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PREFACE

The Navy Department through the Bureau of Ships is distributing this report
for tle SHIP STRUCTURE COMMITIEE to those agencies and individuals who were
actively associated with the research work, This repoirt represents results of
part of the research program conducted under the Ship Structure Committee's
directive to "investigate the design and methods of construction of welded
steel merchant vessels,"
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 ABSTRACT |
This investigation was conducted to study the plastic deformation and
fracturing of 12" wide, 3/4" thick. internally notched steel plates under axial
tension by determining the strain energy distribution on the surface of the

deformed regions of the plates, Several stages in the process of deformation

and fracturing at 70° F and 10° F were investigated to maximm load, 70° F being
atove the transition temperature, and 10° F boing below the transition
temperature. Surface strain energy distributlon across the erack was also
determined for a speclmen fractured ductilely at 70° F.

By suing the octahedral theory in connection w1tn tne assumption of
incompressibllity and the assumption that the principal coordlnate system is
parallel to the thrne 41men31ons of the’ plate, the unit etiergies on the surface
of the plate were obtalned from grid measurements. By assuming that the energy
distribution is independent of the thickness dimension, total energy is obtained
for comparison wlth the total energy’iﬁpuijmeaéured from the load-elongation
curve.

The results of this inveatigétioh éhow thaﬁ the total energy based on
octahedrsl theory and the above-stated assumpilons agrees very well with the
totel observed energy input; éhat the-rate of éropagation of plastic deformation
with respect to energy input decreases with decreasing temperature; that, for
specimens with two dimensiéﬁai similarity and-consfaﬁt thickness, the total
energy of individual spec+msns of vanying widta can be predicted by the strain
energy clstribution of a single 3pecimen of proper- Width‘ and that, at room
temperature, the unit strain energy at the crack is found to be approximately

in the order of 30,000 in-lbs per cubic inch in a ductile spécimen.
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INTRODUCTION

‘Two of the most important factors which dictete the behavior of ship
gtrusture under service conditions are geometry and temperature, Many investi-
gaticns have been underteken in an éffort to determine the effect of these two
variables upon the flow end fracturing behavior of ship plate, Becsuse of
insufficient information on the physical insight of flow and fracturing phenomens
generslly, and in particular the transition phenomenon in steel, the ‘problems -
involved are still far from a complete solution: However, the value of the
mechanical and phenomenological approaéh to such problems has been demonstrated:
by the valuable applications in practice,’

The effect of geometry operates through ‘stress state. In most cases,
experimental determination of plastlc stress state is impossible. On the other

hand, in many cases strain energy 1ends itae_f to measurements. Because of the

possibility of memsurement and because of the functional dependence between stress

by

state and strain energy, one way to approach this problem is to deal with the

effect of geometry in terms of "strain energy distribution".
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Accordingly, this investigatien wueﬂcﬂuductéd to ‘analyze the relation
between the behavior of internally notched plates at varloua temperatures and
the strain energy dletribution dBVElOde under different etagee of longitudinal
tensile loading, by employing the octahedral thecry 1n connection with grid
measurements. By this means it may be ultimately posgible to explain the effects
of size and geometry on the basis. of etreiuleuergy_distribution. This prelimlnary
Investigation covers one plate size (12" -wide by 24" long by 3/4" thick plate),

one notch condition (a 3" irternal slot with O 023" end radius), two temperatures,

70° and 10° F, corresponding respectively.to the ductile and cleavage fracture
of this material. The grid analysis was studied for three epecimene.

The results of this preliminary inyesfigation are as follows. For
identieal specimens of constant, thicknees and two dimensionel similarity under
tensiony- it appears that the total etrain energy absorbed at a stage of deformation

after--the.first crack and after fracuure can be predicted by considering the strain
o

energy distribution of A gingle specimen of prOper width. It was also found' ‘that

as temperature decreases, the rate of propagation of ceformation appears to

B

decrease with respect, to total straln energy input. For a ductile fracture, the

unit strain energy .at the Fracture may. be in the order of 30 @OO inrlbs per cubic

L it

inch or greater. Under. the geometric conditions investigated the experimental

Toeh,

results in terms of strain energy were found to be in good agreement with '

iy

computations, based ‘upon the octahedral theory0

Ty e e D

" 7 {ATERTAL AND SPECEMENS .

v ! S

For this preliminary irvestigation, three.12" x 3/4" % 24" long steel
qplatee of fullywkilled "M gtedl werd- used, The:snalysis of -this.material is

given in Table I. - IR
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"TABLE

Chemical Analysis = "W" Steel

G Mn si Al N

210 W .23 W06 .005
l Figure ) shows the internelly—notched specimen with llghtly scratcbed
1/40 grid 1ines over a gage leng*h of 9% on one surface of the plate. The 3% w‘de
inuernal notch terminates in two holes of 0,046" dismeter at the end of the JewelerJS
saw cut;'l‘o determine the uni energy near the crack, 1/16" gr¢d llnee were used
for = eingle spec*men tested to fracture at 70° F, the 1/16" grid 1ines extending

to = 1ongitud1nal distance of 1%" from the transverse center line of the plates
The three specimens vsed, with testing and loading schedule, were as followss

Specimen "-29-4: Tested at 70°F, Grid measurements made after the
loads producing ‘an observable crack at 0.046" dis..
hole {277,000 lbs), 295,000 Ibs, 325,000 lbs, and
at a meximum load of 352,700 lbs., Approximately
one week intervals between lordings after initial
load.

.

Specimen W=29-3: Tested at 10°F. Grid measurements made after loads
~ producing an observahle crack at 0,046" -dia. hole,
(277,7zo 1bs), 295,000 lbs, and at the fracture
. load ¢f 325,000 1bs.- Approximately one week
intervals between loadlnge after 1n1t1al load-

Specimen W-29-14. Tested contimously to fracture et a temperature of '
70° F, end grid measured. OSee Figure 23 for load-
elongation diagrem. ' T

Figure 2 shows the cylindrical specimen cut from the same material for
the determinstion of the octahedral stress - octahedral strain funetion. The
diemeter is .650 é ,001", For measurement control, a noteh of 2" radius end
approximately 005" depth was machined on the cylindfieelvconteur. The deviatiop
from uni~axiality caused by such a eery-shallow notched-contour is assumed to

be negligible.,
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PROCEDURE AND EQUIPMENT

Both typesAof specimen were.welded to adapters. All testing was done
in a 600,000 1b testing machine. Ths éfrangemehté for maiﬁtaining temperature
and for elongation measurements by -a clip gage tsing SR-4 wire strdiﬁ‘gagea were
described in detail in a previous: paper:l ~ The temperature of 10° F was
maintained by circulating air chiiiéd3by diy ‘ieé in an insulated“tfansparent
chamber surrounding the specimen, The grid deformatiors at different stages
of loading were measured on a milling machine gecurate to ,001", A1l grid
layouts were also measured before testing to pfovide a reference system. A
time interﬁal of about. a week elapsed betwéen unloading and reloading to allow
for grid measurements, .. i+ - o ‘

The changes in diameter of the cylindrical épgéimens were measured by

Coy

a mechanical strain gape accurate to ,0001%,

THEORY AND METHOD OF EVALUATION -
As éhﬁwn in:Figgre 1, a Cafﬁééiaéfsyé£eﬁ;wg§;éﬁosen such that the x,y,%
directions coincide Wifh longitudinal,‘frans§ersé and thickness dimensions of
the plate. For éonvenience of méeasurement; the origin of thé chosen coordinate

system was put at the point O instead of :thé denter of the plate.

According to octehedral theory,zithqhunit,strain snergy for any stress

state is given by the following integral: . ..

* Superseripts refer to references in Bibliography .
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where « = unit strein energy in in=lbs/in?

octahedral shear stress in 1bs/in2

it
i

octahedral shear strain

H

The local value of unit strain energy and the total strain energy for
. I T Yy . N .

the gridded portion of the plate can be deduced from surface grid measursments
by using Equation (1) and.the following three assumptions:

«41‘

(a) Cons teney of volume {used in computing unit energy)

(b) The chosen x-y-z system is the principal system (used
in compu'bé[ég unit én‘ergy)’ |

(¢) The unit strain energy is independent of z (used in:

computing total strain energy)

By the first two assumptions, the expressions for octahedral shear stress’ ‘and

oc'?uahpdral shear strain are reduced to 'bhe following “ormss

For uniaxial gstress stater

e VZ; -
’ T Sa ‘ (2)
¥ = V2 & (3)

[ ¥ o — . " :-_
T= 3\{(5* 5y) +(h’v'3:} ‘f"'\?a'bx} (4)
T VT e 2 ‘
2{—.:\1—%« kii:x-l-u,‘fj'},JrE'y (5)
where -
S, 54,5, = principal stresses
Ex JE y =  principal strains as given by:
E_a = L | 43 {H' &x)
e (6)
\-...): = L-H ("i‘ e\‘)
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where 5,2, = conventlonal straing es gliven by:
o @)
vhare
U = displacemeﬁt ;f 0 grid‘point in the x dirsction

S

v

i

displacenent of a grid peint in the y direction
he procedures for counpubing the svrface unit strein energy from grid

measurement are as follows:

IR

(1) Establishing the "octahedral shear'stress-octahedral shear strain®

ey

law by unlaxisl tegb:

i{-.‘v‘;l LT

The true stress~strain relations before nacking were obtainad by tensile

‘\. T, 1

tests of the eylindrical specimens at 70° F and 10 F corresponding to ductile and
cleavage fracture of the material in 12" W1éé.£nfernally notched plates, as shown v
in Figure 3, By Equation (2) and Equation (3), these true stressestrain data
were expressed in terms of octahedral shear stresg and .octahedrdl shear strain
with the quantity 3/2 (octahedral shear stress) as a.dependent variable, as shown
in Figure 4+ The area under each curve in Figure 4 gives directly the unit strain
energy. |
(2) Establishing the relation between unit strain energy and octahedral
shear strain: L - o .
By graphical integration of the two cﬁrv;é in-?igure 4, the unit strain
energy was plotted as functions of octahedral shear strain, as shown in Figure 5.
These relaéions hold for any stress state accordlng to octshedral theory. For

large strains at 70° F, the unit strain energies were obtained from the experimental

equation of the corresponding curve,
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(3) ﬁetermiﬁing the locsl values of octahedral shear strain on the
surfece of the notched platé;

The grid measurements givé the velues of displacements (U and V)
of the grid points in the x and y directions. rr'he slope of the experimental
curves, U = £ (x) and V:: f (y) gives corresponding conventional strains, which,
by Equation (6), give the prinping stnalns, By Equation (5), the principal
strains were converted into octahedral shear strains,

(4) The surface unit strain energies were obtained by the universal
relations (see equations 2 and 3) between unit strain energy end octakedral
shear strain in Figure 5 and the octahedrsl shear strains determined in step (3).

Becavse of the second assumption that the shear strain components all
vanish, the values of unit energy ( s ) in a small region in the vicinity of
the notch and fhe:bracklére'éﬁbjécﬁed to certain error. For this small region,
the falues of unit energy ( LQ;) should be multiplied by a factor to give the

carrect values { "L )*

nt!
[ 2 {72 o
' U=u.°(;+;, X"‘V"’X\«z t z.&. (8)
where o o _ ,
( = unit energy besed on all six strain components
{lox unit energy based on the assumption that the

X=y=2 systemfused is the principal system

¥

n

ghear strain components

strain-hardening exponent in uniaxial tension’

As far as the total strain energy is comcerned, meither the second nor the
third assumption introduces any serious erxror, as has béen corfirmed by

mmerical evaluations,
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Because of the preliminary data of the three plates investigated are not
sufficient to eorrect the second assumption, all values of vait energy aprearing
in this report are values of U instead of {/ in Equation (8), but the difference

between 1., and U  is negligible except for a small region near the notch.

RESULTS AND DISCUSSION =~ o

Stress-Strain and Fnérgy+Strain Relations of the liaterials:

The true stréséestrain curves in uniaxial tension at 70°°F and 10° F
are shown in Figure 3., In Figure /4 the quantity é]b“(bctéﬂédral shear stress)
was plofted against octahedral strain so that the’areavuhdéf'each ¢urve gives
directly the wnit strain éﬂérgy; Figure 5 shows the uﬁiﬁ strﬁiﬁleﬁéfgfvﬁiottéd‘wl
as functions of the octahédfai shear strain. All relations {n”thgég‘%ﬁfééﬁtfﬁ e

figures show & slight effect of the temperature difference.
iy ‘ . o b S , prvy i et

Macro-Propagation of Plastic Deforma*ion and Strain Energy Dlstribution--

Figures 6 to 13 show by contqurs the unit strain energy dlstributlons on
the surface of the three specimens at various stages of loading. Flgure 15 shows
the distribution of unit energy absorbed between the first visible crack and
fracture for spgqimen'W-29-3 tgstedhat 10° F, Except in Figures 10z and 10b,
representing the results for the‘ffact;%ed~specimen at 70° ﬁ, the energy’
distribution is gpproximately symmetrical with respect to the axes of symmetry of
the specimen; however, the values of unit energy are average values of four
quadrants, reported hére as unit energy contours in one qﬁédrant. Figure 14 shows
the unit strain energ& distribution in the diagonal and trensverse directions at
loads produéing the vigible crack for specimens W-29-4 and W-29-3. Figures 16
and 17 show the longitudinal distribuﬁiop of unit strain energy across the crack

after fracture st 70° F for specimen W=29-14.
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Under the geometric conditions of the specimen, the primary direction of
vropegetion of plastic deformation follows the diagonal extending from the ggd of_
the notch, as shown in Figures 6, 7; 8, 9, 11, 12 and 13. However, a secondary
direction of propagation of deformation is developed in the direction of the
advarcing erack, when the crack propagates across the width of the specimen,

This is more clearly revesled by the orientations of the unit energy contours
representing the part of-unit energy absorbed between the first visible crack and
the fracture at 10° F as shown in Figure 15. These contours are primarily orlented
in two directlons, one follows the diagonal, and the other follows the width of the
specimen. The former is due to the notch conditlon and probably hes already been
developed at the very early stage of the_propaggtion_of the crack; the latter
results from the motion of the erack., As the crack proceeds, the propagation of
plastic deformetion mainly follows the direﬁtion“of propagation of the crack; as.

a result, the orientation oﬂ the energy contours tends to become parallel to the
crack, ms reveeled by the contours af&efzfnacture jin Figures 10a and 10b. In no
case investigated does the plastic zone cover the entire region within the gage
lines.

At the loading producing the first visible crack, the energy contours,
Figure 6, for specimen W=29=4 tested at 70° F and the energy contours, Figure 11,
for epecimen W-29=-3 tested at 10 f may be comnared, This comparison indicates
that the specimen tested at IOQIF had primarily a preference for deformation in
the diagonal direction. _A grephical comparison of unit_energy variation in two
directions qlong a AS? diagonal line extending from the notch .toward the edge, and
a transverse line extending from the notch outward, is given in Figure 14, At the
next loading, 295,000 lbs., this preferential dlrection of deformation for specimen
M-29-3 as defined by unit strain energy is largely ellminatedn Flgure 15 is a

graphidal representation of the way in which energy distribution is changed in the



specimen. tested at 10° F durlng the loading interval between visible cerack and

et

the maximgm.load. The g31n in energy absorption is primarily along two disgoral

directinns.

R L S

Specimen W;29-14 was tested continnously to fracture while maintaining
a temperatgre of 70 F. Flgu*es 10& and 10b show ‘the computed energy contours
at fracture for this specimen. It is to be noted that a single ridge of high

snergy .- abaorption.exists all aiong thﬁ fracture line, while a steep energy

-

gradient gxists as uhe crack is approacned along a1l lines parallel to the

A foe

vertical. axis of the speclmen. A plot of thiS‘energy variation is given in

Flgurea~16 and 17. Although extrapoWation of the energy data giwven in Figures

G on 1.
¥ v

16 and 17 is undoubtsdly &n unscientific procedure, such extrapolations were
made and a value of uﬁ;ﬁlenergy of about '30,00C in<lbs per cu.in. was obtalned
at. the‘cradk. This compares ;ery éoorly with values in the order of 90,000 to
100,000 in-lhs per cu.in. which ma; be expected at the«crack. - In passing 1t
may be sai iqd, however, that many of the grid points, where intersected by the
erack, did show compu ed va;ueq of the order of 30,000 in-1b. per. cu. in. Thgée’
results hence point out the difficulties of the grid method in making such

predictions even if extrapolation is carried out over such a short distance

_as a distance of 1/16".

laero-Propagation of Plastic Deformation and the Cracks: _
. The energy contours for 600 in-lb per cu.in. were salected to study the

reletion between total energy input and the extent of plastic zonme. The value

600 in~lbs per cu. in. corresponds approximately to the value of octahedral shear

strain at the and of "yielding jog", see Figure 4, in uniaxial tension. In

Figure 18 the area swept by the 600 in-lbs contour was plotted as a function of

* Calculations based on theoretical strain energy conditions for fracture give

a value of 90,000 in-lbs per cu.in, The University of California has reported
unit energy values in the order of 150,000 in-lbs per cu. in. based on hardness
surveys of the fracture zoms.”
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the total energy input. This figure reveals the following:

(1) The relation between the area swept by this contour and the total
energy input eppears to be linear,

(2) Extrapolation of the straight lines, Figure 18, apparéntly shows
thet the 600 in~1b contour mey appear at the noteh at the value
of total energy inpu£ of approximately 10,000 in=1lbs for both
temperatures.

(3) The volume of metel undergoing plastic deformation appears to

decrease with decrsasing temperature.

To illustrate the mescro-propagation of the crack itself, data that had
been previously obtained on steel S-9315 presented in Figure 19, Two partienlar
12" wide specimens of this steel specimen, S-9-11 tested at 92° F with a ductile
failure and specimen S-9-18 tested at 57° F with a cleavege failure were used
in plotting Figure 19. The position of the end of the advancing erack measured
from the notch has been plotted against the simultaneous energy lmput es measured
by the area under the appropriste load=elongation.diegram. The rate of propagstion
of the crack with respect to total energy input incresases with decreasing
temperature.

Theory and Experimental Factss

In computing the unit and total enmergy from grid messurement, the
octahedral theory has been used in conjunction with certain asssumptions. It ie
not possible to experimentally check the degree of validity of each of the
assumptions through unit energy. However, a comperison betwesn the directly
measured values of total energy input and the values of total energy obtained
by integrating the local values from the grid measurement over the whole volume
would give some indication as-to the overall welidity of the assumptions. In so

doing, the following two aepecis should be considereds
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(1) The limit of integration for unit strain energy:,
As shown in Figure 20, the value of unit energy at s value of
octahedral shear strain ( X 1), measured after unloading, is actually computed

to be 2y, whereas the unit energy input during the test loading cycle was

ol £ 85, The energy calculated on the basis of experimentally determined

strains is therefore less than the actual energy input by an amount ap,
Individual correction for a5 is impossible; however; the total difference,
Zas for the entire plate can be corrected by the relation, 2. as equals A»,
whers A, equals the indicated part of total energy input from the load=-deforma=
tion curve in Figure 20. A3 is termed the error in strdin energy integral, and
represents the energy which must be added to the totel energy caleculated by the
grid- snalysis to enable check comparisons to bé made,
“(2) -Strain agings
© 07 I the “exploratory procedure of this: investigstion, it was

necessary to allow dbout 4 -week for grid messurement between unloading and

¢ reloading. This apparently caused strain aging es shown in.Figures 21 and 22

where the load-elongation curves for, the specimens W-29-4 and W=29<3 are, -
compared with the load-elongation curves for similar specimens of "W steel
tested continuouslyq- The losd-deformation curves in these. twa.figures show.
the two' componemts of the effect of.strain-agings ..
(a) Increase in strengths ~For a-given elongation, the load is.
higher in the strain-aged.condition thergfore,;ths energy
is higher by 8n amount measured by the area bounded by two
load«deformation ecurves with and without sfrain aging. But
the unit strain ensrgies were-computed from:the gtress-strain

lew in the absence of strain aging as shown in Figure 3.
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(b) Deerease in ductility: As shown in these figures, the strain-aged
specimen reeshed the maximm loed at an elongation smaller than

the elongation at the maxlmm load withnut gtrain=aging. Because

of these two effects, the total energy computed from grid measure=

ment vnder strain-aged conditions cen only be compared to the total
energy a% the same elongation obtained from the loadwelongation
curves in the absence of straine-aging as for specimens W-32-7 and

W~32-11 reported in a previous Propress Report,3 {See Figures

21 and 22). These later specimeng were run prior to the grid study

and were deemed satisfactory for purposes of comparisoziq The reason

for taking equal elongations for comparisﬁn is that for the same
amount of elongation, the total amount of strain produced withiﬁ

the gage lines should be the same, no matter whether the specimen

is strain-aged or not.

In case of the specimen W-29-1/ tested contimuously to complete
frécture,'the strain~aging effect does not appear; thus the value of total energy
by zrid measurement shoqld be, and in fact is, very close to the directly
measured values.

Table II lists a summary of energy computations for the three
specimens used in the grid analysis. Fefore turning to this supmary it is well to
recall thaet two of the grid specimens Wh29-3 and W~29-/ were subjected to strain=
aging during the process of the investigatioﬁu It must also be recalled that the
erroT A, in the strain energy integral must be taken into account when making
comparigons between computed energies by the grid aﬂalysis and measured energy
input. These cambined effects make it impossible to directly compare the
total energy input for the specimens which were strain-aged with the strain

energy corrected for the error A, As a consequence, specimen W-32~11 has been




TARLE IT . g L .

Sugmary of Epergy Computations

Total Energy Input by Load- - Total Grid Energy Based on

Elongation Curve = in-lbs. . Octahedral Theory = in-lbs. |
Ductile Fracture , Cole 5
Col, 1 Col. 2 ; Col. 3 ' Col. 4 - Corrected for error
’ With gstrain-aging Without strain-aging Before correction for error in strain energy
Applied Load, 1bs - (Spec. W-29-4 at 70°)  Spec. W-32-7 at 1) in strain energy integral integral _
277,000 | 23,560% 23,7000 . 21,356 - 23,966
(visible crack)- (no strain-aging) , : -
295,000 © 24,420 © 24480% ; 23,304 - 26,702
325,000 . 53,580 50,360% b4y 792 48, T1o%* '
352,700 (Meix.load) 78,500 73,340% .7 70,488 7%,,878"* K
- R } ] . ' s
‘ B .. Cleavage Fracture |
o (Spec, W-29-3 at 10°)  (Spec. W-32-11 at 21°) ‘
277,740 17,9200 - 14,888 | 17,888%%
(visible-crack): {no strain aging) ‘ : : _ . -
295,000 - . . 21,800 21,600 - . 19,134 . 253034 °
325,000 (max.load) 35,320 . 34,4607 31,251 36,151
- ‘ (Spec. W-29-14 tested
continuously at 70°)
¥
265,000 256,785 260,085

(*, **55 Figures #ith (*)-are comparable wﬁth‘corresponding figures with (%),
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used for comparing the results of W-Zq-é, and specimen W-32«7 has been used for
comparing the results of W=29«4. Accordingly the values of energy shown in
column 3 and column 5 of Taele I; are eomparable. Note that no additional
specimen was needed to compare the results of Specimens W=29«1/ since strain
aging was not present. an addltion, the energy shown in column 2 for the visible
crack loadings is also comparable with colwm 5 since during the first loading
of the Speelmens to the v1sible crack 1oad ne stralnnaglng effects appear. The
degree of corre ation between the values in column 3 and GOJumn 5 of Table II
is clearly shown in Figure 24, where the directly measbred velues of tobal
snergy 1nput agree closely with the values of total energy by grid measurements
when properly corrected for strain-aglng and the error in the gtrain energy
1ntegral. This sgreement indicates that the assumptions are substantially
correct, Near the notch exceptlons wouad need to be made, as no elementary

con51derat10ns would probably hold 1n this reglon.

Correlation with Sveriuen of Vargire Width and Constant Thickpess:

For the following listed reasons, it seems pos srble that the energy

absorption of individual specimens of vsrious W1dth but of the same thicknsss
can be predicted by using the energy: dlstrlbution found in the 12" wide
specimens: |
{1) The unit energy at the crack is the‘same'rega“dless of width of
specimen after failure by ductile behaviour. |
(“) At the end of tne advancing crack the notch acuity (and therefore
the stress state) is essentially the same regardless of the
mldth of the sp901meng .
It follows from the first reason nhat at glven temperature and a given
stage of stralning, the energy surfaces, v = f (x,y) for specimens of varying

width have an equal maximum at the crack; and it follows from the second reason
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that the energy surfaces for specimens of varying width fall off from an equal
maximum value at approximately equal slopes. This leads to the deduction that
each half of a narrowvspééimen might behave as if it were a part of a wide
specimen, if the notch-ends of both specimens were made coincident, _

| The first step in examining this deduction was to construct Figure 25, ..

as follows: ‘

Upon the surface of the 12" wide fully ductile spscimen W=9-4, there
has been drawn the outlines of one quadrant of 3/4" thick internally
notched plates, each of different aspect ratio, Aspect ratio,
designafed by "ARM, is equal to width divided by thickness. The
ends of the notches were all made coincident with each other as
shown in Figure 25, “Theé quadrant referred to has dimensions equal _
to one half the width of the plate, and a length equal to one half
the gage length where the gage length is three fourths the width .

of a given specimen,

The next 'step in comparing the plates as shown;in‘Figﬁ;e 25 waéifg T
compute average unit strain energies at maximum 1oad-termgdn(u'),“ Average unit
strain energy (uﬁ) was obtained by first caleulating the total.strain energy . )
within the boundaries of one quadrant of a plate for a given (AR) and dividing
this total éﬁergylEY'fhe volume of metal in one quadrant of the plate.. The
total strain energy was determined by‘ﬁtilizing the‘unit-stzain@engrgy distri=-
bution as given in Fipurée 9 for the fully ductile specimen W~20=4 at maximum
load. Thié was separately done for various wvalues of AR varying from 16 for
the 12" wide specimen to an AR of 1 for the narrowest plate considered. The

- derived values of the unit energles (u') are plotted in Figure 26, --
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Independently of the foregoing procedure, the average unit energies (u)

at maxlmm losd of individual 3/ " thick ductile specimens of 3,6, and 12" widths
of WM gteel (previously tested, but not reported in detail here) were determined.
These unit enefgies (u) are plotted in Figure 26. To obtain values of (u) at
meximum load for greater width, data given in the final reportd of the University
of T1linois for "D steel, fuily killed, and chemically similar o "F" steel,
have also been plotted. University of I1linois specimens, 18B=3 of 24" width
{4R=32) and 17A-7 of 72" width (AR=96) ﬁere the oﬁly two complying with fhe
requirement needed here, namely, fully ductile action. The dotted exfénsion of
the (u) curve should only be considered as tentative and inaiéﬁtive fhaf grid‘
anelysis for 12" wide specimens might 90331b1y be of use in predlctlng total
energy or unit energy for wider plates. Further tests at larger aspect ratio . are
ngeded to confirm this statement,

Figure 26 shows twc curves, one marked (u ) and the other marked (u).
The difference in unit energy between these two curves may be attributed to pecond
effect of straln-aglng (see page 12). The (u') values were obtained from the 12"
specimen We29-4 which had undergone strain-aging while the (u) values were |
obtained from specimens continuously testea;' For a 12" wide specimen (AR=16)
continuously testea,‘data was-avaiiable té conpare total energiés at equal
elongetion over the gage length of 9%, The vaiﬁe-of (u) for AR 16 was reduced to
a value comparable to‘(u') by using tﬁe area ﬁnder the load~elongation curve at
the elongation reached by specimen W-29«4 at maximum load, This”reduced value is
plotted as a hollow square and agrees with the value of (u'} obtainéd for W=20-=}
in the presence of strain-egi ng. Tﬁis indicates that, should the specimen used
for grid me&surement be loaded to maximm load without strain-aging, the (u')
curve would tend to coincide-with the (1) curve.

The same procedure was also extended to the fully ductile specimen
W;29~14 which was tested contimuously to fracture. The strair energy distribution

after fracture, shown in Figure 10a, then forms the basis for compuling average
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ﬁnit energy within thg_gage ;ength volume, The outlinés of plates éf varyling
aspect-ratio are‘guperiﬁposed on Figure 10a by the method indicated by ?igﬁre B
The unit energy values derived from figure‘IOa are plotted in Figure 27, giving-
the upper curve. For comparison with the ubﬁer curve, two points have been plotted
representing actual test results for aspect ratioé of 4 énd é in add*tioﬁ to the
experimentally determined velue at AR 16. The derived curve and the test reqults
agree closely, The lower curve of Figure 27 is the (u ) curve of Figure 26
representing unit energy to maximum load. It appears that the upper and lower
curves tend to intersect at low aspect ratios. This is perhapé explained by tﬁe
fact that, once the crack goes through a part qf the specimen, that part is
subquped to véry 1ittle additional plastic deformation as the crack advances
further. | |
| The correlations noted in Figures 26 and 27 strongly suggast that the
strain energy distrlbutlon of a single specimen of proper width and thickness can
be used to predict the energ} absorp ion of indiv1dual plates of varying width
and thicknegso ' o -
s
Analysis of the expg:imental data of these specimens at this
exploratory stage show primarily: . o
(1) that the use of octahedral theory is cpnfirmed in terms quqfraip_
energy by the results of this 1nvest1gat10n. , i : l_h o
(2) that the strain energy distribution of a slngle spec1men of proper |
w1dth appears useful in_predlctingvthe total epergy of individual
specimens of varying—w1dth and constant thickness. |
(3) that, as temperature deereases, the rate of prOpagafion of deformation
with respect to total strain energy input decreases, and the rate of

propagation of crack with respect to total strain energy input increases.
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(4) that, for ductile action, the unit strain energy at the crack is
found to be approximately in the order of 30,000 in~ibs per cu.in.;
however, this value may be questionable in view of extrapolation

methods used.

SUGGESTED FUTURE WORK

The experimental results described suggest future work in +the following
directions1 |

(1) Changing the experimental procedure to eliminate strain-aging and to
obtain more complete deta. To this end, a method of photographing the
grids at intermediate loads is preferable, so as to permit continuous
loading to fracture.

(2) Investigating the strain energy distribution in the entire range from
yielding to fracture, for béth shear and cleavage fallures, to reveal
the macro-mechenism of the whole process.

(3} Investigating specimens of different size at dirferent temperatures,
The material for inves@igation should be chosen so that previous data
will be available to compare with the results of grid analyses.

{4) Experimental and theoretical anmalysis for the small region around

the notch,
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