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SR3AR BLASTIC PROPERTIES  07 SOME  HIGH  8TREH0TH »OHTERROITS METALS 

AS APIEOTSD BY PLASTIC DEFORMATION AND BY HEAT TRBATHEHT 

By S.  V.   Mats and D.   J.  McAdam,   Jr. 

SUMMARY 

A study vaa Bade of the shear elastic properties of 
monel, nickel, Inconel, and aluminum-monel tubing, as influ- 
enced by extension of annealed 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 elasticity and its 
Tar1ation with stress. 

The factors which determine the variation of the 
shear elastic properties of these metals with plastic defor- 
mation and annealing 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 to the dominant influence of 
the work-hardening factor.  A small increase of proof stress 
is obtained upon cold-reduced monel, Inconel, and aluminum- 
monel tubing by annealing at fairly 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 tubing, 
due to relief of work-hardening effects and recrystallina- 
tion.  For aluminum-fflonel, there is obtained a marked in- 
crease in proof 8trs8S by holding at temperature immediately 
below the recrystallization range.  This rise is due to 
precipitation-hardening. 

A rise of the shear modulus- of elasticity 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 probably 1B 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 

•Internal stress Induced during prior extension probably has 
little effect on the shear modulus as subsequently measured; 
IV would more greatly affect tensile modulus measurements. 
The effect of internal stress induced during cold reduction 
would affect tensile, and shear moduli more nearly alike. 

A decrease of tho shear modulus of elasticity Is ob- 
servod with oxtonsion of atonel and aluminum-monol tubing.  It 
is alBO obsorvod over at least ä portion of the range of cold 
reduction of all the metals tested.  This decrease is be- 
lieved to be due to the combined dominant Influence of the 
•w'orki-hard,enlng factor and preferred crystal orientation.  The 
relative Influence of each of these .two factors, however, la 
TfoVeetabli'ehed. .    '   \ 

'•'"••    With increase of annealing temperature for cold-reduced 
Inconel and aluminuc-monel, a rise of the shear modulus Is 
observed.  This rise Is accredited to the combined influence 
of relief of the. w.ork-hardening effects and recrystallisation. 

INTRODUCTION 

-• 'The demand for more detailed information about the-de- 
förtoation of metals under applied, stress, within the useful 
working stres.8 range, has resulted in numerous Investiga- 
tion« of significant elastic properties of metals.  In a 
project sponsored by and conducted with the financial assist- 
ance of the National Advisory C.oqmlttee for Aeronautics at 
the National Bureau of Standards, a series of reports (refer- 
ences 1, 2, 3, 4, and ß) has been presented upon the tensile 
and shear elastic properties of high strength aircraft aetalB. 
•The elastic properties Investigated were (a) the proof 
«tresses producing selected,proof sets, (b) the tensile and 
«hear moduli of.elasticity and their variation with applied 
•tress, and (o) Polsson's ratio and its variation with stress. 
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 earlier .report• (references 1, 2, 3, 4, and 5). 

. t . Jn, . •»*• ••• 
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These earlier reports discussed tensile-elastle proper- 
tie« for a large number of metal» (reference« 1, 2, and 3) 
and torslonal-elastlc properties for 18:8 chromium-nickel 
•teel (references 4 and 6).  The present report, which le the 
sixth of the series, discusses the shear elastic properties 
Of monel, nickel, Inconel, and aluminum-monel.  The shear 
properties, as In previously described investigations, were 
determined by means of torsion tests of tubing. 

HATSHIALS AND TESTS 

The material used in this Investigation, was obtained 
from The International Nickel Company through the cooperation 
of fir. V. A. Mudge, Assistant Dircotor of the Technical 
Service Section; It was supplied In ehe form of seamless tub- 
ing of 1-inch outside diameter and 0.085-Inch wall thickness, 
nominal size.  Each material was supplied in several hardness 
grades, as obtained by cold redaction without intermediate 
anneal; Inconel and aluminum-monel wore also supplied in a 
soft annealed condition.  There was.also supplied, of each 
material, tubing which had been severely cold-reduced and 
then normalized or stress-relief-annealed at 500° 7.  All 
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 
table II. 

Oold deformation in manufacture 
tubular materials by "cold-drawing" 
method.  The method .applied to each 
table II.  Cold-drawing consists In 
an ordinary drawing die and a mandre 
method consists in kneading the tubl 
the aid of rolls.  Both processes wi 
report as cold reduction, in order t 
cold deformation obtained by tensile 
soft-annealed in this laboratory. 

was applied to these 
or by the "tube-reducer" 
material is indicated in 
drawing the tubing between 
1.  The tube-reducer 
ng over a mandrel with 
11 be referred to In this 
o differentiate from the 
extension of specimens 

Specimens from each of the. cold-reduced and of the an- 
nealed materials were prepared for torsion testing in the ae- 
reeeived condition.  The normalized, cold-reduced material 
was softened by further annealing at a higher temperature. 
Individual laboratory-annealed specimens were then extended 
varying amounts in a tension testing machine before testing 
In torsion. 

*> 
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..... ..Th.a method .Oif; preparing' »a*' •easiarinfc Version  specimen», 
was described,in an «aril«* report   (reference'4)".-   The torr' 
sion;tests.were made  in.a manually opira*id,   pandttlum-typa'. 
torsion-testing machine   of 13;ÖÖ0  inch^pöuhd  capacity.     The.' 
optical  torsion meter   employed  was  the   earn«  as  that  used, ill: . 
the  earlier  investigation  (reference  4).'   Shear   stress-strain. 
and   stress-set   curves  were:measured   simultaneously'on  each     . 
specimen  by methods   explained previously   (references  1,   2,   3,' 
and 4).     From these  were  derived  the  various   shear   elastic 
indices. 

Stress-deviation  and   stress-set   curves  and   the  derived 
stress-modulus  curves  are  not   given  in this  report.     Such 
curves  are- illustrated,   however,   in  earlier   report •",.(re far-  #s 
«tt«ces 1,   3*   3,   ana 4)-.     Therelationship1 'betWeir tue   fpinn:''"];;* 
of   such:^curves and  the values   of 't'Ker'-dAfiftVe*   iriii.ee"* are; alri 
glteen In the earlier  reports1. "'•-   ''• •'" ; '.''""'''. 

„-. •.•..«.:• ;•-   £;.•• ;••::•   •'•,•;•.-•... .S £•   Th'-. ••.;•'   :-.y ..--..   •'• •"   r»r ,J 

»iiü-.-.:xr:i   ':••>'.*•   •   .-:   ...-       :.-,•••  •-.-••  i *:-•••• *•'•-•   •'••••"•'    .••"•*"   £•'••-;**••« 
TH» .lÄEMJBHCS  QT  P1ASTIC: üttrORMATTON AM HBAT' TSBiTMBS^ "''': 

...   ;, |   i,--! ::.:.•:: I«..-: .:•.•.•,-/•.•:'.v.,;: n   ".': '    '•..:'•".    ? i ;• s.-.". * 
:;r. »POSs TBS   SHEAR BLA'STIO^FROPBHTIBS Ofr1 IfOVSL TUB I HO" "'     '- ••' - 
ija   tv...:.f>V:v    •is.-.i>v(ii    ~ , •:• -    ,,r:\    \'-l?".       • '•: • ~    . -' '• * * * ' ";••; 

InJMjUon.db  of Frlffr'Plastlc-'Bk%<n«loh'and  Cold Heauct'ion"    '. 

V 

fjf 

: upon the. Shear Blast!«   Strength; of' Monel 

:iJ,}.} 

Monel  tubing  (TOE)   which had   been cold-reduced  75  to  80 
percent in area bf cross'section ah* nbrmaliised' at '600° Tr   . 
du«.«« manufacture  was'* sbft-'a-nnealWd' at' 1400° T'J '•' Indiv'iduai;' -T 

annealed  epeclmehs were^*he*' •'xt«hded; Öv4'6,   1.1,1';  .1.92,• '8.83^ 
4^6?,£>aitd 10.15 percent ,ireepeötiv*iy. 'Shear pröö-f stress •'•_; 
values' derived- from  torsion- stress-'set  curve's; measured upon -'' 
these4 specimens are' plotted in  figure51A;,X. The  amount  of', ei-"' t 
tension expressed as equivalent  reduction  of area is plotted'^ 
as' abscissa;'   The   shear prbo'f; stresse* are' plotted upo^  o'ffi '' 
set   scales' in  order  to  separate-the  values.corresponding to     ; 
the various proof  sets  indicated': -namely,   0.001,   0.003,   0^01,' 
0.03,   and  0.1 percent.     The  experimentally derived points are 
connected by  straight   lines. :   A   smooth  curve  drawh through 
the  experimentally derived points  would not   deviate  greatly 
from'these  lines.     With  Increasing-plastic  deformation  ffig. 
1A),   the  various proof   stresses   exhibit'an  initial   sharp .de^'  '. 
crease,   followed by a   slower  rise.     The   Initial  decrease'is  \ . 
most  pronounced  for   the  lower  proof   sets,   and  the   subsequent' .. 
increase  is more rapid  at   the higher  proof  sets.     The  0.001 

*   _j-'' *•»»*'*  _   . ^»--   •**'*• *^* "\ "^.»r* -*.    "  '"* 

«^ »•» "."-'  "**,-•    "*" 

••**' -**' "*— J     -. 
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and 0.003-per'eeht proof stresses do not reach daring 10,13- 
percent extension (9.2-percent reduction of area) the values 

• obtained at zero reduction (fig, 1A). 

In figure IB are plotted shear proof stresses obtained 
with monel tubing cold-reduced 10, 20, 30, and 40 percent 
during manufacture.  The amount of cold reduction in cross 
section is plotted as abscissa.  Symbols denoting the various 
cold-reduced grades are marked on the diagram along corre- 
sponding abscissa.  Proof Btress values for the fully annealed 
monel specimens are plotted at zero equivalent reduction in 
both figures 1A and IB. 

With increasing cold reduction (fig. IB) all the proof 
stresses rise.  This rise is^greatest between zero and 10- 
percont reduction.  Values of proof stress for the annealed 
metal and monel cold-reduced 10.percent are connected by 
broken straight lines; the.exact'course of these curves is 
not known.. 

In earlier reports (references 2 to 6) were discussed 
the variaus factory .which- influence the variation of proof 
s.treae-.  These fact ore:are•(l) macroscopic internal stress 
and* microstructural stress,.hereafter referred to as Internal 

,     stress, and (2> the-work-hArdening or lattice expansion fao- 
i   >      tor.  The .initial.dactease in.proof stress with extension of 
' the annealed metal (fig. 1A') is: probably due to an increase 
! of internal stresB. .(See:references 2, 4, and 6.)  The sub- 
| sequent rise of proof stress with extension (fig. 1A) and the 

rise with cold reduction (fig. -13) may be attributed to the 
! influence of the second fact ori work-hardening (references 2, 
I    '    4, and 6). 

It should be noted that the shear proof stresses corre- 
sponding to 9.2 percent equivalent reduction (flg. 1A), espe- 
cially those corresponding»to the smaller proof sets, are 
scsewhat lower than the shear proof stresses obtained with 
monel tubing cold-reduced 10.percent (fig. IB).  This differ- 
ence may. be attributed either to a more deleterious influence 
of Internal stress induced by the extension process than by 
oold reduction, or poeBibly because cold reduction during 
manufacture may have been imparted, to.hot-rolled tubing, 
rather than ,to annealed tubing.. 

\>. •   V.  w .: ....       .   . ..,,-,•. 

• <.•'-     • .  i. ; ä s >T u ..• f, 
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-:;;5otl\4«HO« 0$-Prior plaa"tlc £xten«io.n: and Gold Reduction .* 
H !• ;•,••••.•  i .•;•'   •. •-.•  •      •• • •   •    :•.-•••"•..•:..;:,•. ...... 

upon the Shear kodulu»: of SMasticHy of aonel Tubing* -. 

;.,;.. ;Ihe-variation of the shear modulus of elasticity with 
extenaie-.a of annealed monel: and with cold reduction of monel- 
isoSwewn in figure» 2A and SB, respectively. Values obtained 

,if<or:the fully annealed metal are plotted at zero equivalent " 
reduction i;n hoth figures. The method of derivation of ther:o 

; -aodttlus Mas described in earlier reports (references 11 2i'-'• •' 
4«land:6). .  ::.••,' .•.••:. I•:•'•• 

Because the stress-strain lines for monel, and for many 
other aatals, are':curved in form, it becomes desirable''Vo 
specSify the stress at which the modulus was measured.* 'In "' 
earlier reports (references 1, 2, a, and 6), the tensile mod*»' 
ulus was selected at zero stress and generally at 25,000 and' 
50*000 psi.  Hadal (reference 7} ha? suggested that the stress- 
strain curve for a metal in pure shear can he derived from its 
•tress-strain curve in tension, by multiplying stresses by 1//TT 
and Strains by 1.5.  This relationship will hold accurately 
only for isotropic metals, provided some questionable assump- 
tions emoloyed in its derivation are valid.  As a first app'rox- 
-imation, however, it may he applied to all metals.  Therefore, 
shear modulus values were obtained at'zero stress, and where*' 
possible at 14,450 and 38,900 psi,  These modulus values are 
t6'be utilised in a later report (to be published) in calcu- 
1-ating PoissonlS ratio« 

<•• •    With prior extension of the annealed metal,' 00 and ' 

'Of 14,45 »re both found to decrease (fig. 2a) {  G0, 614,45, 
and &2B 9 rise with increase of cold reduction (fig. 2B) 
t tarn 10 to 20- rperoent, and decrease continuously with- further 
cold reduction'.to values beloa that obtained fOT the annealed, 
metal* .after 10.13-peroent extension (S.2-percent reduction' 
in fig. 2A.)-, however, the values of &0,  °i4-45t  and ^2g,9 
(:the latter point indicated by the lowest of- the three points 
plotted at this reduction) are somewhat lower than the values' 
obtained' by 40-percent cold reduction (fig. 2B). 

-With increasing extension (fig. 2A), the linear stress 
coefficient, C0, rises to a uiaximum at about 2-percent 

•In this report, as in earlier reports (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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äquivalent reduction« deorsasing rapidly thwvfrafter to lero. 
With cold reduction (fig* 2B), a sero value of 0o it obtained, 
except for the tubing cold-reduced 40 percent; the indicated 
variation of the shear modulus with »tree«, however, signifies 
that-for some of the tubes the modulus does not vary linearly 
with-«tress* 

• It is-apparent that the influen-ce 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-expansion factor.  The internal stress induced 
during prior extension does not greatly affect th« shear mod- 
ulus values, as has been explained in an earlier report (ref- 
erence 5).  As stated there, maximum shear occurs along differ- 
ent planes during prior extension than during torsion testing* 
The internal stress set up during extension would have appre- 
ciably less influence upon subsequent torsion measurements 
than it would if the planes of maximum shear were the same 
during prior deformation and during testing* As previously 
stated (reference 5), residual stress produced during exten- 
sion is anisotropie in its influence upon some of the subse- 
quently measured elastic properties. 

-.•'' • lith cold reduction of monel, the initial rise of the 
shear modulus indicates -that the work-hardening factor does 
QOt predominate*  It is known- that during cold reduction, the 
most aotive slip planes will not. have the same orientations 
.throughout the cross section of -the tube*  The internal 
•tresses produced during such reduction will therefore be- 
-more nearly iso tropic' in their influence upon subsequently. 

. measured elastic properties than,during.extension.  It is 
probable that such internal stress will therefore predominate 
la'causing a rise of shear modulus for cold reductions up to 
??0 ,per,cent.  The decrease of the:shear modulus for reductions 
greater than 20 percent (fig* 2BJ may be attributed to the- 
combined 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* 2A). 

.,..,..., JChe .causes for. variation of-the linear ;stress coaff i<- 
elent of the modulus 0o are not so evident; the value of 
0o is difficult to evaluate accurately and is generally 
ramall*-.  •.. a-.:*-      T •:•-.• ••.•.•-.!•    ••.:•'.••• i-<--  •••:~ 
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The Influence of Annealing Temperature on the 

', 8hear Elastic Properties' of Honel Tubing 

The.r:y Is.shown in figure 9A the variation of the shear-, 
proof stresses with annealing temperature.  These values were..-. 
derived from teste on a series of cold-reduced monel tubes . 
TOD, annealed at 300°, 500°, 700°, 900°, 1000°, 1100°. and  • 
1200° Fi respectively.  Proof stress values obtained upon an 
unannealed specimen TGD are plotted at 100° F, and the val-; 
ues obtained upon a. soft-annealed specimen TGE  are replotted 
from figure l ät 1400° P.     . 

With Increase of annealing temperature, all proof   •. 
•tresses rise, reaching a maximum at 500° P for 0.1 percent 
proof ,set and at 500° 7 for the remaining proof sets. .With 
further, increase all proof stresses decrease; this decrease is 
most rapid for the 0.1 percent proof set.  All proof stresset 
decrease at their maximum rate for annealing temperatures be- 
tween 1200° and 1400° P.  The initial riae may be attributed' 
to relief of deleter lours internal etrees; the subsequent -de**, 
crease .to the removal of work-hardening effecte and to re.erys- 
tallltatlon. 

In figure 10 are plotted values of the shear modulus and 
it a linear stress coefficient  C0l  obtained on these same 
annealed specimens.  With increase of annealing temperature*» 
the several modulus curves rise slowly to maxima at about 
900° P.  The linear stress coefficient of the modulus, C0;   * . 
likewise reaches -a maximum at 900° P. decreasing to zero for an 
annealing^ temperature of 1400° .7.  The actual variation of  ''»•. 
the shear mo&ulu,s curves is small; this would indicate that' 
no si'ngle; factor predominates in its influence upon thl*» - - 
property during annealing of monel.  The absolute, values of*-' 
0o are quito email; no great significance can be attached to 
their variation. 

THB SEBAH BLASTIC PROPSHTI.BS OP MICKEL, ISCOiBBL,"';. '''/ •' 

ANS ALUMINUM-MOHBL TUBIHG ... *..'     .' '"•r: ', 

Influence of Plastic Deformation on the Shear Elastic Strength - 

The variation of shear proof stress with'extension of 
toft-annealed nickel (TRP), Inconel (TLB), and alumlnum-monel ' 

I 
. *.   * -•-*•—. - 
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(THD) tubing are shown In figur 
tlvely. With extension of anne 
0.1- and 0.03-peroent shear pro 
initial rise. The lover proof 
as wall as all proof stresses f 
and aluminum-monel (flg. 7A), s 
This decrease is most marked at 
At greater extensions, proof Bt 
this rise is most rapid at the 
lar proof stress extension curv 
monol tubing (fig. 1A). 

t* 3A, SA, and 7A, »esp.ee- 
aled'nickel (fig. 3A), the 
of stresses shew a slight 
stresses for annealed nickel, 
or annealed Inconal (fig. 5A) 
xhlbit an initial decrease. 
the lower proof stresses, 

resses for all motals rise; 
greator values of set.  Simi- 
C8 were obtained with annealed 

With increaao of cold reduction of nlckol 
Xnoonel (fig. 5B) and aluminum-mono1 (fig. 7B), 
stresses exhibit a rise. Values for the labora 
tubing, as well as for the factory-annealed Inc 
and aluminum-monel (fig. 7B), are plotted at so 
of area; brokon lines connect these points with 
representing tho smallest cold reductions. The 
ation of proof stresses in' this Tange may devla 
from such a linear relationship. Solid lines c 
point 8 representing the various cold reductions 
epond more nearly to the actual variation of th 
stresses. 

(fig.   3B), 
all proof 

t.ory-annealed 
onel   (fig.   5B) 
ro  reduction 
the points 
Actual varl- 
to appreciably 
onneoting the 
would corrs- 

ese proof 

The initial decrease of proof stress with extension for ' 
these metals 1B probably due to the dominant influenco of 
Induced internal stress.  The subsequent rise of proof stress, 
as wall as the rise exhibited for oold-reduoed tubing, may 
be attributed to the dominant Influence of the work-hardening 
or lattice-expansion factor. 

Influence of Plastic Deformation on the Shear Modulus 

of Ilastioity and its linear-Stress Coefficient 

With extension of annealed nickel (TRF) (fig. 4A)r the 
shear modulus of elasticity, 00, exhibits a -sharp initial 
rise; at greater extensions, little variation of the shear 
modulus is noted.  With extension of annealed aluminum-monel 
(THD) (fig. 8A), little variation is.likewise obtained.  With 
extension of annealed Inconel tubing' (TLB) (fig. 6A), however, 
there is a general decrease of.shear'modulus similar to that 
obtained with annealed monol (fig. 3A). 

With inereaae of cold reduction, nlekel tubing (fig. 43) 
exhibits an initial increase of the shear modulus, G, followed 

-* *•»• 
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by a decrease.     Thie.is.similar  to  the variation  obtained  with 
monel  tubing (fig. :S3).   Inconel   (fig.6B)     and   alüminum-aoriel 
(fig.   8$),   rowevsr,   exhibit   a  continuous  ieerctaae. of:   0     with 
increase   of  oold reduction,   J *ol   ':'.'- '. i   J.   . 

.- ': . .:'.... •;'•:. •,:':•   ': • : - ,    .'..!,•    'K   if ••;    . •• 
The decrease   of  the   ehoar  modulu*.*It)i extension   of An- 

nealed  Inconel   (fig;   6A)  may be attributed to  the  dominant 
influence   of either  work-hardening  or  crystal   orientation.- 
The horizontal position   of the   shear  modulus  curves  for   ex- 
tended  annealed nickel   (fig.   4A)   and  aluminum-..-or.ol   (fig.   8A), 
however,   suggosts that   no   single  factor  has  a dominant   influ- 
ence  on  the   shear modulus  in  this  range. 

'.-•-Little ^significance  can :be: attached  to   '.hs . sharp  rise   of 
the  shear  modulus during initial.extension  of'annealed  nickel 
(fig.-4A).     Owing to  the   extremely   small ' sirens range .over   ••' 
which  strain is measured,   a».Indicat 3d ."by the   0. l-pörcont •• 
proof-stress value in  figure 3A,refcha 'dete.-di'nation  of; the   : 
shear  modulus may be  subject   td .considerable   error.     With 
subsequent- extension,   however j.:tho 'Stress r.ange  is  great en, • 
Increas'ii.,; the accuracy  of determining tho "shea.*  modulus;. ••.': 
..=•.<-     -      •    -.7-   •;       tficlel   Si    :    IV   JtlrV   Itslt   :•    '• •: '.   »Iclce 

With increase   of 'cold reduct'ien   of nickel'  (fig.   43)',   the 
Initial  rise   of the   shear  modulus  may be  attributed.to  the    • 
predominant   influence   of  internal   stress.     The decrease   of 
the.  shear modulus«   with   subsequent   cold reduction  of nickel 
(fig.   43),   and  throughout   the   cold-reduction   range   of  Inconel 
.(fig.   6B)  and alumfinum^monal".(.fi.g.»  83>v may be attributed tof 
the  combined  dominant .influenee   of .'the .lattice  expansion and 
crystal  reeriontation  factors..'    A  discussion   of.the  relative 
influence   of these  factors will  be  given  later•.••::•-•<•.••.•.tt. L   to 

Vith extension of annealed nickel (fig. 4A), the linear 
stress coefficient of the modulus C0 -has a zero valüe.'over 
nearly the whole range. For extended annealed Inconel (fig. 
6A),   a maximum value of    C0     is  reached At  ab'out  3-percent 
equivalent  cold reduction;  whereas,   for extended annealed 
aluminum-monel   (fig.   8A), "fl-0    i4••'j'trfltl rising after 9,Irj)er- 
cent   reduction. 

/;.     With 30-pereent 'cold .reduefti.'bn >f jnickel   (fig. .43),   09 •,' 
reaches  a  maximum;   it   decreases   continuously  with  cold   reduc- 
tion  of Xioonsl   (.fig.... 68).,.    The Variation  of    C0.   with cold 
reduction  for these   latter  two  metals  is  qualitatively   simi- 
lar  to  the  variation  of their   shear  modulus     G.     A maximum 
value   of     CQ     is  reached  at   40-percent   cold  reduction  of 

• - - 
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•lualnum-monol (flg. 8B). The magnitude of the values of «<g 
attained with extension of annealed nickel, and vlth cold re- 
duction of both nickel and aluminum-monel, however,1« gener- 
ally «mall. 

The rise of C O' with extension of annealed Inconel 
and annealed aluminum-monel, and with cold reduction of nickel 
and aluiainua-monel, nay he attributed to the dominant influ- 
ence of induced internal stress.  The subsequent decrease of 
some of these curves may be attributed to the dominant influ- 
ence of the lattice-expansion factor and probably to some ex- 
tent to crystal reorientation. 

The large value of  C0  for the factory-annealed Inconel 
(fig. 65) is commensurate with large values of 0 und small 
values of proof stress (flg. 5B) obtained on this r.etal.  It 
la believed probable that this material was straightened, 
following factory annealing, thereby inducing internal stress. 

Influence of Annealing Temperature on the Shear Elastic Strength 

In figure 92 is shown the vari 
•tresses with annealing temperature 
THB. With Increase of annealing te 
tinuous decrease of shear proof str 
rapid between 1100° and 1300° F. W 
temperature the shear proof stresse 
TIC (flg. 12A) rise to maxima betwe 
crease continuously at higher tempe 
decrease occurs between 1100° and 1 
aluminum-monel, TBC (fig.l2B), ther 
proof stress-annealing temperature 
at about 500° F, the second and muc 
The aluminum-monel specimen anneale 
temperature for 10 hours. Proof-st 
•oft annealed specimens and plotted 
(TLD), and 7A(THD) are roplotted in 
respectively. 

ation of the shear proof 
for cold-reduced nickel, 

mperature, there is a eon- 
Hbs; this decrease is most 
ith increase of annealing 
8 for cold-reduced Inconel 
en 700° and 800° T  and~d*~ 
ratures; the most rapid 
300° F.  For cold-reduced 
e are two maxima In the 
curves.  The first occurs 
h higher maxima at 1075° F. 
d at 1075° 7 was held at 
ress values obtained upon 
in figures 3* (TRF), 6A 
figuroa 9B, 12A, and 12B, 

The Initial rise of proof stress with temperature for 
Inconel (fig. ISA) and aluminum-monel (fig. 12B) tubing is 
probably due to the dominant Influence of relief of internal 
•trees.  The Beoond maximum In proof stress for the aluminum- 
conel nay be attributed to prooijitation hardening of 
this alloy.  Such precipitation hardening is additive to pre- 
vious hardening by cold work.  The decrease of proof stress 

1 



X2 HAOA TV Ho. 967 

obtained subsequently on Ineonel (flg. 13A) and aluminum-monel 
{tig.  12B), and throughout the temperature range for nickel 
(flg. 9B), nay DO attributed to the combined dominant influ- 
ence of relief of work-hardening effects and recrystallisation. 

Influence of Annealing Temperature on the Shear Modulus 

of Elasticity and Its Linear Stress Coefficient 

With increase of the tempera 
reduced nickel (fig. 11A), the sh 
variation except for a sharp rise 
abrupt drop at 1450° F. Tho stro 
was measured on these latter two 
0.1-percent proof stress, flg. 9B 
tion of the modulus was not possi 
Ineonel (fig. 11B) and of alumlnu 
tinuously with increase of anneal 
est value of G for Ineonel is o 
annealed tubir.g. 

ture of annealing of cold- 
ear modulus  G  shows little 
at 1200° F followed by an 
ss rnngo over which strain 
rp9cini6n8 Is so small (sea 
5 that an accurate calcula- 
ble.  The shear modulus of 
m-nonel (fig. 13) rises con- 
ing tenperature.  The high- 
btained with the factory- 

The rise of the shear modulus with annealing temperature, 
for Ineonel and aluminum-monel, may be attributed to the. in- 
fluence of relief of work-hardening and t o. recrystalli zatlop-. 
With increase of annealing temperature of nickel, however, no 
•ingle factor appears to have a dominant influence on the 
•hear modulus. 

With increase of annealing temperature upon nickel (fig.' 
11A) or Ineonel (fig. 11B), there is no regular variation of. 
the linear stress coefficient of the shear.modulus, C0; the 
magnitude of C0  is generally small.  As was noted before 
(fig. 6B), the value of C0  for.factory-annealed Ineonel la 
large;  C0  for aluminum-monel (fig. 13) tends to decrease 
with increase of annealing temperature - It s magnitude, how*. 
ever, is email. 

THS . INFLUENCE:OF VARIOUS FACTORS UPON THE SHEAR 

ELASTIC PROPERTIES OF NONFERROUS METALS ' • ' 

In earlier report« (references 1 to 6) much attention 
has been given to the influence of several fundamental footer» 
upon the tensile and shear elastic strength arid the elastie 

.*  v.- 
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modulus of metals, as influenced by plastic deformation and 
haat treatment.  The*« factore are (l) the internal itren, 
(2) the work-hardening or lattice-expansion factor, and 
(3) preferred crystal orientation. 

The Introduction of internal 
shear proof stress, as is evident 
annealed metals (figs. 1A, 3a, 5A, 
of Internal stress upon the shear 
ently dependent upon the relative 
which maximum slip occurs during c 
sequent testing.  Its influence up 
evident during shear testing of pr 
tubing (reference 5).  Since the p 
cure during cold reduction, howeve 
selective as during tensile extens 
ing modorato cold reduction of mon 
duced intornal stress.  This cause 
ulus  0 (figs. 23 and 4B).  Such i 
cause the lowering of proof stress 
modulus obtained with factory-anne 
owing to a possible uost-annealing 
(figs. 6B and 11B). 

stress tends to lower the 
after slight extension of 
and 7A).  The influence 
modulus, however, is appar- 
positions of the planes on 
old working and during sub- 
on the shear modulus is not 
evlously extended annealed 
lanes upon which slip oe- 
r, are apparently not so 
ion, there is evidence dur- 
cl and nickel tubing of in- 
s a riso of the shear mod- 
nduced internal stress may 
es and increase of shear 
aled Inconel tubing TLA, 
straightening operation 

The influence of the lattice-expansion factor is evident 
In the increase of proof stress and the lowering of the shear 
modulus of elasticity.  With increase of cold deformation, as 
produced by extension or by cold reduction, a sharp rise of 
proof stress is produced, owing to the predominance of this 
factor (figB. 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 evident in the extension of 
monel and Inconel tubing (figs. 2A and 6A) and in the cold 
reduction of Inconel and aluninura-nonel tubing (figs. 6B and 
8B).  There is little evidence that the work-hardening factor 
has a significant effect upon the shear modulus of nickel 
(reference 6 and fig. 4). 

All of the aetals tested are 
type.  After cold deformation, sue 
duplex crystal orientation along t 
cubic [100] and octahedral [111], 
orientation produced will greatly 
shear modulus of elasticity.  Sari 
6) tends to indicate that the orie 
In monel and nickel are predominan 

of the face-centered cubic 
h metals tend to assume a 
he specimen axis - namely. 
The proportion of each 

affect the value of the 
ier work (references 2 and 
ntation textures produced 
tly octahedral [111]; such 

**•. t 
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aittxture might also be expected to be found In wverely 
col*-deformed aluminum-monel.  A pTtfdoalnantly ootahedral • 
orientation would tend to give a lover" value of the Bhear * 
modulus than obtained if the orientation were randomly1die' 
tributed (references 2 and 6). 

Although preferred orientation Is general1 
metals by X-ray measurements only after severe 
•ationi the limiting deformation cannot be este. 
which preferred orientation first exerts a doai 
•€p'6n tne «hear 'modulus.  The relative influence 
"Expansion and of preferred ärystal reorientatlo 
a lowering of the shear-'modulus during deformat 
i«'not-apparent.• In earlier measurements of th 
ulUs (references;2 and 6j; however( there was s 

•donoe that the Influence of preferred crystal o 
dominant even'at' small deformations. ' 

y observed in 
nlastie defor- 
blished at 
nant influence 
of lattlce- 

h, in causing 
ion, therefore, 
e tensile mod- 
cattered eVi- 
rientation was 

It was noted in earlier report« "preference's fe'and 6) 
that preferred crystal orientation Influences tensile and 
•hear' moduli in an opposite manlier .'-'There "is- evidence that 
internal stress'will, tend to: cause 'ah" increase'of both the 
shear and tensile moduli.  The relative Influence of' such in- 
ternal stress is dependent, however, upon the directions of 

•'slip pianoe during prior deformation and during' Vt rain meas- 
urements.  It la likewise believed that lattice expansion 
•will tend to decrease both tensile and sheaf moduli.  Compar- 
ison of the variation of tensile and shear" moduli of'metal's, 
as'lnfluenced by plastic deformation and'heat • treatment';-"' 
should provide valuable^information of.the"reiative Influence 

• of the various' factor sk '• '••''• •''' . '•' 

- Measurement* are how being mädeef the t ensile'-elastlc 
properties upon a series of:tubular specimen's similar to:•"•'" 
those'tested;in toreion for this-inveeti^atioh. : Ä comparison 
of "these values with values given In the present report -will 

•;b«l"püblishttd •shortly.-••" '•••'• ••..'• '• '• '•       ') v '•• 

CONCLUSIOHS 

.*••(•• The effects of 'plastic deformation äftd of heat -treatment 
on t-he shear el'Astlo properties of -'mod el'/ nickel, . Inconel, 
and alumlnum-mo'nel tubing were studied.' 'The variation of 
there properties la influenced by "thrde "importantfactors - 
namely, (a) internal stress, (b) the work-hardening or lattice 
expansion factor, and (c) crystal orientation.' In the follow- 

. j»., . v"*---' • *- -~ 
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lag summation, the relativ« Influence of these throe fact-ore 
•ill be discussed* These conclusions apply to all of the 
•etal8 tested except as indicated. 

1.  With plastic extension of annealed tubing, the shear 
proof stresses exhibit an initial decrease or a slight rise, 
followed by a more rapid rise.  Induced internal stress is 
evident after slight extensions; Whereas the work-hardening 
factor dominates following large deformations. 

2«  Moderate cold reduction, as produced either by cold- 
drawing or by the "tube-reducer" method, causes a large in- 
crease of shear prvbf stress.  The work-hardening factor 
evidently dominates in causing this rise.  Severe cold reduc- 
tion does not produce an appreciable rise in proof ntress 
above that obtained at 40-percent reduction, for the size of 
tubing tested. 

3. Annealing of cold-reduced monel, Inconel, and aluminum- 
monel tubing at intermediate temperatures leads to a noticeable 
increase in ail shear proof stresses.  This is taken as evi- 
dence for the relief of internal stress. A marked increase in 
all proof stresses is obtained with aluminum-monel metal after 
holding at higher temperatures, within the precipitation hard- 
ening ranger a fairly long holding time at temperature is re- 
quired to obtain a maximum rise 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 nickel tubing decrease continuously with 
increase.of annealing temperature.  The most rapid decrease of 
proof stress, for all, metals occurs for annealing temperatures 
in the vicinity of. 130.0° T. The decrease in proof stress with 
rise of annealing temperature is due to the dominant Influence 
of relief of work-hardening and to recrystallisation. 

4. With- extension of annealed monel and Inconel tubing, 
there occurs1 a lowering of the shear modulus of elasticity due. 
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 elasticity rises first to a maxi- 
mum, followed by a decrease at greater reductions; internal 
•tress probably predominates during early cold reduction. 
Tor Inconel and aluminum-monel the shear modulus decreases 
continuously with increase of cold reduction.  The decrease 

•»- •% V 
• -^ «•  "V- 
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of the shear modulus with ccld reduction of all 
probably due to the combined dominant influence 
hardening frctor and the production of proferra 
of grains as obtained with cold reduction. Tha 
fluence of those two factors has not been «'stab 

.metals is . 
of :the vork- 

d orientation 
rolativo in- 

lishad .. 

modulus 
rises c 
nant in 
crystal 
uluff 6f 
anneali 
clastic 
greater 

With incre 
of elastic 

ontinuously 
fluence of 
lization. 
elasticity 

hg tomperat 
ity of faöt 
than that - 

as9 of annealing 
ity of Inconel a 

This rise Is. 
relief of work-h 
No signifioant v 

öf moncl and ni 
uro is observed, 
ory-annaalad Inc 
obtained  for   the 

temperature, 
nd alumlnum-n 
ev?.dent?.y duo 
ardening effe 
ariation of t 
ckel tubing w 
.. Thp shear m 
onol  tubing  i 
laboratory, a 

the   shear 
onel  tubing 
to  the  domi- 

cts  and   ro- 
he   shear   mod- 
ith  chango   of 
•idulus   of 
s   sonaowhat 
nnoalod   tubing. 

7. Although considerable fluctuation is observad. of. :the. 
linear   stress   coefficient   of  the   shc^i*  modulus,   C0,   with 
plastic  deformation1 e£cid  variation-'Ö?' ahn'ealini^ temperature, 
the magnitude   rff  those/fluctuations  i'S^gen©ral:ly not   signifi- 
cant.     The. decrease   of  the   shear 'moduluswith -s.tr ess ,,'..Q.OT . .:; 
gained  in tests  of   some   specimens  for  which!"Ahe  valuse .of.  ,,Cg 
ijB   sero,' indio-ates that "the variation" of "the   shear  modulus-? 
with   stress,"is" of quadratic   or' higher-p'rd;e'r .-    The  variation, 
of the   shear  modulus  with  stre'ss.,'hewi^er-,   is'  generally not • 
proportionally  as  great   as vaB   obtained  oarlter   from tensile 
test«  on •tensile  bars  of  similar ^materials'.'-1 ' 

Although the .conclusions, drawn apply .spercifiealiyt o - 
the tubular materials teatejl, it appears probable "that-they- 
are  applicable  oualite.tiv.ery to. many •ft.the.r met'aliii    : ;'s   -'"•"-'; 

National 'Bureau   of  Standards, 
Washington,   D.   C,   July 1944. 
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