attributed to nega-—
tive creep. The variation of the basic curve for the most
part probably is due to variations in the internal stress.
The sma2ll rise in the upper proof—stress curves of figure
14 suggests that the influence of the lattice— expan51on
Tactor is slight,

Shear Modulus of Zlasticity of Cold-Drawn Steel

The torsional stress—deviation curves for half-hard
and hard cold—drawn 18 : 8 chromium—nickel steel are shown
in the upper portion of figures 124 and 12B, respectively.
The solid-—line curves are derived from the broken—line
curves by correcting for the torsion set obtained from
the corresponding torsion stress—set curves immediately
below. There ic no apparent relationship between the form
of the stress—deviation curves and the duration of the
rest interval., All these lines, however, are prominently
curved.

The stress—modulus lines in figure 13 were derived
from the solid—-line stress—deviation curves. With few
exceptions, the stress—modulus lines are straight through-
out their extent and slope with respect to the vertical,
The linear stress coefficient Co the ipdex of- this
slope, is indicated on each liné,; One notable exception
to the indicated linearity is the initial stress—modulus
Bletof the hard-alloy. This line has. praotically zeroe
Slope over the lower part of the stress range but curves
appreciably at higher stresges, indicating d@crpas1ng
modulus values with ingreasing shear stress. No signifi-
cant curvature occurs. in the other stress—modulus lines.

Figure 15 shows the variation of the shear modulus
of elasticity at zero stress "Gy and its linear stress
coefficient Cp with prior torsion for the half-hard and
the hard 18:8 chromium—-nickel steels. These values are
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derived from figures 13 and 13. The shear modulus at zero
stress ° Gg “of the half-hard alloy is higher than that of
the hard .alloy. During the initial stage of prior torsion
for the half-hard alloy (fig. 154), Gy decreases rapidly
to a minimum but varies little with further torsion. For
the hard alloy (fig. 15B), the value of Gn fluctuates
with change in prior torsion; a mean curve of this varia—
tion would show gradually decreasing values of shear modu—
lus with ‘inereasing torsion,

The linear stress coefficient of the modulus Co for
both half-hard and hard 18:8 chromium—nickel steel fluctu—
ates somewhat but generally increases with increase in
prior forsion; these osciallations are greatest for the
hard alloy. The oscillations in the curve of Cqg in
general have a like course to the curve of G, (fig. 15).

Influence of Various Factors upon Torsional and Tensile
Zlastic Propertiers as Affected by Plastic Deformation

The influence of various factors upon torsional and
tensile elastic properties as affected in each case by
plastic extension was discussed in the preceding section.
In the present discussion, the variation of the tensile
eplastic properties with progressive plastic extension is
compared with ‘the variation of the torsional elastic
pProperties with progressive -plastic torsion.

The increase in internal stress with increasing
plastic deformation of the annesaled alloy tends to lower
both torsional (fig. 9) and tensile proof stresses (ref-—
erences 1 and 2) for the smaller set values (0.003- and

0.001-percent set ), durthsrmore, this ineresse in in—

ternal stress tends to increase the linear (CO) and the
quadratic (C') stress coefficients of the modulus for
bobth forsion. and tension, This: #nerease. al¥so tends to
eause |ensldeht dnitisl rise: fimi & he Gp and Eog curves
(fig. 10 and reference 2).: '

The general decrease of the shear modulus at ‘zero

stress Gg of the annealed alloy with progressive: prior

torsion (fig, 10) probably is due to the dominant influ-—
ence of. tthe lattice—expansion faetor; this: factor also
was apparently dominant in the- - lowering of the tensile
modulus at zero stress "B, with progressive prior exten—
sion. The lattice—expansion factor predominates in caus-
ing a decrease of the guadratic stress coefficient of the
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shear modulus “C' for the higher degree of totrsion (figi
11); it became dominant, however, at somewhat smaller
equivalent deformations in causing lowering of 0! . in

the tensile tests, This same factor is effective in caus—
ing a rise of the proof stresses for the higher values of
set with progressive prior deformation in both torsional
(fig. 9) and tensile tests., The general decrease in shear
proof stresses after a long rest interval following prior
torsion is probable evidence of a partial decrease in
hardness of the metal, which is a manifestation of .the
influence of the lattice—expansion factor,

As previously noted, plastic deformation tends to
change the orientation of grains of annealed polycrystal—
line metals from the random to a preferred state. Because
of directional variation of the modulus of elasticity of
a metal crystal, this change to a preferred orientation
may affect the mean modulus of elasticity of such aggre-—
gates., The effect of this change, however, usually be-—
comes evident only after severe plastic deformatiocns.

This factor is prevalent in causing at indicated
large deformations the rises of the curves showing varia—
tion of the tensile modulus Eop with progressive exten—
Sitep . flor monel metal, Ineconel, copper, and. nickel, ety aides
mloe prevailent, however, in the .tensile curves for an—
nealed 18 : 8 chromium—nickel steel. Although the range
of deformation indicated in the Gy curve g 7O
small, the general decrease in slepe of this curve may
possibly be associated with a change in crystal orienta-—
tion.

In reference 1, the influence of prior plastic sxten—
sions upon the tensile elastic properties of the half-hard
and hard 18 : 8 chromium—nickel steel was shown. The half-
hard grade used for that investigation had received ap—
vroximately the same amount of cold work as had the half-—
hard material us~d in the present investigation; the hard
materials used for the two investigations differed consid-
erably . The comparison will therefore be made only of the
results of the torsion and tension tests upon half-hard
18 { 8 chromium—nickel steel, The two steels used in the
present investigation differed little in hardness,

An initial rapid rise of all the proof—stress—
deformation curves of the cold—-dreswn alloy oceéurs in all
cases whether tested in tension or torsion. This rise
probably is due to the reduction of internal stress accom—
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panying initial deformation. The smaller rate of rise of
the prodf—stress curves for 0,03— and O.l—-percent set with
further deformation is slso characteristic of both the
tensile and torsional cases. Although this condition may
be due partly to the further .relief of internal stress,

it probably is due to a greater extent to the additional
work hardening of the metal; that is, to the lattice—
expansion factor. In tensile tests of the half-hard alloy
and “in (borsional tests of the hard alloy, the proof—stress
curves based on lower set. values fluctuate during the fur-
ther stages of deformation, The more abrupt oscillations
probably are due to fluctuations in rest interval, The
proof—stress values corresponding to bthe longer prior rest
intervals generally are lower,

The torsional-and tensile—modulus (Cy and EO)

curves of the cold—drawn alloy (see fig. 15 and reference
1) exhibit a decrease with increase in deformation. This
condition probably is-due to the dominating influence of
the lattice—expansion factor, The initial value for Cg
for the hard 18 : 8 chromium—nickel steel is low in the
torsion case (fig. 15), but is high in the tensile case
(reference 1); this suggests that the tubing used in tor-—
sion tests may have been given a stress—relief annealing
treatment following cold drawing during manufacture.

INFLUENCE OF ANNEALING TEMFPERATURE ON TORSIONAL ELASTIC

PROPERTIES OF 18 : 8 CHROMIUM—NICKEL STEEL

The effect of annealing temperature upon the tengile
elastic properties of 18 : 8 chromium—nickel steel was dis—
cussed in references 2 and 3. It was found that by anneal-
ing the cold-worked 18 : 8 alloy within a range of tempera—
ture below that of reerystallization, a definifte increase
in tensile proof stresses and tensile modulus of elasticity
was obtained. Similar experiments have been made to ascer—
taln [the effect of annealing temperature on the torsional
elastic properties in the present investigation. A series
of torsion—-test specimens of the hard-alloy tubing was
annealed at temperatures ranging from reon temperature to
1900° F with each specimen annealed at a different tempera-—

ture. A stress—set curve and a stress—deviation curve for
each specimen are shown in the lower and ‘upper portions,
respectively, of figure 16. The temperature at which each

specimen was annealed is indicated on the corresponding
curve. The curves for an annealing temperature of 19000 F
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occupy only a small stress range; they are based on the
Same vdate jas are the initial curves in figure 3 -which
were drawn to a more open stress scale. They are repro—
duced in figure 16 for the purpose of comparison.

Effeet on Torsional Blastie Strength

For specimens annealed within the range of 300° to
1100° F, the initial part of the shear stress—set curves
is more nearly vertical than that for the cold—drawn tub-—
ing as received (fig. 16). The maximum shear stress
reached over the indicated torsion—set range is greatest
for annealing temperatures ranging from 5000 to 5000 F,.

The variations in form of the stress—set curves are
more clearly revealed in the derived curves (fig. 18)
showing variation of proof stresses with annealing tem—
verature. The shear proof stresses increase with increas-—
ing annealing temperature up to about 900° F and then
decrease rapidly with .further increases in temperature.

Lffect on Shear Modulus of Blasticity
and Its Stress Coefficients

The solid-1line stress—deviation curves in the upper
row of figure 16 have been corrected for permanent shear,
These corrected curves tend to become more nearly vertical
with increase in the annealing temperature. A high value
of the shear modulus for the fully annealed metal (1500° F)
is indicated by the slope to the left of the corresponding
cotreched curve, Such a negative glope 1s caused by the
seplection of an assumed shear—modulus value smaller than
the modulus of the test materigal. The stress—deviation
curves for temperatures of 3000, 500°, 7009, 9009, and
13009 F are somewhat curved, indicating a variation of the
modulus with shear stress.

The derived stress—modulus lines for metals annealed
at various temperatures are given in figure 17. Curves
indicated by annealing temperatures of 2000, 500°, 7000,
9009, and 1300© F have positive values of Cq; the remain-—
ing lines have an initial zero slope. The stress—modulus
lines are curved at the higher values of stress. The quad—
ratiic stress coefficients of the modulus corresponding to
these lines, however, are small; no'tabulation of these
velues s given.
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" Figure 19 shows the variation of the shear modulus
of elasticity at zero stress Gy and its linear stress
coefficient € with annealing temperature; Gg shows
a general increase with increase 'in annealing temperature
with the value of the modulus being nearly constant over
the range from 500° to 1100° F, A further ingrease in
annealing temperature, which produces softening causes a
more rapid rise in the modulus. The linear stress coef—
ficient of the modulus Cp reaches a maximum for an an-
anealing temperature of 500° F but decreases at higher
temperatures.

Influence of Various Factors upon Torsional
and Tensile Elastic Properties

The curves showing the variation of torsional and
tensile proof stresses with different annealing tempera-—
tures are similar in form, A maximum is reached in both
sets of curves at about 900° F (fig., 18 and references 2
and 4). With increase of annealing temperature up to
9000 F, there is evidence of a significant decrease in the
internal stress. This change of internal stress tends to
increase the shear (fig. 18) and tensile proof stresses,
With further increase in temperature, the influence of
recrystallization or softening of the metal will predomi-
nate in causing a lowering of both torsional and tensile
proof stresses.

The curves showing variation of the modulus of elas-—
ticity and of its linear stress coefficient with different
annealing temperatures for both torsion and tension are
similar in form. The influence of recrystallization; that
is, elimination of work—hardening or lattice—expansioh
effects, evidently predominates over the whole range of
annealing temperature and causes a rise with progressively
increasing temperature of. both the shear and tensile modulil
of elasticity. The decrease of internal stress in the
intermediate temperature range (500° to 1100° F) probably
is responsible for the decreased slope of the modulus—
temperature curve in this region (fig. 19).

Maxima in the curves of Co with annealing tempera-—
ture are obtained at an intermediate temperature in both
torsion and tension. The cause for these maxima has not

_been ascertained.
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CONCLUSIONS

The effects of plastic deformation (extension or tor—
sion) on the shear elastic properties of 18: 8 chromium—
nickel steel were studied and in many respects  were found
qualitatively similar to the effects of plastic extension
on tihe stengile slastic properties «of this metgls In the

" following general conclusione, .the exceptions will be

noted.

1. An incomplete view of the torsional elastic prop-—
erties -of this alloy is obtained .by considering.either
the stress—set or stress—strain relationship alone. Con-
sideration should be given both relationships.

2., Shear stress—set curves may be used to derive
proof stresses that represent the stresses causing various
amounts of permanent set, Corresponding shear stress—
strain and stress—set curves may be used to derive cor—
rected stress—strain curves representing the variation of
elastic strain with stress.

"3, Curves showing variation of -shear proof stresses
with prior plastic deformation often consist of oscilla—
tions superposed on'a gradual wavelike. mean curve. These
oscillations generally are associated-with variations in
the duration of the rest interval and the dpgrpe of defor-—
mation spacing, : '

4. The proof stresses representing the permanent set
values of 0,01, 0,03, and 0.1 percent generally increase
continuously with prior plastic deformation. The 0.001-
Percent proof .stresses and, in some cases, *tle 0.003~
percent proof stresses do not increase or decrease conbinu—
ously but fluctuate and shown little general upward or

downward trend with deformation, These osclllaﬁlonséwe gen—

erally more pronounCPd for the work—hardened than for the
annealed alloy,

S. The variation of the shear -proof stress with prior
plastic deformation is affected by: (a) macroscopic in-
ternal stresg, which is caused by nonuniformity of plastic
deformation of different parts of the effestive cross
section; (b) microstructural internal stress, which is
egnaed by initial differences «din the rpsistance to plastic
deformation of variously oriented grains of a polycrystal—
line aggregate and to differences in strength of different
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microconstituents; and (c) space—lattice changes involved
in work hardening; that is, the work-hardening factor or
the lattice—expansion factor. 3

6./ The variagtion of the shear proof stresses with
prior plastvic deformation is affected by the rate of work
hardening and by the change of internal stress, both
macroscopic and microstructural. Work hardening tends to
increase the proof stress. Increase of internal stress
tends to decrease the proof stresses; especially the
proof stresses that may be regarded as indices of elastic
strength (0.001- and 0,003-percent proof stress)., The
lack of} a significant rise of these lower proof stresses
with prior plastic deformation probably is due to a gen=
eral increase of internal stress, y

TJ ' Rest , follewing. deformation. tends to lower the
proof stresses, especially those representing the lower
values of set (0.001 and 0.003 percent), It is believed ;
that rest probably causes some decrease in hardness of
the metal.

8. Curves of variation of the secant modulus with
stress may be derived from corrected shear stress—strain
curves, The stress-—modulus lines for the annealed alloy
frequently are curved::; With progressive prior-plastic
torsion-the curvature of the shear stress—modulus line
increases slowly, reaches a-maximum-after moderate plas—
tic torsion, and then decreases, With prioer plgstic ex—
tension, however, the curvature of the tensile stress—
modulus line increases rapidly and then decreases)  -this
line becomes straight after moderate extension of the
alloy. The stress—modulus lines for the work—hardened
alloy in both shear and tension exhibit negligible ecur—
vature.,

9. Linearity of the shear stress—modulus line "indi-
cates that the corresponding stress—strain line is a
quadratie parabola. The curvature of such a parabola;
that is, the slope of the stress—modulus line, may be
megsured by the linear stress coefficient of the modulus,
The shear modulus at zero stress may be obtained by ex—
trapolating the stress—modulus line to -zZero stress.

10, When the shear stress—modulus line is curved
from the origin, a second constant, the quadratic stress
coefficient of the shear modulus, is required to repre—
sent more adequately the curvature of the stress-modulus
line,| PFor some metals free from the effects of cold
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wiorky the linear stress coeffiecient is zero, thé quadratic
stress coefficient has a positive value, and-the stress—
strain line is a cubic parabola. When the stress=modulus
bine 1s curved and not verticel at the orlglin, the stress—
strain line may be viewed either as a superposition of a
eubic parabola on & guadratiec parabola or as a parabola
with an exponent between 2 and 3.

L4, When the shear modulus at zere Stress, HAtaldinear
and quadratic stress coefficients, and the shear proof
stresses have been derived, a fairly complete description

of the elastic properties of a metal in shear is available.

12, Because of the great directional wariation of #the
modulus of elasticity of some metal crystals, a change in
orientation of the grains of a polycrystalline aggregate
may greatly affect the modulus—deformation curve. Anneal-—
ing may have a significant influence on the crystal orien-—
tation and thus &4ffeet the modulus of elasticity.

13. The- curves :of the shear modulus at zero stress
with prior plastic -deformatién for many metals are con—
tinuously influenced by three imvortant variables: erystbal
orientation, internal stress, and lattice expansion. The
eurves of variation of the linear and quadratic stress
coefficients of the modulus with plastic deformation are
continuously influenced by the last two factors. A change
in dominance from one factor to another is accomvanied by
s reversal of the corresponding curwe:, The effeect of the
reorientation factor on the 18 : 8 chromium—nickel alloy is
not known, but it is not sufficient to become  dominant in
any of the curves obtained for this alloy.

14, For the annealed alloy, the internal stress fac-—
tor is dominant in causing the slight initial rise in the
curve of variation of the shear modulus at zero stress
with the first stages of deformation, beyond which the
lattice—expansion factor becomes continuously dominant in
causing a decrease of the modulus.

15. Dominance of the internal-stress factor causes a
rise in both the linear and quadratic stress coefficients
of ‘hihe modulus during the initial stages of deformation
of the annealed alloy. Upon further deformation, the
lattice—expansion factor becomes dominant and causes a
lowering of these indices. The range of prior deformation
within which the quadratic coefficient rises, however, is
somewhat greater in shéar than it is in tension. The
internal-stress fagtor is dominant over a greater range of
deformation in shear than in tension.
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16. An increase of internal stress tends -‘to cause an
increase of the linear stress coefficient of the modulus.
A decrease of internal stress accompanying plastic exten-—
sion or annealing tends to cause a decrease of this coef-—
fiedent:

17, Annealing the cold—drawn alloy at about 900° F
for relief of internal stress causes a significant in-—
crease 1in shear proof stresses, especially those for
0.003— and 0.00l-percent set.

18. The shear modulus at zero stress for the cold—
drawn alloy shows a general increase with increase of
annealing temperature at least up to 1900° F, This in-
crease is due to the decrease of work-hardening or
lattice—expansion effects. The shear modulus at zero
stress, however, is almost constant for anneazling tempera—
tures over the range 500° to 1100° F. In this range the
effect of decreasing lattice exvansion with increasing
annealing temperature is balanced by the effect of de-—
creasing internal stress.

An investigation of the influence of plastic defor—
mation and of annealing on the torsional elastic proper—
ties of a number of nonferrous metals is in progress, e
will be of interest to learn to what extent the conclusions
drawn relative to the influence of plastic deformation an
the tensile and torsional elastic properties of the 18 : 8
alloy may apply to these other metals.

National Bureau of Standards
Washington, D. C

3

., November 9, 1942,

NQTE¢s The "measure™ given on - -the 1llustrations is
i to be uged for .scalipg the curves in- order
to get close readings as desired.
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TABLE I,— CHRMICAL COMPOSITION OF 18: 8 CHROMIUM—NICKEL STEEL

Grade of hardness|Designation| Carbon Chromium Nickel
as received (percent )| (percent) | (percent)
Aanonded St @& o | 0008 18,5 10.4
Half-hard- TB « 06 18,5 10.4
Hara TC 7 185 10.4

TABLE II.— DETAILS OF THERMAL AND MECHANICAL TREATMENTS OF

18 : 8 CHROMIUM—NICKEL STEEL

Grade of Specimen |{Aunnealing|Time -held | . |Mechanical treatment
hardness designa- | tempera- (hr) Cooled in|following heat treat-
as received|tion* ture ment
"1 (deg F)
Annealed TA - e~ | AR Peceived
Half-hard |TB B e récei&ga
e As received| :
TC-3 e R
TC-5. , - B0 : : . . 1
T0-7 Gl L air-
7C6-9 o 900 _
ok (o © 1100 | | o e
TC-13 1300 | ] Water
Hard TC—19. He _ ST o - -
TC~19R~0.5 o “Bxtended 0.5 percent
TC~19R~1 : Extended 1.0 percent
TC-19R~2 v : _ J Extended 2.0 percent
TC-198~3 > 1900 e Water< | -Extended 3.0 percent
TC-19R~-H : Extended 5.0 percent
TC-19R~10 e E - Extended 10.0 percent
PC~198-20 |~ J ' ] | Extended20.0 percent

*In the specimen designation the number following the initial dash indicates

the annealing temperature in hundreds. The letter R following this number
indicates that the specimen has been reduced further by extension; the amount
of extension in percent is designated by the number following the second dash.




NACA Technical Note No. 886 Lt
TABLE III.- TORSIONAL FPROPERTIES FOR 18 : & CHROMIUM-NICKEL STEEL
Initial shear proof stress (1b/sq in.) Sasit
: R ey B i 85 R coofficients
Grade of |Specimen
hardness [designation
as 0.1~ 0.03- 10.01~ {0.003 0,001~ {Initial |Initial
received percent |percent|percent|percent|percent| shear linear
proof |prooct proof |proof proof |modulus stress
set set seb set set at zero coeffi-
stress, cient of
Co the
(lb/ shear
sq Yoy ) modulus,
C
0
: g 6
Anncaled |TA 23,000 {19,700 {16,300 |14,700 |10,000 |11.42x10 | O
Half-hard|TB 53,500 |47,900 |37,000 |29,000 (21,000 11.06x10°(13.9x1077
TC 66,900 |5%,000 {43,200 |30,200 |11,000 |10.54%x10°%| O
Hard TC-3 69,100 {53,000 |49,300 {39,600 {29,000 |10.83 ! 3,9x10™"
TC-5 72,200 |62,100 {53,200 {44,500 |29,000 |10.97 L
TC-7 73,000 {63,000 {55,000 |46,900 40,500 |10.98 3.6
P69 73,300 | 63,800 |56,200 [u1g,100 {37,500 {11.03 3,6
TC~11 6%,200 |59,700 |52,600 |u4,500 |28,000 |11.0 0
TC-13 54,300 | 46,100 {33,200 {20,000 {10,500 [11.07 3.4
TC~19 13,700 |10,600 | 7,700 | 5,400 | 4,400 }11.30 0
TC~-198~0.5 |16,600 {14,200 {10,500 | 4,500 | 2,600 |11.11 | o
T0-198~1.0 |18,200 {16,000 {11,900 | 7,200 | 4,200 {11.07 0
T0-19R-2.0 |21,000 {17,000 |12,600 | &,000 | 5,000 {11.24 0
T¢-19R~3,0 |23,300 |18,800 {13,700 | 7,500 | 4,300 |11.01 0
TC-19R-5,0 {25,900 |20,800 {14,700 | 9,500 | 7,000 [10.97 4,0
T¢-19R~10.0 | 32,500 |24,800 |16,600 (10,000 | 7,200 [10.80 0
TC~19R~20.0 | 42,000 | 28,400 {18,400 |11,700 | 9,100 [10.53 0
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chromium-nickel steel as influenced by prior torsion.
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Figure 19.- Variation of the shear modulus of elasticity and
of its linear stress coefficient with annealing

temperature for 18:8 chromium-nickel steel TC.




