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NATIONAL ADVISORY COMMITTEE TFOR iAERONAUTIGS
'TEGENIGAL NOTE NO. 967

SHEAR ELASTIC PROPERTIES OF SOME HIGH STRENGTH NONFERROUS METALS
AS AFFEGTED BY PLASTIC DEFORMATION AND BY HEAT TREATMENT

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

A study was made of the shear elastic properties of .
monel, nickel, Inconel, and aluminum-monel tubing, as influ-
enced by extension of anneasled specimens, by cold reduction
during manufacture, and by stress-relief annealing of cold-
reduced materials. The properties studied were the shear
proof stresses and the shear modulus of elastlicity and its
varliation with stress. _ ' - e

The factors which’ determlne the variatlion of the
shear elastic properties of these metals with plastic defor- -
mation and annealling temperature are shown to be (a) internal
stress, (b) work-hardening or lattice expansion, and
(e) crystal reorientation.

With slight extension of annealed tubing, the shear
proof stresses generally decrease,. owing to induced internal
stress. Subsequent extension, or cold reduction, causes a
rise of shear proof stress,-due t0o the dominant influence of
the. work-hardening factor. 'A small increase of proof stress
is obtainsed upon cold-reduced monel, Inconel, and aluminum-~
monel tubing by annealing at falrly low temperatures, owing
to the relief of internal stress. With further increase 6f
annealing temperature, there 1g a contlnuous decrease of
shear proof stress for monel, nickel, and Inconel tubing,
due to relief bf work-hardening effects and recrystalliza-
tion.. For aluminum-monel, there is obtained a marked in- -
crease in proof stress By holding at temperature immediately .
below the recrystallization range, Thisg-rise 1s due to '
precipitation-~-hardening. . _ o T

A rise-of the shear modulus of elasticity is obtained
with moderate cold reduction of monel and nickel tudblag, but
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not with extenglan of the annealed ‘tubing.. Evidence is given
that this difference probadbly is due to the directional in- ~
fluence of internal stress induced during prior deformatlon
upon subsequently measgured elastic modull; that 1s, such dil-
rectional influence 1s believed to be more prominent for
extended annealed tubing than for cold-reduced tubing. The
Anternal stress lnduwced during prion.sxtspslon prebably has
little sffect on the shear modulus as subsequently measured;
1t wounld moryg greatly affagct tenpile:modulus msasurements.
The effect of internal stress induced during cold reduction
would affect- tensile 'and shear moduli more nearly alike.

A decreagse of the shear modulus of elaasticity is ob-
servod with extension of morél and aluminum-monol tubing. It
1s also observed over at least a portion of the range of cold
reduction of all the metals tested. This decrease 1s be-
lidved tio 'be due tio:tHe combined -déminent. influence of the _
‘work-hardening factor -and preferred .cryatal qrientation,.,  The .
.relative influenca ‘of reach - of thsse WO fadtors, however, is
-not establféhed i~.£~'» R R R A et T T

With increase o£ annealing temperature for cold- reduced e e
Inconel and aluminum-monel, a rise of the ‘shear modulug la
observed. This rise is accredited to the combined influence

of relief of the workhhardenlng effects and recrystallization.

Tem 1_1 - Tt T T

BEEA B - ER e - e s . . . R

ol .?-'4:INTRODUGTIQN?

..«The . demgnd for more detalled information-about .the de-
D formatlon cof metals uWnder applied stresa; within the useful
working stress -range, has :regulted in numerous investiga-
tions of . dignificant relastlc propersies-of metals. In a:.
crproject spohsored by rand conducted -with the fipnanétal asskast-
-ance of the National Advisory Committee for Aeronautics at
‘tde Natdlonal Bureau:-of Standards, a series of reports: (refer—
‘ences L; 2, 3, 4, and '5) has ‘been ‘presented upon the tengile
and shear elasgtlec propertles:of high strength asircraft{ metals.
The dlastic properties investigated were (a) the proof, ..
gtreggeoe-produclng selected proof .ssts, (b) the " tonslle. and
shear modull of elasticity and thelr variation with apnlied
stréss, .and (c) Poisson's ratlio and its variation with stress. o
The influence of cold work and of:heat treatment upon these .
properties was also studied, These indices were derived from
correlated stress-strain and stress-set curves, as described
in the earlior reportg (references .1, 2, 3, %4, and 5)
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‘These earlier reports discussed:tensile-~ elastic proper-
ties for a large-number of mefals  (referehees~l, ©B,-&hd 3)
and torsional-elastic:properties: fotr 18:8 chromium~nickel
steel (references-4 and.5). “The ‘Present Féport, which is the
slxth of the series, disgueeesfthe:ehear'élestie properties
of monel, nickel; Inconel, and aluminum~ménel. i The shear
proper ties. ‘a8 i .previously describsd- investigatione. were
.determined by means of torsion tests of tubing.. :

PRI Rk § SO L B g8 T

MATERIALS AND TﬁSTS

The material used in thie anestdgatkdn was obtained
from The International Nickel Tompany.through the cdoperation
of Dr. W. A. Mudge, Assistant Directdr:of the 'Technical
Service Section; it was suppliled in.the form of seamless tub-
ing of l-inch outside dlameter and 0.085-inch wall thickness,
nominal slze. Each material was supplied in several hardness
grades, as obtalined By cold ‘reduction without intermediate
anneal; Inconel and aluminum—monel were alsgo’ supplied in a
soft annealed condition, T Thiere Was-els'o supplied, of dach
material, tubing which had been severely cold-reduced and
then normalized or stregs-relief-annesléd at 500% F, All
hardness grades of a single materlal were from the same heat.
Chemical compositions are listed:dn tadle 'I.° Mechanlical and
thermal treatments of individual specimensg are listed in
table II,

P B T T IR D BN TS o .
Cold deformation in manufacture 'wa s applied %0 these
tubular materials by "cold~drawing® or by the Mtube-reducer!
method. The method applied..to: emch matertal:izis indicated in
table II, OCold-drawing consists in drawing the tubing between
an ordinary drawlng die and a mendrel i The tubs-reducer
method consists in kneading :the:tubping over 'z mandrel: with
the aid of rolle. . Both processes will.be .referred to 1n this
report as cold reduction, ‘4n order. . .to differentiate from the
cold deformatlion obtained by tensile- extension of specimens
soft-annealed in thie laboratory S

vl Y

Specimens from each of the cold reduced and*of the an-
nealed materials were prepared fior. L orsion; testing in the as-
received condition. The. normalized cold-reduced material
was softened by further annealing at. a higher temperature.
Individual laboratory-annealed specimens were then extended
varylng amounts in = teneion-testing mechine- before testing
in torsion. . . R T ST E ] o S AT T =) S

I
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+--~The -method .of ipreparing and - measuring torsion epecimens
wag.desoribed !in an earlier ' reéport (referenoe 4) The tor-ﬂ
sion-tests were made 'in & marnuwally eperated péndulum-type L
Atorslon testing machine: of 13,000 inch—pound capacity The_
optical:stior slon ‘meter employed was the eame ‘g ‘tHat uaed in.
the warlier investigation (reference 4) ‘Shear etreae—etrain
and .stresgs=-s86t ‘curves were meaeured simultaneously on each,
specimen by methods explained previously (references T, 2,'3,
and 4). Trom these were derived the various shear elaetic
indices.

P

Stress=deviation and stress-set curves and the derived

stress-modulus curves are not given in thig report, Such
curvesuare illustreted ‘however’, in eérlier reports-(refer-,ﬂ
enees:l, 2 ‘and 4); ! The relationehip between the fTotma .

of suchv curvee ‘and”the Values- of the derived indicee arg. aleo
glvensin’ the earlier reports.
RS S B :

PR

‘,."'. Tty _-_!-'.. .. AR i

TEE INFLUENGE OF PLASTIC DEFORMATION AND HEAT TREATHENT

l
_J s ,—-._.--. B ' p-

UPON THE SHEAR ELASTIC PROPERTIES OF MONEL TUBIﬁG

! 'L-..".'.. oo niati SuE L ;

A U .'-

Influonbo ot Prisr Plaetic Extension and Gold Ee" §§i .
: ’:upon the Shear Elastic Strength of Monel ‘1

nd o fare bl omrwg —enn ke
Monel tubing (TGE) which had been cold-reduced 72 to 80
percent: Inréarbalor: Groed eection ‘and rbrmalived a% 58
diring manufséfure waé goft- annéaled &t 1400° F, Individuel
antealdd” epeéimens ‘H8rér fhdnbxténded: O 45, 1.11, 1, 92, " ‘2788,
- 4:87; and 10,13 percentf'réépectively ‘Shear proof sbkreds
values dertved  from- torsion 'dtrese— set curves measured upon o
thede ‘spdeimdfis 4rés ﬁiotted An-rigure’ k. ; Thelameunt ot ex-f
géenslon éxpreeeéd as’ e uivalent reduction ‘of 'areals plotted

Han

al ‘abactasai® ThE" shea prod? etreeees are plotted upon ofi-_

set gcale§* in " orfdesr t4 eeparate ‘the values correeponding to
the various proocf sets indicated?! namély, 6.001, 0.003; 0,01,
0.03, and 0.1 percent, The ererimentally derived points are
connected by etrafght 1fnes. £ smOOth curve drawn tﬁrongh
the experimentally derived pointe would a0t deviate greatly
from ‘thése 1inds.  With’ increasing plaetic deformation (fig.
14), the variocus ﬁroof trésges’ exhibit ‘g ‘4ritial gherp de-

crease, "toliowed" by a’ siower risé" The initial decreaee e
most pronounéed £6F the Léwer proof eete. ‘and the " subeequent,

increase 1s more rapid at the higher proof sets. The 0.001

!I"
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and 0.003-percent ‘pr¢cf. stresses do not-reach:during 10, 13-
percent extension (9.2-percent reduction of area) the values
obtained at .zero reduction:(Pig. 1A).- e Ao, ER_ T T

In figure 1B .&re plotted shear -proof stresses~pbtained
with . monel tubing cold-reduced 10, 20, 30, and 40 percent
during maaufacture. - The gmount of cold reduetion in cross
section is plotted as abscissa. -Symbols d&shoting the warious
cold-reduced grades sre .marked .on. the.-diagram along - corre-
sponding abscissa. : Proof.stress values.for the fully annealsd
monel specimens are plotted at zero equivalent reduction in
both figures 1A and 1B.

With increasing eold reductien (fig. 1B) all the proof
stresseg rige. : This rise 1s greatest -between. gero and 10-
percent reduction.: Valums of proef stress .for the. annealed
metal and monel: cold-reduced 10 percent-aze: connechted. by
broken straight 1ines, the exact .course of-these.curves 1ls
not knOWn. AR A - .t B S A SP S0_i HEE PR S

-___..|,_= et ——

In earlier reports (referenees 2 to 65 wers discussed
the varlous factors which influence .the: variation of., proof
stress. These factors mre- (1) meorogcopto: internal etress.
and micrOstructural stress, hereafter .refsrred, to as- internal
stress, and (2) the work-hardening or lattice,: ‘expansion fac-
tor. The initial. decrease in pxpoof sfresg with: extension of
the annealed metal (iig. lA) is probadbly -dve. to,ap incrsase
of internal stress. (See references 2, 4,:and 6.)  The. sub-
sequent rise of proof stress with extension (fig. 1A) and the
rise with cold reduction {fig.: LB) may:.b4.attributed to the
influence of the second facter, work~h@rdening (references 2
4, and 6): i A , _ he

PN L - . wa =0T R L -
-~ e Sen - el e e e - IR

-

It should be noted that the ehear proof stresses corre-
sponding to 9.2 percent equivalent rTeduction. (fig. ‘14), espe-
cially those corresponding to the smaller prodf- sets,‘are.
somewhat lower than the shear proof stresses. obbained .with
monel tubing cold-reduced 10 percent (figg:: 1B). .This differ-
ence may be attributed either to a. more. - deleterious inf unence
of internal sbtress induced by the extension precess than by
cold reduction, or possibly because cold reduction during
manufacture may have been imparted. o hot-rolled tubing,_
rather than to annealed tudbing. .. . ..+ . R

N . . . . - - N i .e F AN Tl e
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S Influence of‘Prior Plastlo Extension and Gold-Reductlon

upon the Shear Modulus of Elaetlolty of monel Tublng

The variation of. the shear modulus of.. elaetlclty with
extenelon of annealed mbnel and with cqld reduction of monel

cisicshown in' figures 2A and 2B, respect;vely. Valuee obtained

..1

s for the fully annéaled . ‘metal are-plotted at: zers equivalent

-reductioh in both” figures. The method of ‘derivation of the
modulus” Was~descr1be& in earller reports (references ih 2,
4;" ahd-'B), ¥ SEonn e

Because the strese—etrﬁjn 1ines>for monel and for many
“other: metéls, ‘are ‘éurvied in form, it~ becémes-desirahle .to .
specify ‘the strees ‘at which. the modfilus was: measured *f In

- earlier reports (references 1,72 B, afd &), the tensile mod-

ulus was ‘selected at zero stress and:Zénerally at 25, OOO and

50;/000-psi. Nadai (reference 7) has suggested theat the stress-—

straln curve for a metal in pure shear can be derived from ite
stress-strain curve. in tension): by multiplylng stresges by-1
and strains. by: 1. .5, .Thig: ‘relationdhid w1ll hold accurately
only for isobtropic metals, ~provided some questionable assump—'
tions” emoloyed in its..derivation are velld. As a £iret approx-

"“imation, however, it may ba applied td“all metale._ therefore,

lshear modulus values -wete obtained &% Fero stress, and where
possible at. 14,450 and 28,900 psi. Theee modulug” valuee are

“to be. utzllzed in a later, report (to be publiehed) in calsur

flating Poieson's r&tio- fo ﬁg-'? e . T

1

...1.-..--.'-' ‘,-__'.l':

With prlor extension of the\annealéd metal, Go_an&

* Gl4 45 @re both found to decrease (fig. 24); G, G¢14.45,

and st 9 rise with increase of cold reduction (flg. 2B)

~from 10 to 20 percent.'and decreeee continuvously w1th further

cold reductlon t0’ values below that—ohtained for ‘the annealed
metal.: After 10 13- percent .extension (5. 2—percent reductlon
in flg._ZA), however, the values of G, Gia.a5° ‘and Ggg 9

““(%he. 1atter point 1ndicated ‘by the lowast of the three points

plotted at’ thle reductlon) -are somewhat loqer than the .values
obtained by.40-percent cold reductlon (fig. ZB) _

With increaelng extens;on:(fdg- BA); ‘the 1inear stfese
coefficient, Co, rises to a maximum at about 2-percent

¥In this report, as in earlier resports (references 1, 2,
3, 4, and 6), the modulus is given as the ratio of the stress
to the elastic strain (the total strain corrected for perma-
nent set).
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equivalent reduction, decreas1ng rapidly thereafter to zeros
With cold reduction (fige. 2B), a zero value of Oy isrobtained,
except for the tubing- cold—reduced 40 percent, the. indicated:
.variation of the shear modulus with stress.,however, signifies
that for some of the’ tubes the modulus does not vary linearly
with stress. : ' R -

.'.- ;-:- r‘:- ‘-‘-

It is apparent that ‘the influence upon the shear modulus
of extension differs from that of cold reduction, +The .de< " -
crease of the modulus during prior extension probably can be
attributed to the predominating. influence of the work=harden=
ing or lattice~expahéion factors The internal stress induced
during prior extension does ho't’ greatly affect the shear mod~"
ulus values, as ‘hés baen explained in an earlier report: (ref-
erence 5). As statéd* there, maxXimum shear: accurs alohg ditfetr-~
-ent planes during—prior extension tran during torsion testing.
The internal stress:sét’ up during extension would have apgre= -
ciably less 1nfluenee‘upon subsequent torsion meeasuremedts . . °
than it would: if£he: p}anes of ‘maXimum shear were the same = "~
during priér.defordation ‘and ‘during testing. As previously
stated (reference 5), residual stress produced during exten-—
sion is anisotropic in its influence upon some of .the: suhse—
quently measured elastic properties., : e

- %

areadt e Lo

Y

sﬂean quulus indiqates that. the" work- hardening factor doesi o
not predoq;nate. I¢ is known that’ during cold reduction, She.
most active £lip: Planes will not have tHe 'same orientations ﬂﬂi
"thrqughout the. erpss ssction of the:tube. 'The internal_
stresses prodncedlduring such: reduction will therefare’ be

more nearly isotropic in'their influence upon subsequently '
megsured.. elastic properties than during extension,_ It is .'__5
probable that, such. internal .stress will therefore redominate.,
in causing a rise of shear modulus for cold reductions up té°
20 percent. The decrease of the shear modulus for reductions’
greaser than 20 percent (fig. 2B) may be attributed to the
combined influence of lattice expansion, and‘to ahother fac-
tor, crystal reorientation. The influence of this latter
factor, which will be discussed in more detail later, may
also be effective in causing the decreass of the shear modu—.
lue with extension of annealed monel {fig. 248). :

e
-

The causes for variation of the linear stress coeffi—:

cient of the modplus- 0, -are not =o ovident; the value of

0y 1s diffdcult to evaluate- accurately and is generally
small. . .

. - H ..n,..._r_:.-_.

With cold reduction 'of monel), the 1n1tial rise Qg the s

- Ky e ) -2
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ﬁ-, The Influemce of Annealing Temperature Qn thg
R A IS TR OT I |

Shear Elastic Properties of Monel Tubing. : . 3

+isnc-There.-is shown in.figure 9A the wvariation of,the shear
progf . streﬂses with annealing temperature.“ Thaao .vglues werse
deriyvasd;from teste on & spries of_cold-qeduced monel tnbes
.26, fa.nnealed. at 300°, 500°, 700%,.°800°, 10609, 1100b .and
1200d E, respectively Proof stress valuas obhaiged upon an

:gunanneaéed -specimen . TGD . are plotted at 100° F,:and fthe val-

‘ues ohtained wpon . a. soft-annealad epecimen TGE .are repiotted
: ﬁrom figure l aj 1400 F oo T T y

b St et i

PRI e

=

x,.l

P, . -
i A N

..f; With increase of annealing témperature;_all pfoof.L

't

.stresses rise, reaching a. mgximum ag. oOO I for O 1 percént

proof set and, at 5000 T.for the ramaining groof sets, Wi?h
further. . incggasg all,. proof stressgs,dqcreasei this &ecreaae isg
most rapid. fop., thg Q.l . percent. prioqf; sdt. ALl proof stresses
-decrease‘at thely maximum rate fox anne%ling temperatureg be-
tween 12000 and 1400° F.,. The -initial .pise  may,be. attridbpfed
to relief of deleterious internal stress; the submequent de~
cregsé- tanthe removal of mork hardening 8ffegts .and;fo regrys~
tallizabion. o . S o kn?ﬁﬁiuhl RN EaL UHsEE
S i I CRRTIIE RO "
In figure 10 ara plotted vabueg of‘tha ahear modulus and
its Iinear.stress coeffileient: Co,u th@iquhgn thege_gqu
annealad -specimensn. - With'increase of-annealing-tenperaturs, .
théf&eferalﬂmodulusﬂburvﬁk-rtﬁe:sloﬁlyﬁtoﬂmaximaiah:abouta
900% i Theo:lindar stifess cvefficient ~af the'madulus.-oo,
311Kewise ‘reached a mbXinun'at WO0%.T,; decreasing toigero:for an
dnﬁealing tamperature-of 1 4O0R T L The ‘dctddl variastion of
the shear™ medulﬁs eurves ig eméll"this wowld indieate that
ne single Tadter: predomina&es Mn Lte itfluense updn-tilgr
”propérty darihg" annealing of! mdner“ The ~Absdlite valides of .
Corrdféiqulite &mall’; ‘hof greab sbgn#ficaneﬁ ‘cdn-bduattached to

thed s Variatibn."3 wh . gk B lrael o vf. 3 A d:l;ﬁ"ﬂmfxn*
eacwit 2 O oendesw ol L8 4n,uuﬂa 2k avlidecTia o3 s
‘;;_ en b fonor Bolasada T releoatxa ario
. THE SHEAR ELASTIC PROP?RTIES OF NIGKEL INGONEL
S AR ISR A PR TRIIN EYSS A1 S L ETY T AWER G A A ":“
EE S R I AND ALU‘MINUM MONEL: ~TE’BIN’G
‘:I.l'."'“ it E R f.".".:'-- L;'- AR var S EEI S R I 'Z";.'}.I;:" ol Y

Influence of Plastic Deformation on the Shear Blastlie Strength

The variation of shear proof streses with extension of
gsoft-annealed nickel (TRF), Inconel (TLD), and aluminum-monel .
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(TED) tubing.are shown' in figures 3A, 5A, and 7A, respec-

tively. With extension of annesled nickel (fig. 3A) the -

0.1- and 0.03-percent shear proof :stresses show a slight

initial rise. The lower proof estresses for annealed nickel,

as well as all proof stresses for annealed Inconel (fig. 54)

and aluminum-monel (fig. 74A), exhibit an initial decreass. ' *

This decrease is most marked at the lower proof stresses. '

At greater extensions, proof stresses  for all metals rise;

this rise 1s most rapid at the greator values of set. Simi-

lar proof stress extension. curves were obtained with annealed” . .
monel tubing (fig: 14). 1 . CoomLm o T o

With increasc of cold reduction of nickel (fig BB)
Inconel (fig. 5B) and aluminum-monsel (fig. 7B), all proof
stressos exhlbit a:rise.’ ‘Values fer the laboratory -annealed
tubing, as well as-:for the, factory-annealed Inconel (fig. 5B)
and aluminum-monel (fig. 7B), ars plotted at ‘zero redudtion
of area; broken lines connecf thése points with the points
represcenting the smallest. cold reductions. The actual vari-
ation of proof stresses in this range may deviate appreciadbly
from such a linecar relationship. Solid lines connecting the
points representing the various cold reductione would corre-
spond more nearly to the aétual variation of these proof
stresses. g : I U e - ~~-:-~z B

e LR oo R L R
(54 - ==

The initial decrease of proof stress with extension for
these metals 1s probably-due t6 the dominant influence of
induced internal stress.. The subsequent rise of proof stress,
as. well as the rise exhibited for cold-reduced tuding, may
be attributed to-the dominant influence of the work hardening
or lattice- expansion factor., .Gl &

Influence of Plastic Deformation on the Shear Modulus

of Elasticity and its Linear Stress Goefficient

With extension of annéaled nickel (TRF) (fig ‘4K), the
shear modulus of selasticity, Go, exhibits a sharp initial
rlse; at greater extensions, little variation of the shear
nmodulus 1is noted. .With. .extension of annealed aluminum-monel
(TED) (fig. 84), little varistion is likewise obtained. With
extension of annesled Inconel 'tubing (TLD) (fig. 6A), however,
there is &g general decrease 6f shear modulus similar tc ‘that
obtained with annealed monel (fig ZA) ’

With increase of cold reduction, nickel tubing (fig. 43)
exhliblits an inltial increase of the shear modulus, G, followed
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by a &edrease.: This is similar to the variation obtained with
monel tubing (f1g. 238). Inconel "(fig. 8B) .ani. aluminum-monel
(fig. 83) however, ethibit.a continuous deoreese of G:.with

. The decrease of fhe shoar modulus with extension of an—
nealed Inconel (fig BA) may ‘be attributed: to. the dominant ,
influence.of etther’ work—hardening or &rystal orientation..
The horizontal position of the ‘shear modulus curves for ex--
tended annealed nickel (fig. 4A) end aluminum-jnonel. \fig.,BA)
however, .suggests thaf no single factor has a dominant influ-
ence on the. shear modulus in this range -¢~,_3,; _;;x

. Little significance can’ be attached to the eharp rise of
the' shear. modnlus during init1al extension of annealed nickel
(fig 44) ., 0wing to the extremely small stress. range qver.
which—st;ain is measured as indicst'ed by the Qal—peroent _
“proof s stress value in figure SA ‘tird Geotermination oi the .
shear. modulus may be subjedt " 4o c0naidarahle grror. With
.subsequent. extension, however, *he ‘gt.ress ~range le greater,
increasing 4he accuracy of determining the ehear modulus.Jx_

With increase of cold. reduotion of niokel (fig.,43) .the
+-initial .ripge of . the shear modulus may be attributed to the
predominant influetice of intérpnal etrews.  The- decreage of
.the shear. modulusl'with subséquent cold reduetion ef nigkel
(fig 43), and throughout thé ¢old-reduction rengs: of Inconel
-(fig.,BB) and” aluminum-monel’ (¥ig, 8R), may- be-attributed to
the combined dominant -influence of the lattice:- expansion and
crystal reorilontation factors. ."A discussion of the; relative
influence of these factors will be given later.

,f

With ‘éxtenslon of annealed nickel . (fig: 44), the. linear
stress coefficlent of the modulus GC, has a zsro value over
nearly the whole range. For extended snnedled -ITnaonel (fig.
8L&), 'a- ‘maximum value .of _Co_ is reached at about 3.percent

edquivdlédnt .cold: reduobion whereas, for "6xtended annealed
~ #luminum-monel (fig.. 8A) Co . is’ still rising after 9,1-per-
cent " reduction.;;n,T, e , LT _ S

. With 30: percent oold reduction ot nickel (fig. 43)
reaches &’ maximumy :41t’ decreages eontinuously with cold- reduo-
tion of Inconel (fig .6B).’ The varietion of with cold
reductlion for these latter two metals 1is qualitatively aimi-

lar to the variation of their shesr. modulus...G. 4 maximum
value of O, 'is reached at 40O~percent wcold reductiqn of
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aluminum-moneél (fig. 8B). - .The- ‘magnitude of the values of -Gy

attained with extension of annesled nickel and with cold re-
duction of both nickel and aluminum-monel however is gener—
ally 'small, . S b - v

. The rise of C,, with extenslon of annealed Inconel

and annealed aluminum-monel, and with cold recduction of nickel
and aluminum~m0n31 may be attributed t0 the dzmlnant influ-
ence of induced internal stress. The subsequent decrease of
some of these -curves may .he attributed to the, dominant influ~
ence of the lattice- expansion factor -and probahlv to some ex~
tent to crystal reorientation.. . -

The 1arge value of « Cg.. for the factory-annsaled Inconal
(fig, 6B) 1s commensurate with large values of G =and small
values of proof stress (fig. 5B) -ottained on this mefal., It
is believed probable that this materidal was stralighktehed, ~
following-factcry annealing, thereby inducing internal stress.

Influence of Annealing Temperature on the Shear Elastic Strength

In figure SB is ehOWn the variation of the shear proof
stresses with annealing'temperature for- cold~reduced nickel,
TRE. , With incresse of annealing temperature, there is a con-
tinuous decrease of shear proof stress; this decrease is most
rapid between 1100° and 1200° F. With increase of annealing
temperature the shear proof stresses for cold-reduced Inconel
TLC (fig, 12A) rise to.maxime between 700° and 800° F and de-
crease . continuously at;higher temperatures, the most rapid
decrease ocours between 1100° and 1300 F, PFor cold-reducsd
aluminum-monel, TEC (flg.12B), there are two maxima in the
proof stregs— annealing temperature curves, The first occurs
at about 500° F, the gecond and much higher maxima at 10'75o F,
The aluminum-monsl specimen annealed at 1075° F was held at
temperature for 10 -houre,. ' Proof-stress values obtained upon
soft annealed specimens and plotted in figures 3A (TRF), 54
(TLD), and 7A(THD) are roplotted in figurcs 9B, 124, and 12B,
reepectively

e e e e e 4 s - e e —_— e .
P -, - O s T - .- - .o e

The ,initial riss.af prqof stress uith_temperature for
Inconel (fig. 124) and aluminum-monsl (fig. 12B) tubing is
probadly due to the dominant influence of relief of Internal
stress. .The second meximym in proof stress for .the aluminun-
monel may be. attributed to precigitation hardaning of ,

.., this alloy.'.Such precipitation hardening 18 additive to pre-
“ ¥lous hardening by cold ‘work. Thd decrease of proof stress
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obtained subsequently on Inconel (fig. 12A) apd aluminum-monel

(fig. 12B), and throunghout the temperature rangze for nickel

(fig. 9B), may be attributed to the combined dominant .influ-

ence of relief of work-hardening effects and racrystallization,
In luence of Annealing Temperature on the Shoar Modulus

of Elasticity and Its Linear Stress Coe;ficient

With increaee of the temperature of annealing of cold-

Treduced nickel .(fig.s 114), ‘the shear modulus G shows little

variation exaept Jfox a sharp rise at 13000 F followed by an
abrupt drop at 1450° P, The stress ‘range over which strain
was measured on these latter two spegimens 1z so small (see
O.l-percent. proof stress, fTig. 9B) that an accurate calcula-

”tion of the modulus wes not.- poeeible The ‘shear mcdulus of

Inconel (fig, 11B) end of aluminumbpon¥l {fig. 13) riees con-
tinuouely with increase of annedlir}k temperature. The .high-
et value ok e for Inconel f3 obtained with the factory-

"annealéd tubing.

-

The rise of the.ghear moduluy: with annealing temperature,

“if6r Incénel and aluminum-monel may be attributed tq the in-

with increase of annealing tem@erature_ its magnitude, how~

fluence of relief of: wcrkqhardening and to recrystalligation.
With increase oi annealing temperature of nickel however. , 'no
eingle factor appears to have a dominant influence on thac-’

'shear modulue. L T ‘:‘ c T Sl .=.“r~ﬂ-+J

LT

With increaee of ahnealiﬁg temperature upon nickel (fig.
llA) orf Incomel (fig, 11B); “there”1s no regular variation  ofs
the. linear streee eeeffieient of ‘the’ shearn medulue, Co; the
maghitude ;0fr Go' 18" generally smali .As wag poted .bsfore
(fig. GB) "the valie 6F" " faf, faqtory-annealed Incohel 18
large' for aluminum-monel (fig, 23) tends to decreaee

al
oA ST e S s -' . ?':v--".;..i"'“""" Lt .'T"': ieo
i

ever ie small e e L u

3
#
'i “

w2y '-:'- _?)-: :
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THE INFLUWNCE oF VARIOUS FACEBRS UPON THE SHEAR

ELASTIG PROPERTIES OF. NONFERROUS: METALS

. L. ‘\.
Lot e o :-..__,-l 4o . : .

[ SRS 1]

; In earlier reporte (referencee 1 to 6) mueh attention )
has. been glven o~ the influenee of. eeveral fundamental faetors
upon the tensile and ehear elastic strength and'the eldétic

- TR I P )
L. TR :
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modulus of metals, as influgnced by plastic deformation and
heat treatment. These factors are (1).the internal stress,
(2) the work-hardening or lattice-expansion factor, and d
(3) preferred crystal orientation. .

The introduction of internal stress tends to lower the
shear proof stress, as is evident after slight extenslon of
annealed metals (figs. 1A, 34, 54, and 7A). The influence
of internal stress upon the shear modulus, however, is appar-
ently dependent upon the relative positions of the planses on
which maximum slip occurs during cold working and during sud-
sequent testing. Its influence upon the shear modulus 1s not
"evident during shear testing of previously extended annealed
tubing (reference 5). Since the planes upon which slip oe-
curs during cold reduction, however, are apparently not so
selective as during tensile extension, there is evidence dur-
ing moderate cold reduction of monel and nickel tudblng of in-
duced internal stress. Thie causes a rise of the shear mod-
ulus G (figs. 2B and 4B). Such induced internal stress may
cause the lowering of proof stresses and increase of shear
modulus obtained with factory-annealed Inconel tubing TLA
owing to a possible post- annealing straightening operation
(figs. 6B and 11B),

The influence of the lattice-expanslion factor is evident
in the increase of proof stress and the lowering of the shear
modulus of elastlcity. With increase of cold deformation, as
produced by extenslon or by cold reduction, & sharp rise of
proof stress is produced, owing to the predominance of this
factor (figs. 1, 3, 5, and 7). The limit of work-hardening
is evidently obtained, for the nickel, Inconel, and aluminum-
monel tubing, after about 40-percent cold reduction in area.
The lowering of the shear modulus by the influence.of the
work-hardening factor is most éevident in the extension of
monel and Inconel tubing, (figs. 24 and 6A) and in the cold
reduction of Inconel and alunlnum—monel tubing (figs. 6B and
8B). There is little evidence that the work-hardening factor
has a significant effect upon the shear mndulus of nickel
(reference 6 and fig. 4).

All of the metals tested are of the face-centered cublc
type. After cold deformation, such metals tend to assume a
duplex crystal orientatlion along the specimen axis - namely,
cubic [100] and octahedral [111]. The proportion of each
orlentation produced will greatly affect the value of the
shear modulus of elasticity Earlier work (references 2 and
6) tends to indicate that the orientation textures produced
In monel and nickel are predominantly octahedral [11l1l]; such
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a texture might alsgo be expected to be founrd in seversly
cold- deformed -aluminum-monel, A predominantly octahedral
orientation would tend to give a lower value of the shear
modulus than obtained 1f the lorientation were randomlv dis-
triduted (references 2 and 6)

AJthough preferred orientation is generally observed in
metals. by X-ray measurements. only after severe vplastic defor-
,mation, the limiting deformation caniot be established at.

' whlch preferred orientation first 'exerts 4 dominant influence
upon the shesr modulme.  The relative inflilence of lattice~

" expansion and of, preferred crystal roorientation, in causing
- lowering of. the shear--modulus Auring daformation, therefore,
is no¥f . apparent In earlier measuriients of the teneile mod-
ulis (referencee 2 and: 6),.however, thers was scattered ovi-
dence that .ths: influence of preferred“bryetal orientation was
'dominant eVen at emall deformatione.'ﬁf'-

It was noted in earlier renorte (referencee 2 and 6)
that" preferred éryetal orientation. i 1fliéncés -tensile and
shear modulf.in an’ opposite manner /: Therd ig evidence that
internal stress. wlll :tend to - 'cause- anoincreaee of both the
shear and ‘teasile moduli. The relative infidence of such in-
ternal stress is dependent, however, upon the directions of
sllp planes during priorx daformation and ~ddFing - ‘gtrafn meas-
'urements ‘It is likewise believed -that 1attioe expansion _
will tend to decrease both tensile and ehear ‘Modwll, Compar-
’ieon of, the variation of tengile and- ehear "modull of metala,
a6 influenced. by Plaetic deformation ‘and ‘héat treatment '
ehould provide valuable information of the relative influence
of the various faotore. R :

-

Meaeuremente are now being made of tHE*teneile elaetic
properties. upon a.series:of fubular epectmene eimilar to.
thosé’ teeted in toreion for this investigation TA oomyarieon
of these values with values. given in the present report will

be publishod ehortly.

GONCLUSIONS

The effects of plaetic deformation and of heat treatment
on the shear elastic .properties of—monel "nickel,'Inconel.‘”,
and aluminum- monel tubdng were wstudied.  The vartation of
these proportiee is. Influenced - by three important factore -
namely, (a) intoernal stress, {(b) :the work- hardening—or Idttico-
expaneion factor,. and:.(c) crystml orientation. In the follow-
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ing summation, the relative influenca ‘of theee thres faotore
will be discussed. These conclusions apply to all of the
metals tested except as indicate@-h

= .l Tdezm . = -

l. With plastio extension of annealed tubing, “the shear
proof stresses exhibit an initilal decresse of & slight rise,
followed by a more rapid rise. -Induced’ internal stress is
evident after slight extensions; whereas. the work—hardening
factor dominates following large deformatlons.

24 Moderate cold reduction, as. prodnced either by cold-
drawing or by “the "tube~reducer" method, causss a ‘large in™
creass of shear proof stress. The work—hardening factor,
evidently domipates in caus1ng this rise. Severe cold reduc—
tion does not produce an appreciable rise in proof stress
above that obtained at éo-percent reduction, for the size of
tublng tested. O S LA Prowt ol el :

3.- Annealing of - cold~reduoed monel,-Inconel, and alumifum-
monei tubing at intermediate temperatures leads. to a noticeable
increase’in ‘alk shear proof stressesa This is taken as evi-
dence.for the £elief ‘of 1nternal stress. A . marked increa'sé in
2ll proof .stresses is obtained with, alnminum-monel metal after
holding at higher temperatures,’ within the oreoipitation hard-
ening. range; :a failrly loang holding time ‘at’ temperature is re-
quired .to.obtain & meximum risse in- proof stress. With in~"
crease of annealing temperatures above those required to ob-
tain these maxima, the proof stresses for these metals decrease.
The proof stresses for nigkel tubing deorease continuously with
increase of ‘apnealing. temperature.' The most rapid decrease of
proof stress,.for.all metald ‘occurs for annealing temperatures
in the vicinity of 1200° F. The decrease in proof stress with
rise of annealing temperature is due to the dominant influence
of relief of work-hardening and to recryetallization.

4. With extension of annealed monel and Inoonel tubing,
there occurs & lowering of the shear modulus of elasticity dus
to the dominant influence of the work-hardening factor and
perhaps to some extent to preferred crystal orientation. No
significant variation of the shear modulus of nickel and of

aluminum-monel tubing occurs with such extension.

5. With increase of cold reduction of monel and nickel
tubing the shear modulus of slasticity rises first to a maxi-
mum, followed by a decrease at greater reductions; internal
stress probably predominates during early cold reduction.

For Inconel and aluminum—-monel the shear modulus decreases
continuously with increase of cold reduction. The decreass
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of the shear ‘modulus with cold:.resductlon. of..all metals is.
probably due ito -the .combined . dominang. influsnce of the waork-
hardening factor and the production:dfi-preferred oriagntation

of grains as obtalned with cold reductlion. The relative 1in-
fluence of these two .factors has noh' been: establishod.L -

2‘.‘1\[ v 1‘;1—

6. With increase of annealing temperatupe, the gheean‘

modulus of elasticity of Inconel. and aluminum—monel tubing
rises continuously. Thig rise 1s evidently due to ‘the domi—
nant influence of relief of work—hardening effocts and re-
crystallization. - No -significant varlation of thg shear mod-
ulug. of. elasticity of monol and nickel tubing with chango of
annealing temperature is obaerveu Tho shoar'modulua of
elasgicity of faotory—annealed Inconql tubing is somowhat .
greatﬁr than that obtained for the 1aborutory annaaled tubing.

" Although considerable fluctuation is obasrvai og t@%
linear stress coefficient of the shear modunlus, o W £h

wplastic deformation ard variation: efiannsvaling temperaturs,
. the magnitude of .these :fluctuations is.genarally not .sigalfl-

cant. The decresgse .of the gshear:modulus with gtress, 0% I
tained in #ests of .some-.specimens. for which the value of - Cg4
1e zero, indioates tHat ‘the ‘varidtion  of 4the shear modulus: -
with stress 1s of quadratic- or-higher:order.: The variation
of thié shear modulus with stress,-howover, ig generally not
propdrilonally as great a8 was obtained earlier from tensile
teEts on tensile bars of similar materials. .

LUl L e I SR . -

AlthOugh the” oonclusions drawns apply—epecifically to
the tubular mdber tale tested;‘iﬁ ‘Appeatel romabl% xhat they
a?@’énplicable»anlit&tively K ﬁan?"ﬁ%he et el @bt LT
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TABLE I.- CHEMICAL

COMFOBITION OF TUBING ¥

18

ueral matitn | (percest) | (poceat) | (peroont) | (posbbes) | (parcass) | (pocaast) | tramsent) | (perceat) | (percensd
IXomel 16 0.13 1.49 87.84 39.70 ——— 0.98 i 0,005 0.05
Nickel R 04 08 €9.53 .04 ——— .28 —— .005 .03
Inconel TL .08 6.40 79.33 .15 13.64 .20 ———— 011 A7
Aluainum-aonel TH .16 .33 88.42 29.88 —e——— .25 a2.90 .00 .33

® 4111 anslyses

TABLX II.- DETAILS OF THERMAL AXD NICEANICAL TREATMENTS OF METAL TUBING

Wetal Tre&tmeat &3 received

0old drawn 10 percent
Cold drawn 30 percent
Qold druwn 30 purceat

Cold drawn 40 percent
Monel ﬁ

‘Tube reducer 76 zooso perceat,
normalized at 500

¢old drawn 10 percent
Cold drawn 20 percent
gold drawn 30 paraent
Cold drawn 40 percent
Tube reducer 75 to 80 percent
Miokel

Tube reducer 75 to go percent,
norsalized at 1500

Annealed
Cold drawn 30 percent

Tube reducsr 75 to B0 perocent

Inconel ¢

Tube reducer 76 to 80 pezcsnt,
L noraalized at 500° F

'Annullod
00ld drasn 40 percent

Tube reduocer 60 percent

Aluminus-
sohel

Tubs reducer 80 aent
normalized a 5535 ’

Spescimen
designation %

TGA
TGS

TRF-14.88-8.0
SR 0

THD-15.358-5.0
THD-15.8R-10,0,

Annealing
ugul:un
(deg F)

e e .. .. . ALr

SR S Lt

As received

An received

As received

As recelved

As roceived

T R L £
-1l .. .. Adr

As recelved

Ais Tecelved

As received

R R ¢ ]

Time beld Gooled in
(br)

As recelved
As Teceived
As Tacalved

As received  cemeeeeee

neahmnl treatmeat following
heat ireatment

Ay annealsd
Extended 0.48 percent
Extended 1.10 percent
Ixtended 1.83 percent
Extendsd 2.75 psroent
Extended 4.48 percent
Ixtended 9.20 parcant

‘. is annealel

Lktended 0.53 percent
Extended 1.11 percent
Ixtended 3.0 parcent
Ixtended 3.0 percent
Extended 8.0 percent
IExtended 10.0 percent

0.48

1.07

teondsd 1.92
3.0

Ixtendsd 4.5 percent

Ixtended 10.17 percent
Ixtended 17.35 percent

P
P

annealed
tuna.od 0.47 percent
Ixtended 1.88 percent
Ixtended Z.785 percent
Ixtended 4.38 percent
tended 10.0 perceat



Figure 1.- Variation of shear proof stresses with prior deformation for
monel tubing TG. A, monel TGE, annealed and extended; B, cold-

reduced monel.
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Figure 2.- Variation of shear modulus of elasticity and its linear stress
coefficient with prior deformation for monel tubing TG.

A, monel TGE, annealed and extended; B, cold-reduced monel.
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Figure 3.— Variation of shear proof stresses with prior

deformation for

nickel tubing TR. A, nickel TRF, annealed and extended;

B, cold~reduced nickel.
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Figure 4.~ Variation of shear modulus elasticity and iis linear at
coefficlent with prior deformation for nickel tubing TR.
A, nickel TRF, annealed and extended; B, cold-reduced nickel.
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Figure 5.~ Varlation of shear Rroof stresses with prior deformation for
Inconel tubing TL. A, Inconel TLD, annealed and extended:
B, cold-reduced Inconel.
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Figure B8.- Variation of shear modulus of elasticity and its linear stress

coefflolent with prior deformation for aluminum-monel tubing TH.

A, aluminum-monel THD, annealed and sextended; B, cold-reduced aluminum-

monel.
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Figure 9.~ Varlation of shear proof stresses with annealing temperature.

A, monel tublng TG; B, nickel tubing TR.
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Figure 11.- Variation of shear modulus of elastlcity and its linear stress
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Figure 12,~ Varlation of shear proof stresses with annealing temperature.
A, Inconel tubing TL; B, aluminum-monel tubing TH.
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Figure 13.~ Variation of shear modulus of elastleity and its llnear atress
tubing TH.
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