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AUTHORIZAT [ON _

x The studies in steel casting research were originally
authorized by Bureau of Engineering letter QP/Castings (6-19-Ds) of
13 July 1928. -

OBJECT

o The object of this report is to present the date obtained
from a study made on the first phase of solidification and rates of
skin formation in steel cestings. In this phase data are presented
on the solidification of & % inch sphers and z perallelepiped of
sorresponding volume but of & 507% grester surface area.

METHODS USED [N TESTING

3. Determinations of the rates at which solidification proceeds
in steel castings was thought to be of utmost importance, especially
if problems in design were to be considered.

? The design of the casting used to obtain such data must
setlsly several conditions: (1) the design must be simple so that the
dete obtalned can be reproduced with & fair degree of eccuracy; (2) the’

cross-section of the casting should be such that when the sasting is
poured, conditions similar to those present in the production of a

" large casting will be obtained; and (3) the casting must be designed
so that it can be easily bled zt predetermined times and the formetion
of the skin thus stopped.

The design chosen for the preliminary work on the problem
was a six-inch sphere with a two-inch centrzl down-gate. This design
is simple, is easlly bled through the top gate, and its thickness of
slx inches is not uncommon in large steel castings. .

The procedure used for the first experiments is given below

(1) The pettern was molded in standard Downer steel molding
sand. A thin coat of an emulsified linseed oil mold
wesh was sprayed on the surface of the mold and the mold
‘dried at 400° F. for twenty hours. The temperzture of
the molds at pouring time was about 100° F. The properties
of the sand used in the dried state zre:

Permesblility 87 cc/min. '
Compression strength _ 93.5 1bs/sq.in.
Sheer strength 29.5 1lbs/sq.in.
Tensile strength 2.87 1bs/sq.in,

(2) The steel was poured into the sphere through the down-gate that
led directly into the top of the sphere. The mold was .
 filled to the top of the down-gate.

(3) T™e time was noted at the moment the mold was completely
filled with steel.

(24) A predetermined time was allowed to elapse and then the mold
s b



was turned upcide down allowing the steel that had not solidified
to run out of the gate. This operution has been designated
bleeding the mold.

-~ u
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The casting was then allowed to cool to roon- temperature, shaken
dut of the mold and cut in half, on the diemeter at right
angles to tne pouring gate, on & power saw.

{5} The skin thickness wes mezsured. The accurasy of these measure-
Zente wes about + 1764 of an inch. It was impossible to measure closer thar
this due to the formatinn =f large dendrites on the inner surface of the
sphere. y
Mfter the Inltial trials on the six-inch sphere had been carried
ovt, it was recognized that further dataz would be useful in order
that un attempt could be made to correclate the rate of skin foraation
of solids with identizal volumes but varying surface aress. Therefore,
several perclleleplipeds were designed with the same volume as the six inch
cphiere but with surface areas 50, 100 and 150% greater than that of the
Ephere.

in considering the volume of the sphere it was assumed that the
total volume of the sphere is active even tkough a small portion of the
sphere does lle within the pouring gate. The metal In the gate
probably affects the skin formetlon of the entire sphere to some extent,
but the effect is most marked at the junction of the gate and sphere.
This effect 1s not considered to be of greut importance sinece no
measurements are taken near the junction of the gate and the sphere.

The surface urea of the sphere was sonsidered to be only the 3
100 sq.in. exposed to the sand rather than the total surfase area
(113 sq.in.) of & six-inch sphere. The volume, however, was taken
2s 113 cu.in. or the total volume of the sphere and not the volume of

the sphere minus the portlon under. the four-inch head.

A perzllelepiped 3-5/8" x 3-5/8" x 8-/1/64" has the same volume as
the six-inch sphere and has a surface ares 50% greater than that of the
sphere. Other patterns were designed but no data concerning them is
presented in this report as & complete study could not be undertaken until
the results were obtzined on the six-inch sphere and the 3-5/8" x 3-5/8" x
8-21/64" parzllelepiped. :

About sixty-five determinations were msde in the preliminary
stages of thls study. During this time the procedure was changed as
follows:

(1) The pouring gete was increased from two inches to four inches as
it was found that the two-inch gate would freeze over before the
desired time intervals prior to bleeding had elapsed.

(2) It was found that even after increasing the gate diameter from
two to four Inches, it was difficult to keep the gate open.
Experiments were conducted using thermit on the gate and comparing
the thisknesses of such castings with other castings where no
thermit was used. The data showed that there were no differences.

{3) The use of thermit was later discarded, however, for the more
favorable method of filling the pouring top to & certain level
with molten steel. A spillway of a definite depth is cut in the
pouring top and the pouring of the casting is continued until the
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steel runs out of the spillway. When 1t Is time to bleed the
casting the mold is turned over, the pouring top bresks off and
the steel remalning in the fluid state runs out.

(4) Studies were firct made on spheres and perallelepipeds separately
but a lack of correlation between the results made 1t necessary
to cast them from the szme heat.

(5) The plan of study called for bleeding the castings &t O, 1, 25 3
and / minutes. Thus ut the stated times and in the order named a
ephere end a purallelepiped were bled. After several attempts to
meke the results of several heats corrclate and attempts to get
some sort of & ratic between times this method of testling was
sbendonad as the data d2d not lend itself to correlation.

(6) it waz decided 5o reverse the bleeding times. In that menner the
molds to be bled in 4 minutes were poured first, and so on. The
result was that all the molds were bled at about the same time. The
operztion of bleeding was handled nicely but the results obtained
did not lend themselves to correlation any better than those thut
hzd been obteined in the previous plan of study.

{7} The previous experiments showed thet the only plan remaining was to
make an entire hezt of caestings that werc all to be bled at the same
time interval. This proved to be the correct solution.

The procedure used in collecting the datz appearing in tals report
is a5 follows:

{1) The use of dry sand molds.

(2) Pouring through & Z inch down-gate.

{3) Filling the pouring top to z definite level.

(,) Devoliing &« single heat to & delinite bleeding time.

(5) Recording the pouring temperature of each mold with an optical
py-ometer.

(4£) Obtaining the fluldity of the steel at various intervels during the
pouring of & heat.

To make the datz complete the temperazture at which the molds were

poured end the fluidity of the steel poured were recorded. It iz believed

that the opsizul tempersture readings ere fairly sccurate, or at least
zompurable, oo sll reudings were taken with the same instrument by one
observer.

The fluldity of the stecl was obtuined by using a modification of
the Surezu of Standards' fluidisy mold. Thisz mold is described in
detall by C.M. Saeger, Jr., ond A.I. Krynitsky in the Iransactions of
the American Foundrymen's aszozistion (1932) Vel. 40, p.125. The
modlfilsztion mede ut the Laborntory zonsisted of inereasing the dlzmebter
of tue zmaller end of the horn gete from 1/4 to 1/2 inch.

%



The fluidity molds were prepared of grecen sand a few hours prior
to pouring. These molds are poured from a teapot ladle and a slow
pouring speed was maintained. The results obtained with this mold
arc not.as accurate as 1s desired and too much stress should not be
given % the fluidity data collected.

A temperature study of a six-inch sphere wans mede whereln a
Pt znd Pt-Rd thermocouple registered the metal temperature. This
thermocouple wes protected by a smell quartz tube. The hot Junection
was pluced at the center of the sphere. Other thermocouples reglstered
the temperature of the sand at diztances of 1/8 iach and 1 inch from
the mold-metal interface.

BISCUSSION OF RESULTS

% The data obtained In the temperature study of the six-
inch sphere are chowm graphically on Plate 1. It will be noted that,
eccording to these temperature readlags, the sphere has =zolidified com-
Pletely in ebout nine minutes.

The duta obtained by bleeding the castings at 0, 1/2, 1, 2, 3 znd
4 minutes after pouring are given in Tables 1, 2, 2, 4 and 5. The
averages of these readings are summarized in Table 6 and plotted on
Plates 2 eand 3. The lapsed time shown in these tables is the time
between the pouring of the first perzllelepiped or sphere in the heat
and the pouring of the remainder of the molds.

The bleeding time of zero minutes refers to turning over a mold
as soon as the pouring is completed. That is, the skin formed is the
result of only filling the mold.

The weights teken on the spheres cnd percllelepipeds are accurate
to only + 5%. The graphical presentation of the data on Piate 3
iIndicates the general trend of solidiflcation.

The rate of skin formztion, linearly, is a straight line fimection
exnept for the first one-half minute where it appears that the chilling
ol the mold was responsible for a faster rate. It is also evldent that
en increcsc of 50% in the surfeace area does not cause z very pronounced
chenge in the linear rcte of skin formastlion.

It should be noted that slthouzh the increasc in surface arez
does not cause an increzse in the lineur rate of skin formztion, the
actusl welght of steel solidified is greater in the perallelepiped than
In the sphere by an zmount roughly proportional to the increase in erea.

It will be notized that in obtaining the averages used in prepering
the curves, no regurd was given to the zomposition of the steel, the
actual fluidity date as meazured by the fluidity mold, or the tempereture
of the steel as poured. The right to disregord this data in compiling
tiie averages i: based on other evidence furnished by the data. For
exziple, @& study of Teble 8 rhows z varistlon in the carbon content
wacrens the zkin thi-skness remulns prasticzlly constant. The fluidity
end tempercture readings in this set sre very uniform. It would appear,
therefore, that the chemizzl znalyses (the usuzl constituents anslyzed
for in pluin carbon steel; wure of insufficient importence to bring
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tbout & mzjor change in the rate of skin formution. This polnt is
substanticted further by dste obtalned ot other bleeding times such as
&t one minute in heuts 78 and 86, et=.

Temperature detz are of importance In thet they show the pouring
renge over which tne dats was collected. Other than that it does not
uppear to be significent as it is Impossible to correlate itemperature
with the lluidity deta: obtzined. Nor does a drop in temperature
neeessarlly meaa &n Increacse in skin thiskness. In some n~ases the rute
of increase in thiskness with iemperature drop ic very pronounczed while
in others it is not apperent. This can be noted in Tuble 9, and by
reviewing Teble 8. In *hesec caces the fluldlty iz zlso wmniform.

It would thuc appecr that even though temperature variations are
noted, an averuge of the thickness data can rightfully be mede without
taking them into azecount.

It huc been polnted out that no regard was glven to the sctual
f uidity date as measured by the fluidity mold in compiling the averuges
for the differcnt bleeding times. Ihis ctatement does not infer that
fluidity is not a fuctor in the rate of skin form:ztion. Reference is
mzde only to a correlation of the individusl fluidity measurements
witn those of skin thickness measured at the same time und temperature.
Obcervatlion of any of the tables will show this to be true. Perhaps,
however, the general change found in the fluidity as shown by test
length is not of esufficlient megnitude to ettempt a correlation. In
Table 10 data are glven showing a fairly large change in the magnitude
of the fluidity znd an asccompsnying change in the skin thickness. From
this tuble it also appeurs that when the fluidity was high the skin
thickness remsined constant and was not of the seme megnitude &s that
obtained by lower mezsured fluidity. This is not ac significant, however,
&s it would seem, since constant skin thicknesses have been obtalned
with & low measured fluldity.

This table also points to the observed fact that the steel analysis
is not of mejor importance for, as can be seen, the carbon analysis
is uniform while there is considerable variation in the skin thicknesses
obtained.

CONCLUE LON

5. Conclusions ss to the results exhibited in this report are
not presented as this portion consists of only the first phaze in the
studies on solidificatlon and the rates of skin formation. Further
Information ls necessary before any definlte conclusions can be
formulated.



TABLE L

Bled af"ter C minutsz.

i-inch cphercs.

Lepzed
Thicknezs: Weight: time
Eeut inalyels inchkes @ poundz: Min.fec

» 127
129
233
156

R U I

R RS
I~ H O

&8 B3 es we

2-5/8 inch Pzrellelepiped.

C 0.18
lin C.68
oi 0.24

. 148
129
144
Ll
.14E

87
g"
87
g7

s

48
36
2

34

.

O i e ol
QO =1 ;0 Ui~
L B AU B |

L1 e ae

.140

Averege for fpheres
s 1;’.‘2

" " Perszileleplpeds

i
O

i Fluldity =

Temperuture
L0 F o

inchgs Feliw,
3 <900
3 2840
2.9 2760
¥ 2740

Lon B S 00 5 UG )
i

2910
880
2770

750
2720

e



6 inch Spheres.

3-5/8 inch Perullelepiped.

89
€9
89
89
89

C .18 - 360
Mn .69 .378
Si .39 368

. 378

¢ 0.18 - 340
Hn 0.69 <332
51 0.139 . 307

.325
.309

Average -

3‘g/angh gg?&ffglepiped

TABLE LI

Bled after 1/2 minute.

Lepeed
Height: time : Fluldity : Temgerature
poundc: Min.cec.: inches @ Fahr,
9.5 0 2 15 6 2860
10.0 B 15: BY 5 2835
9.9 2 3 43 4.5 2790
10.0 5 % B2 2.5 2720
13.4 0 6 2875
12.8 0 : 35 5 2845
12.0 2.5 ¥ 445 2795
13.0 2 : 59 3 2775
IZ.5 5 1 34 2.5 2725
g | !
.323 12-3



TABLE IIL

Bled after 1 minute.

6 ineh Spheres.
Lapsed
Thickness: Weight: time : Fluldity : Temperuture
Heat #: Analysis : __inches : pounds: Min.Sec.: _inches : OFehr.

77 C 0.18 .L88 32,k 0: 28 4 2880
77 ln 0.68 515 12.8 3t 4B 2.5 2790
77 51 0.19 .550 13.4 4 ¢ 30 3.0 2760
78 C 0.3/ . 500 12.8 0 : 16 545 2910
78 kn 0.63 .535 13.2 L3 14 4.5 2815
78 Si 0.30 +553 13.5 5 : 08 4 2800
83 ¢ 0.30 456 11.0 0 : 20 5.5 3010
a3 “n 0.62 481 11.56 2:09 L.0 29L0
g3 &1.6.37 ..88 11.9 3 : 49 4.0 2920
85 C 0.18 . 500 13.2 0: 25 6.5 2960
8% kn 0./8 469 11.9 0: 55 4.0 2940
86 Gi 0.18 500 13.0 33515 3.0 2860
86 . 507 12.56 5 : 00 2.5 2820
86 . 507 13.5 6 : 0L 25 2790
3-5/8 inch Parsllelepipeds.
77 C 0.18 372 15.7 o 4 2900
77 ln 0.68 .391 3154 3 & 22 3.5 2795
77 S5i 0.19 .488 17.1 4 & 13 3.0 2770
78 C 0.34 475 17.4 o] 5.5 2920
78 Mn 0.63 475 17.5 F¥53 4e5 2820
78 £i 0.30 475 17.4 4 3 A7 4.0 2800
83 ¢ 0.30 .L07 15.1 o] 55 3020
83 Mn 0.62 425 15.8 2 &2k 4.0 2945
83 i 0.37 454 16.2 33 32 4.0 2930
86 C 0.18 452 15.4 0 6.5 2970
86 Mn 0.48 435 1.6 0 2 .40 4.0 2950
85 i 0.18 452 15.4 3503 3.0 2875
86 .376 1,.8 4 5 42 2.5 2825
85 450 35.5 5 : 49 2.5 2800
iverage -
6 inzh Spheres .503 12.6

3-5/8 ™ Parzllelepiped 437 15.9
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Zled after 2 minute:s.

& inch Epheres.
vepsed
Thisknezz: Weight: time 1 Fluidity : Temperature
Heat #: fnelysis : _ inches : pounds: Min.Sec.: _inshes : _ OFshr.
L3 C 0.38 -8
58 S C.20 75
59 G 0.3L Fe
60 € 0.15 .8
62 C 0..8 868 B ¢ 56 3
62 .810 1 ¢35 3
6z .878 7% 00 0
63 C 0.21 .718 17.5 0 : 59 &7
63 ¥n 0.50
€3 i 0.2 797 18.2 X 532 5.5
65 c 0.25 718 g7 ] 5§00 3.5
66 C 0.40 .718 L7 .k i L 7.0
€6 ¥n 0.51 707, 16.0 1l 55 8.5
66 Si 035 . 706 16.8 4 3 32 6.5
66 745 16.2 5 : 38 8555
57 ¢ 0.30 <735 X7 0 1 58 6.0
Mn 0.88 L765 17.9 1 32 57
61 0.50 .797 18.2 4 1 .23 4D
.875 5 1 .33 3.5
3-5/8 inch Parallelepipeds.
52 € 0.52 .625
52 G 0.52 625
gL G 0.26 . 563
5% C 0.18 .625
57 ¢ 0.18 595
59 G 0.3L .688
61 C 0.38 .685%
. 62 C 0.48 .720 22.0 0 3
62 756 22.5 X % 35 3
62 742 22.1 R 255 3
62 .738 22.0 7= 00 0
63 C 0.21 576 0 5.7
63 Mn 0.50 644 2 6.5
63 oi 0.21 .650 1 = 51 6.5
&3 .782 8 : 19 0
6., C 0.20 .632 2L .2 ¢} 6.2
6 Mn 0.34 . 587 22k 1 5 49 6
65 C 0.25 .689 22.9 0 7.25
.656 22.6 0.2 50 725
66 C 0.40 .623 21.4 6] 6.0
Mn 0.51 .625 21.5 0 : 48 €.5
81 0.35 656 217 Iz 36 8
67 C 0.20 <545 1.1 0 6
Mo 0.88 - 546 2.2 0 ¢ d3 6
67 Si 0.50 642 2305 N 5.95
626 225 Lz 30 4.0

Averages - & inch Spheres 773 18.1
. 3-5/8 " Parallelepiped .650 _ag.2




TABLE V
Bled aftesr 2 minutes.

& inch Ipheres.

Lapsed
) Thiskness: Weights time 3 Fluidity : Temperature
Hezst 7: Anslysis : inches : pounds: Min.Sec.: _inches : _ °Fahr.
70 & 9.33 T 0% 22.2 I ¢ ad 5:5 2920
70 Ma 0.66 1.00 2L.5 L ¥ 25 4.5 2850
70 S1 0L25 1.03 22.2 Z 1 50 4.25 2830
75 g 0.98 2F .2 0 : 55 S5+5 2890
75 Si 0.40 1.04 23.2 L d 25 6.0 2770
7 Cc Q.19 0.975 22.5 D : 26 3.5 2910
79 S1i 0.33 1.005 23.1 4 % 18 1.0 2810
88 C 0.18 1.00 1.4 g ¢33 6 2955
88 Mn 0.64 1.00 21.1 @ 3 50 5a5 29/0
28 i 0.19 1.00 21.6 3.: 05 4.5 2860
a8 .985 214 4 ¢ 28 L5 2810
88 .982 21.4 5 8 44 4 2770
3-5/8 inch Perallelepipeds.
70 C D.33 0.8/ 27.0 0 : 38 L.5 2940
70 Un 0.66 .83 26.2 & & 1D 6.25 2850
70 St 0.35 0.85 26.9 L & £40 5.0 2840
75 C Q.42 0.815 26.0 8 & 49 5.0 2900
75 Mn 0.90 0.95{ 25.8 4 3 25 6.0 2780
79 C 0.19 0.855 26.2 0 ok 2920
79 ¥n 0.80 0.850 25.8 3 : 58 1% 2820
79 £1 0.33 0.83%0 26.5 5 ¢ 10 1.0 2800
bat] G 0.18 . 790 2l 0 -6 2970
88 n 0.64 .832 243 Q0 : 28 5.5 2955
a8 51 0.19 .863 2.8 2 3 49 45 . 2870
88 .835 2.4, 4=t 09 45 2830 :
88 .790C 212 53 36 4.0 2785
Averages -
6 inch Spheres 1.000 21.9
3-5/8 " Paralleleplpeds 846 25.5




6 inch Spheres

Bect f': Analysis @

68
68
69
82
82
a8z

CFoFofFo
°0o0000

cg3avadn

LE ¥V

Elcd after / minutec.

3-5/8 inch Perallelepipeds.

08
68
68
69
82
82
82

n wm o
b0 e g =

¥

iverages -

0O000O0OO0C0C

.35
R4
72
.28
.38
.36
77

6 inch Epheres

3-5/8

Lapsed
Thickness: Weight: time
¢ __lnches : pounds: Min.Sec.
1.36 gt -~} 306
1.15 26.7 5 5 12
1.22 2.8 Iz 05
1.32 25.3 5 o 15
1.20 24.5 (o T
1.22 24.6 4 t O8
1.2 =« 2.8 & % 53
1.12 28.0 6]
1.07 26.8 0 : 48
1.26 29.9 & & N
1.18 29.0 0 : 28
1.06 28.2 C
1.27 28.7 3 : 50
1.06 28.0 4 % 35
1.260 24
Parallelepipeds 1.130 28.

oo

O\ B D \n D
i O

: Fluidity : Temperzture
: _inches : _ °Fahr,

2900
2650
2860
2780
2960
2830
2820

2930

2650 .

2960
2830
2820



fvercges obtalned by bleeding.

Thickness

inches

Leterminc ticns

=

b b
~J MO NI

—

_Average

.140
<3
.503
773
000

1.260

insh Ph:iﬂieleplpcds.

-
o

B S T 1 u‘pa s )

R

. 143
323
437
650
846

1.130
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TABLE VIII

Study in the Vezriztion of Carbon Contents.

% Inch Spheres. Time of Bleeding 2 minutes.
Carbon sontent Hezt # Thicknese Fluidity Temperature
TR O T inches inches OFghr.
0.18 88 1.00 6 2955
0.18 .88 1.00 5.0 2940
0.18 88 1.00 Laih 2860
0.18 88 .98 AR 2810
0.18 88 .98 4.0 2770
0.32 70 1681 5.5 2920
.33 70 1.00 5.0 2850
0.33 70 1.03 4.25 2820
0.42 75 .98 5.5 2890
0.42 75 1.04 5 2770
jor
a2
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TESLE IX
Tempereature - Thickness Relationships.

% irch Cpheres. Bleeding time 1 minute.

licat # Thickness Temperature Fluidity Carbon
. inzhes OFahr. inches content

=18 . 500 2960 6.5 0.18

8¢ .69 29.0 4.0 0.18

ad . 500 2860 3.0 0.18

ac 0T 2820 2.5 0.18
8: - 507 2790 2.5 0.18

i . 500 2910 5.5 0.34
78 .535 ; 2815 4.5 0.34 :
78 . 553 2800 4.0 0.34
82 456 3010 5 0.30
83 481 2940 4.0 0.30

3 -488 2920 4.0 0.30
77 .288 2880 4.0 0.18
7 -515 2790 3.5 0.18
77 . 550 2760 3.0 0.18

.
L ) A




inch pheree.

A otudy of Fluidity - Thickness Correlutlions.

Bleeding time /4 minutes.

Ihickness Temperature
inches OFahr.
1..226 2900
1.45 5 2650
1.2% 5 2860
1.32 5 2780
120 2960
1.22 2830
1.21 2820
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