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PART I

THE GEOMLTRY AND SIZE OF Tils FLAT TzNSILE BAR:



INTRODUCTION

Local necking iﬁ the flat tensile bar is a rather
unfamiliar subject. As observei in this work, the neck
that develops is quite complicated, beiﬁg cnaracterized
by a cross-like depression in tne flat sides of the bar.
The center of this cross, seen on the face of the bar,
has its oposition on tne longitudinal centerline. The
greatest deoression is a property of tne center, the
minimun section of the bar passing iaterally through this
point. Fracture usually starts a2t the cross center, or
in its iumediate vicinity. Figure 1 presents a typical
case of cross necking in the fiat bar. The cross is
shown in five stagss of its development. The more in-
tense lighting, as necking orogresses, 1s reflective
of the higher degree of strain involved in each succes-
sive stage. Faiiure was impending in stage 5.

* This part1 sresents the results of a study of this
complicated mode of yiélding and fracture, focus belng

on the influence of geometry and size of test bar. The

1. The experimental work of this investigation was
carried out at tne Westinghouse Research Laboratories,
Bast Pittsburgh, Pa. during 1945 anid 1946, under a con-
tract with the David Taylor Model Basin of the Navy De-
partment, Bureau of Ships, Washington, D. _C.
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reader will easily recognize the importance of the two
ma jor divisions In the workx. The facts, learned in the
first part, have been logically extended and used to
formulate explanations of tue observed phenomena iIn tne
second. The first section presents the yielding, thst
occurs in the bar, reflected in the portion of the stress-
strain diagram usually ;alled the uniform strain region.
The second section deals with the strain distribution
in the neck at fracture. The writer has found that the
initiation of necking is nignly dependent on the yielding
of the uniform strain region, hence tn= title given the
first di&ision. The study of tne. final stage of necking,
fracture, follows not only chronologically, but logically,
as will be seen. One would juestion the absence of the
interim yieliing,‘tnat is, the progressive stages of
necking. Tuae volume of data involved in such a study
would be enormous. This fact, plus the time factor con-
nected with this investigation nave limited this study
to the two major divisions discussed.

It 1s hoped thzt the resuits and exoslanations pre-
sented in the body of this puper, olus the attempted

correlation with and discussion of the literature, will

2. For the medium carbon steel used in this work, this
wouid be the region of the stress-strain diagram from

the polnt just after discontinuous yieslding, to the strain
coordinute associated with the yltinate load.
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do much toward the clarification of the effects of the
well-recognized dimensional factors in yielding and
fracture in tensile tests.
The summary offers the reader a review of the high-

light findings in this work.
TESTING MACHINES, SPRCIMENS AND MATERIAL

Since the specimens were of variable size, a good
range of load capacity was necessary in the testing
equipment. Four tensile testing msagchnines were employed.
The largest was the 300 ton hydraulic Baldwin Southwark
machine &at tne David Taylor WModel Basin In Washington,
D. C. The otner three included a 200 ton hydraulic
Baldwin Southwark at tne East Pittsburgh Vorks of West-
inghouse, and an Amsler Universal and 10 ton constant-
strain-rate machine (screw type) at the Westinghouse
Research Laboratorieés. The tests were of slow soeed and
the strain rates close enough to neglect any possible
speed effect.

Tbe specimen type is illustrated in Fig. 2. The
thickness "o was the same in the 6 specimens of a part-
icular series A, B, or C. 1In each of these series the
width—to-thigkness ratio %?— (in the gage length ﬂo )
ranged fromwl to 1J. The gagg iength—to—width ratio

jhl was 5 in all specimens. In each of tae series,

bo

the gaug2 length-to-thickness ratio !hl thus varied over
° .
the large range 5 to 50. Tne radius R was made & constant
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factor times the width; ‘&3'0' bo . This latter factor
insured perfect geometric similarity in the size vari-
ation, even in the heads of the bars in the approaches
to the guage length. Serles A had swpecimens &ll of which
were 3/4 in. in thickness h° : series B had ho"‘ 3/8 in.;
series C had h, = 3/16 in.’

The steel was supplled by the Carnegie Illinois
Corporation. It was an open-hearth, silicon-zluminum
killed, fine-gruined steel of tue followlng composition:
¢ 0.19, Mn 0.77, P 0.021, S 0.026, Si J.17. No heat- |
treating except & stress rellef was given the supplied
'1-in. X 11-in. plates. The War Metallurgy Committee
Report of H. W. Gillett and F. T. McGuire (1)% was ex-
tremely useful in guiding the selection of & proper steel

for this work.
STRAIN QUANTITIES AND THEIR MEASUREMENT

Two local conventional principal strains were meza-
sured, namely, E%J the strain in the lateral direction
parallel to the width dimension of the bar, ang ‘63.’the

strain in the direction parallel to the thickness dimension

3. The specimens were so marked that the size and shape
of the gage cross section was expressed in the numb Tr;
for example, in specimen 10A, the 10 denotes the ﬂ;%;
ratio, and the A the 3/4-in. thickness o * °o
4. Numbers in parentheses refer to tie Bibliograohy at
tne end of the paper.
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of tne bar. Tae streain in the as<ice dirzsction prwas
ca.culaeteld fronlﬁaeuuieb by use of tne equatlion exoressing

’

the constancy of volumé;

O+, X+ )1+ <3)=1.
Thne strain directions r-iative to the bar ar= shown in
Fig. 3. These Jdirections are vaill Jduring uniform straining.
Once necking begins, tnzre is a rotation of the orin-
cipal directions of strain in the neck, tune center of the
neck being tne on.y point at wihich the lir,.ctions, shown
in rig. 3, would nold. The principal directions of strain
at any other point of tiie neck woull have to be deter-
mined for cach particular point.

Fig. 3 shows the s»ecimen grii used for strain
measuremnents. It was mechanicaliy put on the soecimen
with tne use of o scriber Eeforf testing! Tne s»nacings
of the grid lines Jdiffer=d with the size of scecimen. At
&ny sarticular state of strain, the distribution slong
any lateral gric Line coulc be found by measuring ohoto-
granhically, or lirectly, the strailnel elem nts of the
grii. A scale, Jdivided in huniredths of an inch, wus
used forAtnis ourpose. The value for tiie local straln
in the widtn direction is given by tn~ relation

!
€z=é-}-i-§£-3—
wnere dy' is the strained vaiue of tne originual iy ele-
m=nt. Since & serticular dy element (vhich vas Jdy' after
straining) wus measurel along its lateral gri: line, the

3]

L0CaL Cé.vgﬂue wa. roughiy the Hrinciyal straing the gril
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natterns, in & rJirst anproximatioa, wer- considered to

be iadicative of tne principsl-strain Jdirections. The

2 values were plotted at tne resjective centears of

’

tiie origina. e.ements.

The local 9’3 value was culculuted, using th> en-
tire thickness of the bar &o the element; the strain
relation is given by

h-‘ho
€, =

ko

where n is the strain-d value oi the original thickness

ho at any »noint of tie bar. The maximunm value of ‘€3
clong th= tnickness dinension, ozeurr:-3 at the coater of
thne bar. Actual measurements, in the cass of the szuare
bar, led to this assumption. Thnls mean value of 83
then, waos somewhat .ower than tne strain at tne bar cen-
ter (z=02) waich it r:presentei. At the intersections
of the latera. and longitudinai griu lin- s, the thick-
nesses n were measured witn spoacisl micrometars. The

€y values ware plotted at the origina. positions of

these intersections. From the smoothet plots of tue local

il and 7'3 struins, along any particular original lat-
eral section, the data for plotting the loccl €y curve
was computed.

Tne av: rage value of iz was aiso the local velue,
during uniform strgining, since there was no, appreciable

variaztion of 21 along the width iimension during this



sart of the t=2st. It is given by the relation
€= 2=
2 o

where b is the strained value of the original width bo.
The average value of the axial strzin is given by

the relation | .
| ¢ = —

) lo ‘
where 1 1s thne strained velue of tue original gage length
Q° . It was measured along & particular longltuidinal
grid line, usually the center line.

The square bar presented a speclial case in that the
local strain 53 was not taken as its a?erage value. Long-
itudinal grii lines were put on the edge or side surface
of the gage length, as shown in Fig. 3, and the spacings

of thess lines after stretcuning were a measure of the local

Z

strain G’B . The value of this strain is given by the rel-
ation A2~ d= )
N R —————

e d.z |
where dz' 1s trne straineu value o the original element
dz. Ia the case of tne s:uare var, both the local strains

ioz and 63 , as measured on the surface, hal to be mod-
ified slightl‘.y' in order to repres=nt the strains at the-

center of ti=s neck.
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THFE fNFLUENCF OF EPECIMEN GEOMETRY ON THF DEFORM-
ATION CHARACTERISTICS DURING UNIFORM STRAINING:
THE CONSEQUENT INITIATION OF NECKING

One readily assumes, 1n ordinary tensile testing,
that the initiation of necking, say in & round bar, is
associated with a point of stress conceantration in the
bar. Further, that when the ultimate tensile load is
reached, locai necking initiates at tne cross secti&n
of tihe bar contalning the element that produces the stress
disturbance. It is assumed, and In many cases shown to
be a fact, that this disturbance is & metallurgical struct-
ural defect or a geometrical factor, such as an abrupt
change in cross section of the bar. The encrmous size
of the large soecimens in the present work, afforded the
onpportunity of making a detailed study of local strains
8,,22 &83. The results of this study gave evidence of
another factor, anq a most important one, that enters
into controlling the position of the local neck, along
the gage length of the bar. - This factor is a geometrical
one, that associated with the restraidt on lateral con-
traztion, due to the specimen heads. The subseguent ex-
tension to bars of smaller size, both round and flat, is
obvious.

Further, as was noted in this work, this factor of
restraint offers the extent of its controcl on the pos-

ition of necking as early as the beginning of uniform
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stréining in the bar.

Tne local measurements on the large bars (éeries A)
decisiveiy exhibited these facts. The plots of these
data nicely bring out that necking came approximztely
at the mid-section of the gage length, the section most
remote from the specimen heads, and hence under the low-
est degree of restruint Jdue to the necails. The small de-
viations from this center oosition can be attributed to
structurel defects as discussed above, or even slight dis-
crepanci s due to machining. The latter is Jdoubted, since
the greztest possible care and accuracy were exercised
in the specimen preparation.

It should. be remarked, at this point, that although
the head restraint here seems to offer the predominant
control on the position of necking,.it might well be, in
another type cf steel or section, that the metallurgical
defect might be the main factor. It must be remembered
that the test bars were cut from 1" X 11" plates of a-
fine grainéd, silicon-aluminum xilled steel. This steel
offers a probablie optimum in structure for the tensile
bar, as far as homogeniety of section is concerned. The
best in "kiliing" methods, it is assumed, has produced a
steel free of lurge blownole.defects, fine grained, with

& good iispsrsion of the non-metailic compounds. The
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lerge reduction through ro:ling snould nhave insured an
even better brecking down of the non-metzllic compounds,
glong with help in the uniformity of the disversion of
these smalier constituents. The rsduction of tne inten-
sity of tne stress concentrations follows, hence their
iesser pr=dominating influence in det rmaining the local
of the neck.

Mention shouid aiso b2 made of the stress Jdeviations
possible, dne to section variations >roduced in machining.
This might b= an influencial factor in locating the neck.
Also, one must realize that & combination of tnis and
the metailurgical r'actor, might oroduce & pronounced strss
disturbance.

Finai.ly, one must assume that the totality of the
role played by &ll three ractors, head restraint, meotzl-
lurgical defects and machining vuriations is to increzse
the stress to the point necessary for.tne initization of
Qecking. Metallurgical and machining defects nil, necking
would come at the mid-section of the gage length, unier
the control of head restraint. Devictions from tnis mid-
section would depend on the intensity of the metallurgical
and machining defects and their position; that is, the
farther from the mid-section, the more intense the Hefect
or combination of delfects have to be.

The head restraint is aependont upon the geometry

of the bur, wus the resuits of this investigation show.
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Pronounced effects on the restraint intensity were found

by varying the width-to-thickness-ratio —2 | keeping

the gage-length-to-width ratio 32 a constgzt. The gage
length-to-thickness rafio 23 varigd from 5 to 50, a range
large enough so that effectﬁoof this variable could be
neglected. Worx centered about tests on the large speci-
mens, series A. Their size have enabled the writer to
bring out the importance of head restraint in uniform
straining, andAthe.consequent initiation of necking.

The complete load stress - conventional strain dia-
grams for series A are shown in Figure 4. As the section
approaches the sguare I‘r'omgg_:e, the entire curve seems
to give nhigher stress valuesOfor a particuler strain. The
fractur- load stress seems to decrease for this same range
of sﬁl . Teble 1 represents the avéilableldata on the
two s&%ller geometric series. Tne results are not com-
plete, but the trends are similar to those seen in Fig-
ure 4. A true interpretation of these stress deviations,
it is believed, shouid be studied from true stress de-
finitions. Further, thne stut= of stress for tne partic-
ular section would have to be investigated, both for the
fracture stress trends and tne stresses during uniform
straining. Tne present work, primeriiy Jevoted to deform-
'ation.study, did not enter 1into these detaiiel stress

studies. Tne autinor does believe, however, that the de-
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Tablie 1

Ultimzte, Fracture Load Stress and Total
btrain as Influenced by Geometry

Specimen Ultimate Fracture Average
No. o Eh Load Load StSess Strain
h Stress Lb./In. 8
° Lb./In. |
10B 10 65,400 56,600 0.25
7B 7 65,900 56,000 -————
6B 3/gn 6 66,200 —---== ————
5B 5 64,700 52,000 -———
3B 3 63,700 49,200 0.323
1B 1 70,300 51,800 0.36
10C 10 - 63,600 54,000 _——
7C 7 64,300 53,000 —_———
5C 5 69,500 56,900 0.31
3C 3 65.200 50,500 0. 35
1C 1 71,400 50,600 0.42

viations are connected with the variable restraint from
section to section and the so-produced differences in
the transverse stresses ihvolved.

The totzl average strain in both Figure 4 and Table
1 is seen to increase as the section approaches the
square. It_is obvious from the curve shapes, that the
differences are primarily due to the neckling comoonent
of theo totzl strain; & reflection of the more fully de-
veloped neck, as tne bar section approaches the sgusre.
The detailea discussion of tnis is reserved for the next
section of tnis paper.

Figures 5, 6, 7 and 8, respectively, represcnt the

deteiled strein data of specimens 10A, 7A, 6L and 54, in

[}
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their condition at the ultimate load. The ultimate load
points on the diagrams in Figure 4 were not well-defined,
since the curves were rather flat. Therefore, the value
of tne strain at the ultimate load had to be approximated.
The interpretation of these data led to the conclusions
stated here, on the effects of geometfy on uniform
straining, and was extremely useful 1n the analogous re- -
straint problem presented by the local neck of a'flat bar.
The figures show the variation of ':‘.. ,el‘s‘and ratio
%{ along the longitudinal axis of the bar. The con-
ditign, with respect to the stress-strain diagram, of
each of these bars, in thelr respective Figures, 1is glven
in Figure 4. This is tne condition recorded at testing.
Slight corrections were applied to these recorded aver-
age Q, values, to make them agree with the calculated
local Q‘ plot in Figures 5 and 8. The larger correction
necessary in Figure 7 was probably due to erroneous meas-
urements. Since all plots were made at, or in the vicinity
of, the ultimate load, the start of local necking has in-
fluenced the values at and near the minimum crbss section
of the bar. However, the variations all along the bar
were certainly not a function of local necking alone.
The restraint due to specimen heads shows an influence

on both €, and €4 , and the calculated €, and %L

ratio. This conclusion results from the obvious strain
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graiio-nts in the curves (chenge of lozal strain s2r unit

gzg= lengtn). The existzence of thess gralients was

)

0
noted at the beginning ani il Jduring uniform straining.
This latter fact led to the conclusion that the oposition
of local necking is predominantiy controlled by head re-
straint. In othor words, these tests with large specl-
mens hsve shown that a minimum section is produced, act-
ually at the beginaning of uniform straining, and that
this section remains thne minimum throughout the test to
fractire. One usually assumes that the formation of the
minimum section deoends upon local necking. These tests
have shovn that head restraint dHroduces tnis minimum
section, before iocal necking takes place and that local
necking, when it comes, starts at tnis minimum section
as wonld be ex»nectedi.  Of course, tnis control is slightly
modifiel by the m:tailurgical and macnhining i:f=cts, as
expylain=1 befora.

Closer exaiinution ani comparison of ths curves
yield aaditional valiuable information concerning restraint.
The 82 and 53 values are Seen td> be a runction of the
width oi bar. 1Tais toilows i'ron tae considerations that
the tnickness ho and tie gage length-to-width ratio 22.
ars constants. Hencs, tne on.y variable 135 tuae sgecineg
width k)r(we “re neglectin S&L , $ince all its values

° he

are cxtremery lurge and probably 1o not offer an apprec-

cQ
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jable influence on trne variation of restraint). A comp-
arison of Figur>s 5, 6 and 8 inldicates that as the bar
width decreas=s, the ordinates of both strains increase,
at all positions along the gage length. It might be ar-
gued thst tne uiiferences in tne averuge 8, conditions
of these bars might have produced'the noted effect, 1in-
stéad of the width variation. Tabiz 2, however defeats
tnis arzument. Comparison of the head values for the
soecimens 10A and 5A shows tnat even 1f the iq curve of
104 were raised 0.025 wilt strain, to meet the condition
of 5A, the average %, head value would still be substanti-
ally below thst of 5A (note underliined values in Table).
One must also remember that in the region of the ultimate
load, cﬁéngeslin the average struln are nore likely to
alffect tne portions of tne bar that are beginning to neck.
Hence, this difference in avoruge strain, in regions away
from tne.minimum section, nas even less meuning in the
argument.

Table 2

Efifect of width of S»hecimen on Local Strain Values at Heads

Local Specimen 10A Specimen 5A
Strain (Avg. &y = 0.20) (Avg. &= 0.225)
Left Right Average Left- Right Average
Head Head Head Head
€, 5.15  0.13 0.1/ 0.19 0.1% . 0.1385
€, 0.062 0.053 0.058 0.078 0.070 0.074
€y .0.075 0.063 0.069 0.087 0.083 0.085
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The effect of width of bar on the latzral strain
€, reflects tue growth of restraint in the width dir-
ection, as the width incre2azses. This can be explained
in terms of the existence of a transverse stress that
creates the restraint and the growtih of this stress, as
the width increases. That the resgions near the heads
of a flut tz2st bar present a case of bl-axial stress,
has been pointed out in the jsast. Nadai (2), for in-
stance, hzs given this as a case of the nlane problem
of the second kind: plane stress, where the stress U%
In the direction of the bar thickness is equal to zero.
Hence, as the ratio of width-to-thickness of the flat
specimen increases, in the variation from % =| to
!ﬁ;:;|o s the portions of the gage length n;ar the heads
a:g}oach the conditions of a case of plane stress (a
growth of the transverse streés). One can think of the
restraint origihating at the heads in the square bar as
comparable to that in the round bar, wh2re the restraint
must be crzated by equal transverse stresses in all 4dir-
cctions perpendicular to the longitudinal axis of the
specimen. Tnat tne two restraining stresses in the sguare
bar are probably ejual foiiows from the equality of 1its
lateral dimensions. In going from the squarz bar to the

very wide flat bar, the restralnt is forced into the plane

of the bar, since the tnicxness dimension is now small
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cbmpared to the width, the components of stress a. ;t‘1
becoming predominant in causing the restraint origin-
ating from the heads. This‘explains the restrainteffects
<n1_8z . It can be shown, where Ez is completely re-
stricted, that the transverse stress UE in the width dir-
ection is half the value of the axial tensile stress 01 .
The very wide bar approaches this case.

The variation of 83'with width dimension 1is not com-
plefely understood. From the outset i1t wodd appear that

23 acts opposite to the way the plane stress explanation,

given above, would predict. _But it must be remembered
th=t the elfects being described are tnose exhibited by
a ciiange 1in !ﬂ; from 10 to 5. The bars in this range are
all wide enaug%, probably, to allow ones to assume thzt
the restraining stress in the thickness jirection is very
smzll. Therefore, the change 1n th., over this range,
would not offer enough of a differgatial of the stress
in the thickness direction, to aécount for any restraining
effects in this direction, regardless of the way the
stress changed. In any case, the strain 83 in regions
near thne heads of the bar must depend on the actual values
of the principal stresses 0, and 0% , G's being oract-
ically zero. |

In all cases, the curves in Figures 5, 6, 7 and 8

show that izlies below 83 » at all positions along the
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gage length. This prouauces an %{_ value below 1.0, and
iniicates as one would expect, tbgt the bar 1s more free
to strain in the thickness direction. That i_z.appraache»s
larger valu=2s, as tne bar width decreas=s, 1is just a re-
flection of tne lesser restralnt on both Ez and £3 .

gj, takes on its lowest values in the vicinity of tne
heaa?s and minimum section. This suggests that the re-
straint on CL is more severe in the region 5f the hesds.
In the vicinity of tne minimum s=2ction, the start of local
necking offers ssits greztast freedom. Tnis latter
nooint will be Jdiscussed in detail later. The large aver-
age ¥, conuluion for bar 6A (Figure 7) would account for
its relativeiy low i_i. values in the central region of
tne bar, because of the necking influence on is .

In Figure 9 the ratio _6_1 is a function of the unit
conventional strain 5‘. The 3notfe explains how the »noints
were obtained. Striking vertical sections through the
curvas 1n Flgure 9, at €'= 0.03, 0.05, 0.10 and 0.15,
gave data for plotting the curves of gﬁ- versus T\’. ,

()

as snown in Figure 1J. Starting from a value of .0 for

the sjuare section .b..!: , the %!'- r~tic drons, for all
?

o
values of i. s &5 the bar section becomes wider. That
%&. decredases with an iancrease 1in bar width, is again
3 ,
the effect brought out by Figures 5, 6, 7 and 8. But,

the n=w point, brougnt out by Figure 1J, is tnat the Irsp
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of £,with an increase in width,is less severe as \
increases. Tals means, probably, that €1 is restrained
the most at tu- beginnlt:g of uniform straining, and that
as the t=st progresses, it becomes wmore and more free of
its restraint. This is true for 2all geometric shanes.
The siopes of tne curves in Figure 9 apnroach smaliler

and small=2r vulues as £‘ increases, wlith the values z-ro

I

being reachel in the neighborhood of €, = 0.15 or 3.16.
From this value to €,= 0.20, oractically no change oc-
curs in the slope (curves are flat). Beyond iﬁ:O.ZO,
the gé valuas ar< influenced by the local necking, and
its resulting larger relative eavalues. The imoortant
thing brought out by tne slopes 1s that the degree of
the freeing of &, , through the proiuction of greater
2. values, has a limit. This 1is anparent from the fact

that practically no caange in restraint occurs betw=en
€,=0.15 and 0.20. Thus, the curves in Figures 9 and
10 suggest that there is another'fuctor, in addition to
geometry, that acts to restrain 82. This appecrs to be

an anisotropic condition in the steel. This factor 1is

depend=nt unson the geometry, however. Thls follows from

the greater spreud of points on a vartical section
through the curv~s in Figure 1V, a3 the vertical section
is moved to higher !&a. values. Important 1s the fact

o
that this suggested anisotropic =1rfect brezks lown as
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the uniform straining progresses,and in reaching the
1limit of its influence ( €|=-O.15), leaves what appears
to be the restraint factor of purely geomestric depend-
ence.

The above pdssible anisotropic erfects add weight
to the importance of the geometric restraint factor, in
showing that restraint, due to anisotropy, is magnified

be

by an increase in the geounetry ratio 2 . The anisotropy

could be conn=cted with the fgct that éae specimens were
cut from roiled plxtes.

THE INFLUENCE OF SPECIMEN GEOMETRY AND SIZE ON

THE STRAIN DISTRIBUTION IN THE NECK AT FRACTURE

Further interest in the flat bar centered on the
local straining (necking) in al: the specimens series A,
B and C. The influencs of the size expressed itself
through the comparisons made of specimens from zll three
series,.gs ratios remaining a constant, similarly, tﬁe
influenceobf geometry could be viewed in each andi any of
the individual series. It should be emphasizel again

that the gage length-to-width ratio was the constant value

22.: , In all specimens.

° As soon as the load starteld to drop off from the
ultimate, a cross-like highly strained region began to
take definite shape. This region became more and more

sronouncei as necking continued. Noted was the tendency
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towsrd localization of straining to the immediate vic-
inity of the deepest parts of the cross, as necking pro-
gressed. These parts were the éenters of the sides of
the cross and the vicinity of the cross center. This
locaiization action proceeded throughout the necking so
that, just prior to fracture, the local straining was
confined to the very center of the cross. Indications
were that fracture started at this cross center, or in
its immediate vicinity. Specimen 7C, shown in Figure
14, is definite evidence of tnis. Testing of 7C was
stopped previous to fracture. Other tests gave similar
evidence, through the observations made.

Interesting were the two portions of the flat bar
in the neck, the centers of which were coincident with
the minimum section. Under the action of the straining
about them, these regions, trapped between the sides of
the cross, were moved in toward the center of the cross
as the neck developed. The patterns of contour lines,
representing equal thicknesses in the neck of specimen
6A, will help the reader understand some of the state-
ments made above concerning the cross. They are shown
in Figure 20. Figure 11, the side view of specimen 5A,
gives evidence of the cross sides and the trapped region
between them.

The necks of tne fractured bars are shown in Fig-
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ures 12, 13 and 14; respectively the A, B and C series.
In each of the series of photographs, the narrover bars
nave been magnified to facilitate a true comparison of
the neck shape (the width dimension just outsile of the
neck is the same for each photo). These photographs

give evidence of a lesser depth of neck with greater

width of bar. Table 3 presents the same story for the

series A. It is bused on calculations using the relation

Avg. 87_ = b;b° >

where b is the final width, along the minimuwn sectilon,

at fracture. The increase of average 22, with a de-
crease in bar width, 1s brought out byvthe Taeble. The
snotographs denote this effect also.

Table 3

¢ The Influence of Geometry on tne Average Strain '82
at the Minimum Section of the Neck at Fracture

Specimen No. Average ez
10A -0.244
TA -0.258
6A -0.266
5A -0.268
3A -0.310
14 - =0.404

Figure 15 is a plot of the data tabulated in Table
4. They >resent the most significant resuits of these
tests with regards to the final stage ol necking, namely,

(1) the maximum of &, and 23 increase, s the bar size

decreases, for any particular =2 value, (1i) the maxl-
) o

mumn ol ez has Its greatost vaiue at

.
= 1 (suars sec-

-,
he
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Table 4

The Influence of Geometry and Size of
Speclmen on thne Maximum Strain Values in the

Neck of a Flat Tension Bar at Fracture
Specimen No. b Maximum Maximum Maximum
hQ HE 8| az 83
10A 10 1.84 XW -0.299 -0.497 X
7A 7+ 1.61 + -0.300 X -0.453
3A 3 1.72 -0.312 ~-0.467
* 10B 10 1.54 x- -0.275 xf  -0.457 xd
7B 7 1.70 -0.283 x4 -0.483
5B 5 1.92 —0.325' -0.487
3B ' 3 2.05 -0.360 =x ~-0.487
10C 10 <.09 -0.332 -0.516
7C 7 $2-14 +4-0.322 -0.528
5C 5 2.03 -U.340 -0.500
3C 3 2.16 -0.343 x- -0.517
1C 1 2.92 -0.513 «(0)>-0.,477 %
(#) Series B shows nicely the geometric influence on Ez&t.
(x) Size trend variations, but if the average of each
of these pairs is compared wlth the remaining spec-
imen of its size series, the size effect 1s apparent.
(+) Geometry trend does not show, but if the average

value of each of these groups 1s compared witnh the
other members of its geometrical series, the geo-
metrical effect 1s obvious.

’ @ Pure anisotropic effect.

Pure anisotropic effect, but the reverse of that
shown at and (). This is probably due to a
mistake in directions during machining. The spec-
Imen wes very small and this could have easiiy hao-
pened, since it was taken from a 1" x 11" bar.

@ These appear to be same, but on basis of @, 83
end Eq_shouLd be intercnanged. Hence, 1f we tzKe
(x) into account, we have size effect here too.

©0
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tion), and decreases as — increases to 7, for any part-
icular geometric series, ;hd (1i1) the maximum of 2313
not affected by 93 variation, in any of the geometric
series. Thzat the'%aximum of ﬁz is not affected by changes
in Eh.to the larger values beyond 7 is also suggested by
the :urves. Maximum i,, being calculated from maximum

€, and €3, shows the size variation of the latter two
and the geometric variationvof ma x imum 22. There are 5
a few variations in these trends, as Table 4 brings out,
but witn the help of the notes in the Table, the reader
will concluide that the effects stated are definitely
there. It must be stuted that the value of 22 = 7, which
denotes the limit of geometric inflgence on z; , was de-
rived from a smoothening of plots in Figure 15. The
trends in Figure 15 and Table 4 fit those evidenced in
the data of Table 3 and the photographs of Figures 12,
13 and 14.

In interpreting the above elfects, an analogy has
been drawn between the action of s»necimen hesld on the
weteriel adjacent to it thet is streining uniformly, and
the zction of stagnant matericl in the neck, on the flow-

ing materisl adjacent to it. As was noted in the fore-

going section, the width dimensioh had a2 pronounced ef-
fect on the strain 22.1n its direction; that is, the re-

streint on strajfxizirmreased as tne dimension increased.
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This same dimensional influence offers an answer for both
the size and geometry variationé of straln in local neck-
ing. Inferred is the fact that the stress in the dir-
ection of the restraining dimension increases with the
dimension increase.

Consider the maximum of 53 first. hAs the Figure 15
has shown, for any particular geometric series, maximum
23 has no dependence on the width of bar. This makes
it evident that maximum iBINmomes & purely localized
factor with respect to bar width. Its dependence on si:ze
of bar, for any particular -E-Qvalue is then, actually a
dependence on the thickness d;mension. The fact that max-
imum 53 decreases, with an increase in bar thickness,
suggests the elffect of greater restraint with the greater
dimension. It must be remembered that maximum &4 was
measured at the heart of the cross center and that %he
suggested restraint acting upon it comes from the mat-
erial around this center that has become stagnant through
localizaztion. Thnis use of the restreint analogy'will be
mpre clear to thie resder with the aid of the following
discussion.

Consider the flat bar neck as shown in Figure 16.

It represents a very late stage of necking, where the
flowing material 1is all confined to the region in tne

vicinity of the cross center (Region A). Tais region
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gets smaller and smaller as fracture aporoaches. Since
the materizl outside of A is stagnant, 1t offers re-
straint on the flowing material within A. In the work
dealing with head restraint, the restraint dependence on
its dimension wes Cound for a constant gage length-to-
width ratio ( 32-). Consider two bars like that shown
in Figure 16 (a;, one twice the size of the other. Then
in the lerger bvar, si: linear dimensions will bhe twlce
those of tine smaller. Te cuan assume that the ratio of
areas A are roughly 4:1, znd that the ratio of TT wiil
be approximately & constant for the two bars. This is
the ratio of & length across 4, to the thickness of reglon
A, at the border between stagnant end flowing material.
Reference to Figure 16(b) shows the direct enalogy 1is

d

male between ratio =—— of tne specimen-like element p,

n %0

and the gage length-to-width ratib =2 of the entire flat
bar. An increase in the bar size théh,(h increases, T;
remazining constant) would affect the local strain 33,
just as an increase in width of bar aflected Ezduring
uniform straining; that is, as h increases, the dimen-
sional restraint increases and 23 decreeses. Tnis 1s
what the data has shown for maximum £3 .

The reader wiil obviously reallze that this is by
no means & formal explanation of the dimensional re-
straint on 23 . This reasoning stems from the desire to

explain in detuil the analogy used and to give the reader
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& physical understanding of the phenomenon. The snec-
imen-1ike element_p, of course, 1s under a much more
complicated stress and strain system than the freer gage
length of the bar. A formzl analysis would undoubtedly
have to consider all the stresses and strains involved.
No attempt of this type has been made in this work. The
same remarks apply to the following use of this »hysical
reasoning. |

The specimen-like element p has reszlly a random pOS~-
ition. A similar discussion would apply concerning re-
straint on €3, for any vertical position of the element
9 in region A. |

The snalogy can be further extended to describe the
size effect on £Z‘ Consider tne specimen-like eiement
s in Figure 16(b). An increase of twice the size in the
fliat bars briungs with it an increcse of arproximately two
times in the width r of element s, the ratio of‘length d‘
to width r (an arc length along the circumference of A)
roughly remaining constant. Hence, element s has more
restraint on it, due to an increase in r. This is a di-
mensional restraint in the direction of 82. The size
effect on maximum 22 » @s brought out by the deta, has
its possible explanation in these terms. Again, 1t will
be recalled, that 2|'was calculated from €, and £3 , and
hence, necessardly shows the szme trends as the latter

two.
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The importance of the magnitude of restrainlng dim-
ension on the degree of restraint is nicely brought out
by tne vast differences in meximum Ez and £3 . These
are the differences in maximum.ﬁz and €4 for zny part-
icular specimen, with the exception of the square bars:
which did not exhibit the cross-like neck. Further, these
differences indicate that small changes in magnitude of
the restraining dimension are much more critical on local
straining than the same small changes would be on uni-
form straining. Consider, once again, Figure 16(b). Ac-
tually, the restraining dimension r of element s would
be one half the circumference of A. The form of s, &s
shown, best fit into the foregoing discussion, but cer-
tainly 1its disc shape, now proposed, &lso applles. This
makes tne restralning iianension r of element s larger
than h of eiement p. Hence, maximum 53, with the smaller
restraining dimension, has the larger value.

The geometrical infliuence on meximum ﬁz adds welght
to the importence of tne mugnitude of restraining dim-
ension. For any particuler series in Figurevlﬁ, the mex-
imum ﬁz value is seen to decrease, as the width of bar
increase: ( =2 increases, h° remcining constant). An
increase of widgh'of bar makes dimension r, of the dilsc
interpretation of element s, even lérger, with respect

to h. Thnis follows because as the bar width increzsed,
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local straining covered a larger earea for the same stage
of necking. Hence, the even greuter difference between
maximum El and 23, &s the width of bar increases, & re-
flection of greater restraining dimension.

The fact that geométry ceeases to influence maximum
€., for values of —b—‘lgreater than 7, is significant.
This means that & bar ;1dth 1s reached, whereupon max-
imum ﬁztmmomes a purely localized fuctor. The progres-
sion toward complete localization, for both strains €,
and 83 was obvious, as fracture approached. Through
localization, the strains reach higher vaiues, since
this action produces smaller and smaller restraining
dimensions. 8o, localization uzcts to counter-affect
increasing the restraining dimension. The fact that
maximum €l is a constant for values of 22 greater than
7, probébly means that through localizatf%n, a 1limiting
upper value of restraining Jdimension for €, (like r of
Figure 16(b) ) 1is reached, and a further increase of bar
width has no effect on increasing this restraining di-
mension.

Table 5 brings ouf the important features of Fig-
ure 17. The latter shows the variation, with size and
geometry, of the strains 8., ei, and 83 along the width,

at the minimum section of the neck at fracture. All the

bars are represented in the Figure. The remzrkable
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Table '5

Geometric Restraint During Necking as Expressed by the
Maximum and Minimum Strain Values and Their Differences
Over the Minimum Section of the Flzt Tension Bar at Fracture

e
Speci- Rzatio ~— Strain E‘ ~
men Lo Bear Ber Bar Bar Diff. Avg.
— Center Edge Edge Edge Center Diff.
ho (1) (2)  Avg. % Edge
10A 1.84 0.62 0.67 0.65 1.19
10B 10 1.54 0.67 0.65 0.66 0.8%8 1.18
10C . 2.09 0.54 0.72 0.63 1.46
7A 1.61 e L
7B 7 1.70 J.70  2.70 0.70 1.900 1.25
7C .14 U.62 0.68 0.65 1.49
6A 1.60 0.63 0.63 0.63 0.97
6B 6 1.783 0.81 0.76 0.79 0.99 0.28
6C 1.81 ®.80 0.85 0.83 0.98
5A 1.58 0.78 0.76 0.77 0.81
5B 5 1.92 0.79 0.79 0.79 1.13 1.04
5C 2.032 0.87 0.84 0.86 1.17
3A 1.72 1.07 0.96 1.02 D.70
3B 3 2.5 1.07 1.02 1.05 1.00 0.92
3C 2.16 1.03 1.18 1.11 1.05

b

NOTE: No data obtalned for specimens of tne ¥ ratio 1.

h,
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Geometric Restraint During Necking as Expressed by the
Maximum and Minimum Strain Values and Their Differences
Over the Minimum Section of tne Flat Tension Bar at Fracture

Strain Eg =~

Speci- Ruatio e
men bo Ber Bar Bar
—= Center Edge Edge
o (1) (2)
10A 0.30 0.21 0.23
10B 10 0.28 0.21 0.21
10C 0.33 0.15 0.15
7A 0.30 ———e =
7B 7 0.28 0.22 0.22
7C 0.32 J.20 0.20
6A 0.30 0.21 0.21
6B 6 0.31 0.24 0.24
6C 0.31 0.20 0.22
5A 0.30 0.23 0.25
5B 5 0.34 0.27 0.27
5C 0.34 0.23 0.23
3A 0.31 0.29 0.25
3B 3 0.36 0.27 0.25
3C 0.34 D.26 0.28
1A Q.44 0.35 0.32
1B 1 _———— ———— —e--

Bar
Edge
Avg.

0.22
0.21
.15

————

0.22
0.20

0.21
O.24.
0.21

0.24
0027
0-23

0.27
0.26
D.27

0.34

Diff.
Center

% Edge

0.08
2.07
0.18

0.06
0.12

0.09
0.07
0.10

0.06
0.07
0.11

0.04
0.10
0.07

0.10

- -

Avg.
Diff.
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Geometric Restraint During Necking as Expressed by the
Maximum and Minimum Strain Values and Their Differences
Over the Minimum Section of the Flat Tension Bar at Fracture

Speci- Ratio —~

men P Bar Bar
— Center Edge

No (1)
104 0.50 0.22
10B 10 0.46 0.25
10C Q.52 0.22
7A 0.45 —-_———
7B 7 0.48 0.25
7C 0.53 0.24
6A 0.45 0.22
éB 6 0.48 Q.25
6C 0.48 0.30
5A 0.45 0.25
5B 5 0.49 0.25
5C 0.50 0.30
3A 0.47 O.32
3B 3 J.49 0.35
3C 0.52 0.33
14 0.46 0.35
1B 1 -_——— -———

1C

Strain €a3 i

Bar
Edge

)

0.22

J.25
0.29

0.25
0.24

0.22
0.27
0.30

0.25
J.25
0.30

0.32
0.35
0.37

0.35

—— gy

Bar
Edge

Avg.

0.22
0.25
J.26

0.25
0.24

0.22
0.26
0.30

0.25
0.25
0.30

0.32
0.35
0.35

0.35

Diff.
Center

% Edge

0.28
0.21
0.26

0.23
0.29

0023
0.22
0.18

0.20
0.24
0.20

0.15
0.14
0.17

0.11

-——

Avg.
Diff.
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feature of any perticular one of these curves 1s the
difference in maximum (at center) and edge strain value
particularly in the calculated 6, curves. Table 5
brings this out. Note, for example, specimen 10A. Its
maximum E.is three times the edge value. 10C shows an
even larger difference. These differences, of course,
are reflective of the stagnant trapped material between
the cross sides. The Figure 17 brings out the differ-
ences in ezand ﬁg , for a particular specimen, all along
the width of the minimum section; that is, that f,shas
greater values.

Table 5 brings out a significant point, in'fact, a
verification of a previous staztement, that the restr-
aining dimension of Ezreaches an upper limiting value
at 22 = 7. This was another way of saylng that the
area 3ffected by local straining,for a particular stage
of necking, increases as Ek-increases from 1 to 7, but
beyond this value the area °remains practically the same.
(Area references here are to those of the later stages
of necking; like region A in Figure 16). The datz of
center and edge values of 83’ and the variation of these
-
n,

average differences with brings this out. First con-

o
sider the meaning of the difference. Since maximum 83
does not vary with geometry 29, a greater difference

o
means a lower edge value. The edge value represents a
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measurement made at the outer most noint of the stagnant
trapped materiazl. That these portions of materizl had

no sharp definition, in the local action, is obvious from
the curve shapes in Figure 17. The definition, however,
was sharper us the bar became wider. This is also ao-
parent in the curves from their flattening at the outer
portions, with the greater tne bur width. 1Thne extent of
the loculized region, tnis not being.shargly defined, is
however, refiected in the intensity of the esstrain at

oositions along thne width, at tne minimum section. Yith
h b

=t

his in mind, coasider the 23 differcnces for tne bars

>

= 10 and 7. They are the same, s Table 5 shows. Now

J

Q3

0
5 b"’decrease?.s from 7 to 1, the 23 differences decrezse,

he

which means thuat the edge is cioser and closer to the
heart of the local action. This is reflective of the
limiting uinmenszion of the region of localizuation (a re-
minder again, this is & region like A of Figure 16).

The Tact that the bars of Eﬁ;? and 10 snow no variation
in their 23 differences 1is groof that tnis late local-
lzation has not affected the edge valiues of either. This
suggests that the limiting dimension of the localization
region coulu havé been measuraed ajproximately, tuking
bars of.EE:LQ, 7 and 6 into considcration. This hes
not becen Jdone, however.

The 82 dit'f'erences in 1 512 5 bring out the same
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effect as 83 concegning localization but rather obscurely.
The reason is that the restraint factor enters into the
oicture. As %ﬂincreases from 1 to 7, the 82 differences
seen unaffecte;. But in this case, maximum Ez varies
with 22.. This is a restraint phenomenon as discussed
before.° If the edge vaiues for iz are noted, it will be
seen thnat they follow the same trend as maximum ﬁz, that
is they increase with & decrease in Eﬁ. Hence, the 21
di{ferences remain approximately cons%ant. However, the
reflection of the limits of locaiization is in the 'iz
datz of Table 5, if one notes thzt the edge values in-

crease as'E& decreases and tlat the average of edge

o
values for the bars of‘Eh::lO varies little from that
°

of the bars of 29..-.-.7.
It must bgq;emarked that the Table 5 has been con-

structed from Figure 17 and Table 4, hence, only two fig-

ures were used in the strain values. Several additional

curves have been plotted for specimens 104 and 6A, to

cover the distribution of the three strains in the en-

tire neck at fracture. The three sets of curves for Speci-

men 1l0A are shown in Figufés 18a, 18b, and 18c; those of

6A in Figures 19a, 19b and 19c. The £, and €, values

are plotted as & function of the original wiala dimension.

A sketch of tne distorted grid hes been inserted in each

of the figures to facilitate location of the proper curve
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for a particular section of the neck. Interesting are
the maximums in the Gz'and 53 curves on each side of
the longitudinal centerline of the bar. They are re-
flective of the cross-shaped depression. As the sec-
tions get farther away from the minimum section, the
respective curves denote the approach to the uniformly
distributed strain. The curves orf bar 104 show that
one of the cross sides is deeper tnén tne other. 1In
both specimens, however, & good degree of symmetry with
respect to the minimum section and longitudinal center-
line of the bar is evident.

The £.curves hzve been »lottad as & function of
the original length dimension. The sketch of the dis-~
torted grid shows thst one-half of the bar has been con-
sidered. For symmetry reasons, the other half was not
reproduced.

Figure 20 is & perspective resresentetion of the
variation of the axial strain ﬁ. in the neck of specimen
6L. The strains have been olotted over the bar in its
final fractured conliition. 4 quarter section of tine bear
is shown giving tne flat middlie surface on 1ts top face
and the distorted surfezce on its lower face. The flg-
ure shbws the effects of the cross aesressions by bring-
ing out the movement of tle strain peaks toward the cross

conter (intersection or tu= miainum section end iongl-
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tudinal centerline "FF"). Figure 20 gives the reader a
picture of the axiél strain distribution at fracture in
this flat tension bar. The breaks in the curves are
necessary since the fracture causes a gap in the strain
distribution. As previously stated, a pattern of con-
tour lines representing equal thicknesses in the neck
is also shown in Figure 20. The features of thé Cross-
like depression are nicely brought out by these lines.

In the square bar the values of 23 were no longer
taken &s an average strain over the entire thiskness.
The local €3 strain was plotted as a function of the
thickness dimension. fbe variations of ﬁzand ﬁabin bar
1A, with their respective directions in the minimum sec-
tion of the neck are shown in Figure 21. Tae bar maxi-
mum iﬂ wes calculated as before, from the maximums of
the oth:r two strains, which were at the center of the
bar. The minimum section at fracture (inserted in fig-
ure) shows the highly strained'centerliﬁes "EE" and "NN",.
Measuring lines were put on the outside surfaces of the

bar in the longitudinal direction. After straining, the

4

spacings of these lines laterzily, which were a measure

of strain, were reduced by the factor
0. 44 o.ae7

— 0. in the width, and
0467 % ’ 0.452
in the thickness. These were tne ratios of the lengths

of center lines "NN" and "EE" to the respective outer
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dimensions nyJ" and "II". The maximum strain calcui-
ations for 1B and 1C, the smaller square bars, were made
on tne basis of the strains found in 1A. That is, the
avarage Ez and 23 , along sections corresponding to MNN"
and "EE" fof iB and 1C, were multiplied by the 1A ratio
of the maximum to average strain. In the square bars,
tne maximum ﬁzznwmoached the value of ia(see Table 4),
in fact, in the case of 1C, the Ezjwdue was a little
larger. These snall difrerences in €5and €3 , in the
sjuure bur are attributed to & srobuble anisotroplc ef-
feect in the material. Thnis effect is 1n the same dir-
ection as the anisotropy noted in the worx dealing with
uniform straining. However, since 1t was explained that
tne latter type of anisotropny broke down at the larger
values of uniform strain 2., it must be assumed that the
anisotro»y evidenced here, on the meximum strains £a
and ﬁ, , 1s of another tyne, sossibly connected with
large strains. Both anisotropic effects are probably
connected with the plate roiling. The fact thaet speci-
men 1C shows its differ+nce in an opposite dir=sction to
tnat of burs 1A and iB is _robably due to an error in
the orientation of dimensions during machining. This
has been explained in note(?cﬂ‘Table L.

The fractures, shown in Figures 12, 13 and 14 were

be

interesting. In tne cases where s Was 5 or abnove, the
o
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fracture wa- O a shear type, the notel angle beiag be-
tveen tne surface of faiiurs and the flat sides of the
bar. Tne interscctions of this surface wlth the faces
of tue bar ware rough tines, the mean of which weré an-
proximat=iy at righnt angles with the t=nsile axis. Even
in the bars Whicerwd.gh:B, the signs of shear failure.
were Jresent, but a tengile-like tear was mixed with 1t.
The siuzre bars showed fractures similar to the usual
cup znd cone fructure in a round bar. The bars 54 and
6A showel tensile (clzavuge type) brecks in thae outside
portioﬁs of the fractur: (through the "trapjed" regions

of tie cross). Figure 12 snows thnat tas fracturs of

specimen 10A (sheur type) progressci into a cross silde.
Soecimen 1)C exhibits w sinmii«r fracture (Figure 14).

Bzr 1JB, however, showea the sa-ar tyose fallure straisht
across tne bar (Figurs 13).

Figure 22 is an exompre oI tune tyoicat grid dis-

tortion zssociuzted with neckxing in the [lat bar.

CORRELATION WITH AND DISCUCSION OF THE LITTRATURE
Evidence of inter-st in the size and geometry of
specimen in tensile testing astss back td> the latter
parf of the nineteenth century. Some of tne rasults
stated abovs have been founi by other investigstiors, but
the literature in generzl saffsrs from the lack of Je-

tail, esoecially in the =urli=st worxs. Tnis detail weas

most helosful, ia the present worx, in the formalation
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of the stated interpretation of the effects of size and
geometry. The object of the following discussion 1s not
only to bring out the important earlier rindings, but zan
attempt to correlate these 'indings with the analogous
finiings of the oresent work. This hsas besen done even
in the cases where tne interpretations given would not
indicate verification of the conclusions arrived at in
this pao=r.

pa
Tiie real eurly work in this subject represented, not

[0}

a focus of attention on local strains, as In the osresent
work, but that on the overall mechanical properties of the
bar. &sttention was concentrated on detsermining the short-
est possible gage length of'specimen of a given cross |
section, that would not cause a reduction of elongation

at fracture. Work by Rudeioff, Martens and others was
primarily devoted to this subject. It was found then,
that the elongation denended upon, for one thing, the
ratio of tne guge lquth to the sguare root of the cross
sectional area of the bar, later given the name "slender-
ness ratio". Barba, Unwin and Martens found.thls inde-
pendently. Later, Moore (3) and Nichols, Taylerson and
Whetzel:(a) found the same thing. The latter, working
with a large number of low carbon sheet stmel specimens,
report a decrease ol rom 45 to 30 percent in total e-
longation at fracture, for én increase of ap»Hrroximately

five times in the slenderness ratio. Tuae results of the
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present "A" series check these figures rather closely,
but with the knowledge of the recent findings in this
subject, one must conclude that the slanderness ratio
is a rather meaningless quantity, in flat bar work. It
completely covers up the essential features of dimen-
sional effects, that is, the effects of varying the %—9-
and Eh ratios. It therefore takes into account no reg
strai:t effects of cross sectional shspe, to which tﬁe
writer and others have attached importance. In these
early works, the slenderness ratio was a varlable that
reflected local ductility, but rather obscur=ly. The
highsr values of total elongation, at the smaller slender-
ness ratlos, just reflected that local necking is a major
factor in strain contribution for the shortar gage lengths.
This is the obvious explanation of curves like Figure 3
of the quoted work (4), which shows the ileveling off of
tne elongation value, as the slenderness ratio becomes
great, and a rapid increase of tne elongation, as the
smaller slenderness ratios are approaéhed.

Unwin (5) reports some early findings of Barba (6);
nanely, that geometrically 5imilar bars of different
size deform similarly under equal stress systems, and
are geometricaliy similar after deformation. This later
became known as Barba's law of similitude. The results
here Would iisagree. Lnother early report of Barba (7)

shows he found the ultinate strength was not affected by
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the h—-variation from 1 to 8. Over this range the max-

°.
imum extension came atéé:éu These results were found

[)
for buars of constant gage length. The variation of

%

the width therefore introduced the variation oOf o ,
which decreases as 23 increases, for a constant g:ge
length i, . The ratfg !2 was not & factor in the pre-
sent work. That this ratfz is another important vari-
able in the restraint problem has becn noted by others.
The above results of Barba, which have the =2 ratio |
incorphorated in them, do not agrec with the ;gre con-
firmed findings of others. It is of interest to note
these.

First consider that the total elongation at frac-
ture is composed of two partsy namely, the clongation
due to uniform straining up to the ultimats load ani
that 3ue to locul necking from ultimate to ffacture
loads. With tais in mind, one must conclude, on the
basis of more recent works, the finlines of Barba on
elongation show .an opposite effect to the exoectei.
Gensamer (8), for instance, in work with thin gage sheet
metal, points out the extreme variation from sinple ten-
sion deformation, when a {i1at specimen begins to neck.
He notes the large Jdecr-ase in reiuction of area at
fracture, due to an increase in width and the resulting

necking differences. Littie influence was founi on the

uniform strain. Assuming then constant uniform strains
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in Barba's work, the neck&ng differences shouid have
produced an opposite ef'fect to what he found. Further,
work by Mac Cregor (9) shows tanis same trend. On flat
bars of-bg: 2, where Qo was varied from 2 to 8 inches,
both the true fracture strains and true local necking
strain were reduced when the length became less. A
similar phenomenon of restraint in round bar work, has
been called tune ﬁnotch el'fect". MacGregor (10) shows
experiments with annealed SAE 1112 steel, in which the
gage length was varied from that of a " U notch to
3% inches, bar Jiameter remaining constant. He noted
a considerable decrease in reduction of area at frac-
ture, as tne length became smaller. That the restraint
effect enters, is clear. Both quoted works (9) and
(10) agree with (8), in that this "notchn® tyoe of re-
straint influenced oniy the local strain. Wood, Duwez
and Clark (11) also offer results along these lines.
Their work, with small specimens of cold rolled steel,
showed for a gage length-to-diameter variation of from
6.7 to 26.6, an increase in the peféont reduction iﬁ
area at fracture of from 53 to 64 percent. v

One can Jeduce from the above discussion, the factor

of notch restraint gives the slenderness ratio an even

5. Definition of tnis term and other stress-strain
terms of logarithmic charact:r, cwn be round in quoted
vaper (9).
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greater degree of obscurity, ian ductility work. We
would logically expect that Jdifferences in notch re-
straint, produced by variations in the slenderness or
.22 ratio, would be of ths same order since the two
qu;ntities are dimensionally analogous. One must real-
ize, however, that unless proper values for either
(very low values) are selected, the notch restraint
will not show up in plots of total elongation against
the ratio. Covering up this effect will be the fact
thazt for short guage lengtns (but long enough for a
well-developed neck) the strain dus to necking is &
large portion of the total strain. 1In other words,
although the restraint increases, as the slenderness
QO ratio decresases, if these ratios are in a range

be

snuch that local necxing is a large factor in the total

or

eiongation, the usual plot of the latter against the
ratio will show an iancrease in total elongation, as
the ratio decreases. Hence, notcn restraint would be
completely cov=rei up.

Tnese facts are brought out nicely by a comparison
of the results of (4) with those of (8) and (10). 1In
the latter, extremely small -9-9- and a_:. ratios were used
(do is diameter). The 22. ratig in (8) was as low as
1/6, whereas in (4) valges of the slenderness ratio
were 5 and above. The quoted work (11) brings out that

the notch restraint is oresent even in rcal large gage
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lengtns, but as would be expected, the variation over
the range of the large values 1s small. The elong-
ation values are also given in the work (11) for this
same variation of 22-(6.7 to 26.6). They are seen to
decrease from 9.0 tg 3.4 percent. This would be the
efrect presented by an elongation-slenderness ratio
plot, and if solely presentei could give no indication
of notch restraint.

One sees, then, as has been realized more recantly,
the need for more detailed ductiiity indices. The shape
of section, its particular dimensions, along with the
gage length, are important in restraint influences, as
has be=n noted in tnis work and by others. The break-
ing Jdown of thne total elongation into its uniform and
local strain components is fundamental.

A few of the other early works deserve mention.
Unwin (5) in his work with shio and boiler plates found
an increuase in elongation for a greater width, thick-
ness constunt. Here again, a constant gage length was
employed. Tne effect is opposite to the expected. In
the same group of tests, he found for bars of constant
width, an increuse of uniform elongatiqn, when the bar
thickness was increased. Since thé increase in thick-
ness means a Jdecrease in 22 , and since there is a con-
stant 22 ratio in these lafter tests, they indicate
similar trends as shown here. Beare and Gordon (12),

working with mild steel and rolled copper, found for
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—

bb)zg a greater reduction of area in the neck at frac-

ture, as the bar became smallzr. They also note a de-

be

crease in reduction of area, as = increases up to 7.

°
Beyond this value, small effects viere found. Beare
2o

°
however. Temolin (13) ran tests on flat bars of scft

and Gordon were not clear as to their treatuent of

aluminum shect. == Ww&as varied from 1 to 50. A 25 jer-
cent reduction inoelongation, over tais range, was
found, as 22 became gfeater. In hard aluminum, an even
greater red&%tion was tround, 75 percent over the range.
The.gg was constant here. The results are in line with
the p;Esent findings. Lyse and Keyscr (14) found de-
finite effects on tne eioangation and reduction of afea
due to slze and shape of specimen. Tne reduction of
area values, plotted over t:ue 22 range 1 to> 4, showed

y __ be : © - ,
& decrease as the = ratio became larger. The greater
reduction of &area fgr smaller specimen of a jarticular
!1 ratio, was also snown. The material was & struc-
tugal steel. The elongation plots were mixed with the
effect of the constant gage length, and the fact that
elongation values were calculated on tie basis of &
length one-hulfl of tnis guage length, »Hlaced symmetri-
cally about the ICracture position. These are really
local strain values then, reflective of necking. That
they show an increase as 29 increases from } to 4 1s

: ©
easily understood. Noted in the present work was the
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fact that the intense localization reglion increased
as !! increased up to 7. Hence, Lyse and neys=r were

ho | |
measuring elongation values that had more and more

local strain character, as E! increased to 4.

lhe more recent investigations give evidence of
greater detaill in Juctility‘study. L great deal of
work Jduring the past wer was devoted to stuidies of this
nature. Dorn and Finch (15) show a plot of percent re-
Juction against widtn for tne width, thickness and area
values. The greater widths had more of an effect on
width reduction than it iid on thickness. Less re-
Juction for grecter width followed the Lrends stated
here. The fact that reductions in width were greater
than in thicxness tor any particular width 1s not under-
s5tood, uniess the magnesium mate;ial'offers the exnlan-
ation.

MacGregor has contributed several papers in which
he has stressed the importance of local Jductility in-
dices. In his work with flat bars of low carbon steel
(9), trm.gb was varied from 1 to 26. He noted that the
type of frgcture changed from a typical transverse ten-
sile fracture to a shear fracture inclined at an angle
of 25 Jdegrees to the perpendicular of the tensile axis,
at approximately.b.‘;.g 6. That the flat bar presents a
bi-uxial state ogh;tress with transverss restraint was

stated in MacGregor's work. The value 2! e 6 was given

he
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speclal significance. 1he ductility value trends are

given for the group-b_°_<6 and h ¥6. The variations

he

in local strains found for both of these grouos are in

line with the present findings, that is, a decrease in

. . ()
local straln Ffor an increase in e, That an increase

[
in -2 from 8 to 26 had no effects on the localized axial

°
strain at fracture, was noteu. The results of tne pre-

sent work indicate no snecial significance for 22.: 6
o
in the fracture mode. No abrupt change from a tensile

to shear type fracture at the 25 degrece angle was noted
for this value. Most of the shear surface angles wer
visible only on the bar edges. The bars 10A and 12C of

thls work showed signs of the shear angle noted in the

quoted work.

Low and Prater (16) have noted the differences in
struins il and ia'during uniform straining in their
‘flat bars of sheet aluminum. They have ststed that the
naturael strains iz and £3 are respectively .0.4 E‘ and
0.6 ﬁ. up to the point of necking. They observed that
during necking, very little change took olace in width
dimension ani further reduction in aresa resulted mainly

from tnickness changes. Wnere considerablsa necking

took place sreviovus to tracture, thev found ratios as
low as 0.1 for El.(natural streins). 4 study of effect
of specimen dimensions on elongation to fracture is pre-
sented. For several widths, curvs:s of lataral contr-

action along the gage length are shown. The curves
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show the effect of head restraint for several —g-ratios.
However, the data 1is scattered, and the writers‘have
assumed that the head restraint influences only a short
portion of the guge, that adjacent to the heads. An
averzge value of lateral contraction is plotted for the
supposedly free partvof the gage length. The restraint
could have been interpreted as affecting the whole gage
length, had & smooth curve been drawn through the scat-
tered points. The writers conclude that the percent
of uniform lateral contrection 1is independent of width,
which is not in agreement with the present work. They
note that & greater percentuge of the gage length is
under restraint influence when 22-15 amaller; the vari-
ation of 2‘3 from O to % leaves no° part of the gage length
unrestraineod. At _Q-"-; 4, they claim 0.8 of the gage 1s
free from restraint? The results of the authors! tests
indicate a farther reaching restraint influence.
Bibber's (17) work with flat bars of ship steel
commands notice. He tested wide bars of very short and
very long gage lengths. He found a cross-like depression
in the neck similar to the one exposed here. A contour
plot for one of his long specimens showed only one cross
side. He noted failure in a short specimen came about
by shear at the center and a tension type br=zk at the

outer parts of the bar width. This was noted in a few

cases here.
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Gensamer, Lankford and Prater (18) have contri-
buted data on the size effect in ship nlate. They

used an 8 inch gage length of 13 x 3 inch cross sec-

tion and reduced this to § and 1/20th size, geometric
similarity in all dimensions remaining. They discuss
tne varistions encountered due to the metallurgical
difficultizs in oroducing true size specimens. They
do show data based on reduction of area values that
wouid confirm the size elfect as written here, 1if one
can r=ly on equal hurdaness values as roflective of the
elimnination of the effects of heat trestment and rolling.
‘

From what has been presented, it seems that the
more free tyne of neck would come sbout by making the
ggratio of the flat bar, or =2 ratio of the round bar
bo de
larger. At times this is not possible, since the form
and size of materiszl, or size of specimen and testing
equiopment, may be -such as to prevent making the ratio
large. The latter was the reason for selecting the
value 5 here. This is one half the value of the German
stundard adopted several yezars ago. Even with a ratio

of only 5, the largest speciamen in this work reached

the length of approximately 11 feet.
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SUMMARY

The body of this paper brings out the extreme
imyortsnce of tne head restraint in a flat tensile
bar, as a factor in controlliing tne josition of the
local neck a«long the gage. Trne fact tnat tinis con-
trol is exercised at the beginning of and throughout
uniform yielding is emohasized. The data here in-
dicates taat with metallurgical and machining defects
absent, tne nesd control places the local neck at
the middle of tine gagé itength.

It hz=s beea found thnat tane hecd restraint is
deveni-nt upon the wicth aiumension of tune bar; that
is, it becomnes more intense &as the width increeses.
The large bars used hnave shown that the increase in
width has reduceua tne lateral strains during uniform
straining, in both tune width ( ;) and thickness (93)
directions of tne bar. It has becn argued that this,
in the case of the strain in the width direction, 1is
due to a buiiding of the transverse stress, an im-
olication of the aporoach to tne plane stress problem.
The greater freedom of strain in the thickness dir-
ection over that in the width is apparent. The ratio
2 . - ek For s it The s

-~& shows lesser values for greater widths. The fact

tngt El-shows its lowest value at tne lowest uniform

¢,
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strain (axizl ¢,), for any particular geometric shape
(width-to-thickness guge ratid-%%), and that this
value bullids steadily as the uni?orm Straining increaseé;
suggests a possible anisotropic restruaint factor on ﬁz)
-which 1s broken down through yielding. The greater
varistion of Eﬁu it 1s noted, due to this effect of
anisotropy, comes with an incrcase in bar width. This

suggests dependence of the anisotropic restrzint on

the width.

The local neck in the [lat bar work here was com-
plicated, but symmetrical in shape. The details of
this cross-like depressed region have been reviewed.

A detailed study of tne local strains in this neck at
fracture has been made, together with the progressive
localization tendencdes of these strains prior to frac-
ture. The maximum values of the strains ﬁland 53 and
the dependent Z. value (calculated from iz and ﬁ,), in
the neck, at fracture, showed an increase, as bar size
decreased. Further, the maximum 8zdecreased, as the
bar became wider, up to a 23 ratio of 7. Beyond this
value no efrects werec noted.° Maximum 53 showed no de-
pendence on bar width. Mathm1ﬁ.necessarily showed ‘
the geometry trend of $, . The effect of the magni-
tude of the restraining dimension on the head restraint
in uniform straining has been analogously extended and

used to explain the variations stated above for the
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local strains. A direct analdgy has been made between
the head restraint on uniform strain in the gage length,
and that in the neck of the stagnant material on the
flowing material adjacent to it. An lncrease in the
stress, in the direction of the restraining dimension,
with an increase in the magnitude of tne dimension 1is
implied. A detailed explanation for the variations in
local 82 and ia , Jdue to size and geometry of the bar,
has been worked out on the basis of this restraining
dimension variable. The invortance of the restralning
dimension is stressed in the huge dirfrerences of maxi-
mum ﬁzzamisa, the latter alwuys greater, and the dif-
ference ilncreasing with increase of bar width. That
the magnitude of restraining diumension is more critical
in locél straining than in uniform straining, follows
from the recognition of these differences.

The progressive localization of straining toward
the heart of the neck, as the neck developed, has been
studied. Localization acts against the size and geo-
metry variations in that it tends to produce smaller
restraining dimensions. This fact has proved heloful
in explaining the limiting value of geometrical vari-
ationl‘.:?. In explaining this, use has been made of
the varfgtions of localizanuiiauithbar width, at the
minimum section of the neck.

Curves have been included that represent the strain

distribution for i‘ s iz and 53, in the entire neck
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for two large bars, one of =2 = 10, and anothsr of
b ° -
J: 60

A critical review of tne literature in this sub-
ject 1s included. Correlation is attempted wherever
possible. The lack of detail 1in the early ductility
studies, together with the uninforming interpretations
that resulted are discussed. Another restraint var-

izble, not treated in tne prescnt work is mentioned.

It is that connected with the variestion of gage length-

to-width rutio —2 . This is related to tne "notch®

o
restraint effect noted in round bzr work.




PART II

THE S5IZB OF TiHZ LOUND TENCILE BAR
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INTRODUCTION

Part I of tnis investigution was devoted to a
study of thne effects of geometry and size varlation
on the mode of yielding anl fracture in rlat tension
burs of meuium-carbon steel. This work was further
extenied to include a group of tests on round tensile
burs of the samne steel wi-re size was varied under
geonetric similarity.

The iocal necking phenomenon associated with the
fracture of a round tension bar 1s well-known. It
was tne purpose of tnis work to investigute the ef-
fects of size variation on tnis fracture orocess.

The body of this part reports observations and
calculations made on the stress and strain valpes
associated with' the progressive necking process and
fracture. The size range covered was 16 to 1; the

largest specimen reaching a dizmeter of 3 inches.
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TESTING MACHINES, SPECIMENS AND MATERIAL

The testing machines have been Jdiscussed in
Part I.

The round tensile piece is shown in Figure 1. A
series of 10 of these specimens (2 of each size) was
used. Later, two additional large bars (specimens
No. 11 and 12) were tested. The diameters ranged
from 3 to 3/16 inches, a factor of 16, with each speci-
men 'being half the size of the one larger tuan it.
Geometric simnilarity was kept in &li by making the
gage length 5 times and gage raidius 4.25 ﬁimes the
diametsr. The larger specimens vare undercut 1 per
cent in the diameter at the ceater of thne gage length
to control the fracture location. To orevent un-
necessuary stress concentration, the profile of the
undercut was made & large circular zrc.

The round bars were cut from the same heat of
material as the flat specimens of Part I. Billets

4% x 4% inches in cross section served the »urpose.
THE STRESS AND STRAIN QUANTITIES AND THEIR MEASURFEMENT

In the round tensile bar tne average true stress
in thne axiual direction on a particular cross section
is given by the relationﬂ's%, where P 1is the ten-

sile load and 4 the area of the section when the bar
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is under this locaa. The date for the stress was
easily obtalned by measuring with micrometers, the
particular dilameters ol interest, aiter tue load was
"dropped olf" a littie from tire value recordaed. The
data, on diameters wuas wliso userul for calculating

the unit conventional strain in tne axicl direction,
s . s . E - o

since tnis is given by the relation = T-l , Where
se

ction A

O

A°15 the original area of the strained
(do is tne diameter of section A_o). Tae sections
along the buar were circularly marked to fecilitute
measuring them.

Figure 2 is a cooyy of Figure 7 of tne Davidenkov
and Soiridonova paper (1) showing tne distribution
of the strosses in tie mainimum section of tie neck of
& round tension specimen. The maximum-true stress in
the axial direction, it can be seen, comes at the cen-
ter of the bar, tne peak of tne parsboiic function.

The relation representing tnis function is given es

R+ 05a
a-""‘ - O.LR + 0.25a

where & is the radius of tne minimum section of tle

nezk and R the radius of curvature, at &ad necr the

minimum Section,of tiie contour of t:ie necx in the
meridional section. 7Tnais relstion was used in the
oresent work; a and R were measured »Hnotographiceily.

In figure 2, the octanedral shearing streoss is

seen Lo be & constent over tas entirc section. The




58.

octahedrel snearing stress is usuaily defined by the

reldtion

=1V(T, - 0,0 +(0, - 6;)%+ (0,-T)°

where 0" ’ q-l and Q'., are the principul stresses. 1In
the quoted work (1) it wes f{ound thet at any onoint

in the minimumn section, the redici wnd tangential

stresses are equal. The relation for octehedrul shear-

ing stress tnerefor~ becomnes
- r 3
TB '%'\IZ(G-.'GJ.) )

V\hereo-' is the exial anud 0.2 the radial or tangential

stress. The guantity (U;-o’&) is celled the effrective
stres:s and is 4 constant over tje minimum section of
the neck. I1 we Jdenote the eflective stress by G-Q ’
we have Taz 047 O"e . Trne effective stress is given

by the relation o

Te =

a
|+ 25

The octlzhedrul saearing stresses in tne present work

were caiculated using these reiations.

TRECS AND STRAIN IN THE NECK
AS INFLUENCED BY THE £IZE OF BAR

The results of tie tests are oresented in Table 1.
The guantities in this table are plotted in function
of tue size of specimen (dismetsr) in Figures 3 and 4.
£s snown by the large lJififerences in tne values of
Tablie 1, tne sire of test bur iniiuenced the locel

-

necking orocess and tne accompenying stress and strein



59.

Table 1

The Size Influence on Stress and Strain in the
Minimumn Section of the Neck of a Round Tension Bar

Spec. Size Average True Average True Maximum True
No. (Dia. Stress at Stress at Stress at
in.) Ultimate Load* Fracture Fracture##
Value 5 2 Spec. Value 2,2 Snec. Value2 2Spec.
Lb./In. Avg. Lb./In? Avg. Lb/Inc Avg.
5 81,600 144,000% 173,000%
o 3/16 g3%¢0n 82,100 12870504147,0008 500550y 175,500%
3 78,700 . 137,000% . 162,500¢
: 3/8  gglaoo 789700 13,7555 135,830&157:500 160,000¢
1 83,700 50 136,000015, £504159,500% 153 39
> 34 golhoy  B4s500 133:000'134,500t157:000' 158,300%
7 80,200 ot | #ER . 127,0004
8 1-1/2 80,720 80,500 113,0300113’000*127,ooo+ ’
9 79,820 90,5004 93,2004 g3,200¢
14 3 801300 80,100 90:530* 90,5004 937200 4 ’
1 1ttt 84,500 . 133,800 1 200 155,500 155,500
1o%H#% 3 84;500 84,500 (97,302) 33, (144,220) ’
#* These stresses were calculueted at an axial strain
value of 0.22.
3¢ These

stresses w=re caiculated by the use of th?l)

relations derived by Davidenxkov and Spiridonove
Speclmen 7 was not broken. The comparison of 7
and 8 at the necxing load of 102,000 1lbs. (Just
before fracture) is as follows:

Average True otress

in Min. Section of Neck
Specimen 7 105,500 1bs./in.5

Specimen 8 107,000 lvs./in.

¥k Later tests by Julius Aronofsky.
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Table 1

The Size Influence on Stress and Strain in the
Minimum Section of the Neck of a Round Tension Bar

Spec. Size Octahedral Unit Axial
No. (Dia. Shearing Stress Strain at .
in.) at Fracturests# Fracture
Value2 2 Spec. Value 2 Spec.

Lb./In. Avg. Avg.

5 54,200 1.70 4

6 3/16 23000 55,800 1tgop 1-75%

3 52,600 o 1.83 ¢

2 3/8 52 600 52 , 600 L e 1.80 ¢

1 53,000 1.58¢

2 3/4 51,200  °%19%0 ey 1052 ¥

7 *33# 3# 3% ¢ >

g 1-1/2 ¢ 00 46,700 1.05 ¢ 1.05 ¢

9 41,300 0.47 4

19 3 417300 41,300 0.45¢ 0-46 $

11 51,600 1.28

12%men O . (38:0230) 51,600 1.26 1.27

*3% These stresses were calcutated by the use of t?e\
relations derived by Davildenkov and Sdridonova ~)

##3* Speclimen 7 was not broken. The comparison of 7
and 8 at the necking load of 100,000 1lbs. (just
before fracture) is as follows:

Unit Axiazl Strain
in Min. Section of Neck

Specimen 7 0.82
Specimen 8 0.86

¥t Later tests by Julius Aronofsky.
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features. Over the size increase of 16 times, the
variance in averecge true stress at the ultimate load
is slight and no general trend is evident. Since
the stress-strain curves vere vory flat in the vici-
nity of the uitimate stress, & choice in strein had
to be made to comoare the stresses ut the ultimate
load. A unit coanventional axisal straln of 0.22 was
used for the valueg appearing in Table 1.

Table 1 and Figures 3 and 4 show'that vith an
increase of ber size, the avercge-true ani maxlmum-
true stress at fracture anld tihe unit axizl strain ¢t
fracture decrease. The octahedral shearing stress
at fracture decreases sligntly.

These stress wnd strain valu:s (wifh the ex-
ception of the octahedrul shearing stress) have been
influenced by the position of the s»ecimen in the
original cross section or tue biliet from which the
svecimens were cut. Fiéure 5 shows tune cutting »lan.
Specimens No. 1 and 2 (3/4 in. dia.) and 3 (3/8 in.
diz.) were cut from the outside osarts of the billet,
whereas specimens No. 4 (3/8 in. 4is.) and 5 and 6
(3/16 in. dia.) were cut from tae central sarts. As
a check on position, bars A and B, snown in Figure 5§

were pulled to tracture. Table 2 gives the resuits.
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Table 2

Influence of Position of Specimen in Original
Billet on Stress and Strain in the Minimum
Section of the Neck of & Round Tension Bar

Specimen Size Avg. True Max. True Octahedral Unit Axial

Number (Dia. Stress at Stress at Shearing Strain at
in.) Fracturﬁ Fracture®* Stress at Fracture
(1b/in.<) (1b/in.~<) Fracturs*
- (lb.An.<)
A (Bar 0.357 137,300 155,500 56,000  1.58
center -
B (Bar  0.357 140,0.0 162,200 55,000 1.80
center)

I." ve assume that tne average of values fFiven

in Table 2 of specimens A ani B are the values of a
soyecimen unarfected by »osition in the biilet, (this
sneciaen lying between £ and B) then the stress and
strain veolurs wt fracture of each of bars 1, 2 and

3 are somevhat nigh and vars 5 and é low. Bar 4
lying between A and B »nrobably was not allfected by

position. If the valuss in Table 1 were ccrrected

for position, specimens 4 anil € would have higher

«nd 1, 2 and 3 lower stresses and strains. A further

check on josition is given by the snaecimens 3, 4, 5

and 6. Comparing 3 and /4 in Tuble 1, 3 shows tue

higner values; not a great ultt'eorence, but one that

I1s in iine witn the tcn&cncy.snown by nosition speci- ~‘
mens A ani B. Comparing s»necimens 5 and 6, 6 370vs |

the hirner vaiues vwhicn agein is ia tae rifsnt iirection.

®* Calculated according to Davidenxkov and Spiridonova (1).
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Lt a first glance, the differences in the strain
values for the 3/% in. (3 and 4) and the 3/16 in.
diamet:r soecimens (5 and 6) mignt be attributed

to tue nosition effect, but if this were so, speci-
mens 1 and 2 (also from the outside of the billet)
would have to show largsr vaiues than specimens 5
and 6. A glsnce at the rest of the table verifies
the size elfect. On the basis of the position in-
fluence, specimens 7, 8, 9 awnd 10 show somewhat low
values since they were cut from the center of the

x A% biilet. Bar 8, being only 1% in. in dia-

o

4

meter as aguinst 3 in. for bars 9 and 10, would be
affected more. Tne position influence is indicated
in Table 1. There is «n arrow alongside each value
indlicating now ths value s:iou:d4 be corrected for
position. An upward arrow (*:) signilfies a higher
and a downward arrow (*) a lower value. The Table
1 corrected for »nosition suows, in a much mnore pro-
nounced form, the size effect on stress and strain
values. In Figures 3 and 4, arrows similar to those
in Table 1 are shown.

The testing of specimens 11 and 12 was contri-

byted by Julius Aronofsx 1 almost 2 years after the

1. Research Engineer, Westinghouse Research Labor-
atories, East Pittsburgh, Pa.
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tests on the identical specimens 9 and 10. Pre-

mature fracture of the latter two was the reason for
additional testélon the largest size bars. A4s Table

1 shows, enormoué differences w=sre found in the stresses
and strains between the earlier and later tests. The
fractures were entirely different. This will be dis-
cussed later. Speclimens 11 and 12 came from the same
heat of steel as did 9 and 10. The specimen nreparation
was ldentical. ©No position indications are given for
specimens 11 and 12. It should be mentioned that the

lozd obsarvations made for 12 sare believed to be err-

oneous, hence tne probably incorrect stresses.

The position influence, it was felt, was associ-
ated with a non-homogeniety of structure in the billet
cross sectlion. The premature fracturing of specimens
9 and 10 gave convincing evidence of tinis. Figure 6
shows the fracture surfaces of these two large bars.
In specimen No. 9, particulurly, a lighter rihg-like
outer region surrounds a Jdark centra: region of
seemingly Jdifferent structure. Tne saume, but not as
large, c=ntral region is shnown by soecinen No. 10.

It was not the purpose of thnis investigation to enter

Into the metailurgical details involved, but tie out-

standing discrepanci=s, such «s tue nosition effect
and tne abnormul fractures iu bars 9 and 19, sug-

gested some research along metallurgical linezs,
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Schane (2) noted central "dark soots" as they
were called, similar to those exhibited by bars 9
and 13, in fractures of smailor specimens of struc-
tural steel. It was Showp thaet this condition and
the cccomnanying ilow ductility were due to & course
graln size in the steel in 1its as-ro:led condition.
The nserfezt cup-and-cone fractur s exhinited
by bars 11 znda 12 (L1 is snowa in rigure 7), along
with their luarge mzxiaum struin values in the neck
at tracture, suggsastead tne seurch for Hossible meta-
'
llurgical ceauses for tne differences ods=rved in the
frectures of bars 9 &ad 10 and tne later tests 11
and lz. Comparisons of bars 10 and 11 were male.
Cross-sectionual siices, taken from onolnts of thne
guge lengtn of these burs wnicn nad undergone 0.20
unit conventional axizl strain, served as specinens
for producing macroetches. 1nz results are shown
in Figure 8(a) and 8(b;. A condarison of the sulnshur
orints of Figure 2(&) reveals & faint sjyuars-shzned
ségregation zomne 1in tne case 01 soecimen 10. (The
arege white s»sots are aue to air buttles snd should
not bHe tuken into consideration by tne recder). Figure

8(b) exnibits thne sunc siices af'tr they rere sub-

D

ject=d to @nother metnod of cetconing. The sane segre-

gaution zone for soeciqen 19 is evident.
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Mention should be made of tne fact that-the
fracture surfuce of 1) was coincldent with a mach-
ined line {(on specimen for measuring nurposes) .

The possibility that a stress concentration, induced
by this maciined line, influencel the sremature frac-
ture exists. Howevoer, specimen No. 9, which had a

gimiler machined line on its gage surface, also broke

sremuturely and &t & strain almost equivalesnt to that

Q

of 1. The line seemingiy did not influence tne frac-

ture of 9. 1o eliminate tne possinility of influence
by mucnined lines, a photo-grii vas used on bhars 11
snd 12. Tne author attaches much more importance to
tne non-uniformity of structure due to segreegution as
tne reason for the sremature fractures in bars 9 and
19,

Thet segregation is an ilaportant factor in duct-
ility stuaies has been pointed out by others. necent
0. S. 8. D. work by ehl, Wells aadi Fetters (3) znd a
second resort by the first two authors (4) contain in-

formation along these lines. Their work entalled a

3

b

zted with Jiftverent tyve

€

study of tnee ductility assoc

frzcturss in tensile bars of steel us=.i 1n gun tubes
(e.ilov stoels). Tnaey defined 4 tyoes or fractures,
which, in oruaer of decreasing ductility are tne cuoe

andecone, angular, irreguiur and laminateu-lrittie. The
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specimens 11 and 10 of this work would fall into the
first and last respectively of the quoted categories.
Bar No. 8 of this work, which showed a comparatively
low strein value (see Table 1), would probably fit
into the "irreguiar" fracture type. [0 recor& of this
exists, however. They state that the brittle fracture
is commonly caused by the presence and segregation of
extraneous refractory inclusiqns. Mention is made

that the inclusions tend to localize into one part of

the ingot and are responsible for low ductility.

This then, seems to be a possible explanation
for the square-shaped segregation zone and its in-
fluenée in specinen 10. The shape of the zone was
evidently produced by the rolling ol the billet. The
large number of tests made by the authors (3), (4),
showed that only 60 per cent of tie tests produced a
pure cup-and-cone fracture. Hence, the suggestion
thzt & large number of tests should be maile in an in-
vestigation of tine size effect and that only speci-
mens exhibiting cup-and-cone fractures (optimum

ductility) should be compared. In the present work,

then, only specimens 1l ani 12 (cup-and-cone fractures)
along with the smaller sized specimehs, have been con-
sidered in the plots of rFigures 3 ana 4.

The distribution of the axial strain in the neck

as a function of size is brought out by Figure 9. If
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the curve of spécimen 1 and that of bars 11 and 12
are compared, the siée of specimen seems to influence
the strain values all along the gage length (in the
vicinity of the deepest portions of the neck) in a
manner similar to its influence on tie maximum values;
the smallzr the bar, the higher the straians.

The progressive axial straln diagrams for the

specluens 1, 8, 9, 11 and 12 are shown in Figures 10,

11 and 12. The numbered curves in each of the Figures
reflect the successive stages of necking. The absclssae
of the small~-r specimens have not been increascd in
fhese Figur=s. The curves indicate, like in the flat
bar work of Part I, that head restraint produces a
minimum section before the ultimate load is reached.
They also show the localization phenomenon; that is,
the straining tends more and more to become restricted
to fne immediate vicinity of the minimum section of
the neck as the necking process continues.

Figures 13(a) and 13(b) show the fractured necks.
The smaller specimens hnave bheen magnified.

That the size effect is a recognized factor in
tne plastic flow und fracture of metals has been brought
out by others. 1In a recent survey for the Navy Depart-
ment of the literature on the fracture problem, Gens-
amer, Saibel, Ransom and Lowrie (5) mentioned the

more important approaches tovard explaining size »nheno-
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mena. Significance is attachel to a statistical
theory exolanation. A paper by Brown, Lubazhn and
_Ebert (6) has & detailed ldiscussion of the nros
and cons of seversl attacke on this work. Thnis, to-
gether with & paper by Davidonkov, Shevandin and Witt-
man (7) do much toward establishing the "Statistical
Theory™" as the most probubly explanation for the size
effect. In the quoted naner (6) a compl=te descrip-
tion of the "Statistical Theory"™ is presentad.

It will be recognized in reaiing the zbove 1it-
erature, that the focus ol attention in size sheno-
mena has been directed to@arn notecned bar testing
(both.benuing and tensile) in whnich a stress gradient
is dealt with. Brittle materials unler high soeeds
of testing lform the bulk of the worxk. 1hne paner (6)
emphasizes that trne size ei'lect i3 & osroperty of
ductile material zlso.

The present work nas brought out a size effect
in ordinary uniform tension bars of a Jductiie materisl.
On the basis of what was learned in Purt I, of tinis
paver, the writer favors explaining this influence of
size in an analogous manner to that pr=asented for flat
bars ian Part I. The localization of straining more
and more toward tne vicinity of tihe minimum section
of the neck, as necking progressed, was brought out

by tigures 10 and 11. Thne proluction of a thinner




69.

and thinner disc of flowing materisal &t the heart of
the neck is probable. Intimation, then, is that the
contraction of this jisg diameter {=2oends greatly on
tne lateral stresses in tne plane of the aisc, which
are created by the restreint of tne zdjocceat stagnant
material on tne alsc ana wnicn increaze vitn tne in-
creacse of diam~ter of the bar (diamester of adjacent
stagnant meterial depenis on tnis har dismeter).

Tne curves ia Figures 3 ani 4 seern to Indicuate
tnat tine great:st chenge cue to size variutiqn is in
the range of smailer specimens. 4Ln actual 1imit of
dimensional influence is suggested by each curve, ex-
cept tine octaheurcl shouring‘stfcss witlcih is only
slightly affected in its entiretyv.

On th= suggestion of Dr. A. Nadai, the zdvice of
tne metallurgists of tne Carnegie Ililnois Steel Coro-
oration in 2ittsbhurgh was rejuested. Messrs. W. T.
Lankford and T. #. Garvey of the Carnegie Illinois
Steel Corporation exosressed the opinion that the size
eff'ect, as exhibited here, might have heen'due to the
oresence of & smail yuantity ¢f occluded hvirogen gas
in tne steel. lir. Lanxford uoted Korberz, who dis-
cussed the possibility that & Jdecresse in nylrogen

content witn time might be tne cause of an increase

2. A.S.T.M. Proceedings, Part A, 19337.
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in ductility. According to Messrs. Lankford and
Garvey, the specimens tested a short time after the
steel rolling had a low ductility beczuse of thelir
relatively high hydrogen content. After some time,
hydrogen diffused out of the steel and the ductility
increased. They believe that the hydrogen diffused
out of the smaller speéimens with sufficient speed to
enable these to show high ductility while the hydrogen
in the two 3 in. diameter bars (nos. 9 and 10) had
not yet escaped at testing. Contrastingly, the simi-
lar specimens Nos. 11 and 12, tested after a time in-
terval of two years, had lost the occluded hydrogen.
Statement is made that the time necessary to reach
maximum ductility varies roughly as tne square of the

linear dimensions of the bar cross section.
THE LITERATURE

The amount of literature on the size effect in
the static testing of round uniform tenslon bars 1s
small. As has been stated, most of the work 1In size
phenomena has been directed toward notched bar testing,
static and dynamic. Reference (6) covers a great deal
of the iiterature on this.

Lyse and Keyser (8) report early findings of
Bach (9) concerned with the size effect in uniform

tension testing in round bars. Bach noted that (a)
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strength decreased slightly with & diameter increase,
(b) elongation was independent of diametesr and gage
lengﬁh as long as the gage length-to-diamet=r ratio
remained constant, and (c) reduction 1n area was in-
dependent of diameter. These, of course, are not in
line with the present findings. Lyse and Keyser (8)
report on their own resits that the reduction of area
remained constant wnen bar diameter was varied.

Duwez, Wood and Clark (10) working with anneaied
copper wires report that stress-strain curves for d4dif-
ferent sized wires indicate an increase in ultinate
strength as wire size decreuases. In fact, all stress
oriinates along the curves show the same trendi. The
elongation was not affected by size. Tne range of
wire sizes was from 0.20 to 0.05 in. (4-1).

In é second paper by these authors.(ll), statié
tasts wore run on geometricaily similar specimens of
annealed SAE 1020 steel., The gage lesngth-to-diameter
ratio was 26.6. They varied the size by a factor of
2 only. For comparable hardness values (apoiroximately
73 Rockwell B) they found that (&) ultimate strength
increased, (b) elongation decreased, and (c) reduction
in area decreased as bar diameter decreased. The
latter two are evidence of a trend opposite to that
in the present work. It suggests tnat perhaps the

absolute length of specimen is the important variable,
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In other words, with greutcr size, geometric simi-
larity remaining, the absoiute length is larger and
possibliy this means less restralnt due to the heads,
over tne major »nortion of the gage length. The authors
mention their belief ia attributing size variztions

to & non-uniform distribution of impurities in the
dirferent sections. Mention is aiso made of tne »nos-
sibility that surface characteristics mignt be more

infiventicl in tue smail specimens (nossible greater

strength at surface).

SUMMARY
The size of the round uniform tension bar was
founu to nave an influence on tne local necking nro-
cess and its accomnhanying stress and strain charact-
eristics. Specirizcaliy, the test results indicated
thaet tnae axial conventional strein in the minimum

’
section of the neck at frea-ture increwused as the soeci-

larity remacining). Tue averuge-true s
section and the meximun-true stress at tre center of

this section at rracture wiso increased with a s»yeci-
men size decresse. Tne octunedral shearing stress,e

constant over tne scction, showed & trend, but not &s
great, similar to tne otner stresses. The stress and
strain vaiues were influenced by tne specimen's orieg-

inal position in the cross section of the biliet from
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which the specimens were cut. The above-mentioned
stress and strain vezlues, witn the exception of the
octahedral snearing stress were found to be higher
in the specimen cut from the outer portions of the
billet cross section. Taxing this fact into zccount
strengthened the ohserved size effect.

detallurgicel consid-rations are taren into
account in expleaining this vosition ianfiuence. The
size effect on the axial strain in the minimun sec-
tion of the neck at Iracture Is attributel to & re-
straint influence of stagnant materizl in tne neck
on tne localizelda oiastically flowing material adj-
acent to it. Iaferred in this is thne reasoning thzt
the stagnant materiali creates restreining lateral
stresses In the plane of the thin niastic liisc at the
neart of the neckx and these lateral stresses increase
with en increase 1n the diameter of stagnant mat-
erial (or flowing materizl; at boundary both are
same and depend on bsr size). The thin disc 1s oro-
duced througn locelization of straining; that is,
the tendency of t:ie straining to become more and more
restricted to tie 1mmedicte vicinity of minimum sec-
tion.

A revisw of thne availabie literature on tnhis sub-

Ject has been included.
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Fig. 3 Conventional Strain Difections
in the Flat Tensile Bar
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Fig. 16a ‘

Division of the Stagnunt (8) and Flowiag Material (A4)
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FIGURE (GCb)
QLO-SEUP OF REGION "A’ AND ITS
SPECIMEN - LIKE ELEMENTS.
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GAGE LENGTH = 5do= £,
RADIUS = 4.25 do

\ l
|
be—GAGE LENGTH—=
DIMENSIONS (INCHES)
SPECIMEN NO. 3 Z, TAGIOS
9
0 3.000 15.000 12.750
7
s 1.500 7.500 6.375
é 0.750 a.750 3.188
v
: 0.375 1.875 1.594
: 0.188 0.938 0.797

i
THE LARGER SPECMENS WERE UNDER CUT 19% IN DIA.
AT THE CENTER OF THE GAGE TO CONTROL THE FRAC-

TURE LOCATION.

Fig. 1 The Round Bars for tne Series oa Size Variation
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7 5 3 101 3 5 7
DISTANCE FROM AXIS IN mMm.

Fig. 2 Distribution of Stresses in tne “iaimun Cection
of the Weck of & Round Tensile Specimen According

To Davidenkov and Soiridonova

K 4

! L~ TANGENTIAL STRESSES

105.

AXIAL NORMAL STRESSES

AVERAGE AXIAL STRESS |

OCTAHEDRAL NORMAL
STRESSES

MAXIMUM SHEARING
STRESSES

OCTAHEDRAL SHEARING
STRESSES

i

[

RADIAL STRESSES =

(1)
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200 . r

STRESS (X 103 LB. /IN.2)

] |
(0)~ACCORDING TO RELATIONS BY (2)
DAVIDENKOV AND SPIRIDONOVA.
(b)— ~NEGLECT SPECIMEN NO.[I2
»
MAX!MUM TRUE_STRESS (a)
150 1 P
*(b)
AV o '
ERAGE °} TRUE STRESS(a)| *
t
I00}— *(b \
BOTH—A 4
SPECIMENS
sT AND 10
| —ir—t—;—|OCTAHEDRAL-SHEARING STRESS (a)*)\]
BOTH x f -
SPECIMENS BOTH —%
3 AND 4 SPECIMENS |
9 AND 10
ol *-LATER TESTS BY J.ARONOFSKY | ® J‘ |

0 I 2 3
DIAMETER OF SPECIMEN dg (INCHES) '

Fig. 3 The Influence of Size of Specimen on Stress in.
"Minimum Section of Neck of & Round Tension Bar at Fracture
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o7,

» LATER TESTS |BY J.ARONOFSKY

o) l 2

DIAMETER OF SPECIMEN do -(INCHES)

Fig. 4 Maximum Strain at rracture in Minimum
Section of Neck as a Function of Specimen Size
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CROSS SECTION g /

// . ;°f BAR,

CUTTING PLAN CUTTING PLAN
FOR SMALL SPECIMENS FOR POSITION
SPECMENS

DIMENSIONS IN INCHES

Fig. 5 Culting Plans for Small Specimens in Round
Bar Scries
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Spec. No. 10 " Spec. No. 11

Fig. 8a. Comparison of Sulfur Prints
of Cross Sections of Large Bars.

Spec. No. 10 Spec. No. 11

Fig. 8b. Comparison of Macroetches
of Cross Sections of Large Bars.



112.

17
MINIMUM SECTION
OF NECK——= \
16 -
/N
14
"ﬁ' —SPECIMEN | wJ
—SPECIMEN 1) do=3%GL>
12 - _
11" "NOTE: SPECIMENS | AND 8
HAVE THEIR ABSCISSA
- VALUES RESPECTIVELY 4 /N
TRUE COMPARISON WITH L cdotl’ a1 «7.80°
SPEGIMENS 9,11, 8 12 ~SPECIMEN 8- do=1§,6.L.=7.50

L SPECIMEN |- do* ¥, G.L. +3.78"

~

\

o
ﬂ

" UMIT CONVENTIONAL STRAIN (€= 5-1)
o o
[« ]

AN

/ _

ZSPECIMEN 9 - do* 3} G.L.*15.00°
ITIONS |

H

<«————— LONGITUDINAL AXIS OF BAR ——*

FIG.9 DISTRIBUTION OF AXIAL STRAIN IN NECK OF A

ROUND TENSION BAR AS A FUNCTION OF SIZE OF BAR
(ALL BARS AT FRACTURE) -
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L -

SUCCESSIVE STAGES ON BASIS OF
AVG. TRUE STRESS AT MINIMUM
SECTION WERE AS FOLLOWS:

@ 0 =00500 LB.”, NAPEFORE ULT. LOAD —|
WAS REACHED)

OF NECK

@ 0-82800 LB.(IN2(VERY CLOSE TO
o2 9%00b)

- Q@o- ooooo I.A%‘N"JUST BEYOND

® 0« 103000 u.n.m?tmo DROPPING OFF)
@a.mm . » -
®o=1s000 * * ¢ . ’
@C=19000 * * . .
® 0 =136000 LA./IN2(FRACTURE STRESS)

UNIT CONVENTIONAL STRAIN €=52-1,

o

PLOT ALONG ORIG! POSITIONS
IN GAGE LENGTH (3.750")

«—LONGITUDINAL AXIS OF BAR-—~

FIG.10 PROGRESSIVE AXIAL STRAIN DIAGRAMS
IN THE NECK OF A ROUND TENSION BAR
* (SPECIMEN NO.1 do=%")
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