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SHEAR BLASTIC PROPERTIES OF SOME HIGE STRENGTH NONFERROUS MNTALS
AS AFFEOTED BY PLASTIC DEFORMATION AND BY HEAT TREATMENT

By R. W, Mebds and-D.IJ. McAdam, Jr.
SUMMARY

‘A study wvas made of the shear slastic propertiss of

. monel, nickel, Inconel, and aluminum-mopel tuding, as influ-
enced by extension of annealed specimens, by cold reduction
during manufacture, and by stress-relief annsaling of cold-
reducsd materials, The properties studied were the shear

- proof stressss and the shear modulus of elasticity and its
variation with strsss,

The factors which determine the variation of the
"ghsar elastic properties of those metals with plastic defor-
mation and annealing tempsrature ars shown to be {a) intsrnal
stress, (b) wvork-hardsning or lattice expansion, and
{¢) crystal reorientation. :

With elight extsnaion of annealed tubing, the shear
proof stresses generally decrease, owing to induced internal
stress. Subsequent extension, or cold reduction, causss a
rise of shear proof stress, due to the dominant influence of
the work-hardening factor. A small increase of proof stress
is obtalned upon cold-reduecsd monel, Inconsl, and aluminum-
monel tubing by annealing at falrly low temperatures, owing
to the relief of internal stress. With further increase of
annealing temperature, there is a continuous decrease of
shear proof stress for monel, nickel, and Inconel tuding,
due to relisf of work-hardening effscts and recrystalliza-
tion. TFor aluminum-monsl, there is obtained a marksd in-
orease 1n proof gstress by holding at tsmpsrature immsdiately
below the recrystallization range. This rise is dus to
precipitation-hardening. .

A rise of the shear modulus- of elasgticity is obtained
with moderate cold reduction of monel and nickel tubing, but
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not with extension of the annealed tubing. Evidence is given
that this difference prolably is due to the directional in-
fluence of internal stress .induced during prior -deformation
upon subsequently measured elastic moduli; that is, such di-
rectional influence is believed to be more prominent for
_extended annealed tubing than for cold-reduced tubing. The
+intefnal stress induced during prior extension probably has
1ittle effect on the shear modulus as subsequently measured;
1t wonld more greatly affect tensile modulus mssasurements..
The effect of internal stress induced during cold reduction
would affect tensile and shear -oduli more nearly alike,

A decrease of tho uhear -odulus of elasticity is ob-

sorvod with oxtonsion of monel and aluminum-monel tubing. It

18 also obsorvod over at leest a portion of the range of cold
reduction of all the metals tested. This decrease is be-

lieved to De due to the combined dominant influence of the
‘ ‘workihardening. factor and preferred crystal grientation., The
‘relative influence of each of ‘thess two faotor-. however, 1- .
'no# neta“lrehad. ' o : . :

-

W

-thh-incregse of annealing temperature for cold-reduced v
Inoonel and aluminum-monel, & rise of the shear modulus is
observed. This rise is accredited to the combined influence

,.0f relief of the work-hardening effects and recrystallization.

. v T Ch . L

" INTRODUCTION.

.The demand for more detailed information adbout the-de-
!dflltion ‘of metals under applied gtress, within the useful
“working ptress range, has resulted.in. numerous investiga-
$lons of signifioant elastio properties of metals. In a
* projJeot- epongored dy and oondugted with the finansdial asnint-
“#tee of the National Advisory Committee for Aeronautics at
%he National Bureau of Standards, a series of reports (refer-
énces 1, 2, 3, 4, and 6) hae been presented upon the tensile
and shear olastiq.propertiea of high strength airoraft netals.
«Theé elastio properties investigated were (a) the praof
stresses producing gelected,proof sets, (b) the tonsile .and
shear moduli of. ela-ticity and their variation with applied
stress, and (o) Poisson's ratip and its variation with stress.
The influence of 0014 work and of heat treatment upon thess
propertics was also studied. .These indices were derived from
corrolated stress-gtrain and stress-gset curves, as describded
in the earliez reports (refcrenoel 1, 2, 3, 4, and 5).
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These earlier reports discussed teneile-elastie proper-
tles for a large number of metals (references 1, 2, and 3)
and torsional-elastic properties for 18:8 chromium<nickel
steel (references 4 and 5). The present report, which is the
eizth of the series, discusses the shear elastic properties
of monel, nickel, Inconel, and aluminum-monel, The shear
propesrties, as in previously descrided investigations, were
determined by meana of torsion teets of tubing,

KATERIALS AND TESTS

The material used in thie investigation was obtained
from The International Niokel Compady through the cooperation
of Dr. W, A, Mudge, Ageistant Dircotor of the Teohnizal
S8ervioe Section; it was supplied in the furm of seamlese tub=
ing of l-inch outside diameter and 0.085-inch wall thickness,
noninal silze. Each material was supplied in geveral hardness
grades, as obtained by cold reduction without intermediate
anneal; Inconel and aluminum-monel were also suppliod in a
soft annealed condition., Thert was also supplied, of cach
material, tubing which had been severely oold-reduced and
then normalized or etress-relief-annealed at 500° F. 4ll
hardness grades of a single material were from the same heat.
Chemical compositions are listed in table I,  Mechanical and
thermal treatments of individual specimens are listed in
tabdble II,

Cold deformation in manufagture was applied to these
tubular materials by “cold-drawing" ‘or by the "tube-reducer"
method. The method .applied to qach material ie indicated in-
table II, Cold-drawing conslats in drawing the tubing between
an ordinary drawing die and a2 mandrel. The tube-reducer
method conelste in kneading the tubing over a mandrel with
the aild of rolls. Both processes will be referred to in this
report ae cold reduction, in order to differentiate from the
cold deformation obtained by . tenslle extension of speclmene
soft-annealed in this ladboratory. : Co

Specimene from each of the cold-reduced and of the an- -
nealed materials were prepared for torsion testing 1n the as~
received condition. The normalized, cold~reduced material
was softened by further annealing at a higher temperature.’
Individual laboratory-annealed epecimens were then extended
varying amounts in a ‘tension testing machine before testing
in torsion, L S L )
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+The method of; prepariag: and’ measuring tobl!oa pecinon..
vul AOjcrtbed in an earliet raport (referaince 4).° The torp
sion:teetes.were made in. a:manually: opira*éd, pendulum-typo e
torsion testipg machine of:13;000 inchepsund capaeity. The.
optical torsion meter: employed waid ‘the: sanq as that used ia:
the earlier investigation {reference 4)." Shear ltress-ntra;n
and stress-set curves were measured slmultaneously on each .
specimen by methods explaineéd previocusly (refersnces 1, 2, 3,
and 4), TFrom these were derived the various shear elastlo
indices,

Stress-deviation and stress-set curves and the derived

stress~modulus curves are not glven in this report. Such i
ourves ars 111ultrlted however, in eerlier repo¥ts (re.pr-.ﬂ' §
ences l, 2, 3, andt 4). ' The: rhlatioﬂdhip ‘betiwean: the formse.’

of nuch.curves ‘and’ the valuee: of the' dertved lnaiceu are llrn
simen in. the aarller reports.'”"" e e ﬂ
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Monel tubing (TGE) which had been cold-reduced 75 tp 80

peroent. in area bf ¢rows’ section ahd nbtmallzed at 5

duriag manufacture was' soft-anhealsd’ at” 1400° ¥, Indivlduui .

annaaled speolmens. were!then ®xtended’ 0 46,1, 11 1.92,- 8% 83,

4.67,0amd 10,13 permveirt;irespectivaly. - Shaar prbof strese’

values derived: from torsiom: etrésh-set curvas Weasured upon *

these’ specimens are" plottod 17 figute' 1A: " The amount of ex=" .

tension’ exprested as aquivwlont redunetion’ of area is plbtted

ae adbscissa.’' The ehear proof stredees are plotted upof of!-'_

set’ scales in order to meparate the vhiubs corrgsponding to-

the various proof sets indicated: fiamely,’ 0. 001, 0.003, O] 01,*

0.03, and 0.1 peroent. The oxperimentally derived pointl are

conneoted by stralght lines A esmooth curve drawn through.

the” oxperimentally derivead polntl would not devlate 5reat1y .

from'thése lines. With increasing plastic deformation (fig. ~

1A), the varlous proof stresses exhibit an initlal sharp, de-i: .

oreass, followed by a slowef rlse © The"’ inltial decrease ip

nost pronounoed for ‘the lower ‘proof" sets, and the subsequontj;

o+
&

increase 1s more rapld at the higher proof sete. The 0.001 - °
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.broken straight lines, the nxuct courae of these qurves is v
not kunown. R R
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,. .. 0f dinternal stress induced by the exteneion process than by
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‘and 0.003-percent ?roof streeses do0 not reach durtng 10,13
percent extension (9.2-percent reduction of area) the values
obtatned at zero reduction (fig. 1lA).

In figurs 1B are plotted shear proof stresses odtained
with monel tuding cold-reduced 10, 20, 30, and 40 percent
during manufacture. - The amount of cold reduction in cross
section is plotted as adecissa. Symbols denoting the various
cold-reduced grades are marked on the diagram along corree

. sponding abscissa. Proof etress valuee for the fully annealed

monel specimens are plotted at zero equivalent reduction in
both figuree 14 and 1B.

With increasing cold reduction (fig. 1B) all the proof |
gtregees rige. This riee 1s.greateat between zero and 10- i
porcant reduction.: Values of procf strese for the annealed
metal and monel cold~reduced 10 percent are connected by

. In earliex zeports (referonesa znto 6) were discussed
the varisug factors .whigh- influence the variation of proof
strese. -These factore.are:{l). macrescoplc internal streess
and microstructural stress,.hereafter refarred to as internal
strese, and (2) the.work-hardening or lattice expansion faco- :
tor. The .initial ,dacteas® ip .proof etress with extension of ;
the annealed metal :(fig. 14) is probadly due to an increase '
of internal stress. ,(8se.referencems 2, 4, and 6.) The sub=
sequent rise of proof strese with extonsion (fig. 1lA) and the
rise with cold reduction {fig,:1B) may be attriduted to the
lnfluence of the egcond factor, work-hardening (references 2, !
4 ‘.nd 6[. ]

.

It should be. noted that thc shear proof atresses corre- i
eponding to 9.3 percent -equivalent reduction (fig. 1A), espe-
cially those corresponding.-to the smaller proof sets, are
scuevhat lower than the shear:proof etresses obtained with
monel tuding oold-roduced 10 percont. {fig. 1B). This differ-
ence may. be attridbuted- e!ther to a more deleterious influence

¢old reduction, or poseidly because c¢old reduction during
manufacture may have been. imparted tp hot-rolled tubing,
rather than .0 annealed. tubinc..-

DY
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. ¥ntluonoo ofwrrior Pluctio ﬁxtoacion und cold Reductinn
] .

'upon the Shear hodulun oz !1;nt1c1ty of aonel Tubing

45-;Thaﬁvariqtion of- the shear modulna of elasticity with

extensioen -of annealed monel and with cold redu¢tion of monel -

ia.suown in figures 2A and 2B, respectively.. Values obtained
afor+the fully annealed metal are plotted at zesro equivalent °-

redugtieon - in both figures., The method .of derivation of tho' o
iomodulus was described 1n earlier reporti (refarences 1 2.

4pand 6)e = oot } . S

Because the streas-strain lines for monel. and for many

other metals, -are curved  in form, it becomes desirsddla Vo

spedify.the strees .at which the modulus was measured.® 'Im "'

edrlier reportde (references 1, 2, &, and 6), the tenaile Hiod~"

ulus was gélectdd at zero stress and zererally at 25,000 and:

50;000 psi. MNadal (reference 7) has suggested that the stresid- '

ltrain curve for a metal in pure shear can bde derived ‘from its

stress—eirain curve in tension, by multiplying stresses Ly 1

and:strdins by -1l.5. Thia relationshiy will hold accurately

onXy for isotropic metals, providéd some’ questionahle asaump-

tions ‘emyloyed in its derivation are valid. ' As a first approt-
’lwetion. ‘however, it may be applied to- -all métals. Therefore.

lwcar modulus values were obtained at zero ntress. ‘and where

possible at 14,450 and 28,900 psi. These modulus values are

t6 be utilized in a later report (to b publishad) 1n calcu—"

Itting-Poisoon‘b ratios -

e wfth prior axtenuion ot the annealed metal Go ana

€14 45 "are both found to decrease (fig. 2A); Gos Gaq. 45, -

- and Gz o rise with increase of cold reduction (fig. 2B)
frem 10 to 30 percent, and decreage continuously with further
.601d reduction to values below. that obtained for the annsaled.
motal. After 10.13~pertent extensicn{(s.a-percent roduction -
in fig. 24), however, tho values of &g, G3,.45. and ‘O2g,9
‘(the latter point indicated dy the lowest 6f the three points
‘plotted at this reduction) are somewhat lower than the valuel'
obtained by 40—percent cold redudtion (tig. 23).

‘With increasing extension (fig. 2A), the linear strpll
coefficient, 0Oy, rises to a waximum at about 2-percent

*In this report, as in earlicr reports {(references 1, 2,
3, 4, and 6), the modulus is given as the ratioc of the stress
to the elastic strain (the total strainm corrected for perma- .
nent set). : .
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. measured elastic properties than,during. extension.

““6ient of the modulus O,
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equivalent reduotion, desrsasing rapidly sthevsafter to sero.
With cold reduction (fige 2B), a sero value of O, is obtained,
except for the tubing cold-reduced 40 percsnt; the indicated
variation of the shear modulus with stress, however, signifies
~that.- for some of the tubes the modulus does not vary Linoarly
'ith -troul. .

. It is-apparent that the 1nf1uence upon the shear modulus
of éxtension differs from that of cold reduction. "The de-
“grease of the modulus during prior extension probably can be
‘attridyted teo the predominating influence of the work-harden=-
ing or lattice-expansion factor. The internal stress induced
during orior extension does not greatly affect the shear mod-
ulus values, as has been explained in an earliér report (ref-
erénce 5). A4s stated there, maximum shear occurs along differ-
‘ént planes during prior extension than during torsion testing.
-The internal stress get up during extension would have apsre-
.63ably less influence upon subsequent torsion mensurements

" than it would if the planes of maximum shear were the same’

during prior deformation and during testing. A4s previocusly
stated (reference 5), residual stress produced during exten-
»“silon is anisotronic in its influence upon some of the subse~
quently measured elastic properties.

/- :H4th cold reduction of monel, the initial rise of the
shear -modulus indicatee that the work-hardeouing factor does
-not predominate. It is known. that duriang cold reduction, the
nost aotive slip planes will not: have the same orientations

.throughout the cross section of the tubes The internal
stresses produced during such reduction will therefore be
-more mnearly isotropic in their influence upon subseq?ently

t is
probable that guch internal streps will therefore predominate

. $n .cauaing a rise of shear modulus for .cold reductions up to

120 .percent. - The decrease of the shear modulus for rcductions
greaser than 20 percent (fig. 2B) may be attributed to the.
cembined influence of lattice expansion, and to another 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 decrease of the shear modu~
lus with extension of annealed monel (fig. 24).

The cauags for variation.of _the-linear .stress . coeffir
are not so evident; the value of

"0p 48 difficult to ovulunte accurntely and 1: senernlly
mlli - e no e . N . " .
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The. Intluonco of Annouling Tolpernturo en the
Bhenr Ela:tic Propertios "of Monel Tubing Do

Thoxe 1a ghown 1n tigure 94 the variation of the sheur

proof stresses with annealing temperature. These values woroﬁq'

derived from tests on a series of cold-reduced monel tubes
T0D, annealed at 300°, 500°, 700°, 900°, 1000°, 1100°, and -
1200° P, respectively. Proof stress values obtained upon an
unannealed specimen TCGD are plotted at 100° F, and the val-:

uves obtained upon a. soft—nnnealed specimen TGE are replotted

from figure 1l nt 1400 r.

With 1ncrease of nnnenling temperature. all proof - .
utreqpea rise, reaching a maximum at 300° F for 0.1 percent
proof get and at 500% F for the remaining proof sets. .With .
further increase-all’ proof stresses decreasge; this decregse is
most rapid for the 0.1 percent prooef set. All proof stresses
decrease at their maximum rate for annealing temperatures Beo-
tween 1200° and 1400° F. The initial rise may be attributed ..
to relipf of deleterious internal stress; the subsequent A

creagse to the removal of work-hardening effects and to reerya-[

tallization.

In figure 10 are plotted values of the thenr-modulua-qnd
ite linear stroes coefficient C,, obtained on these same
annealed npacimens. ‘With increase of annealing temperatife,
the uoveral modulns curves rise slowly to maxima at about:

900% P, The linenr stress coefficient of the modulus, Cu, - 1ﬂp
likewise reaches .a maximum at 900° P, decreasing to zero for an

annealing’ tempqrature ‘of 1400°-F. Tho actual varlation of v
the shear modulus curves is- amsll- this would 1nd1cnte that -
no single: factor predominntel in its influence upon this -

property ‘during annoaling of monel. The absolute values of ¥.*
Oc are guitec small; no gront significance can be attached tb

their variation.-

o -

mgn SEEAR ELASTIC PROPERTIES OF NICKEL, ianﬁE§;ﬁ_fi;f¥

AND ALUMINUM-MONEL TUBISG .. 1~ '~ *%°

Influencc of Plastie Deformation on the Shear Elastic Strcngth5

The vnriation of shear proof stresa vith extension of .
soft-annealed nickel (TRF), Inconel (TLD), and nluminum-monol .
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(THD) tubdbing ars lhO'ﬂ 1in figuroq 34, BA, 'and 74, respec-
tively. VWith extenslon of annealed’ nickel (fig. 3A), ‘the.
0.1- and 0,03-percent shear proof stresses show & slight
initial rise. The lower proof stresses for annealed hickel
&8s woll as all proof stresses for annoaled Inconel (fig. 51;'
and sluminum-monel (fig. 7A), exhibit an initial decrease.
This decrease 1s most marked at the lowar proof stresses.

At pgroater extensions, proof stresses for all motals rise;
this rise 18 most rapid at the grcator values of set. Simi-
lar proof stress extension curves were obtained with annsaled
monel tudbing (fig. 14).

.

With inereasc of cold reduetion of niekol (fig. 3B),
Inoconel (fig. 5B) and aluminum-monel (fig. 7B), all proof
strossos oxhibit a ries., Valuas for the laboratory-annealed
tudbing, as well as for the factory-annealed Inconel (fig. 5B)
and aluminum-monel (fig. 7?B), are plotted at szero reduction
. of areca; brokon lines connect thess points with the points
reprosonting the smallest cold reductions. The actual vari.
: ation of proof etresses in this range may deviatoe appreciadly
: from such a lincar relztionship. Solid lines conneoting the
: points repreeenting the various cold reductions would corre-
spond more nearly to the actual varlatlon of these proof
stresses. ot

. The initial decrease of prnof stress with exteneion for

! these metals 1s probadly due to the dominant influence of

: induced internal ptress. The subsequent rise of proof etress,
as well as the rise sxhibited for cold-reduced tubdbing, may .
be attributed to the dominant influence of the work-hardening
or lattice-expansion factor. .

Influence of Plastic Dofornation on the Shear Modulus
of Blastioity and 1t| Ltnenr Stress Coeffioient

With extension of annag@gd nicke; (TRF) (fig. 4A), the
shear modulus of elasticity, G,, exhibits a sharp initial
! rise; at greater extonslions, little variastion of the shear
: modulus 1s poted. With extension of annsaled aluminum-monel
(THD) (fi1g. 84), 1little variation is.likewise obtained. With
extension of annealed Inconel tubing (FLD) (fig. 64), howvever,.
there is a general decrease of. shear modulus similar to that
obtained with annealed monel (fig. 34).

’ ¥ith increase of .cold redtiction, nieksl tubding (fig. 43)
- exhibdits an initial inorease of the -shear modulus, G, followed
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by a-decreage; . Thig:1s similar to the variation obtaired with
monel tubing. (fig. :23);. Incénel -(fig.. 6B) -ard aluminum-moneél
(fig. 8B), however, exhibit a- continuous deeraaae of“'G with
increeso of'oold rcduction.' : e Priod

The decrcaué df the 'shoar moddlus.with oxtension or &n-
nealed -Inconel (fig. :6A) may Ve dttributed to:the dominant-
influence of eitlher work<hardening -or crystal: otlentatitn.:
The ‘horizontal position of ‘the shedr mddulud cuirves for oi-
tendedi'anndaled rickel *(fig. 4A) and ‘aluminuminsnél (fig.:84),
however, suggests that no single factor ‘Has a4 dominant influ-
ence on the shear moduluu in this range.

b i dnhnee Eipn

Little miéntficance ‘can-be: attached to £h~ sharp rtee'of
the ‘shear modulus during initial réxiension of 'arnealed niokel
(fig. 14A). Owinig to the extremely small "strecs rargo .over <
vhich :strain-is measured, as-indicatad by the Owlapdrcdnta
rroof--stress value :in fligurae B4, cthe-detevdination of~the ~° .
shear modulus mdy he subject.-td  canstderable terror, ' Witk
-gubeequent: extanston, however; ithe étress rangs -is rreatcﬁ.t
1ncreasing 4Yhe accuracy. of dqtarmtntng thaflhcdt modulus.
R Y bomn? N o sy il - #

wibh 1noreaae of:coldtreductten»nf nickel - (fig. 43): the
initial rise of the shear modulue may be attridbuted.to-the '«
Predominant influence of internal stress. The decrease of
the ehear .modulus, with -subsequent cold-reduction 6f:nTckel
(fig. 4B),..and throughout -the .cold<reduction range of -Ineonel
(fig. 6B) and -aluminum-monel':{fig. 83), may be attributed ‘t'¢
the combined -domingnt:.influence of the lattico.expansion -and
orystal reoriontation factars. A :discussion:of :the relative
influence of these factors will be: gkven later: .- 27/ =z

With exteneion of annealed nickel (fig. 44), the linear
stress coefficlent 'of the modulue: C4 .’ -had & izero value ‘over

nearly the whole range. For extended annealed Inconel (fig.
6A), a maximid vdlue ‘of i-Cq4 i's redched at 'd¥out 3-percent

equivalent cold reduction- whqrens. for extqndod annealed
a uminum-monel'(fig. 81). Go 1J tglx rining after 9 l-per-

cent reduotion. e Kl .‘,,. JArclonedxs 4o donrs

&

With 30—percent cqld rsdthion of’ nickél (fig. 4B) c,.

N Y

roaqhea a maxinum- tt deoreanea continuously vith ‘cold reduc-
¥ tion.oI ‘Iagonel (fig. 6B)., . The variation of  Co. with cold
reduction for theee latter two mstals is 'qualitatively simi-
lar to the variation of thelr shear modulus G, A maximunm
vglue of .C4 1s reaphed -at: 40-peroent cold reduction :of -

R 0,k sesin ® A ~ FEFTY
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'~ aluminum-monol (fig. 8B). The maghitude of tha wvamlues of—Oy

attained with extension of annealed nickel, and with cold re-
duction of both nickel and aluminum-monel, however,is gener-
ally small, - v T

The rise of C,, with extenslon of annealed Inconel

and annealed aluminum-monel, and with cold rciuction of nickel
and aluminun-nonel, may bs attributed to the d:minant influ-
ence of induced internal stress. Ths subsequent decrsase of
some of these curves may be attridbuted to the dominant influ-
ence of the lattioce-expansion factor and probadbly to some ex-
tent to crystal reorientation.

The large value of 0y for the factory-annealed Inconel
(fig. 65) is commensurate with large values of ¢ und small
values of proof stress (fig. 5B) ortsined on this retal. It
is believed probable that thie mateirial was straightened,
following faotory annealing, thereby inducing internal stress.

Influence of Annealing Temperature on the Shear Elastic Strength

In figure 9B 1e shown the variation of the shsar proof
stresses with annealing temperature for cold-reduced nickel,
TRE. With increase of annealing temperature, there is a con-
tinuous - decrease of shear proof strews; this decrease is most
rapid batwaen 1100° and 1200° F. With increase of annealing
teanmperature the shear proof streesss for cold-reduced Inconel
.PLC (fig. 12A) rise to maxima between 700° and 800° ¥ and-d6e.
crease continuously at higher temperatures; the most rapid
decrease occurs between 1100° and 1300° F. For cold-reduced
aluminum-monsl, THC (fig.12B), there are two maxima in the
proof stress-annealing temperature curves. The first ocecurs
at about 500° F, the second and much higher maxima at 1075° T,
The aluminum-uonel specimen annealed at 1075° F was held at
temperature for 10 hours. Proof-stress values obtained upon
soft annealed specimens and plotted in figures 3A (TRF), BA
{TLD), and 7A(THD) are roplotted in figurocs 9B, 12A, and 12B,
rospootively.

The initial rise of proof stress with temperature for
Inconel (fig. 12A) and aluminum-monel (fig. 12B) tubing is
prodbably due to the dominant influences of relief of internal
stress. The second maximum in proof strese for the aluminum-

_ monel may be attridutad to procisitation hardenlng of

this allcy. Such precipitation hardening is additive to pre-
vious hardening by cold work. The decreass of proof stress
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- obtained subsequently on Inconel (fig. 13A) and aluminum-monel

(£1¢. 128), and throughout the temperature range for nickel
(fig. 9B), may be attridbuted to the comdined dominant influ-
ence of relief of work-hardening effects and recrystalligzation.

Influence of Annealing Temperature on the Shaar Modulus
of Blasticity and Its Linsar Stress Coefficient

With increase of the temperature of annealing of cold-
reduced nickel (fig. 11A), the ehear modulus G shows little
variation except for a sharp rise at 12000 F followed by an
abrupt drop at 1450° P. Tho etreces rango over which strain
was measured on these latter two rrecimens ic so small (eee
O.l-percent proof stress, flg. 9B) that an mccurate calcula-'
tion of the modulus wae not possi®la. The shear mcdulue of
Inconel (fig. 11B) and of aluminum-monel (fig. 13) riees con-
tinuously with increase of annealirg tenperature. The high-
est value of G for Inconel:is obtalined with the factory-
annealed tubirg. '

The rise of the shear modulus with annealing temperature,
for Inconel and aluminum-monel, may be attributed to the. in-
fluence of relief of work-hardening and to.recrystallization.,
VWith increase of annealing temperature of nickel, however, no
eingle factor appears to have a dominant influence on the
ehear modulus. ' ' ' . a

With increase 9f gnﬁea1lng tembérqtutﬁ upon nldkel’(?fé;f;

114) or Inconel (fig. 11B), there 1is no regular variation of
the linear etress cosefficient of the shear modulus, Cy; the
magnitude of Co 1e generally emall, Aseyas;négea'batpre'
(f4g. 6B), the value of Cp for factory-annealed Inconel is
large; Cp for aluminum-monel (fig. 13) tends to decreass .
wvith increase of mnnesaling temperature. ite magnitude, howw
ever, 18 emall, I . B .o :

THES . INFLUENCE OF VARIOUS FACTORS UPON THE SHEAR
ELASTIC PROPERTIES OF NONFERROUS METALS

_ In earlier reports {references 1.to 6). much attention
hae been given to .the influenoce of sevsral fundamental fastors
upon the tensile and shear e¢lastic etrongth Qndighq elastio .



"NACA TH ¥o. 967 13

modulue of metals, as influenced by plastic deformation and
heat treatment. These factors are (1) the internsl streass,
(2) the work-hardening or lattice-expansion factor, and -
(3) preferred crystal orienmtation,

The introduction of intsrnal strsss tends to lower the
shear proof stress, as le evident after slight extension of
. annealed metals (fige. 1A, 34, 5A, and 7A). The influence
of internal strese upon the shear modulus, however, is appar-
ently dependent upon the relative positions of the planss on
which maximum slip occurs during cold working and during sud-
sequant testing., Ite influsnce upon the shear modulue is not
evident during shear testing of previously sxtended annealed
tubing (refsroncs 5). Since the planes upon which slip oc-
curs during cold reduction, however, are apparently not so
selective as during tenelle extconsion, thore 1s evidence dur-
ing modoratc eold reduction of moncl and nickel tuding of in-
" duced intornal stress. Thie causes 3 risc of the shoar mod-
wlus G (figs. 238 and 4B). Such induced internal stress may
cause the lowering of proof stresses and inerease of shear -
podulus obtalned with factory-annealed Inconsl tubing TIA,
owing to a possible vost-annealing straightening opasration.
(figs. 6B and 11B).

The influence of the lattice-expansion factor is evident
in the increase of proof stress and the lowering of the ehear
modulus of elastiecity. With increase of cold deformation, as
producsd by sxtension or by ecold reduction, a sharp rise of
proof etroes 1ls producsd, owing to tiue predominance of this
factor (figs. 1, 3, 5, and 7). The 1limit of work-hardening
18 evidontly obtained, for the nickel, Inconsl, and aluminum-
.monel tublng, after about 40-percent cold reduction in area.
The lowering of the shksar modulus by the influence of ths
vork-hardening factor 1e most evident in ths extension of
mnnel and Inconel tubing (figs. 2A and 6A) and in the cold
reduction of Inconsl and aluminun-monel tubing (figs. 6B and
8B). There 1s little evidenco that ths work-hardening factor
has a slgnlficant effect upcn ths shear modulus of nickel
({reference 6 and fig. 4)

All of the netels tested are of ths face-csntered cuble
type. After cold deformation, such metals tend to assume a !
duplex crystal orlentation along the specimen axis -~ namsly,

. eubic [{100] and cctahedral [111]. The proportion of each
orientation producsd wlll grsatly affect the value of the
: shear modulus of elasticity. Earlier work (referencss 2 and
. 6) tends to indicate that the oriemntation textures produced
in monel and nickel are predominantly octahsdral [111]; such

- - R
e e —

LT -' —
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aitoxturé " might eleo be expected to bb found in -severely
col€=48formed elunlnum-nonel A prtdoninent;y octahedral -
oriendation would ténd to give a lower value of the shear -

modulus than obtained 1f the orientation were randomly: aie-

tributed (refereneee 2 and 6).

e Although preferred orientation 1s generally obssrved in
metals by X-ray measuremonts only after severe vlastic defor-
"Bétion; the limiting deformation cannot be established at
&hich” preferred orientation firet exerts a dominant influente
~ipon tHe: shear modalué.  The relative influence of lattice-’
‘expansion aAnd @1 pteferred drystal teorientation, in caueing
a- lowering of. the shetir - modulue during déformation, therefore,
f1e"not apparant.  Ii ea?lisr méasurements of the teneile mod-
ulus (referdnces:2 and- 6); however, there wae scattered evi-

-denas  that- the influénce oL preferrea cryetel orientetion wel
donlnent even et emall deformetions.

“It was noted: in eurlier renorte \rererencee % and 6)
thet ‘preferred crystal orientatiof 1ufluencee:teneile and
shear modalil 12 an' oppoeite manned . “Theré is evidence that
internal stresd will tend to’cause anincreadd of both thé’
shear and ‘tensile modull. The relative influence of sueh in-
ternal strees is depcndent, however, upon ths dircections of

‘siip planes during ﬁrior"ueformetion~anafdﬁrihg“itrein meas-

curdments,” It 1s likewise belilevead that-laitice'expaﬁeipﬁ S
*will tend-to deorease both tetnsilé. and sheémt-modull. "Cespar-
1son:of the vartatioa of teneile and shéar moduli. of" netele.
asinfluenced by plastic deformation ahd hdidt- treetnent.
should provide 'valuablé’ 1nformntion of the" reletive in!luence
bt the rer:oue ractore.n-ﬂ = ._---

Keeeurenente Ar 9ROV being mede ‘of the teneile eleet!c
propertiee updn a- derfeos of. tubdlar speédimén’s elmiler ‘to"
those tested in. torsion forithis: inveett;etion.’ A cemperleon
df these values ‘witi veluea given In the preeent report—w;ll
0 T E publtehea lhorﬁiy.~w s

SR TR L

. concx.usrqns .

.".7...'.,‘.'-'. -.-.:.- . .{"'

v - - ' e K 3 -

Qhe etfoete cf"plegtic deformetion aﬁd or heat treetment
on bhe shear ¢lastio propertise 'of morel, ‘alckel, . Inconél, - .
and ‘aluttinunm-monel tudbing were studied, “The variatfon of’
thews proportiecs is-infludrnced by-thtrdé“important facdbtors -
nemely, (a) internal itrese, (b) the work-Mardering or- lattice- .
expansion factor, and (c) orystal brientation. ' In the follew-
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ing summation, the relative influence of these thros factors

- w4ll be discuesed. These conclusions apply to all of the

metals tested except as indicated.

l. With plastic extension of annealed tubing, the shear
proof stresses exhibit an initlal decrease or a slight rise,
followed by a more rapid rise. Induced internal stress is
esvident after slight extensions: whereas the work-hardening
factor dominatad”follbwtng large deformationg.

24 Eoderate cold ‘reduction, as produced either by cold~
drawing or by the "tube~reducer" method, causes a large in~-
crease of shear prceof gtress. The work-hardening factor
evidaently dominates in causing this rise. Severe cold reduc=-
tion does not produce an appreciatle rise in proof nirvees
above that obtained at 40—perqent reauctzon, for the size of
tubing tested.

3. Anneqling of cold-reduced monel, Inconel, and aluminum~-
monel tubing at intermediate temperatures leads to a noticeable e
increase in all shear proof streeses. This ie taken as evi-

dence for the relief of internal stress. A marked increzase in

all proof etressee 1a obtained with aluminum-monel metal after
holding at higher temperatures, within the gprecipitation hard-
ening range; a failrly long holding time at temperature is re-~
quired to obtain a maximum rise in proof stress. With in-
orease of annealing temperatures above those required to ob~
tain these maxima, the proof stresses for these metals decrease.
The proof stresses for nickel tubing decreaee continuously with
increase, of annealing temperature. The most rapid decrease of
proof stress for all.metals occurs for annealing temperatures
$n ‘the vicinity of 1200° ¥, The decrease in proof stress with
rise of annealing tenparature is due to the dominant influence
of relief of work-hardening and to recrystallization.

4. With extension of annealed monel and Inconel tubing, ;
there occured a-ldwering 6f the shear modulus of elasticity due !
to the dominant influence of the work-hardening factor and
perhaps to some extent to preferred crystal orientatioan. No
significant variation of the shear modulus of nickel and of
aluminum-monel tubing occurs with such extension.

6. With increase of cold reduction of monel and nickel
tubing the shear modulus of elasticity rises first to a maxi-
mum, followed by a decrease at greater reductions; internal
stross provadly predominates during early cold reduction.
Yor Inconel and aluminum-monel the ehear modulus decreases
continuously with increase of oold reduction. The decreass -~
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of the shear modulus with ccld reduction of all.metals ig
probably due to the combined domindant influencs of .the work-
hardening fazctor and the production of preferred. oricntation
og graing as obtainod with cold reduction. Tha relative in-
fluenee of theao two factors has not'been estabdlishod.,

6. With 4increase of annealtng temperatvre, the shear
modulus of elasticity of Inconel and saluminum-monel tubiag
rises continuously. This rise is.evident)y duc to the donl-
nant influence of relief of work-hardoning effocts and rec-
c!ystallization. ‘No gignificant variation of thc shear mod-
ulus-of olasticity of monol ardd. nickel tudbing with chango‘oﬁ
annealing teomperaturc is sbsofvod...The shgar madulus of
clasticeity ‘of ‘faétory-anncaled Inc¢onol tuding is somewhat
greator than that obtnined for the lnbcrutory nnnealcd thbing.

7. Although considerahxe fluctvation 1s observa¢ “of, the
linear stress coefficient of the snchr moiulus, C,, ‘with =

plaatic defobmation drd vartation- il annealing :tomperature,
the magnitude of these fluctuations: isv.genbrally not sigaifi-
cant. Theé Gocrease 'of the shear-modbius -with .stress,.odb=. ..
}ained 1n tests of somde epecimens for which'ithe value of. Cc 0
is. :ero, 1ndiontea that the varlation of the ‘ghear modulus:
with stress {s of .quadratic or! highér order.. The variation
of tre ahear modulua with streas, howd&ery 1 genorally not :
pnonortionully as great as vas obtainea“oarliur from tensilo
,teatn on tensile bars. of. ainilar materials' B
L : .
Although the . conclusiona drawn apply specifically ‘to. -
the tudular materials. teasted, 1t appEars- probah!e ‘that.’ they~
are. anplloable qualitatively to nany thar metala.-"H -

Yoo e

PR T LT

Fational 'Buz‘leau“'of‘ Standards, - 0 T i Tilew
Washingtor, D. £., July 1944.
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