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ABSTRAGT

considered from two viewpoints,

d that of the foundryman.

for the engineers'
41 and internal
reported &s of

Steel casting design has been

that of the designing engineer &n
or the nucleus of a set of rules is presented

nce and experimental results on paddinz, extern
and controlled directional solidification are

ple interest to foundrymen.




Part 1

THE DESIGNING ENGINEER AND STEBL CASTING DESIGN

Introduction

It is the plan, jn this section, bto introduce to the design-—
ing enginser the councepts of steel cesting design in 2 logical manner,
simplified as much 288 possible.

= 1t is felt that a discussion of design roatures ab this

time 1S appropriate, as the requirements for new equipment operating
under higher pressures and at higher temperatures are cailing for nev

S designse 4180, requests for reductions in weight have introduced

ff’ casting problems ahich require more tolerant design. These new demonds

i have resulted in reductions 1B gall thicknesses which have, in some cCases,

produced wall sections that are bub small fractions of those tormerly
employed.

The reduction of wall thicknesses, to effect geizht savings,
is causing considerable thought and drawing much attention (among
consumers and foundrymen) to the jnternal condition of castings. Defects
that were Once hidden by VeTy heavy sections are now prought to lignt.
Also, weight savings nave roduced the gactor of safety and more concern
g is beinz given to the integrity of the castings. Castings that operate
T under high pressures and temperatures are NOW required to be absolutely
'[ 5 nomogeneous, and non—destructive testing nethods, especially Y-ray and
gamme T3y jnspections, are being frequently used to check on the internal
conditionss Thus 0any thiags have combined tO make the producer and

the consumer aore conscious of the jnternal integrity of the casting.

Io general, it may be gaid that most of the gefective castings
are due to poor design, dbut @8 there are no assenbled datz on design,

one can hardly blame the designing engineers for these undesirable
conditions.

i

Difficulties Due to Poor Design

e ——

1t might ©e most appropriate to point out to the desligner
those defects that occur in steel castings because of poor deslgn. Both
hot tears and shrinkage cavities &re prevalent in poorly designed
castings. Hot tears form due to large temperature gifferences 1n
castings where excessive internal stresses cause nembers 1O separate or
crack ab temperatures slightly belo¥ the steels' solidification teapera-
iupe. OCracks occur ot abrupb changes in section snd at sharp angles.

AT e

Shrinkage cavities are due to insufficient netal to care
for metal contraction at the time of casting solidification. They are
found in sections that must be fed through smaller sections.
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Even though the above discussion may mesn little or nothing
to the designer it is sufficient to point out, regardless of the terms
employed, that internel stresses and contraction phenomena can not be
disregaerded in the plenning of & design from which may be produced &
perfect casting. It also should be added that the mechenical propertics
of the casting will vary with size of section designed. This point will
be discussed later at greater length.

Desizning to Prevent Hot Tears

There are two ways in which the designer may prevent the
“possibility of his embryo casting from cracking or belng subject to hot
teur formaticn. These ares:

(1) Eliminating hot spots that are under stresses.

(2) Eliminating the stresses that would act on the hot spots or
other points of stress centralization.

In principle, the above points could be more easily stated
by merely enphasizing that all stress chould be elimirated, since the
high stresses are primarily the cause of hot tear formation. Unfortunately,
casting stressed crnnot be eliminated, but under certain circunmstances
they cun be controlled. It is not necessaly that the detaile of stress
 formulation and action be presented here, as the mechgnics  have bgen
. fully described in other publications by the authars rlj’ (‘Ts (5?.

It may be pointed out, however, that beczuse of the temperature-
contraction relationship, temperature changes are causes of stress
formetion. Thus, if hot spots are eliminated the excessive tempera ture
changes are eliminated, stresses &re thus reduced, and hot tear formaticn

prevented.

Under certain conditicns the design cannot be changed to
 nove the hot spot. In this case the stresses must be relieved In sone
other manner. That cun best be discussed by reverting to illustrations.
But first, how is & designer %o know what hot spots are and where to look

for them?

i member of a steel casting solidifies from the sand faces
oward the center of the cavity. The rate of solidificaticn for practical
application is about the same whother the section be one inch or four

) inches thick. Thus, if the rate of skin formation is about the same, it
_ naturally follows that it will tuke the heavier section lenger to completely
olidgify. If it is considered that the thinner section is integrally

_ connected to the heavier section in the casting, it may be pointed cut

at the thinner cection is completely solidified end is coollng, and
ercfore contracting, while the heavier section 18 still sollidifying.

he temperature gradients so established will result in different reates
contraction and hence the formulsticn of stress. OCracking will occur
the weskest section, which, of course, will be the hottest section.




. Thus, reverting to the gquestion Mw
gy found," it may be said that hot spots
d they are found at positions of joining sections.
s may be sufficient to cryslallize the statement. In & cast wheel,
olid hub, which is quch heavier in saction then the aras or the
a section of extra u&ss and is located at a position of joining

ons. Thus the hub may wnquestionably be spoken of &8 & hot spot.

. typically designed valve, the flangzes or the seal are sections

avy 1ass joined to much thinner wall sectlons snd therefore way be

hot spots.

hat are hot spots and where
refar to sections of extra

One or two

The above discussion leads to the statement of the first

of the codes
An atteapt should be made to design all sections in a casting with
= unifornm thickness.

if followed, reduces tae presence of hot spots in a casting
These hot spots are responsible for the setting up of

rature gradients, contraction variations, stress formations and-

- resultant — the deplorable occurrence of hot tears.

It has been suggested previously that the designer will find

an not be changed to remove

under certain conditions the design ¢
t spot. Such & condition necessitates the application of the second

or the prevention of hot tears by design; namely, eliminatiag the
=s that would act on the hot spots or other points of stress centrali-

In the first place, what may be considered as poinis of stress
alization? OStresses acting upon & casting usually concentrate at

»t chanzes in sectlon or at sharp corners. These positions are
turally weak and coupled with the fact that they are usually hot
with low mechanical propertiss, it is easily seen that they are

ial positions of hot tear formation.
which are an integral pert of &
S?igure 1). By

the effective mass

For exaumple, two sections,
1z, are joined together in the shape of an 2
ed circles, a method proposed by Heuvers
be ascertained. '

:
s
Y

STRESS
DI REECTION
£

Figure l.

/ =
Concentration of stress and formation of hot

tear.
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sharp corner juanctions
tear formation will

sl fillets replace the

1f, however, liber
1y distributed and hot

-esses will be more even
prone to take place.

In the discussion of fillets for the prevention -of hot tears,
nould be pointed out that the elimination of hot tears must not be
ole consideration since &n increase in the radins of the fillet also
ses the size of tne possible shrinkeage cavity. Therefore, judgment
hmat constitutes an ‘adeguate fillet should be reserved until the

n of internal wasoundness due to shrinkage has been thoroughly

Abrupt changes in section may be considered analogous to

ase described above 1n that sharp corners, temperzture gradients,

tress concentration are similar. On Plate 1, is jllustrated how

rupt change of section can be altered from a poor desizn to desizns
111 reduce the possibilities of hot tear formetion %o a minimums

The above explanatory notes lead to the statement of further

+o the Code.

1t is not desirable to desizn cast steel structures with abrupt

chsnges in section.

Sharp corners at adjoiniag sections are sources of defscis, and,
if possible, should be eliminated.
The points of stress centrelizabion have been discussed us
eir nature and disposition. however, still resgining for
ssion that phase pertaining
actiag on hot spots, result in the forua

There 13,
to the elimination of major sirasses,
tion of hot tears.

1t has already been pointed oud that if sections ihroughout
resses will not arise from excessive

tiag are uniform, @major st

pature gradients snd, of course, prominent hot spots will not be

within tae casting. Under certain conditiong it is impoasible

sign a casting so that prominent hot spots are climinated, and,
excessive temperature gradients #ill thus be present, 1t becoues

ry to relieve tne major stresses resulting therefyom by some

eans. The foundrymun has &t his comaund @ method to reduce taese

resses by employing mold relleving prineciples. The desijmer can also

oward producing a more stress-free situsntion by deslzning an
e easting in two, three, or more parts, which are finally
bled into one coumplets casting by joining the v ious cast parts by

e hecoming increasinzly

Castings of tae reld-assenbly design &r
naser ad are being looked

> with desiga engineers and castiag pur
te favorably in the more progressive




: The principles jnvolved in the weld—assendly design are readily
cernible to the designing engineer, wut for the sake of clarity &
imple example will be jllustrated.

Figure 2.

1ving ©wo faztures
11 section
set up

section invo
continuous We
action stresses

_The above, Figure 2, is @ cross
e hot spotb snd &

desizn; namely, b
hindered contr

uld be responsible for
direction of the arrovss L casting S0 produced would very
section if the foundrymen did not
ted the cross

: the central
precautlonary steps. 1f, however, ti
sces, A and B, the castings would no
S ohowm and failure would not be 3 possibility-
sled ia the final form by weldiag oreviously c&
s, A and B, into position.

e designer eliminz
t be under the major stresses
The casting could e

st or sabricated

show hot tedrs ia

these prianciples is

ting. Plate 1
Considerable

aumver of attenpts were Wade

hout @ajor defects. In Plate <

111l exbranedus

and then these

This casting wes

ol spplication of
¢ a throttle valve ©as
zn of this casting.

An actual commercl
ated ia the mapufacture ©
~ay S & sketch of the first desi
able was experienced in production and &
e the casting wab finally proguced wit
ered to the castﬂweldwassembly jobe.

leslZn WasS alt
the base castlog, cust separately,

were removed Trom
wWer

he saving in t

e welded together 1O complete the
the first atbe

uced without defects on
jme and cost of pr

assembly -
mpt. 1P is needless to add

cduchion wad considerable.

rbine casting &8

a8 extended to the tu

This princinle #
309

tratzd on Plates 26 to
1t is felt that designers shonld not be slarmed by this

of construction for sxcellent propertied and zood homozanelity c?n
btained, as has been demonstrated by wnits, Clark, and Crocker(ﬁ N
The above discussion leads to the statemeat of another rule.
of a cast steel structure hecomes Very complicated
if is suggested that it be yroken up into purts
eparately and then asasmbled WY gelding

When a design
or intricate,
8o that they may be cast 8
or bolting.
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Designing with 2 Sine Wave Construction

There is another design feature that should be mentioned in
regard to the relief of stresses in an enclosed cast structure. This
design culls for the use of members tnat are slightly waved.

_—L SR __v ’/J - oy
e R Hdaéﬂ,ﬁ_vﬂ_i:::::f_ ______ =
Figwe 8. T

In the above system, the heavy flanges and two different
sizes of connecting gembers will all cool &t 3ifferent rates, and thus
the system will de under considerable internal stress. The small member
designed with a wave in it, under the tension stresses of the system,
will be pulled toward the shape of a straight member and therefore
dissipates the internal stresses without tearing, & condition that could
not result if the connecting member were straight.

Whether or not this type of a design is adequate to care
for required stiffness needed is not known, and is a point that designers
themselves must settle. However, from the foundry viewpolint, cuch a
design is appropriate and very useful a&s a nethod of stress reliving
in an enclosed system.

Designing to P;ggggnggntracgggq_ngities

fhen liquid steel solidifies it contracts about 3 per cent
in volume, and since steel solidifies progressively from the mold surface
toward tae center of the mold cavity, & pipe or contraction cavity will
result unless the section 1S fed from some reservoir containing liquid
steel. 1f, however, the section is unable to draw liquid metal from
other sources because these inlets have completely solidified, then a
defect will appear in toe unfed section.

Castings with defects of tnis type, under vibratory stress
aided by stress centralization, may develop cracks extending from the
cavity to the casting face. If the casting is operating under pressure,
lesks may develop. '

In general, the problem of removing the possibilities of

defects due to contraction results in the elimination of the hot spots
in castings. These isolated hot spots are sources of great trouble in the

e
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menufacturing of steel castings, and anything. that the designer could do
toward eliminating them would be greatly appreciated by the foundryman.

i simple illustration will suffice to acquaint the designer
with the seriousness of tae situation and the possible remedy. The L
gsection, as is shown in the accompanying diagrum, Figure 3, is used
considerably in practically all castings, such as flanges, connecting and
adjoininz sections, and the like. If the two arms of the L were of the
same thickness,

=y
/
- / rl\
=0 j / /)L;E {
\ % ) {
N
Figure 3.

it may be seen by the method of inscribed circles that where the two
legs of the L join, a hot spot will be located. If this hot spot
(82) can only be fed through tne two legs of the L section, one may
be certain that when the casting has solidified, since the leg sections
solidify first, there will be a cavity somewhere near the center of the
inscribed circle, 82.

If, however, the L section were in a locution where the
junction could be fed directly by an outside reservoir, instead of
attempting to feed through the legs, then the section at 3o wiould be
sound and contain no cavity.

There are numerous occasions unfortunately when such &
joining section csn not be fed by an outside reservoir of metal due to
its inaccessibility, such as at the bottom of the mold or an internal
section of the mold. There is no special problem with joining sections
or hot spots that can be fed directly, and desigan features sre not very
important as far as safeguards against cavities are concerned; but
sections that can not be fed should be considered carefulily by the de-
signing engineer.

One of the most difficult features about designing to
prevent contraction cavities is to know when and where feed heads may
be placed since their position is quite largely a matter of opinion
smong foundrymen. As a matter of fact, the custing may be molded contrary
to any plans that the designer may have had., Thus, the casting may better



be designed with the supposition in mind that none of the metal conjunc-—
tions or hot spots can be fed from outside reservoirs. With this point
in view, experimentation was carried on with joining scctions to
doterminz the extent of the contraction cavity with the change in design.
ways in which sections may joint. These

nay be exemplified by tne following letters of the alphabet: L, T, V, X,
and Y. All other modes of connection are nerely modifications of the
sbove possibilities. Desi f these letters have been

studied in detail.

There are only five
gns in the forms ©

e of 3 x 3 inch cross—-section. The arms

¢ the extreme end. They were poured
In order that no variations should
os were made Dby pouring through one
arn, and through two arms at the same time. Molding was according to the
dry sund practice and plain carbon wasic electric steel was used, poured
from a teapot ladle. The sections were all poured in the horizontal

position.

Patterns were mad
were about two feet long and headed &
through the feed heads on the &armse.

[PRe =Y

ve overlooked during pouring, studi

at in these studies a 3-inch section

1t has been stated th
ng this section weres:

was used. The reasond for choosi

(1) A large section would exhibit pronounced defects.
(2) & 3-inch section is not uncoumon in structursl castlags.
the conditions of sand and steel

(3) With the lurge section,
parable results

would not be 50 eritical znd more COWm
could be obtained.

1lustrated in the design charts
other than those of three
ction can be used

1t is felt that the points 1
in sections
htained on & 3-inch se
ng sections.

will be of & comparable order
inches, and that information ©
in the design of other adjoini
The sections were modified by using radii of different sizes
t of the changes was noted. For the purpose
of this work it has been assumed that the section studied is located in
the casting in such a manner that no feeding is possible except through
the arms. Therefore, these arms tended about o feet and

have becn eX
the only feeding heads provided were tho

in the corners and the effec

ge ot the end of each arm.

ection has, of course, 1o bearing upon
1lan view as long a8 the depth is great
depth of the section
eorstically, remain

The depth of the 8
the shape of the defect in the D
enough to permit a defect to form. Even if the
were infinite, the plen view of the defect should, th

the same.
e radiographed. Cast-

After the sections were cast they wer
of 40 inches with a

ings were radiographed with radium at & distance




2 mm source or focal
aatural sizes on
then
'presented in th
Reproductions o
ensracteristics of the
Tadiof
section tukea from

=]
(e

illnstrating
from them may
21, inclusive.

the outside COrner at
at
the section is il
radius is small.
is maintained,
line weakness,
length.

Ladte

eznter
of any

radius,
The best comm
1 /2-inch to 1 dnc

The oaly
baing respot
T, while

in the common il

radius, it is
ha used.

g
o
o

209, 210,
the leg section o
sections incrause
of hot tears. To
not, to incorporate

el v S
o (D

spot in order
the film.
reduced photographically 50
is report wou
£ two radiographi

raph of & 3 X 3 inc
comnercial cestinge.

1t is now suggested tnat
the various sections.
be obtained several

In discussion of the L

shs iqner coraer will bring
form throughout, & def

1f tae inner radius i
the defect will become

Sections of the L
and only in & few
on practice therefore appe
h would be used.

of 2
The pract
gmutlisr than that of

siple for &
center of the junction oL
not eliminatin

iy i

Since tae

Tecolll

been suggested from
to

21.

e

that the defects would appear 1a their
The defects exhibited in the radlographl were
that the defect drawm on the small diagrams
1d be shown in their correct proportion.

g are included to jllustrate the zeneral
found (Plates 4 and 5), Plate 3 is @

defectls
Plate 4 1s & radiograph of 2

n T section aaaG

turn to the charts
aelf-explanatory and
See Plates & to

=

the designer
The charts are
features of design.

scction, it mey ve said that 1f
is maintained, on increasing radiu

unction

oy
]
ime abhout on size of defech. 1If

the inner

is increased, but & uniform sectlon
smaller until it develops into

+o be found in unilorm sections

the ]
iacreasing
rant will de found if

condition apt

e

(58

type should not have less than 1/2-inch
cases would a B-inch.inside radius be
ars to be one in which radil

the junction sligzhtly

sce of designing the section at

+he arms appeers bo zive the besb resulis.

way in which & T section can b€ designed without
core o nole at the

contraction cavity is to

»
[ iy
-

Depressicns in tne arm
the defect, do rsduce 3t markedly from

£ the two members.

size of the defect increases

i
ondad that @ radius of 1/2-inch,

that if the leg of the T
that of the aru, that the hot BpO
would be reduced. This is true,
It should also be pointed oub,
, the temperature differential
trasses &re formed that mey
should be used in de
1osed stress active

3

v+
[S 9

and s
cars

then in enc




A wniform section in the shope of a V will not be free from
contraction cavities, since a synthetic hot spot is developed at the
junction due to the fact that the send is not able 1o conduct heat aws)
from the three snside faces as fast a8 it can from the single outside face.
1t will be noticed thot if the inmer radlius is increased, s 1n 305,
that the defect will be smaller then in a comparable case such as 302,
is in tnre cuse of the L design, 8 slightly reduced section &t the
juncticn of the members is necess&ry for o homogenecus sectlon. In
desiining V gections, it is suggesled thot on inner radius not less
than 1 iunch be usede

The gesigner will observe that &an X section could not be
designed that could be made free from & coniraction cavity, if the section
were fed only through the armte The defect could, bowever, be mede quite
smell by designing the section with & cored nole as in 504 end 505.

Much has been seld in previcus discussions upon casting
design concerning aff'setting the arns of the X so that the hot spot
would ‘be reduced. This is not true if the offset 1i& similer to designs
506, 507, and 508. The defects formed by this type of constructicn are
sbout the same size &S pould appesr in the wsual X type section.

i section having one arm completely off'set, as 1in 506, ullows the
foundryman Lo use external chills 1o advantege. Slightly better results
could be obtained by spacing the offsets further epart, such as ilius-—
troted in 509. Such & design &llows the foundrymen ample frecdon for
the plecing of external chills. Designs 510, 51i, sna 512 show how the

t may be decreased in size &5 the adjoining section ig decreased.
The seme principles apply here &s they did in the T section that has
previcusly been discussed.

Unless the cored hole at the center of the hot spot is
advantageous to USe, it is suggested that the cone &rm offuet similar to
509 be useC.

in interecting point encountered in the y section is that
a6 mutter how the features of the decglgn are altered, the defect found
wae about the samc cize. Ahttention is culled to 403, 404, 405, and 406.
The only deslgn without defect wes L08. A tricnguler hole of this lype
is able to extend to 211 the hot spots that are possible in the section.
Defects found in sections of commercivl casting 409, 410, end 411 are
exhibited for sake of comparlsone. Occusionally there appears & design
wherein an erce of heavy metel is sttached on &ll sides to members of
much smaller thicknesd and so located that the founaryman hes no
opportunity to properly feed the heavy portiond by mesns of* & conveniently
pleced feed reservoir. Such & condition is distinctly one of poor
design. The heavy section should either be cored or IROré clesely

investigated to ascertein if 1t could not be made lighter.

A study of all these variocus sections leads 1o & few general

rile
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In designing unfed joining sections in L or V shapes, it
is suggested that gll sharp corners &t the junction be replaced
by radii so that this section becomes slightly cmaller than that

of the arms.

pes)
=1

s that joint in an X section, it 1s

RULE: In designiag section
t considerably.

suggested that two of the arms be offse

RULE: In designing any joining sections, it is suggested that all
sharp corners at tne junctions be replaced by radii. In the
case of unfed T and X sections these radii should not be

large.

It mey be pointed out that in connection with joining

sections that it is the custom of designers to use webs, brackels,

and ribs between various parts of the castiang to impart & certain .
amount of rigiaity or stiffness to the casting. Such stiffing members
should be kept to & inimum as they are sources of considerable

trouble both as to the formation of hot tears and shrinkage cavitles.
The placing of brackets across joining sections of course increases

the mass effect at the interssction of the adjoining members and the
bracket. This undesirable condition muy be remedied by the extenslive
coring of the braucket in the region of the adjoining sections. oSuch
coring will not impair the stiffing features of the bracket and will

at the same time allow for better conditions of homogeneity of the
adjoining sections.

wors before leaviag this section
entirely, to impress upon the designer two things, one of which 15

that the sections which have been illustrated were not fed, and had

it been possible 1o attach a reservoir of liquid metal to the secilons
they would have been free from contraction cavities. The {oundrymnan
will go to considerable grouble to feed tnese sections. It is only
those that are loeated in impossible positions that he fails to reach.
The second point to be stressed is that even though the designer is
wnable to design & section which if unfed will be free from contraction
cavities, he can design it so that it will have, inder the circumstances,
the smallsst cavity nossible. Then with this design the foundrymnan
can apply the tools and knowledge ot his command such &8 the use of
padding, external or internal chills to nake the section WoHOECNeousd .

It is the desire of the aukb

gested that the designer 1ook over the charis
ts portion of this report 50
chilling unfed sections.

1t is sug
on adjoining sections in the foundryman
that he may see what cén be accomplished by

The Effect of Mass Upon the Mechanical Properties of Cast Steal*

|

The effect of mass upon the mechanical aoropertics of cast
steel is a subject that is of practical jmportance to designing enginecrs,

¥ Summary of NRL Report No. ¥-1376 of 1 July 1337.

o




those engaged in designing power plant ecuipnent where
being installed in systems subject to greater pressures

than those previously used. Ingineers have relied

upon data collected on the properties of east steel, such as that assembled
by Lorig and Williams. They realize, as wWas noted by Lorig and Filliams,
+nat such data are rarely couplete in that the chemical analyses, size of
pasting, heat treatment, size of the specimen or the method of testing

sre not always Known. is meny of the data are obtained from laboratory
heats produced under ideal conditions, tre results may not be comparable ;
to those ohtained in a commercial casting. In commenting on this condition, i
Sisco, in his volume of the Alloys of Iron #onogrephs, pointed out that
of all the variubles which may affect the mechanicel propertics of cast 1
steel, and one which 1is seldom mentioned in the compilation of data, the 1

offect of mess is clearly the most important.

ticularly
eel castings are
d higher temperatures

Testing Methode

& study of the previous work on this subject shows that no
Guts have been reported upon the effect of mass on the mechanicel
properties of casi steels in both the ss-cast and snnealed conditions.
ke the desizning engineer should have some indicziion of whet mey be
expected as mechsnical properties in various sections, 1t was deemed
agviseble to study this effect. 1t should be noted, however, that these
data can refer only to the smalyses studied and can only be indicstive

of the properties of other cust steels produced in similar sections.

In order to study the effect of mass upcn the mechanical
well-fed coupons were cast horizontally in nedium carbon
steel and medium manganese steel. The coupons wWere 21l 12 inches long
snd those cast in medium carbon steel were 1/2 x 1/2 inch, 1 x 1 inch,

2 x 2 inches, 3 x 3 inches, L % /J, inches, and g % 8 inches in Cross
section. Only the 1 x 1 inch, the 3 x 3 inch and one 8 X g inch coupons
viere cast in mediws manganese steel for these tests. Each coupon Wes
top poured through the feed head. The feed heads along the entire upper
faces of the coupons, were large enough to permit the shrinksge cavities
to form within them without extending into the coupons. The feed heuds
were sacwed from the coupon prior +to heat treating. One coupon of ezch
size was snnealed at 900 degrees C. (1650° F.) for the customary time

of one hour per inch of section.” The coupons Were then cui &nd tensile
specimeng mechined from the locaticons shown in Figure 4. The specipens
were #11 standard 0.505-inch diemeter tensile specimens, except those
machined from the 1/2 x 1/2 inch coupon. These speciuens Were 2.313
inch in dismeter with a gaugc length of 1.25 inches.

_properties,

_ ifter the tensile tests were obtained, specinens were
mechined frem the threaded portion of the bars for micrographic studies,
density measurements snd chemicel analyces.

in dismeter

In another heat, bars 1/2, 1, 2, and 3 inches
¢t from low

and coupons similar to those mentioned previously were c&

o
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carbon steel. One-half of the bars and one-half of the coupons were
znnealeé as before. Tensile test bars were nachined from the coupons
and tested. The bars were tested in the unmachined condition in order
+hat some indication of the actusl strength of cast sections might be
obtained. '

Mass Effect on Medium Carbon Cast Steel

The data obtained from the tensile specimens machined from
the medium carbon c&st steel at the locations shown in Figure 4 are given
in Teble I, It will be noted that the yield point in the as-cast condi-
tion is listed in only a few instances. The representative stress-strain
ourve (Figure 5) shows that in the as—cast condition, cast steel has mo
marked yield point. The yield point must therefore be determined from
s stress-strain curve. The data of Table 1 together with the density
gsata as set forth in Table II are shovm diagrammatically in Figure 6.

The most cutstanding festure exhibited by the curves is the
sharp bends that are found in the tensile, yield and reduction of eree
curves in the neighborhood of the o-inch section. 1In generzl, ell of
the mechanicel properties in the 8-inch section were lower then those
found in the 1/2-inch section. However, the loss was not &s greast in
the annealed state as it was in the as-cest condition. The density
curve also shows & drop in value &8 the mess of the test block increases.

; 1f the properties of any one section are considered, it
may be noticed that the lowest results are obtained &t the center of
the section =nd the highest in the bottom corners where solidification
has proceeded from two faces. The corner results are psually higher
than those obtazined elsewhere along the bottom where there is only one
solidifying face. These conditions &re more pronounced, of course,
when the steel is tested in the as-cast condition, but they are also
noticeable in the heat treated material.

Since the mechanical properties varied to such & considerable
degree, it was thought that perheps segregation of chemicel compositions
as responsible for a large portion of the difference. Phosphorus and
sulphur segregations were studied in the various sections by etching

d sulphur priots, but no differences could be ascertained. This was
erhaps due to the fact that they were both present in very low amounts
‘the steel as cast. As the steel was made by the basic process, these
alyses were 0.02 per cent for the phosphorus and 0.03 per cent for
hur. Segregation was &lso studied by chemical enalysis. The

ters of each section were anzlyzed for carbon, Mangancse, silicon and
ﬁluminum and the results are set forth in Tsble III. The greatest
ference appeared in the carbon content where 0.03 per cent was noted.
the center of the 1-inch coupon contained 0.27 per cent, while the

enter of the 8-inch coupon contained 0.2/ per cent. The manganese,
lLicon and aluminum cnalyses showed that there was practically no
gregation of these elements.

Sl



The specimens were also studied microscopically in the unetched
' condition to see if the inclusions had formed an aluminum network which
might tend to lower the physical properties in the lerger cast sections.

No network wes evident. The inclusions were, however, slightly lerger and
fewer in the centers of the heavier sections.

e sbove study that there &are three conditions

that beer upon the mechanical properties as affected by mass. These are:
(a) the density, (b) the carbon segregation, znd (c) the microstructure.
1t is difficult to ascertzin from the data which of these is the most
important. As the section increases, the density drops, the carbon
content drops and the grain size increzses. In regard to the tensile
strength and yield point values, the microstructure and the carbon
causing the lower values.

segregation are probably the most important in
The density and the microstructure are responsible for the lower dGuetility
found in the heavier sections. From this 1t &ppears that the microstruciure

is the dominant controlling factor.

It appears from ti

e center of the section are the
The average properties over the

ed by the center, due to the
those exhibited

The properties listed at th
poorest ones present in this section.
entire section are better than those exhibit
preponderance of materiel heving better properties, such &5
by the corners and edges.

The Mass Effect in Medium Manpganese Steel

The effect of mass upon the mechanical properties of the
medium menganese steel studied (Figure 7) is similer to that found in

the medium cerbon steel. In each case the mechanicel properties &t the
center of the test coupon decrease as the mess of the section increases.
The variation in the tensile strength is, however, considersbly grester in
the menganecse steel than it is in the plain carbon steel. The tensile
strength in the plain carbon steel in the center of the 8-inch coupon ig
5000 pounds per SQUAre inch less than that in the l-inch coupon, & Crop
of 6.5 per cent. In the medium manganese steel the decrease in similer
coupons is 10,400 pounds per sgquare inch, a change of 10.5 per cent. It
should be noted that the change in the tensile strength of the manginese
steel decrezses gradually and rather uniformly with zm increase in m&ss,
. wheress the tensile strength of the plain carbon steel decre&ses repidly
at first and then at & decreasing rate as the wass increases.

f the medium manganese steel

The other tensile properties o
fcrm rate than in the plein

also decresse gradually and at & more uni
carbon steels.

£ various sections of the 8-inch
that found in the plein carbdon steel.
erties are found in the
he top of the coupcn,
tiez end the

The tensile properties o
coupon vary in a manner similar to
Tsble IV indicates that the best tensile prop
lover corner and the bottom of the test coupon.
immediately under the head, exhibits the poorest proper
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Serties then increase gradually toward the bottom of the coupon. The
od impact strength, however, increases as the mass of the secti?n )
increases end is greater at the center of the 8-inch coupon thaen it is
in the corner of the coupon.

Chemical analyses were obtained from the center of the l-inch
and 3-inch sections and from the top, center, bottom and corner of the
g-inch section in order that the amount of segregation could be determined
(Tsble V). Segregation of carbon can be seen in that the carbon content
at the center of the coupon decreases as the mass of the section increases.

 The carbon content &t the center of the 8-inch section is the scme as that
at the center of the l-inch coupon. There is slight segregation of
nmanganese but no segregation of silicon or sluminume

: This segregation of carbon and manganese will probably account
for the decrease in tensile strength as the mass is increased.

Comparison of Coupons_and Bars Cast to Size

One of the points upon which designers have desired informa-—
tion is the comparison of the mechanical properties of cast steel sections
and the properties sxhibited by the well fed coupon. This point was
investigated and the results are set forth in Table VI. In this

Table VI
mmummmﬂwmmrmmsmm
Cast to Size
Carbon 0.21 Manganese 0.60 Silicon 0.31

Per Cent _Per Cent

Section Gauge Yield Point Tensile Strength  Elongation Red. of Area

Length As Cast Annealed As Cast Annealed A.C. Ann. A.C. Ann.
14" Coupon B8 . eeeer 44600 69800 70700 29 34 40 50
: -g'i i ...... 42,500 63,000 69,700 28 33 38 48
- 2p 8 Em ...... 41,750 67,000 69,000 20 32 23 44
sl bt phipiaare 40.750 64,500 67,750 18 3z 24 40
15" Dia. Bar B zeaen 43,000 69,000 62,500 11 20 13 25
L 4~ 58,500 40,000 67,100 64,600 12 16 12 30
gy 8" 54,200 39,200 61,800 64,000 8 13 k] 23
oo b - 39,500 seases 63,550 . 14 < 13

eriment, bars were cast in the horizontal position while coupons were
similar to those used previously. From the center of these as—-cast
 annesled coupons, Standard tensile bars were machined and tested. These
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specimens likewlise showed the effect of mass on the mechanical properties.

The bars were tested in the condition they came from the sand
mold except that one set was annealed before testing. The bars were not
mechined nor were the cast surfaces removed.

The yield and the tensile strengths were nesrly the same in
both bers and specimens machined from the coupons. The ductility, however,
was much lower in the case of the bars. This is andoubtedly due to the
rough surfuace of the bars. The decreuse in ductility with increasing
mess is much greater with the bars than it 1is with the couponse.

These date point out that while the strength properties in
cast sections are pearly the same &S5 those represented by the coupon,
the ductility properties are nuch lower and should be borme in mind by the
designer. The interesting point is that the ductility resulls are rather
erratic and woulc depend a great desl on the surface of the casting, and
probably on the size of the axial wealmess.

The purpose in presenting data on bars cast to size is to
jnform design engineers of the properties of castings that may have sections
similar to those tested. It 1s requested that the data obtained on the
machined test specimen be not directly compared to the data resulting
from testing the cast bars, since the latter is & notable variation from
the stendard test bar and will not give comparable results. The machined
specimen taken from the coupon gives an indication of the best properties
of the metal. The data obtained from testing the cast bars give an
indication of the properties of sn zctual cast section. It is well known
that a rough surface will result in lower ductility velues being presented,
but it should also be pointed out that most castings are used in commercial
installations with the cast surfaces exposed and that the actual mechanical
properties of that section as it stunds in the installation are more along
the lines of the data as presented for the cast bars than they are accord-
ing to the data collected from the coupon. Thus, the properties are
reported as an indication of whatl the section @ill withstend aod it is
not et all a test of the most favorable properties of the steel, nor &
direct comperison of two types of test specimens.

&
§

b L :
g
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The above section on the effect of mass on the mechanical
properties of cast steel can be summerized &s follows:

(1) There is a loss in strength and ductility, &s measured at the
center of the section, as the mass increcses.

} _(E) In the carbon steel studied the loss is pronounced for the first
~ two inches of cross section, after which it tapers off gradually. In the
mengenese steel there 1is no decided knee to the curve.

; (3) There is a decrease in density snd carbon content, and an
increase in Izod impact value &s the mass increasesS.
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(4) Microstructure, carbon segregation and density values are
responsible for the decrease of mechanical properties as the mass increases.

(5) Segregations of silicon, aluminum, phosphorus snd sulphur were
small and had no apparent effect as to producing low mechsnical properties.

(6) The mechenical properties of sections as represented by cast
bars chow that strengths are quite similar to the optimum values &8
rocorded by the mechined test specimens, but that the Guetility ic much

lower.

The above discussion in regard to mass effect leads to the
following statement:

RULE: In a general way it may be said that the effect increasing mass
has on the mechanical properties is not pronounced and probebly
is amply covered by the present factor of safely.

-18-



SUGGESTED RULES FOR STEEL CASTING
DESIGN

An attempt should be made to design all
a uniform thickness.

sections in a casting with

1t is not desirable to design cast steel structures with abrupt

changes in section.

Sharp corners at adjoining sections &are sources of defects, and,
if possible, should be eliminated.

When & design of a cast steel structure becomes Very complicated
or intricate it is suggested that it be broken up into parts, SO
that they may be cast separately and then assembled by welding.

In desizning unfed joining sections in L or V shapes, it is

suggested that gll sharp cormers at the juncticn be repleced by

redii so that this section becomes slightly smoller than that of
the arms.

In designing sections that join in an X section, it is suggested
that two of the arms be offset considerably. ‘

In designing any joining sections, it is suggested that all sharp
corners &t the junctions be replaced by radii. In the case of
mfed T and X sections, these radii should not be large.

In a general wey it may be seid that the effect incressing mass

has on the mechanical properties is not pronounced and probubly is
amply covered by the present factor of safety.
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Part 11

THE FOUNDRYMAN AND STEEL CASTING DESIGH

Introduction

tion of design from the foundry view-
point, only the shape and size of the mold cavity will be considered.

The composition of the mold may, of course, effect tne soundness of

the casting by producing hot tears, porous spots, or sand incluslions.

This is in itself & most comprehensive subject, but one which is controlled
lergely by the type of materials available locally and the sand treating
and sand testing equipment at hand. What may be expedient for one foundry
may be entirely out of the question for another concern. The mold, there-
fore, will be considered merely &s & medium in which a cavity similar

to the finished casting may be produced.

In discussing the ques

: been stated previously that the defects that may

pe attributed to the design of the casting are shrinkage cavities and
hot tears. 1t should be noted that while many hot tears are due to mold
composition -nd the manner of molding, & large portion of the hot tears
 found in castings &Tre inherent in the casting design und cunnct be

: eliminated by mold relieving.

It has

Shrinkage cavities are produced by the contraction of the
metal upon solidifying and, theoretically, they can be eliminated only
in one menner, i.e., DY neontrolled directional solidification.”
Foundrymen have for many years used ngirectional solidificuation” und
"progressive solidification” as synonymous Lermns. To the authors,
however, each of these terms has & specific meening and, for the purpose

of this discussion, it may be well to define them.

ive Solidification. Any liquid metsl cooling in &
mold will solicify progressively
ne center of the cavity. Thus
very casting produced.

Progress
cavity formed in & refructory or metal
from the mold-met&al interface toward t

progressive solidification is present in €

Directional Solidification. In addition to the progressive
solidification from the molo—metal interfazce toward the center cf the
covity, solidification will proceed slong the cast member in the direction
of the increasing temperature gradients produced in pouring the casting.
These temperature gradients along the cast member appear in both the
metal and the mold and are determined by the shape of the mold cavily
and the method of gating and heeding. They are, therefore, controllable,
wheress the foundryman has no control over the direction of the temperéa-
ture gradients producing progressive solidification. If this enalysis
% is followed to its logical conmolusicn it is evident that all shrinkege
£  cavitles in castings are the result of adverse tempere.ture gradients, or
uncontrolled directional solidification. Only when the temperature
gradients within the metel end the mold &are such that the "feed heads"

ot
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are the last portions of the casting to solidify, znd thus can furnish
e 1 SOlmd n

liquid metel to £i11 the voids formed during solidification, can &

casting be produced. As in most custings, desirable temperature gradientis
csn be produced by using tapered sections, proper methods of gating and
heading, and properly placed chills; it follows that controlled directional
solidification is the governing factor jn the elimination of cavities due to

shrinkege.

Controlled Directional Solidification in the Foundry.

T O

ndesign for the engineer" it was
enphasized that designing engineers should endeavor to maintain uniform
cross—sections throughout the casting. The paragraph above on directional
eolidification appears to be a direct contradiction of the first stateument
ss it advocates the use of tapered sections in producing tgound" castings.
This apparent contradiction has been placed in this discussion for the reason
that the designer cannot know how the foundryman will produce his casting,
and any tapering of sections that he may provide might produce temperature
gradients opposing those that the foundrymen finds essential to secure a
good casting. 1f, however, the designer maintains fairly uniform Cross-
sections throughout the casting the foundrymen can much more easily produce
the temperature gradients he desires.

In the section devoted to

temperature gradients produced by

+ solidification is given in the sketch
ting is poured

in illustration of how
tapered sections can insure correc
of the turbine casing casting shown in Figure 9., If this cas

Figure 9.

flange-up, the sectiouns tapered as shown and a Totten core used to forestall
hot tears, it is comparatively easy to produce & sound casting. It should
be noted that the padding on the cylinder bore is brought down below the
Steam chember so that the stesm chamber can be fed directly. The casting
was poured through the head so that the last netal to enter the mold

(hot metal) was in the head. Now, if external chills are placed around

the ports of the steam chamber, it can readily be seen taat solidification
proceeds from the lower portion of the casting toward the heads. This



ection of solidification has been controlled by producing favorable
roture gradients with tapered sections and this casting becomes &
paratively easy one to produce without defects.
Some objection may be raised to the excessive amount of
hining required on the bore of the cylinder. This is merely a
~uestion of economics. Four of these castings were produced; each one
a5 declared acceptable after a complete gamma-ray inspection. The
of one casting, produced without tane precaution of pudding, would
.ve cost more than the total extra machining charges on all four

e

In many castings, particularly small end medium sized
5tings, the temperature gradients can be controlled by proper gating
pouring methods. These principles have been very well presented
tne late George Batty, and it would be superfluous to discuss them

s as an Aid to Foundry Practice.

In many cases slight changes in design will enable the
drymen to produce sound castings even when it 1s almost physically
ible to make a casting without defects from the original design.
_ gt times, difficult to obtain the consent of the costumer for
slight changes in design. This 1is particularly true if the cast-
complicated and rather Gifficult to visualize from blue-prints.
then be advantageous to prepare & model of the original design
appropriate scale and use this model to point out the difficulties

ed with the design and the modifications required to remove or
them.

This method of attack has been used to advantage by the
Navy Yard in the production of turbine castings. The models
‘in this report (Plates 24 and 25) to illustrate their advantages
prepared at the direction of Mr. S. W. Brinson, Master Molder of
rfolk Navy Yard. Photographs of & completed casting prepared after
ign had been modified are shown in Plates 26, 27, and 28. If
photographs of the models and the castings are compared, it will be
nat while the changes are minor in character, as far as the
ring usefulness of the casting is concerned every effort has been
o obtain directional solidification and to simplify the production

casting. It may be appropriate to point out & few of the
s that were made.

(1) The base casting was separated at (4) and the high
e end was cast separately. This facilitated the production

(B) The thickness of the gland supporting web was increased
e cored "pockets" eliminated by changing the shape of the web.
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(C) The bolt bosses were tapered from top to bottom to
jtate feeding.

(D) The thickness of the steam belt was increased and an
ng provided for core anchorage. This opening was later closed by
slate welded on.

(B) The radius at the junction of the flange and web was
ased to eliminate a sharp change in ssction and permit feeding of
sections at the bottom.

(F) The thickness of the web was increased and a larger
s provided to insure proper feeding.

(G) Tais outlet was cast separately and welded on.

(H) The wall thickness of the steam belt was increased

e outlet was cast separately and welded on. As the castings were
used as a "rizht" and a "left" two openings were made to secure
core anchorage. One of these openings was sealed by a welded

he otner was welded to the outlet case separately. This permitted
e of identical cores for both the "right" and "left" castings.

(I) The web was cast separately and welded on to the main
This web, if cast integrally, would very probably have caused
s, which would have hzd to be repaired by welding after
able chipping.

(J) The walls of the by-pass valve were brought straight
the casing to eliminats sharp changes in direction of section
mit better feeding. The outlet was cast separately and welded

In addition to the chanzes listed above, paddingz was
to insure proper feeding. This extra metal was removed from
sting in the chipping and cleaning operation. These castiags
ast flange-up in a manner similar to that mentioned previously.
ings were radiographed and were found to be exceptionally
om defects. =~ ¢ | 2 g m

In this particular case the use of & model of the casting
nally desizned not only resulted in changes in design which
ted production, but it also reduced the cost of pattern

tion considersbly.

‘aphy in the Foundry.

If several custings ure to be prepared from one pattsern, b
ic tests become a distinct zid to the foundrymen. In the
turbine castings mentioned above, one casting of each type

W




ared and examined thoroughly before production wes sterted on the
of the order. In this case, due to the changes in design, no
ere required. In the production of other castings, however,
have been found in the first casting which were eliminated froum
cucceeding castings by slight changes in the pattern to facilitate
jonal solidification.

ing of Steel Castings

X Proper chilling is also an important factor in the production
und castings. There still are sections of castings which it is

sible to feed and in these cases the foundryman's only expedient
production of sound castings is the chill., There have been many

-nts concerning the use of external and internal chills. The

rs prefer the use of external chills for several reasons. The

of the chill employed is important when either externzl or internal

are used, as the effect of the chill may prevent feeding if too

and fail to accomplish anything if too small. With internsl

other factors arise. The chill must fuse into the cast metrix if

ectly sound casting is to be -obtained. The chill must be absolutely

‘and dry if blow-holes or porous spots are to be eliminated. In

. sand practice the chills cen easily be inserted just prior to

g the mold and the cleanliness of the chill is comparatively easy to
This is not always true in dry sand practice, for il the chills

inserted into the green mold, the fumes from the orgunic binders

s deposit on the chills when the mold is dried, which invariably

trouble in the finished casting.

e

The effect of internal chills of various sizes upon cast

jons was studied by the authors in a very simple experiment. Ordinery
_fed coupons with cross—sections of 1 inch and 3 inches were molded in

i. After the molds were dried, chills 3/32, 1/8, 1/4, 3/8, 1/2 snd 5/8
in diameter, respectively, were inserted in the mold. These chills
viously been cleaned in an acid, then in a caustic bath, and

plated to insure cleanliness. The molds were bottom—poured so

the steel would rise evenly over the entire chill.

' This experiment, of course, indicates the effect of chills
pon metal that rises over the chill. A chill placed so that a

uantity of metal would run past it before the mold was filled,

have an entirely different effect upon the metal as the chill would

1 slowly and a portion of it might be erroded. In these circumstances
erably larger chill would be required to accomplish the same

5 If the photomicrographs of the etched sections of some of
hilled coupons are examined, several interesting points may be
The 5/8-inch dismeter chill did not "fuse in" in either the

3-inch section. The mechanical bond in the l-inch section
or that upon deep etching the acid penetrated the crack and
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arged it. (Figure 9.) It should alsc be noted that the chilled
velope that first formed on the chill cracked as the chill was heated
and expended. The dense chilled srea extends across the entire section
i therefore no feeding took place below the chill. 4 small secondary
pe may be seen about pid-way between the chill and the bottowm of the
casting. A radiograph of this section is shown on Plate 30.

The 5/8-inch chill placed in the 3-inch section (Fizure 10)
1o failed to fuse in, but the mechanical bond was considerably better
than that found in the l—inch section. A slight crack was also formed
n this case. The area of dense chilled material is about the same size
s that found in the 1-inch section. In this case the chilled area is
ounded by a ring of porous dendritic materizl which is a semi-

jreuler line similar to what is comnonly called "axial weakness."”

{ The 1/2-inch diameter chills also failed to fuse in properly
2 either scction (Figure 8, Figure 12) =nd the effect, while slightly
ess in magnitude, is similar to that of the 5/8-inch chill.

The 3/8-inch rod was the largest chill that showed any
cation of fusion with the cast material in the 3-inch section. The
hotomicrograph of this section is showm in Figure 1l. In this case the

i1led area is quite small. An indication of a small circumferential
ck may be seen just above the chill. 4 photomicrograph of the fusion
1e in this section is shown in Figure 14. The unfused chill~cast
tal interface of the 1/2-inch chill in the l-inmch section (Figure 15)
‘also shown for Colparison.

The ordinary horse-shoe nail chill cast into & 3-inch

tion is showm in Figure 13. In this case also the chill is welded

he cast material but, again, tne chilling action has been slight for
chilled area is very small. The large internal stresses brought

t by chilling may be imagined by noting the diagonal cracks appearing
the head of the horse—shoe nail. These cracks have, of course, been
rged by the deep etching treatment but they were visible in the
rh—ground unetched specimen. Similar cracks are visible in the

s shown in Figures 8 and 20.

iy a0 The 1/8-inch diameter rod was the lergest chill thet showed
ood fusion in the l-inch cast secction. The chilled arca is also quite
in this case (Figure 16). The horse-shoe nail did not fuse into
‘1-inch section at all (Figure 17). The 1//~inch chill indicated
fusion only (Figure 18). A porous grea and a secondary pipe are
.lesz?low the chill in the etched section and zlso in the radiograph

The two sizes of coil chills used seemed to fuse in very well.
coil (3/32" diameter wire) used in the l-inch section chilled
small area of metal. The outline of this chilled area is visible
Pthe etched cross-section of the casting (Figure 19). The chilled area
broduced by the larger coil chill in the 3-inch section is mot as well

ed. This section is shown in Figure 20. In spite of the precautions
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Jen this chill must have collected some dirt or water as there are porous
eus above, 48 mell as below the chill.

As the coupouns containing these chills were available, test
ecinens were machined from them in such a manner thut the chill passed
through the center of the tsat specimen aormal to the direction of testing.
The data obtained on nachined specimens of this type cannot be correlzted
or as the size of the chill increases, the area of cast metal present in
cross-section of the spscinen decreases rapidly. In the specimens
onteining the larger chills the ceantral portion of the test bars was
practically all "chill," whereas in other specimens very little chill
- tal was present. The only point worthy of note indicated by these data
the fact thut, provided the chill was actually fused in, the
chanicel propertles were not seriously affected.

The advantazes in favor of the use of externsl chills are:
that fusion between the chill znd the casting is not important in
sidering the size of the chill, (2) cleanliness is not as important,
the gases evolved can escope through the sand, &nd (3) in mony cases
chills can be used more than once. External chills have the dis-
ntage that for soue applications they nust be cest, or machined, to
the surface they are to chill, and of course, have the same difficuliy
nternal chills in that the choice of the proper size 1s most important.

The effsct of external chills of various sizes has been
ed qualitatively in a fow of the adjoining sectious mentioned
usly. It should be noted again that these sections have mot been
except through the aris =nd that, therefore, they are typical only
inaccessible junctions found in actusl castings. It will be noted
in the case of the T—section with unususlly large radii, some of
cylindricul chills enployed are not those that might be used in actual
ydry pructice. They were included in the study in order that a
parison of the results might be made with those obtulned with the T-
.ggﬁlan heving smaller radiis The other unusual shapes were used so that
fect of the amownt of surface in contact with the casting might
ed.

The cross-sectional area of the chill, the perimeter of

chill in contact with the casting (noted as the noffective perimeter™}.
%} eross—sectional area of the defect are given in each case. This
iod of illustration was chosen as it was deemed to be the easiest

to visuslize the effect of the chill upon the sections.

3 The effect of chills upon the defectis found in unfed L-sections
- on Plate 36. A 1/2-inch diameter external chill placed at the

- Fhe inner corner reduces the size of the defect considerably.

1-inch in diameter, or & emall triangular chill with sbout the

Ss—sectional area, produced a sound section.

Db




Chilled T-Sections

It is difficult to produce sound T-sections by the use of
external chills alone. Eight different sizes of chills were used on
_section 202 and while each type produced a smaller defect than that
resent in the original casting, only one of the modifications produced
 sound casting. The types of chills used are shown on Platss 37, 38,
9. 40, and 41. Caills 1/2, 1, 1-1/2, and 2 inches in diameter,
spectively, were placed at the radii of the section. As the size of
e chill at the radius was increased, the size of the defect decreased
ntil o critical size of chill was reached.

The increase in chill diameter from 1-1/2 to 2 inches also

ncwbased the size of the radius and this apparently counteracted the
o fect of the 1urgnr cnlll &s the size of the defect obtained is

Two triangular chills were also used. The smaller of the
had & volume approximately equal to that of the l-inch dismeter
hill with, of course, a much larger area in contact with the casting.
s increase of the area in contact with the casting did not affect
size of the defect, as the result obtained with the l-inch diameter
approximately the same as that obtained when the trizngular chill

It has been noted that chills placed at the radii of &
section tend to move the defect toward the top of the T. A plate
placed across the top of the T has the opposite effect. This
of chill will decrease the size of the defect and move the defect
into the leg of the T (202-7). If a combination of these two

3 of chills, i.e., l-inch diesmeter chills at the radii plus = plate
ss the top, is used, it is possible to produce & sound section

8) .

If the leg of the T is smaller than the top of the T, a
te chill across the top is in many czses all that is required to
)duce a sound junction (R10-1).

In T-sections, excessive fillets are a liability to the
dryman, as it is very difficult to produce a sound section. This
mstrated by z series of studies with-chills of various sizes
pattern 204. As in the T-section previously mentioned, &an increase
'size of the chill tends to reduce the size of the defecu. The

I the defect does not decrease &s rapidly as in the previous cases
tchill 4 inches in dizmeter do“° not reduce the defect to a size
ble to that obtained with a chill 2 inches in diameter in the

n previously discussed.

Fhen a very large chill that fits the entire radius is used
he defect, while of a different shape, is as large as that
the casting made without chills. It was suggested by & foundryman

i,




‘who visited this Laboratory thet the defect shown in this section was

wuch larger than one could expect and he mentioned the possibility that
radiography had introduced considerable error. This casting was, therefore,
sectioned on the center line and the defect revealed was compared with

the original radiograph. The outlines of the defect on the radiograph

2nd on the casting coincided perfectly. Calculations on the amount of
souid steel involved in producing & defect of this size have indicated
thet witk such & large chill it is theoretically possible te have & defect
even larger than that found.

The minimu defect in this type of T-section was obtained
hen A-inch diezmeter chills were used at the radii and a plute chill was
sced across the top of the T.

The X-sections (Plates 42, 43, and 44) were the umost difficult
ections to chill properly. In fact, it was not possible to produce &

mnd X-section by chilling alone. An incresse in the size of the chill
gain produced a smaller defect. The best results were obtained with

‘e large triangular chill (502-4). An increasse in the radii &t the

rners of the casting, &s in the case of the T-section (202-4), produced
larger, rather then a smaller defect (503-1). In this case it appears
?at the 1/2-inch redius is prefersble to the l-inch radius.

The stacgered X-section, unfed and unchilled, presents en
ongated defect. Chilling this section with l-inch diameter bars divides
e defect into twe smaller defects. Using chills lsrger in dismeter
reases, rather then decreases, the size of the defects produced. It

d seem, therefore, as suggested in the section on design, that

aggered section with some distance between the erms would be preferred
see 509, 510, 511, 512 on Plates 18 and 19). These sectlons could be

ed as T-sections and produced without defects if feeding was not

Sections in the form of & Y are not encountered as

quently as some of the other types. They are, like the X-sections,

ry difficult to produce without defects unless they can be fed

The results of various chilling methods are showm on Plutes
The test result obtasined is indicated in casting 402-5.

A summary of the effect of external chills upon the sections
ed is presentecd in Table VII. It is interesting te note that in
castings studied the dismeter of the chill was very important when
nerease in this diemeter meant an increase in the radius at the
Corner of the casting. For instance, in the T-section 202 a radius
of approximately 3/4 of an inch appears to be the critical radius. £n
ase from & l-inch diameter chill (1/2-inch radius) to a 1-1/2 inch
ter chill (3/4-inch redius) decreased the cross—sectional srea of
defect from 0.8 to 0.3 square inches. If, however, the dizmeter of
2 inches (l-inch radius) the cross-sectional
of the defect becomes 0./ square inches. The same thing may be
with the X-section. In this case an increase in the dismeter of




% _
the chill from 1 inch to 2 inches increzases the cross-—seciicnal cres of the
_defect from 0.6 to 0.9 square inches. .

fnother interesting fact is that the location of the chill
ijs as important as the size of the chill. For instance casting 202-6 is
chilled with two triangular chills having a total cross—seclional erea of
5,38 square inches and & total effective perimeter of 7.6 inches. The
Gefect obtained has & cross—sectional sres of 0.5 square inches. Casting
202-8, however, is sound, znd total cross-sectional area and effective
perineter of the chills are 5.31 square inches and 5.56 inches, respectively.

The effective perimeter and the cross—sectional erea of the
chill both govern the chilling effect of & particuler chili, but the
latter is the more important. The heat conductivity of steel is great
nough so that the cross—sectional area must be quite large in proporuion
the effective perimeter before the efficiency of the chill is impaired.
is is illustrated by results obtained on castings 202-2, 02-5, 502-2,
2-3, 502-5, 402-4, and 402-5. It will be noted that in each cuse where
e 1-inch diemeter chill and the small ftrianguler chill are used the size
' the defect is approximately the same even though the effective perimeter
* the triangular chill is over twice that of the l-inch dizmeter chill.
ever, wnen the plate chill with a 1/2-inch radius is substituted for
l-inch diameter chill, the cross-sectionsl area is increased consider-
y while the effective perimeter remains the same. The change in the

e of the defect is very slight, indicating that plate chills of tiis
pe are very inefficient and not'a greet deel better than & l-inch

meter bar. *

Internzl chills were used in an attempt to produce sound
ons in cases where external chills could not do so. These attempts
not satisfactory, as in most cases the location of the chill was
wn clearly on the radiograph by lack of fusion, dirt, or gas arcund
chill. Typical radiographs showing the type of defects encountered
shown on Plates 47 and 48. It should be noted that the type of
et is the same whether one coil chill or four are used, so that
er-chilling" cannot be responsible. A longitudinal view of two coil
is shown on Plate 49. In this case practically every turn of
20ils may be seen. The use of solid internal chills presented the
@ifficulties and it appeared that, for the same volume of chilling
rial, as good results could be obtained with solid chills as with

It is the opinion of the authors that if chills similar to

mentioned above are used on sections less than 3 inches in thick-

‘ the results would be similer. The effect of these chills upon

~SCLS present, of course, will increase as the size of the sectionm
e5.



of Part I

The first requirement in the production of a sound castiag
design to which the principles of “"eontrolled directional
: fication" may be applied. If this is not possibdle with the
as originally produced, & few slight changes may be required.
1s of the original design at & suitable scale are Very helpful to
+he designer and foundryman, as the changes required can then be
ted out. These models are sometimes & distinct aid in conviancing
designer or consumer that the alterations desired are reasonable
not injurious to the proper use of the casting.

After the foundryman has obtained a workable desizn he

se the tools at his comnand, such &s tapered sections, proper gating

eading, chills, relieving blocks, etc., to preclude the possibility
age cavities and hot tears. These foundry arts have been

_ age on poorly designed castings, but they cannot be

=d to cure zll the evils found in designs produced with little

thought to foundry problems.

B




BIBLIOGRAPHY

Briggs, C. and Gezelius, R., Report No. 1-1075, 26 September 1934.
Briggs, C. and Gezelius, R., Report No. M-1229, 13 January 1936.
Briggs, Ce, Report No. M-1355, 20 April 1937.

White, Clark, and Crocker, im. Soc. of Mechanicul Engineers,
 Vol. 58, November 1936.

Lorig and Williums, Am. Foundrymen's hssociation - hmerican Society
 for Testing Materials, nSymposium on Steel Castings," 1932.

Batty, G., Trans. Am. Foundrymen's Association, Vol. 6, p. 237,

February 1335.

Heuvers, A., Stahle und Eisen, 1929, No. 35.




z2*0 Z8°0T 00°¢ speTd snTd a93ounTp Youl~¢ 00°¢ o0z
Te7 Lz2*8e 276 (snTpnd YOUT-€) JBTNOITO-TUSS 00°¢ (4
1 LO°L 0°1 Jo3eustp YouT-£ 00°€ e
£r 7 82°9 06°0 J9y8umTp Youl-g 00°¢ ¢-Yoe
i 76°¢ 8¢°0 JejeunTp UoUT Z/T-T 00°¢€ z-7oe
0°¢ 96° 1 Ge'0 J990URTp Yout-1 00°€ -0z

™9 - - ouoN 00°¢€ oz -
auoy €6 966 oqeTd your-T sud Je3eweTp Your-T 05°0 8-20¢
9°0 GL*E 00 aq8Td YoUT-T 05°0 L-202
G*0 8£°§ 09°*L goTduaTd) o3JIw] 05°0 9-z02
6°0 o7°1 VL€ goTduaTdy TTBUS 06°0 G-20T
70 82°9 1€ JoqoweTp UOUT-T 00T 202
£°0 Hor g g9¢ 2 asjeweTp YouT 2/T-T GL®O €202
80 9G°T 9%°T JojewsTp YOUT-T 05°0 oAl
i o%7°0 06°0 JeqeumTp URUF-Z/T 05°0 ToEtR
9°¢ = - auoy 05°0 zZoe

m.ﬂo.m_u oom

L
auoN 0L°0 V2 eTSueTay} TTBUS 05°0 £€-20T
auoN 8L°0 8L°0 JeqeueTp Yout-1 05°0 2-20T
T°0 0z°0 rAl] aojoureTp Yyour-z/T 05°0 T-20T
8°Z - - BuoN 05°0 201
su0T}088
1
*UT°bg urt goyouy edmsnbg Ja%suTIad “pesq STTTUD J° gadA] golfoul UutT Jaquui
q0979(Q uy ®Boxy B8AT}0033H snTpRY Butyse)
Jo waay TeuOTy03g gayout JOUJO)

-880d) TB3OJ




T°0 68° 1T G0*6 s938Td YOUT-T = ¢-zay
ALY 8L°8 G0°6 goyeTd TTIY? sntd JajsueTp YOUT-T - Y-zol
0°'T 90° L 26°¢ JejoweTp Your—z snyd J938WBTp YOUT-T - ¢-zo%
9°T ez e 1999WRTP YIUT-T —f = 2-2oY
Tz 8L°0 8L'0 JejoumTp Yout-T —T - -20%
L2 . e auoN . NO&N
m:o.ﬂuumm
b1
21 r4 &l 4 . vt J030WRTP YOUT-T 050 T-904
0°9 = # auoN 05°0 909
6°0 96°2T 82°9 J9qemeTp YOUT-Y 00°T T-€05
) LG*ST 21e goyurd your-1 05°0 G-209
o ¢ 9L°0T 2°61 soTfunta} o3a8] 05°0 7-20%
L*0 08°2 a7 L soTduntd} TrRUS 05°0 £~209
9°0 e R 71 o] Bt 9 J938WRTP [oUT-T 05°0 2-205
1°2 08°0 00°T JaqemeTp Youtr-z/1 06°0 T-20%
7°9 - = auoN 05°0 204
gUOT} 039G
x
"Ul °bg UT  Seyouj oJanubg J839uTdad pese( STTLUD JO 88dA] gayouT Ut Jaqumy
308380 ut @say 8AT309339 sntpay duryee)
Jo wmaay TRUOCT}08G gayour JOUIOY

—g801) Tw10J



Poor design.

Not recommended.

Best, and in some cases,
betier than 6.

sl
i

el

o

\ Good
/"J . |

No change of section.
Recommended design.

No chunge of section.
Recomuended desisn.
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Square corners — no radii.
Seetion 37 x 3"

Poor desizn — also possibility of
hot tears @i sharp corner

junction.

AREA OF DEFECT - 2.05 square inches.,

Inner corner — 1/2% radius.
Radius slightly incresses the
size of defect.

AREA OF DEFECT - 2.8 squsre inches.

|
1
|

Inner corner — 1/2% radius.

Outer corner — 3-1/2" radius.
TUniform section shows & small defect.
Design better than 102.

ARMA OF DEFECT - 0.6 square inches.

RESASIEE o6




Tnner cornsr — 1/2" radius.

Quter cormer - L—1/2% radivs.

Section af the junction 18 sligntly
smaller than the 4rms.

No defect.

Best design.

NO DEFECT.

Inner corner — 1/2% radius.

uter corner - 5-1/2% radius.

Very much smailer juncilion than
arm sectlons.

Drastic design not needed for
complete soundness.

HO DEFECT.

Inner corner - 3" radius.

Quter corner — 6" radius.

Uhiform section with large radius -
development of center line weak-
ness which can be remedied by
foundryman.

Good design.

PLAEE 1




Section of & 14" Bitt esstinge.
Defective ~ & poor desizm.

section or
core out hole &t posSition of

7 defect.
‘ Double "L" from sStcrn post
casting.

Defective - poor desigzn.
To remedy -
Eliminate COTrRerss

Double ®L" from stern post
casting.

Poor design.

Study also sections X and Y.

To remsdy -
liske sections uniform @nd core
out hot spot center. £

PLATE 8




Section 3" x 3".
Squure corners — DO radii.
Very poor design.

AREA OF DEFECT - 3.5 square inches.

Inner corners — 1/2" radii.

AREA OF DEFECT — 3.6 square inches.

Inner corners — 1-1/2" radii.
_Defect slightly larger then 202.

AREA OF DEFECT — 3.8 square inches.

PLATESRS



Inner corners — 37 radii.

AREAR OF DEFECT — 4.1 square inches.

Inner corners - 1-1/2% radii.
Outside — 5" radius - V-shsped.
Design much better than 203.

AREA OF DEFECT - 0.3 square inches.

Inner cornmers — 1-1/2" radii.
Qutside — 2" radius — U-shaped.
Defect larger than 205.

ARTA OF DEFECT - 0.6 sguare inches.

PLATE O
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Tnner corners — 1-1/2% radii.
Cored 2" diameter hole.

Ho defect.

/ The best design.

1
i
i

207

Inner cornmers — 1-1/2% radii.
Cored hole.

No defect. .
Design not as practical as 207 .

208

Sactions: Arms — 3" X 3n
R i

Tnner corners — 1/2" radii.
Compare with 202.

AREA OF DEFECT - 1.8 square inches.

209

PLATE




Sections{ Arms — 3® x 3%
Leg — 1®* x 3%

Inner corners — 1/2%® radii.

T
\ AREA QF DEFECT - 1.0 square inches.
210
Sections: Arms — 3% x 3%
P leg — 1/2F x 38
Inner corners — 1/2" radii.
g
ARFA OF DEFECT — 0.2 square inches.
L
Z1\
Section of an upper stem casting.
2 Use cored hole in design to
illiminate defect. ;
@

202
| PLATE 12




g Secﬁionﬂfrom a structural casting.
Remedy same gs 212.

Section from a stem casting.

To reduce size of defect use
dip in arm at intersection
as 205.

PLATE 45




h_.béfé‘inferééctééi 45 degrééB.'
‘Section - 31 x 3w, :
No radii - sharp corners.

AREA OF DEFECT - 3.3 square inches.

Imner radius - 1/2 inch.
Ovter radius - 3-1/2 inches.
Uniform section.

Defect due to poor conduction.of sand
from the inmer face.

AREA OF DEFECT — 0.3 sguare inches.

Inner radius - 1/2 inch.
Outer radins _ 4 inches.
No defect,

Best design,

Inner radius — 1/2 inch.
Outer radiuys — 4=-1/2 inches.
No defect,

Design not as good as 303.

PLATE |4




o Thner radius — 1 inch.
& Quter radius -~ 4 inches. S
Uniform section — compare Wlth 302 vihs: Bl
A
w/
305
{nner radiug — 1/2 inch.
Cored 2-inch dizmeter nhole.
LREA OF DEFECT - 0.3 sguare inch.
L
306 2
Portion of lower stem casting.
Section could not be fed exceplb
through the armse
Design very pooT.
307

post castiing.
figd to take

n of the V",

Portion of stem
Design should be modi
off the lower portioc

g PLATE 15




Section At Bt
Shafp corners — no rsdii.

AREA/OF DEFECT - 5.5 square inches.

411 redii 1/2 inch.
Befect slightly larger than 502,

ARFA OF DEFECT - 6.4 square inches.

A1l rsdii 1 inch.
Defect slightly larger than 503.

AREA OF DEFECT - 8.1 square ‘inches.

A1l radii 1 inch.

Two—inch diameter cored hole.

Four very small cavities =t the
head of each arm.

RPLATE

|6
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505

ALl Iallld A LIICIie
Cored rectangular hole cavities
smaller thzn those of 504.

A1l radii 1/2 inch.
One arm compleiely offset.
Area of defect about the same as 502.

AREA OF DEFECT — 5.5 square inches.

Two radii 1/2 inch.
Two radii 1-1/2 inches.
One arm 1/2 offset.

AREA OF DEFECT - 5.3 square inches.

Two radii 1/2 inch.
Two radii 1-1/2 inches.
Both arms 1/2 offset.

AREA QF DEFECT — 5.9 scuare inches.

17



50

9

5710

AlAseetrons 3 oo 3K,

E1T ragan 1/2 tnch.

Center lines of offsets are
8 inches apuart.

TOTAL ARKA OF DEFECTS -~ 4.3 square
ineches.

Offset sections 2" x 3%,
A1l radii 1/2 inch.

TOTAL AREA OF DEFECTS - 2.0 square
inches.

Offset sections 1t x 3%.
A1l radii 1/2 inch.

TOTAL AREA OF DEFECTS - 0.9 square
inches.

PLATE 18




Offset sections 1/2"7 x 3T,
A1l radii 1/2 inch.

TOTAL AREA OF DEFECTS - 0.4 sgusre

inch.
eadi e .

542

Section taken from a siern ,
post casting. f

g

Showing defect found in &
portion of a structural '
casting with arm offset.

PLATE 19




AREA OF DEFECT - 2.7 square inches.

Toner radius — 1/2 inch.
Outer redii - 3 inches.

AREA OF DEFECT - 2.7 square inches.

, Imner radius — 1/2 inech.
Outer radius - 3-1/2 inches.
Lower radii — 1 inch.

Defect smaller than 401, 402.

AREA OF DEFECT — 1.9 square inches.

Inner radius - 3 inches.
Outer radius - 6 inches.
Lower radii - inch.
Defect similar to 403.

l._.‘

AREA OF DEFECT - 1.9 sguare inches.

PLATE 20




Taner radius - 1-1/2 inches.
Outer redius - 4-1/2 inches.
Lower radii — 1 inch.

Defect the same size as 403.

AREA OF DEFECT - 1.9 square-inches. 5

Inner radius — 1/2 inch.

Outer radius - 4-1/2 inches.

Lower radii - 1 inch.

Defect neerly the same size as 403.

AREA OF DEFECT — 1.8 sguere inches. .

Same as 402, except with cored hole
2 inches in diameter.

Same as 402, except with cored trisngular
hole.

NO DEFECT.

PLATE 2l




Portion from the upper stem
structural casting sheowing
type of defect found.

Section of the lower stem casting
showing double "Y" and type
of defect encountered.

410

Section of a structural casting
showing type of defect found.

PLARE 22
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Fig. 6_The Effect of Mass Upon the Mechanical Properties of Carbon Cast
Steel at the Center of the Test Block.
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Table I
The Effect of Mass Upon the Mechanical Properties of Medinm Carbon Cast Steel

Yield Point  Tensile Strength  Per Cent  Per Ceat

Lbs. Per Lbs. Per Elonga- Reduction in
oo ,—Sq In— —5q. In—— ,—tion—,  —Areca—
s Specimen As As  An. As  An-

Cu: Anncaled Cast Annealed Cast nealed Cast pealed

Center 3" Block A JB200 49,000 77,600 " 75,450 25 30 33 47
Center 1" Block B ...... 4B000 75,500 ?5. 25 28 30 46
Center  2” Block £ 46,750 73,000 74,500 21 30 26 40
Top 3" Block D 44,750 71,750 71,500 18 28 19 35
Center 3" Block E 43,200 72,300 72,000 20 29 23 39
Bottom 3" Block F 45,000 ,000 72,400 21 28 26 40
Lowsr Corner 3” Block G 45, 73,500 73,250 23 29 0 42
Top * Block H 45,250 71, 70,000 1 29 21 43
Center 4"' Block I 44,500 71,200 70,500 19 29 23 39
! Bottom - 3" Block J 45,750 73,250 72,250 22 a0 21 46
i Lower Corner 4 Block K 45,500 73,700 73,000 25 30 33 46
g Eup . 8" Block L 41,?50 70,000 70,125 B 26 9 40
enter of

upper half 8" Block M ...... 43,000 71,000 68,250 9 26 g 40
Center 8" Bleck N 33,500 42,000 70,500 68,500 9 a7 10 36
Center of

lower half 8" Block' O

ton g

Bottom
Lower Corner 8” Block R

76,750 72125 2z 29 a0 44

Table II
The Effect of Mass Upon the Density of Cast Steel
Location of Specimen . Density
Center 1-Inch Coupon ....-coccvvncnnoan. vee  1.B379
Center 3-Inch Coupon .. .. 7.8306
Top 8-Inch Coupon ..... 7.8106
Center B-Ineh Coupon . .. 71.B114
Bottom E-Inch Coupon ......- .. JZ.Bl22
Lower Corner 8-Inch Coupon -..... W e 7.8175

Table 111
Chemical Analy of Secti of Medium Carbon Steel

P Per Cent— \
Location of Specimen Carbon Manganese Silicon Aluminum
Center 17 Coupon 0.270 0.634 (212 003
Top . i i 0.265 0.634 0.22% 0.028
Center 37 b 0.243 0.623 0.228 1,040
Corner 8" 2 0.268 0.637 G.230 0.032

3 PLATE 24
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Fig. 7——Ffiect of Mass Upon the Mechanical Properties of
Medium Manganese Steel at the Center of the Test Block.

Table IV
The Effect of Mass Upon the Mechanical Properties of Medium Manganese Cast Steel

Per Cent

Lhs. Per Sq. In.  Elon- Reduc- Ft.-

Heat Treatment Yield Tensile ga- tion  Lbs.

Specimen Degrees Fahr. Point Strength  tion of Area Izod
Cernter 1* Coupon Annealed 1€30--1 hr. 60,750 99,000 25 43
7 3" e i 16503 hr. 36,750 44,750 22 42
e B 5 o 1650—8 hr., 52,250 48,6235 15 3l
Top " = o 1650—8 br. 52,750 48,125 18 31
Bottem B8* & 58 1650—8 hr. 56,000 95,000 23 41
Corper: 87 * s 1656—& hr. 26,000 43,000 24 50
Midpoint 8™ ¥ h 1650—8 hr. 35750 42 250 21 33
4 2 1630—1 hr. 61.375 91,475 h 32
-5 i 1850—1 hr. 36,000 8,630 20 50
D3 b 2050—1 hr. 58,625 99,125 22 4h
*“D-3 o 2230—1 hr. 60,000 99,675 17 6
“D-6 K 1850—15 min. 60,630 96,125 22 42
*E4 “ 2050— 5 min. 60,750 96,875 32 41
E:5 o5 2250— Smin. ...... 93,650 18 44

"4 3 1650—1 hr.

1525—1 hr. 68,250 96,375 22 4
*Fi Merten's Treatment 51,500 90,000 23 30

*Specimens previously annealed in coupen at 1630 degrees Fahr. for B howurs.

Table ¥V
Chemical Analyses of Sections of Medium Manganese Steel
R - Fer Cent- - g
Carbon Manganese . Aluminnm
136

037

PLATE 25









PLATE 28




PLATE 29




PLATE 30



PLATE 3l







!

FIG

PLATE 33




CHILL-CAST METAL
. INTERFACE

3 FUSION ZONE OF J/2 INCH D/IAMETER
CHILL IN I INCH CAST STEEL SECTION
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102

ro2-2

/02~3

Stand&rd section.

AREA QF bEFWGT —~ 2.8 squara inche&.

_'1/2“ Gl&meter chlll
'feross—sectlonul area —~ 0420 sgquare 1nches.
-:Effective perlmeter -~ 0.25 lnehaa. :

AHEA.OF DEFECT — 0.1 Bquare inches.

One:inch diameter chill.
Cross~sectional area — 0.78 square 1nches.
Effective perimeter -~ O. 78 inches.

NO DEFECT.

Small trlangﬁlar chiII.

. ‘Gross=sectional earea - 0.70 square inches.

Effective perimete* - 1.87 inches.

NO DEFECT.
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12102

‘4 - AREA OF DEFECT - 3.6 squafé inches;'_i

2021

=

2022

Standard section.

1/2-inch diameter chills.
T0tal cross—sectional area — 0.40
; square inches.
Potal effective perimeter - 0.50
# inches.

AREA OF DEFECT - 2.1 square inches,

l1-inch diameter chills.
Total cross—sectionzl area — 1.56
square inches.
Total effective perimeter - 1.56
inches.,

AREA OF DEFECT — 0.8 squsre inches,
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© .1/er dismeter chills.
Total crosseseCtional_;rea e Sy L
' 5 ‘squere inches.

2023

Total effective perimeter #2430 _
' 5 * dnches. .

202-4

~ AREA OF DEFECT — 0.3 squere inches.

2_inch dismeter chills.

Total cross—sectionel ared — .28

square inches.

“Potal effective perimeter - 3.14
. inches.

AREA OF DEFECT — 0.4 sguare iaches.

Small trisnguiar chills. :
Total cross—sectional area — 0.70
: . square inches.
Totel effective perimeter - 1.87
inches.

AREA OF DEFECT - 0.9 squere inches

s
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202-6

L 2esT

LR K IR
0 e 0 e b e
LKA KRN

202-8

Large triangular chill, :
Total cross-sectionel area — 5.38
il g square inches.
Total effective perimeter - 7.6 =~
%t o 4dnehes.

AREA OF DEFECT - 0.5 square inches.

1n Plate chill (4" to 2-1/2%).

Cross—gectional zrea — 3.75 gquare
inches.

Effective perimeter - 4.0 inches.

AREA OF DEFECT - 0.6 square inches.

1" Dismeter chills plus 1" plete chill.

- Total cross-sectional area - 5.31

square inches..
Total effective perimeter — 5.56
” inches.

NO DEFECT.
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o

- 204-2

/. ARFA OF DEFEOT = L1 square inches,

NO DEFECT. -

- 17 Plate chill (47 to 2-1/2v),

~Cross—sectional area — 3.75 square inches..

Effective perimeter - 4.0 inches.

‘Standard section.

l-inch Dismeter chills,
Totel cross-sectional area - 1.56 square

: inches.
Total effective perimeter - 0.25 inches,

AREA OF DEFECT - 3.9 square inches.

- 1-1/2 inch Diemeter chilis. b

- Total cross-sectional srea - 3.54 square

inches.

Total effectivé'perimeter - 0.38 inches.

1AREA OF DEFECT -~ 2.7 square inches.
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S

5055
SRR
DK D
R

907020,

XX

4.?’

& 050,
& SO
Sadeteletetotelels
ofele e
o‘bn,q,s‘ooo.’ 3

>
0RIESLHN
St tsle!

05
¥etetelet
A6 e,
"@:‘,o % ‘%‘ o5

" >_inch Dismster chills.

Total cross-sectional area — 6.28 square

" AREA OF DEFECT — 1.3 square inches.

3-inch Diasmeter chills.

Total cross—sectional area — 7.07 sguare
s inches.

Total effective perimeter - 1.0 inches.

‘AREA OF DFFECT ~ 1.1 square inches.

Semi—circular ehill (3" radius).

Total cross—sectional area — 28.27 square -
L ' (o om e : inches.

Total effective perimeter - 9.42 inches.

AREA OF DEFECT - 4.1 square imches.

3—inch Diameter chills plus l-inch plate
chill. s oty
Total cross—sectional area — 10.82 square
v 5 “ % inches.
Total effective perimeter — 5.0 inches.

AREA OF DEFECT — 0.20 square inches.

PLATE 243

= < ey - inches.
_Motal effective perimeter — 0.50 inches.




502

ey
ot

S02-d

5
3
ot
o

-

o
r.f' .
o

>

Bt

FO25

Standard section.

AREA OF DEFECT — 6.4 sguare inches.

1/2-inch Dizmeter chill.
Totsl cross-ssctionsl erea — 0.80 square

- o ‘ ! I inches.
Total effective perimeter - 1.00 inches.

AREA OF DEFECT - 2.1 square inches.

%winih Diasmeter chill
otal cross—sectional ares — 3.12 square
inches.

Total effective perimeter - 3.12 inches.

]
.

AREA OF DEFECT — 0.60 square inche
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‘Smell trisngular chills. ;
2 - Total cross—sectional area — 2.80 square
'EE:E::’ inches.
Total effective perimeter - 7.48 inches.

Fid AREA OF DEFECT — 0.7 square inches.

S02-3

2N Large triangular chills.
e T T = -
RN Totsl cross—sectional arez - 10.76 square

inches.
Total effective perimeter - 15.2 inches.

AREA OF DEFECT - 0.2 square inches.

502-4

Plate chills (1" x 4" - 1/2" radius).

Total cross—sectional esrea — 15.57 square
inches.

Total effective perimeter — 3.12 inches.

AREA OF DEFECT — 0.5 squere inch.
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T3]

ST

T

<]

5
5%

<)

%
L x>
bV

Loz
L
R

o

&

N
5
)

X T
P
0. ..
s

NG

D
59

Z—inch Diameter chills. X i
Total cross—sectionsl ares — 12.56 .square .|

: inches.
Total effective perimeter - 6.28 inches.

S et e e AT

AREL OF DEFECT - 0.9 square inch.

i

Stardard section.

£REA OF DEFECT - 5.0 square inches.

l-inch Dismeter chi-lls.
Total cross-sectionel area — 3.12 squzare

inches.
Total effective perimeter — 3.12 inches.

AREA OF DEFECT - 1.2 square inches.
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Standard scctions

AREA OF DEFECT - 2.7 square inches.

402
1-inch Dismeter chill.
‘ Cross—sectional erea — 0.78 sguare inches.
3 Effective perimeter - 0.78 inches.
AREA OF DEFECT — 2.1 sqguare inches.
402 -1 :

l-inch Bizmeter chills. ;
Total cross-sectional area - 2.34 square inches.
Total effective perimeter - 2.34 inches.

ARFEA OF DEFECT - 1.6 square inches.
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l-inch Dismeter chill plus 2-inch dismeter
chills. :

Total cross—seciional area — 7.06 square inches.

Total effective perimeter - 3.92 inches.

AREA OF DEFECT — 1.0 squere inches.

1-inch Diameter chill plus l-inch chill plates.
Total cross-sectionsl area — 8.78 square inches.
Total effective perimeter - 9.05 inches.

AREA OF DEFECT - 0.2 sgquare inches.

l-inch Chill plates.

Total cross-sectional area — 11.89 square inches.

Total effective perimeter - 9.05 inches.

AREA OF DEFECT - 0.1 square inches.

PLATE 48

rp—







0§ 9381




e A T L

AT




