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FOREWORD

The organization of results showm in Fig. 15 and Fig, 16 of this
report is arranged to show some of the interesting regularities that have
emerged from the careful University of North Carolina fracture size effect
studies. The relationship between total work density and angle of bend
may furnish the basis for a simplified routine size effect measurement.,
The tendency for size effect to increase generally with brittleness
regardless of cause is illustrated in more detail on Fig, 16 than in
brevious reports. The possibility of exceptions to this general rule
remains and the search for such exceptions is continuing.

George R, Irwin
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Report No, 25
Toy Drs. Ross Gunn, 0O. R. Inwin, =and A. B, Ruark

Bys BRq M. Trimble, P, 3. Shuarln, and H.N.¥ichis-
University of North Carolina

THIED PRCGRESS REFPORT ON SIZE BFFACT
IN SLOW BEND TEST ON NI-CR STZZL

The Peport includes data and results of slow bend
tests on eight groups of specimens in four Ni-Cr steels,
1% mods bo the report No. 24 (Ref,l1) results on the
following.

1, Steel 4A443A1; OX direction,' tempered bainite
and CX dirsction, tempered martensite,

2.

ti

2" steel plate No, 75907 in both OX and OV
directions,
3, HElectrolytic cast stesl
worked,

, heat treated and un-

Ao

Tests on specimens in three directions in 4A443Al
are now complete; two directions in stesl 75907, CX and
0Y; and ons dirsction in the other "two steels,

Bssential results from keport® 20 and 24 are repro-
ducsd here so that this report zives a compre chensive
summary of all bend test results obtained up to the

present.
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1. RATHRE OF ToR TESTS. -

The specimens were clampsd in holders and brokon as Dsams
by the application of loads to ths holders through ball or rol-
ler boarings, at two points equidistant from tqs eantor, G

heldsre wore in turn “uﬁrortea on ball bearings. sgt-up

ig Shown schematically in Fig, 1. The loads werc suppliczd at
2 rate 2uch that the movement of tho loading hoad was about
$.CC02 in, per sec., An interval of at least 3 min. was allowed
zftar esach application to permit the load to bDecome essentially
steble, During this waiting veriod the load drops about 0-4 =
aepending on the stage of the tgst

The flow curves for ths tests ars plotted Tith reduced
bending moment (M/bd<, where b, d are width and retained Lwlt

of specimen, respectively) as ordinate against angle of bend @,
At any load ? N=fy(W,6)., Fig. 1 gives this relation for re-
ducing test data a5 well as deflec tion of loader, D=fo(6). In
earlier tests load snd deflection of loader wers " recorded but
more recently the angle of b2nd has been mecasurcd diroctly Ry
means of an optlogl lever with telsscope,mirrors on specimen
holders, and a graduated arc of 2 moters radius.

The degrce of accuracy of test loads may best be judged oy
the following summary of calibration runs with tosting rings
ratsd by the Burcau of Jtandards., The normal capacity of tho
Richlc testing machino is 100,000 lbs,, but the highost loads
in tho bond tosts wore in tho neighborhood of 40,000 los.{for
1-%/2 in, spocimens).

LoAD MAX VARTATION FRONM MEAN, ﬂ
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The arc uscd Tor measuring anglc of bend is graduated to
road diroctlﬁ'to 0.00l radian and is recordcd by cstimation to
¢.0001 radian, A small mirror is attached to a2 ider. Tho
two mirrors are sbout 2 cm apart and thoir mean 1ce from
tha arec 18 2 mobers, As the mirrors move downwarc ng a tust
g small grror ig Intredueced due to tho faet that ‘ moan
pogition is no longsr at tho contsr of tho are. The grror is
aperozimatoly proportional to the angls of bond and, for tho
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large bender i1s very nearly given by the function, e {in %)=
2.5 6 (in radians), The angle m rad by the mirrors is larger

than the true angle. For the small bender thils error is small-
ar since the vertical movement of the mirrors is 164* on the
shorter span. The resulting srror in total work density is Lless
than half the angular error since the maximum value of ”/oi“
occurs at an angle less than half ths bterminal angls.

7}

3 SPZCIHEHS

il.

Specimens In various groups are deulglatad 00X,
0% mesns that the lonrltud1n¢¢ axis of the speciwmen
to the rolling direction or to the longitudinal axi
nal ingot, OY is tThe transverse direction porngpd
carallel to the plate faces. OZ is the thickns
parpenidiculsyr to the plats faces,

The notech direetion is parallc
gxeont those whoss azes arce parslle i w
cch dircetion is 0Y,

Specimen dimensions, in inches, wore as follows:

Womingl Longth g5 e 0. 7 7D 0.3 1186 & 0.4

Overall Cross Soction (.4 x 0.4 1.25 x 1,25 1.2%5 % 1.675
e U0 +C.010 +0.C10

Kobch Dopth -

- 18 - 22 % of gross dopth

g of i i finishod by gv“va
] z il 3 wWas ;
s 2 m
81 3r than
280 and Ho. 350
mons rospectiy
nocten sizge was Lo
B T wont carginl. moag
-
The specinmcns wers not
all bend through 180° W‘thoﬂ
tinucgd uantil the load lT‘
point the slops of tm- o
pared with i1ts avarsge ngan.

311, MATERTAL TUSED,

5y 3+ mm B o - L O il e o L S B S
o matorials coversd by ths prosont roport arc ns follows:

1., 18" Bothlohom Plato No. £48443A1 .

Two blocks, sbout 18" x 13" x 13" and about 12" x 11" x 12%
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ctively, from 18" Bethlchem Flato 4444331 wore supplied by
_ : Ruu,arcb Laboratory, Manufacturcr!s analysis and mochani-
¢rl propertiss arc as follows:

{3

Z—Er%:'\‘ G Mn P : 3 51 o
= 51 28 014 L5 0B 1,88
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propertics befors ro-hocat troatmont:

P ™ Blong. R4 Romark
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Hm

on coupon
”
c

- P
HeTurg

M-End 77,500 28,000 3% Closz fibor,laminatsad,
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B-End:76,50C 101,000

was crogss-forged, but the material shows prmounced
1G ﬁL“ILQ parallsl to th:
: how ths two t

0 ry

7 5 Lnoorqtor 515
an Tha numoﬂrs of t;osc lDflVlSlOHS aru shown
arad . Bsch indlvidual bond spocimon is givon lsle}
Gﬂnﬁ;,ﬂs tho numbor of ths block from which it was cubt i.c. "F2BR-
1.875", is a 1.875" specimon ecut from block ¥F2 .

Metallographic examin xt 100 magnification lcads tO ro-
tion of two distinetl snt microstructurss. For sim-
[ ity these arye rofarrsd as btomporsd martensite and
tonpared bainite. ERoferri « 2 and 3 th gEion near ths
front of the original plat rod martonsits, Above this is
bcmpored bainito,. The bounds on tho two is not sharp but
oxtonds over showt 1" with 1t r about 3% from thu original
plats froat, so that tho i oo ; 3 Al f
lapss pidte D6 In Plg, 2, 3
ts about 3/8" from ti 2
gns of tompercd mart b
Moda log*ﬂph ux\mAE;*" n ind
2lready in the tempersd i o
this plate showed a N
mens in block F 4. v
nga giightly into F th
metallogrtpuﬁc examin av
ns are included from F fr
he transition zonas wer ad .

Macreoetchings both hore =and at H.u.b. ghow thnt
vithin 4" to 4-1/2" from the face of the original
latively free of large inclusions. In the remainder
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material larce flattened defects having dimensions up to at least
212" = :/lo" x 1/16" wers observed, though the average length
is much luss. Thase dafects were parallel to the plate face and
Their l@quh yas in the OX or relling dirsction,

2. 2" yplled Steel Flote No. 75907

Two blocks of 2" steel plate Humber 752807 both of which
wore about 12% x 12" x 2" and were numbered respoctively 7HSO7AS
and 7590744 were supplied by the Waval Ressarch Laboratcry. The

gamafacturer's analysis and physical propertiss are as follows:

K
|
U2
]
fra]
o
®
0
|_§
!-J
3
L]
k
[

107,600 127,800 22 , 0% 84 7% 248
104,300 124,300 22 ,5% 65.9% 248

Mo an
EE A

105,000 126,000 22 ,25% 65.3% 248

Doctor Irwin states, "Plate 75907 probably contains a modo-
rate amount of non-metallics but we can be roasonably u“ftﬂln
n this plate that the dirt is not badly scgrogated, and that
the dendritic structurc has been thoroughly broken uw Those
foaturcs ¢sn be obtaincd alse to a cepbtain dogree by choosing
various portions of 44443A1., What cnnnot be obtal
plats i3 the comparative froodom of tho 2" plate from high
tbuwu“ﬂ*bre transformation products and the finer grein sizs'.

==

b

Sutting diagrams for thesc two platcs are shown in Fig. 4.

3, 2.1/4" Stogl Plata from Carneepio Instituts of Technology,

Throc bars of 2-1/4" stesl platc, oach approximately 3-1/2"
x 2-1/4" x 12", wore supplied by thoe Metals Resocarch Laboratory,
Carnogic Institute of Tachnology and arc morg fully dwescribed
by Br, A, B, #Hostorman ag Tfellows:

"Tho: heat numbsr i
0.0268, c 05 81, 3,21 Hi, 3
Bar No. 1, 248/255; bar No, 2, 244/25

0.20 Mn b.012¢,

nace to 16850° #
pocimens ware

onc hour and
wore thon quenched in watzr,

"The spocimens
furnscse wns a




S —
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Thoy were placed in a muffle furnace and tempored while still
warm, but bolcow 100°C. Ths furnﬂﬁﬂ was at the tomporing tom-
perature. The total tims in the EU:@JPth furnace was 4-1/2
hovrs and the tomperaturce was 1130 °F, Thsy wore quenched in
water from the temporing furnQCu.

e have every rcason to boliecve, based vpon cxomination
of tho temporcd structure, that those specimens, liks aarlior
pilot speeimens, wore martonsitic afteor the first quonch. They
arc, of coursc, now in a tempercd condition and should bg sub-
stentially fyeoc from any martonsite.™

3tudics ‘of sizec gffcects in Ni-Cr steols havo ¢ ooh
mods at Carncgic Institutc of Technology (?uf.u} abovo
dsecrivod material was studicd hore in order to doterming size
sffoets in o matoriagl of similar composition and supposcdly
cleancr than m at"“1als so far tested hore.

4. GCast Stacd From

Bloctrolytic Iron

Onc ingot of cast sbtesl mads
supplicd by the ¥aval Rescarch lLa

setrolytic iron was
The ingot was about

from ol
boratory.

12" long and tapored from about 3% x 3" at ono ond to about
o x 2" ot the other ond. Tho analysis and heat treatuont,
suppli;d by Dr. Goorge Irwin, arc as followsd

C Mn 31 P S 21 Va Ni £

.28 «27 .20 . 004 05 L5 024 3,13 1.950

Chillsd mold:

% hours a2t 1800°F; air coolecds;

- 0, .

3 hours 26 1600 F; oil guench,

Tompoer 1.5 hours at 1000°F. gave 303 BHN,

T1 oy wgnm 2oy - o o rp e 2

Tompar 3 hours at 1100 Gnvo 268

The mptoerisl was not worksd aftor those troatmenta,

L Mokaes of 6 isual obsgcrvations of
the notch surfacs o test woro nade by
meang 0f a scamning icroscopc of low
powsr (2bout 10x) and ¢ ight of high powor
Those observations yic i alitative factis cogcrvn~
ing erselk formation o ; i} o appearance ol the
noteh bofore tho initistion of the main erack was dlstintly
different for diiferont matorials. Usually, for specimons from
tho tompercd-~baini te region of the 18" sbesl; gmall cruacks,; pro-
sumably causcd by inclusions or other weaknasscs, =rc tho first

DECLAS
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ual signs of distress, The first ol those could Do scon vory
mn aftcr thoe boglnning of plastic deformation of the spocimon,
numbar of those cracks ; becoue guite large Lefore there is
indication as to where 1 c“q0k will comnence, The
main cpack is usually init he growth of one of thse lai
of these suail craoeks, and exuenda by passing progresSs-
ively through other small The "lips", or ends of the

w1 ~
: smal
not ch, Hfu“11y renain intact uatil the crack is continuous
through the center. As 2 rule, one of the lips which happens to
contain an uninvcrnola array oI sources of weakness, brenks
h well ahead of the other lip. It is uauallg possible to
which 1lip will go first, by the pattern of defects or
ppearing in the notch, oven before the main crack is

Cracks

formed,

The onset of cracking is noticeably differvent in the 2%
material o, 75907 =2nd the 2-1/4%" stecl plate from C,I.,T. In
specimens from these materials the first indication of distress
in the notch is cevidenced by 2 "onﬂrql dullnose of the surface,

followsd by 2 pronounced rou ‘bcnxrg The rou{honing thon gradual -
ly arranges itself infto rather cloquv dofincd ridges parn J1sl to
the lungth of the notch., In the valleys betwcon ridges finc
cracks ovuntuﬂlly start., A3 loading continues thseso c¢racks join
to form the mein crack, the latter frequently jumping from ono
vallzy to the adjacoent one. 48 2 rulc the moin crack starts at
the conbor and pfO“rO&SOS towards the conds or lips of the notch.
The lips continue to hold until the crack a2t the cuhtﬁr i=s
dofinitely open and continuous. Finally the crack breaks through
both lips at approximately the s=mc timec.

The total increment of gross strain from the initiation nf

ra
the maln crack until it ﬂxtﬁpdo complotoly across the speciumon
is mch less in the 2" and 2-1 /4! " gtoels than in tho tempered
bainite of the 18" steol.
For spcocimons in that rogion of the 18" stesl doscribed as
tompered martensite the crqck_ng procoss is somowhat similaer to
thet in the 2" and 2-1/4" stocls, tho crack doveloping very

rapidly oncc it starts,

Ths cast clectrolytic stocl showod defocis boforo the main
rack startod, and its bshavior was somowhat -1211*% to that of
| superod bainitc.¥ Rather loud noisocs of unWL“J table spoci-
rigin arc usually heard in the last sbagcs of Gihlnﬁ the
ne Spccimansg, and arg somot"ros heard Iin tho 0.4 in,

s o O
Qo
55 s (il e
e GO c—l—'

e~ *
spocimens, and indicate that the broaking procoss is not a
amooth gradual onc. Tho most striking wwlu wag tThat of

tho 0Z dirsction
r?.} Tn gach

L ]
oxisaboly Bhe

oFfF o 22 ealibro

% 2
P J
riflc) wns heard shortly aftsr the crack i through the last
lip. 4 nuber of othor sounds were heard during the romaindor
£ the test. aftor the spocimons wo broken apﬂrt, the fracturc

2
gurfacos showed a prominont band structurs indicating that
each loud noisc was duc to 2 sudden sxtonsion of inu crack over
a reglon represonted by one of thoso bands.
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he occurcnce of sudden fracture is simply an indication
5 pobentinsl cnorgy storod in the Spoclion, the holders,
211 obhor clastic parts of the machino is sufficilont to
tho cnorgy ncoded for o finite plastic deformation,
hs surfacc cnorgy of the nswly formod cracl is nogligivle,
intcrosting point is that tho sudden fracturs occurs in
largcest OZ spocimons, which show the sriallcst valucs of

- donsity and final angle of bond.

In ocach of the curves of Figs. 5 to 14 thc position on the
curve 2t which the crack is continuous ﬂﬁrous tho notch 1s
indteotod for onch specimen, In Fig, 5, showing the rgsults
for 4444341, tempered bainite in the OX dirucu*oq, it wlll be

pecl

noted th-t, 88p801ﬁl¢v for the 0.4 1In, St mens, the crack 18
continuous very close to the meximmim, Eor most of the other
spscimens the crack is' notb continuous until o point well beyond
the maximum is reached.

2., MOMENT ANGIE CURVES .5ED WORK DENSITIHES.

Mensured loads were convartsd into roduced moments (”/odgf
5y 1monns of the relations in Fig. 1, and the rcduced moygents
plotted nginst anglo of bend as szon in Figs, 5 ©o 14, The
arens under these curves oubt' to ths 5 % orr'ﬂﬁto give work
dsnsities, in ft. lbs, per cu, in., as rocordsd in Tablses 1 %o
TTT. The conventionnl volwas involved in theso work donsitics
is © odgos oro b, &, ond d.

thot of a paralldopiped whoso "

Pigs, 8, 9, 12, 13 and 14, show flow curves for tho moans
of spocizon sizc groups in the diffcront no torirk; the offcct
of spoeimon sizc; both In amount (the qr*”‘ and in bohavior
(the shapc), is casily obssrved.

Tablos I~-III give work denslties for individunl spoecineons
in material not proviously roported upon. Throd valucs of work
donsity arc shown: vig.(l) W; tho work dgnsity from tho start

? the teat, reprosontod by the aroa v flow curve fror
ths origin to the moximum oru_;ato; from maximus
ordinantc to the torminel ordinato at rar: monent, and
(3) W, the sun of el and Wg or total w Tha altor
rotive mothod of computing work doensitics, doseribod in Report

foccr11 ;nh W, £.8 aqo arsa undor the flow curve hoad
heen 13 n sk not zs yebt boon
his © O 1 worlk donsity,
ctods. nlgo sho cs of ths
nsitics,

Table IV sumnrizss the dote for individun spocinmons in
group means and includes, for co son, the carlicr rosults
o 444341 OX and OY spocimcns and on 2-1/4 in, plate, provious-
1y roported in Report 24.
Fizs 6, 7, 8 woro uscd in cssontially tholr progent form in
Raport Ho. 24 -and ¢ discu;sion of thao "old notch" curves appoars

in the reperb.
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., Relation BEetween W and Fi nal Ansla of Bend

.

Tablc V gives, sizo offcct valucs (such as WO 4 %L i}
£ difforont slzos of spociaensg in all “4T“Flﬂls,.ﬁu§ §J§uctions
(#) in work density accompanying incroasc in sigzo, Curiously
parhaps, the spread in the erucntugo rﬂdabtlons dug to chang-

i froz the 0.4 in, Spocincn to the 1,25 in. spocimon ig
2 s, whoroas thc corrosponding valuc for 0.4 in. and 1.875 in.
8 imens 18 only 11.7 %,

The materials may be classifiod roughls
othor, by plotting total work density (W) ag a
of bond(that at 3% or 10 % of maxinmum rmomen B <
thoso graphs for the ﬂnﬂlﬂ at 10 %6 sincc = fow spcclimons
not carricd quitc to the 5 % mark., The 5 % plottings show
game trends but the lincs arc not guite so stcop.

It appears from this figure that for a given material{and
for a given orientz uion of tho spocincns, in a materlal which
is not isotropic) tho teotal work density *oasursd in this tost
is ocssontially a llnuar function of turgln“l'rﬁmlc ctf bond; and
thet the slopc of the graph, (Ph.dba. POT ClU. in., por radian}
might bo a rough measurc cf "prittlonoss" or of Y 4oughnessh,
Thus siteo &A44511 (0Z) has the lsast stcop slopoj; 72907 oK
and OY and Carnogio stecel, all PSSbDUiullJ the same slope and
steepest of all.

Size effects, expressed as ratios or means of total work
densitiss of size groups, appear to follow roughly the trend
of "prittleness" valuves, i.e. as work density per radian in-
crarses size effects decrense.

Othar comparisons on this basis are ng, For
example, 4444341 (0X) specliens in btempore 3 2nd in
tenpeored martensite have work deonsitics w ot moterially
Gifforent (see Table IV) for 0.4 in, 8psc air work
densitics per radien, however, vary by 20

Anothor intoresting obscrvation invelves t!
of toitzl worlk density valuss for spocimor
and in tompered martensite. From Table IV the
ropeatods

1.876 (07,4
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It would appear from this that total work donsity would not
distinguish tcmporcd bainite + from tcmpsred martsnsite 1f come-
parativc spccimens of about 0,4 in, woro uscd, but for o considor«
“bly largor sizc (l.7/8") tho diffcroncs is marked (aboub 275%)
The amount of beond (terminal) is groator for tomporcd bainito
horover and the incercasc in work density per rodian (Table V) of
tcmpored martcnsite over tompercd bainite is 18,76, Uarnegio
2.1/4" stonl (0X) and stocl 75907 (0Y) have roughly the' s~me
work density per radian and total wwork density in the 0.4 in,. 8izc
and from this Z1oTo TT might be concluded that theoir physical bo-
haviors in the bond tost wore ths samc; but on comparing thelr
tot~1l work dcnsitics in the 1.875 in. sizc 75907 (0Y) falls bolow
Carncgic (OX) by 4l.7%.

V,SUMARY AND CONCLUSION

1, Materianls, Table V and Fig, 15 provide a condcnscd
account Of tho rosults of slowe-bond tosts on gcometrically
similar spocimena of four Ni-Cr stculs, at surfacc hardncss
lovels in the range 235268 Brincll, Onoe matorial was available
in largc blocks having tcmpored martonsitc at ths surfrco and
tempercd bainite of considorabls uniformity in thn» body of tho
blocke., Thoss could pe tostod seporately so off setivoly we have
rosults on five matcorials,

2, The Spceimcns, squarce in cross sacction, have substantially
thc proporticns of the bars uscd in Izod impact tosts but tho
notehos ars difforcnt, to allow carsful lapping and control
of tho notch dimensions, Thy specimon sizos are dosignntcd by b,
the width, or notch longth, (which is 0,4", 1,25" ond 1,875"
for thc thres sizos omployed), olso by tho dircetion of thoc long
axis of ths sposimon, Tho dosignaticns 0X, 0Y, O0g rofor to tho
longth, width, ond thickncss of the original bar or platc.

3, Qualitative Study of Crack Formation. Tho initi-l cracks
in tho notch, which join togothor lator to form the mein crack,
appcar at an carly stago in the bonéding procosgs bocausc of the
nindrancoe to flow assoclated with ths notch. Theoy may bc quite
numerous, cover o hundrcd boing obgcrved in soms cascs. A do-
t~ilcd study of thoir dlstribution ~nd grovth would doubtloss
yisld inform~tion on tho nusbsr ~nd size of the dongarous in-
clusions in ths metal, but such a study, to bS valuabls snd con-

vincing, would rsquirc the sxpanditure of gro~t time md cffort.
Hore oo limit oursslvas to the stat-mont th~t ths roughsoning
pattorn and hair-crack pattorn in the noteh shors dofinits
difforonecs from enc matorial to anothor, He bolicve, on Vaory
gensral grounds, that thors is o corrolation botwson th. numbsr
of thoss crncks, the arsa of notceh surface, nd tha work required
to sover the spoeimen, but we do not bolisve the corrslation is
sufficicntly goocd to warrant an -xtonsive study., It scoms mmch
morc important to study the taxtur: of the finighod fracturs

" _

surfacc, ~nd such

4, Mothod of Indicating Sizc Effccts, A curvs showring
1and Vorsus doilsction, Or a Curvae i bonding momont M versus
angls ¢ is dravn for arch spccimen,., In this roport 21l rosults
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ars roduccd to the latter basis. The eurves of M/
ware drawn, whors b is Specimon wildth and d
thore wore no sizo offeet, ond no variation
A e . & = | 5 4
speeimon thosc curves would coincide. ‘ho arsa un
EeRrRE LB th“ work reauirsd to broak tho spscimen,
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horo 18 & 31 offock, depends on spoclimon si
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The sizc offoccts portrayed cannot sufficicntly he dgserib-d
by a single work ratio such as Wg, 4/wl g75 OF by the averags stops
of tho curves, From the discussion in thc toxt, 1t appcars tint
the work donsity per radlan is substantially conssant for all
spccimon sizes of a givon matsrial, testod in a giveon oricntation.
This quantity may bc a2 satisfa ctorv measurce of gize offcet in
those Ni-Or stoo ls, but it i1s best to reoscorve judgment, romcmbor-
ing that tho curves thomsolves furnish the detailsd picture of
ths dsercass in work-dux sity as tho sizc inercanaca.

It ig clcar that further increasc of sizo would rosuld
in further decrcavo of work-density W, for all the material
studiod.
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4228 284, 4 TOT -2 59.8 40,2 875
3678 270, 581 5746 42,4 7245 |
30D ¢ i 672 «6 B33 41,2 Tl |
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395,90 | P

cimens from

Tonpored

ct
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w
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o

780.5 | 849.1 | 1629.6! .9 | 52,1 | 108.8

729.0 | 874.7 | 16237 5.1 | 53,9 ¢ 1188

621,0 | 923.7 15447 402 | 59,8 | 1487

8752 078 ,5 : 1651.8 40,9 ol d 14456

085 T 906.0 [ 1615.D 3.6 | 0.2 | EE.®

551,6 | 369.7 | 98145 56,9 | 40.1 | 67.0

432.6 | 356.7 | 1789.5 5..8 | 45,2 | 82.4

| I8.2 | 265.2 55,4 5.2 | 42.6 | 74.7
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ABLE II,. U Densities in' Ft.Ib /CJ._".ﬂPJ“ lioment-Angle Curves for
2 In., Rolled 3teel N0,75907
See e e DoBE BT e WL B | WAL |
Siza. | NOL W 4gr : - L ! e { Z it i
: _ Specimen Dirsction 0OX ;
i E ' i ' ‘ i & |
D.2¥ (148 625.3 9496 | 1574.9 Zonm | BGLS | 15130
- I BAS 517.8 | 911,86 i 1529.4 d0s4 | 5536 | 14748
: | 443 B55.2 8320 | 1485.2 44,0 | B56.0 : 127.3
; t 5A5 558.3 885,6 | 1543.9 42,6 | 57.4 | 1345
1GAD 626 .6 894.2 | IE20.,8 41,2 1 B8.8 t  142.7
*  |Tlean B36 .0 894.6 [ 1580.8 i1 .6 Bo.x | 110,86
| . + 1 . . | o B B . \: .
128" (188 | 4b2 428,01 | 923.3 53,6 | 4644 | 8645
1243 . 493.6 455.2 | 949.8 52,0 | 48.0 | 92.4
: 1343 | 496.4 499.6 I 9260 49,8 | 50,2 : 100.6
: Hean | 495,1 P 461,95 OBB.2 | BlL.b | 48,6 | 90,%
| | . : i o 1 : : " ! )
1.,895% a3 | 448,79 | 378.9 | BEn.e L Beg 45,8 | BL.4
Specimen Direction OY
; : 1 b
D.4"  |lad 498.4 | 514.1 1012.5 | 49.2 | 50.8 1032
2 A4 55649 5104 106743 52,2 | 27.8 91,7
:i‘;';.":"c 561 .8 5{' 05 1103 03 50.9 z ;;__9-.1 96 .0,0_‘
apd BYa.0 467.9 1040,9 | 55.0 | 4540 81,47
Bad 5% 7,5 583.6 1101,1 47,0 | 53,0 112.8
6.4 5468 558.9 11047 49,5 | 5Oub 102,2
liean 542 .2 529.,6 1071.0 50,6 : 49.% _98.0
| 25" |1la4 307.8 2062 5L4:,0 59,9 : 40,1 5740
2 i 370.7 2107 i B2l,4 63,6 | 36.4 5648
324 3158 221,56 | 538.4 58,8 | 41,2 69.9
lean BOL o8 R B4 % o O 60.8 | 50,2 6.6
1,875" | 144 2825 160,8 | 4433 65,7 | 36,3 | 569
2A4 338.6 | 1755 | 514.9 66,0 | 34.0 | 51.6
{Liean ! 5 g . 168,0 T Ao.r | 6i.9 | oo.1 ! 5c.2 |
TiRLE ITI. Work Densities in Ft, Ib./Cu.In. From Moment-ingle Curves
For Rlectrolytic Cast Stesl, @eat Treated, Unworked
/ N
o : t : T
. 04" {1EL 4279 §35.1 | 1083.0 40,8 | 59.2 148,5 |
1 2El 374453 592.6 | 963.9 38,7 | 61.3 15853
; 381 1165 P 8855 b 500 25,0 741 286.2
| 431 326,77 L 670, L 097, 4 32.8 | 67.3 205,3
: llean! b B 558.0 968, & DDt 5o 179,2
L.25" 181 195, 1285.1 44 43,4 | 5648 130.7
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TABLE IV. SUMYARY OF MELN WORK DENSITIES FOR AIL MATERIALS,

Num-  Mcan Work Density
Dir- Dber of w19 | e/ Ve /M
MLTERIAL cction .tegts - Wy i v A / A i A
0.4 In, Spccimons
444351 Bainite |OX | ¢ |760.4 |875.5 [1635.9 465 | 53.5 [L15.1
oYy | 3 1{675.8 ([603.3 1279.1 |52-.8 4792 89-.8
oz | 4 1{451.2 {406.8 | 858,0 {526 47g & 90, &
Martensite 0X | 4 706,55 |906.,0 [1612.5 45,8 56.2 [128.2
75907, 2 in, ox | 5 (636.2 [894.,6 1530,8 [41,6 58,4 [140%.6
Rolled Stecl DY | 6 542 ,4 |529.6 1071.0 |50.6 40 .4 98,0
Carnegic 2-1/4" 0X | & 578,5 |574,7 1153.2 50,1 49,9 [L00.0O
Cast,unworked 10X 4 1311,4 |558.0! 869.4 |35.8 | 64,2 [179.2
125.in. Spocimons
1444341 Bainitoe ox | 3 1553,5 {4R4.2 | 977.7 [56.6 43,4 76,6
oY | 2 421:,9 |309,9 | 731.8 [57.6 424 75.5
0z | 3 1256,8 [191.6 | 444.8 57,8 42 2 737
75907, 2 in. ox | 3 |495.1 (4613} 956.4 |51.8 4892 93.2
Rollod Stecl oy | 3 1331.8 2128 | 54<.,6 160.8 39,2 64,6
Cast, unworked OX | 1 1199.9 I255.1 446,8 [40.4 56,6 [L50,7
1,875 Spocimeons
1n44351,Bainlte 0X | 2 305,33 [|277.3 | 672.6 |584.8 4 701
oy | 2 |288.8 |254.1 | 5429 1532 46,8 87,9
CZ 2 175,1 1467 | 321.8 }55.7 Ly D 83,2
Martcnsite 0X 2 492 .2 | 355,.2 | BE5.4 1574 42 0 74T
75907, 2 in ox | 1 l448.7 |378.9 | 827.6 |54.2 45,8 84,4
Rollc d Stool g | 2 11,1 |168.1 { 479.1 164,9 35,1 54,2
Carnegic 2-1/4" 0X 3 1404.6 |274.2 | 678.8 [59.6 40,4 67.7
gD




V. WJork Density Por Radian a
Sizo On Total Fork Donsity.

viork Donsity Valucs in FE,Ib. Dol Cl. Il

Jork
Donsity| 0.4 O ok ;
Por T .25 1870 Jori Dong
srial : DiriRadian y : . :
TRIoIR An, OX EE65 1.6%7 .03 2.5 +
Baini te ' : '
Eainitec 0¥ 1525 1,78 +.08 254
Faini te gzl IzZ0o 1,95 +£.05 2.67 +
Martcnsite | OX 1620 1.88 ¢+
<2 in
Stogl X 1740 L.80 4.0% 1,85 +.08
glo 2—1/& oxl LS50 1,70 +.07
L6618
|
unworkad 0X! 1530 1,96 |

In this table velucs of £x8/é fuie

on computcd from the rclation

53 H\/{ 7a | /Na“l +.f'f:'--- o) ! : //Nb

S l{ “a-/'

~hore 71 18 total work donsity.a and D ropresont

small and largs spocimen sizo, reogpoctively



Hr= h cos 9,-— (d"‘ hSiﬂG,)"'cnei \W/Z = Fz coS 9,; e=281
s cHariQ +h(cos §+sin6tanb) Mome.n"’, M:
Deflection, D: M=F (s —h fane))

D=dtan6, +h (Il - cos8- sine,'l'an%? wd [1-(n/d) sin BE)
prE

D= dtan6,—h(sec,-"
Approx Travel of upper roller on black : (5/2)[$ece—|)+(w+RH’an e,
b ” v low-re.r " " " !(5/‘2. +d}(52c,6-l) +@V“R)fan6|

ln Fracﬂce t '-'-w’appronimo'f'c'q.

| - sin*@,

1<
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