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ABSTRACT

Studies are continued on the free and hindered contraction of cast
steel. The contraction characteristics were obtained on elsven alloy steels
whose carbon contents were similar. The contraction is hindsred by means
of springs end the resulting stresses and the amount of contraction cor-
related. Experimentation showed that the total contraction of the alloy

steels was similar to that of & plain carbon steel.



AUTHORIZATION

1. The studies in steel casting resesrch were originally
suthorized by the Bureau of Bugineering letter QP,Castings 6-13-Ds) of
13 July 1928.

STATEWUENT OF PROBLEM
2. The object of this report is to preseat the Jaila obtained froa

4 study made on the propertics of free and hindered contraction of several
alloy cast steels.

THEORETICAL CONSIDERATIONS

3. A study of the contraction taking place in the cooling of
steel castings from the solidifying temperzture of the steel to
room temperature was first msde by Kdrber cnd Schitazkowski (1)#. Their
data, however, were rather incomplete since vurious observations sesmed
to indicate that changes in the carbon content of cast steel would be
responsible for varistions in the linear contraction.

he In the third report of this series (2), & study was made of
the frec and hindered contraction of cast steels of varying cearbon contents,
Several principles of a fundumental ncture were disclosed Ly the datu.

(a) The total amount of free contraction of cust carbon
steel decréases as the carbon conteat of the steel
increases. The contreaction varles from Z.47 percent for
0.08 percent carbon steel to 2.18 percent for 0.90 percent
carbon steel.

{b) The total amount of contraction teking place prior to
reaching the critical range, in the case of the freely
contracting bar, decreases &i the carbon content of
the steel increuses.

(c) The amounts of contruction obtained after the frecly con-
trocting bers have passed through the critical range are
approximotely equal.

{d) In the case of the freely contracting end the lightly
hindered contracting bars, the carbon content influences
the rate of contracticn markedly until the bers huve con-
tracted approximately 0.10 percent.

(e) Hindered bars coniract similarly to the freely comtracting
bars in that, at any temperature prior to the criticsl
range, the amount of contraction is greater wlth decreacling
carbon contents.

-y

(

) The total amounts of hindered contractlon lncreace as the
carbon content increases.

#Numerals refer to articles in the bibliography, page
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(g) The perceatage of the total contruction occurring before
the critical range is reached decreuses as tha teuslon
restreining the bar increases.

(h) The hindered contraction datu obtained with the lightest
spring represent approximately the stresses encountered by
the average commercial casting ss the total contraction
under this tension approximates the "patternmsker's
shrinkage®™ of 3/16 of an inch per foot.

(1) Slight variations from the normal manganese or silicon
content of cast carbon steel do not result in mecasureable
differences in the rate or total amount of free or hindered
contraction.

(3) The contraction taking place upon the solidification of
cast steel, as approximated from the present available data,
is 2.7 percent.

(k) The rate of contraction &as well as the strength of the
steel may influence the formation of hot tears in steel
castings.

5. The dsta thus pointed out that by varying the carbon content
different amounts of contraction could be obtained. Since the carbon
content was so influential in bringing about changes in contraction, it
appeered likely that alloy additions would also change the characteristics
of free and hindered contraction. 4lso, vurious conflicting opinions as
to the effect of alloying elements upon contraction have been presented
by members of commercizl organizctions, thereby pointing out the need
for basic information on thia subject.

6e In the plenning of the research on the alloy steels, it was
deemed necessery to maintain the carbon content at approximately the same
percentage in all of the alloy steels studied. This was necessary in
order to ascertain the effect of the slloy additions themselvec. Thus
the chemical analyses of the cast steels studied may differ slightly
from those usually employed by the industry. It was planned, however, to
maintain the alloy sdditions as near to those found in commercial use &s
possible. Seversl prominent steel founders were solicited with regard
to typical compositions and from their replies a set of eleven alloy cast
steels were prepared, studied, and compured with the contraction of the
standard curbon cast steel. The carbon content chosen us & standurd
was 0.35 percent. This figure was adopted since & larger number of
commercial cast steels call for a carbon content of 0.35 percent znd a
cast carbon steel had slready been studied with this amount of carbon
present. The mangunese &nd silicon were maintained at approxinetely
0.75 percent and 0.35 percent, respectively, unless they were being used
in the capecity of an alloy. The phosphorous and sulphur were kept
below 0.04 percent.

METHODS USED IN TESTING

7e The procedure used in collecting the data on the free and the
hindered contraction of alloy steels wes similar to thut employed in

B



obtaining the data on plain carbon steels (2).

(&)

(v)

(c)

(a)

Bar Design — The bars that were used in this study had large ends
and a smell central section fed by a horn gate, as it was deemed
necesssry to have a bar that cooled uniformly aleong its exis. The
bars, as cast, were 30 inches long with & diameter at the center of
1-9/16 inches (a cross-sectional area of 2 square inches) and a
diameter at the ends of 2-1/4 inches. Sections 1-3/4 inches in
diameter &nd 2 inches long, which acted as clamps on the stainless
steel bolts, were at the ends of the bar and cast integrally

with it.

T d — The sand used was a synthetic green sand made up
using No. 40 washed silica sand as & base and mixed in the following
proportions by volumes

500 parts silica sand
19 parts Bentonite

1 part Mogul

5% (by weight) water

The mixture was mulled for five minutes and the following properties
were obtaineds :

Permeability 180 ce/min
Compression stremgth 3.5 lbs/sq.in.
Shear strength nil
Tensile strength nil

The send was reclaimed after it had been used. The properties of
the recleimed sand were approximately the same as those of a

newly prepared sand.

Moldi d - Steel flasks comstructed of 5-inch channel iron
inches long and 10 inches wide were used as the mold containers.
The sand was rammed lightly to & mold hardness number of about 50.
A horn gate varying from 2 inches to 3/4 inch in diemeter was used
for the pouring gete. The 3/4 inch section, where the steel enters
the mold cavity, was much smaller than the contraction bur at this
point and hence froze before the bar, permitting very little feeding
during the solidification of the bar.

A relieving block 1-1/2 inches square, shaped similerly to the horn
gate, was molded in a short distance away from the horn gate. This
block wes removed from the mold and, when the hindered bars con-
tracted, the horn gate was able to move freely without being
restricted by the molding sand. The surface of the mold cavity
was not covered with a mold wash.

Asgembling the Mold - A stainless steel bolt was placed in each end
of the flask. One bolt tied the ber down to the flask and the other
was fastened to the flat steel spring. The bolts were 7/8 of an

inch in diameter and had a shenk of 4 inches end & body 5 inches.

Two grooves 3/8 inch wide and 1/8 inch deep were machined in the body
end of the bolt. This permitted the metal, upon solidifying arocund
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the bolts, to luve o strong srip on them. The chilling ecticn wes
so great that the bolts did not fuse into the cust metul.

A suall quartz thermocouple nrotecting tube wes run through the
cope of the mold 1-1/2 inchec from the end of the bolt that tied
the cast bar down to the flask. This tube extended to the axie of
the ber end the roadings obtaiacd by ike pletinuwe—platisus—rhodiua
thermocouple represented the tempersture of the bar throughout
the central 26 inches.

The flzt springs used were msde from beat-trested sprinz steel
2 inches by 10-1/Z inches und were the following thicknesses:

®C"  springs 7/8 inch thick
"G"  springs 9/16 inch thick
"E"  springs 3/8 inch thick
The springs were celibrated very carefully in pounds, total load.

Ames dials, held by an arm bolted to the end of the flask, were
used to measure the amount of contraction. 4 16 mm film woving
picture camera operated by a Telechron synchronous motor recorded
the amount of shriakage and the temperature every 15 seconds. The
temperature was recorded by @ pyromillivoltmeter with & tewperature
range of 0-1600°C. The contraction was measured by Ames disls
graduated to read to 1/1000 of &n inch. The true free contraction
of the bar was obtained with both ends of the bar free and two
Ames dlals to record the contraction.

The runner box, which was used for convenlence during pouring, was
slotted at the base so that the excess metal would run out and not
act as o feeding head or restrict contrection.

(e) Iype of Steel - The steels were msadec in & 500 pound per hour
Swindell 3 phase electric arc furnace. The basic double slcg
practlice was used entirely during the collecting of the data pre-
sented in this report. In all cases, the steel-making conditions
were duplicated as nearly as possible so thet the data obtaimed
could be cerefully checked.

(£) Pouring - The steel was poured from a teapot ladle so that the slag
hed very little opportunity to enter the mold. The pouring temperc-
ture of the steel entering the mold was between 2880%F (1582°C) and
2800°F (1538°C). Aluminum was added to the lodle prior to pouring
in smownts equivalent to 500 grams per ton.

(g) Recording end Duplicating of Data — After the bars had cooled to
room temperature, the films, giving a photographic record of the
temperature and shrinksge, were developed, projected, end the recdings
recorded.

Esch time the contraction studies were msde, the date were taken in
duplicate. This required a duplicate set of conditions to produce
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the four types of contrazction. The results obtained were in excel-
ient zgreement; in fuel, the discrepancies recorded were icss than
the avercge error indiccted im the previous report (Z). When the
resuits obtained with the ulloy compositions did not fall within the
limits that had been &rbitririly cet, the experiment was rcpected
and new data were obtained. ,

Shortly after the deta were precented on the free and hindered con-
traction of carbon steels, & steel foundry executive pointed out that
the datz were collected, quite correctly, from steel poured within a
relatively narrow tempercture range. Since pouring temperature can
vary considerably, it was deemed advisable to study the free and
hindered contraction of the same heat of steel poursd at high and low
temperstures. One set of burs was, therefore, cast st approximuiely
2925°F and cnother set at approximately 2625°F, a difference of 300
degrees Fahrenheit in pouring temperature. The plotted datz were
very close together, within the limits of error of the test, and the
final end-points were practically identical. This pointas out, as
wes expected, that the differences in pouring temperature had no
effect on the duplication of the data or on the final results.

AT OBTAINED
{&) iypes of Alloy Steels

8. Studies were mude of the free und the hindered contraction
of the alloy steels listed in Table l. A glance at the table will be
sufficient to observe that only & small number of the many commercial
c1lloy combinctions have been studied. However, most of the single mlloy
steels and several important dusl combinations ere reported.

(b) Freely Contracting Bars

e The dota obtained from the freely contracting burs are given
in Table - and shown graphicully on Plutes 1, 3, 5 snd 7. The datus,
unfortunately, fall so close together that it was found impossible to
show all of the curves on one plate. It was therefore necesscry to
clessify them by chemical composition and to show them on four plates.
The data for each type of contraction, however, will be consicered as &
unite

1C0. Perhaps the most outstanding feature exhibited by the dails 1s
that the plain 0.35 percent carbon steel contracts more than the alloy
steels studied. It is true, however, that the differences between the
totzl contraction of the verious alloys are small. A further study of
Teble 2 reveals that between the solidifying temperature and the critical
range the nickel-chromium steel contracted the most and the vanadium steel
the least, while between the critical range end room temperature the
vanediwa, the chromium, and the carbon steel contracted the most and the
nickel-chromium steel the least. The amount of expansion during the
eritical was extremely low in the case of the molybdenum clloys, while
the mangenese steel expanded the most.

11. In general, the contraction curves of the various slloys
are preocticelly parsllel at zny one temperature prior to the critical
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temperature range, with the nicxel-manganese and the carbon steel con-
tracting at the greatest rate and the molybdenum &nd nickel-chromium
alloys at the slowest rate. In ull, the maximum variztion, except throuch
the eritical ranges, is only about 0.08 percent at any one temperature.

12, In Table 6, the critical temperatures of the freely con-—
tracting alloy steels are tabulcted. All of the alloy steels except the
vanadium have critical temperatures lower thun that of the carbon steel.
In general, it may be said that the lower the criticel temperatures,
the greater is the amount of contractiocn prior to the eriticel. & very
interesting point concerning the critical range is the very slight ex-
pansion of the molybdenum and the manganese nolybdenun alloy steels.

13+ The msximum veriation between the curves after the critieal
range is of the same order as that which exists prior to the eritical
rangey that is, if the nickel-chromium alloy steel is disregarded. The
nickel-manganese steel alternates with the carbon steel for the upper
position until a low temperature is reached when, due to a decrease in
the rate of contraction, it drops to the third position. The nickel stecl
contracts practically the same amount as the carbon steel. The nickel-
chromium steel has the least amount of contraction; this is probably
due to the low temperatures of its critical range.

(¢) Light Hindered Contraction ("E" Spring)

14. It has previously been explained that in the study of
hindered contraction the bars were restrained from contracting by springs
of 3 different sizes. These springs were used to cause tensions in the
bars similar to those encountered by castings. The conditions presented
by these springs may not be comparable in magnitude to the stresses
actually encountered in commercial castings, but they do give an indica—
tion as to the effects due to restricting contraction. The vzlues in
pounds per square inch shown on the curves were computed for the smallest
dismeter of the bar which has & cross-sectional area of two square inches.

15. The data obtained with the light "E"™ spring probably repre~
sent more closely the stresses encountered by the average commercial
casting for the total contraction recorded under this tension approzimates
the "patternmaker's shrinkage® of 3/16 of an inch per foot (1.56 nércent).

16. The hindered contruction data obtained from bars recstrained
by the light "E" spring are given in Table 3 and shown graphicslly on
Plates 2, 4, 6 and 8. 1t may be noticed from Table 3 that the carbon
stecl reference curve now exhibits a low total contraction of 1.64
percent as compared to most of the &lloy steels which range from 1.58
to 1.78 percent with the molybdenum steel exhibiting the most contraction
and the nickel-masnganese and the manganese the least. The table also
indicates that the nickel-chromium steel had the lergest amount of con-
traction prior to the critical range, while the vanadium alloy con-
tracted the least. After passing through the critical range, the
chromiun steel contracted the most, while the nickel-chromium steel
contracted very little, due undoubtedly to its low critical temperature.
The molybdenum and manganese-molybdenum steels exhibited very little
expansion during the critical range, though it was considerably more
than that obtained when the bars were contracting freely.
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17. Examinution of the curves will show that there is s decided
bend in the curves about 950°C indicating thsat a marked chenge apgeared
in the rale of contraction at sbout this teuwperature.

13. Veriationg betweén the.fastest and slowest contracting steels
result in & difference in stress ecuivalent to about 250 nounds per squere
inch i 1320°C and about 350 pounds per square inch &t 1000°C. Thus,
while the band of curves appears to be fairly wide, the asctual differeuce
in the stress on the bars at any one temperature is rather low.

19. The manganese-vanadium steel leads in the amount of con-
trection prior to the criticul, but it is followed closely by the mclybde-
nwa &nd munganese-molybdenum steels. The lowest contraction rate zlter-
nates between the mangunese, the nickel-munganese and the carbon steels.

20. In Table 5 arc given the criticel temperztures for the bars
restrained by the light "E"™ spring. In general, about one-helf of the
cteels have critical points that are slightly lower in tempersture than
those recorded when the bor was contracting freely. The nickel-chromium
steel ggain has the lowest temperature, while the highest temperature is
rccecrded by the venadium steel.

<l. The difference between the curves showing the greatest and
the lecst contraction after thne steels have passed through the eritical
reage is obout one and a helf times that found above the critical range
with the nickel-manganese in the lowest position and the manganese-
venadium and the molybdenum steels showing the greatcst amount of con-—
traction. The rate of contrection of the manganese-vanadium stecl
fulls off rupidly within the 200°C to room tempercture zone. This is
& rather neculiar effect, though it is not exceptional, as approximately
the sume condition is found to exist with the nickel, manganese, and
nickel-chromiun alloy steels.

(d) iedium Hindered Contraction ("G"™ Spring)

22. The datz recorded with the medium "G" spring probubly ap-
proximate conditions existing in castings which, due to design or to
unusually high mold resistence, &re unsble to contract appreciably.

Z3. The datu pertaining to the bars hindered by the medium
"G" spring are set forth in Table 4. The contraction curves are to be

founa on Plates 1, 3, 5 and 7.

24. The totul contraction varies from 0.88 percent for the
nickel-curomium steel to 1.05 percent in tke case of the molybdenum
steel. This contraction corresponds to a stress of from 6,150 to 7,350
pounds per sguare inch, respectively. The 0.92 percent contraction of
the curbon steel is very nearly the lowest amount of contraction recorded.

25. The ¢ifferent critical temperatures, as shown on Plate 6,
sre sgein generally respousible for the different amounts of contraction
before and after the criticel range. The chromium steel has the least
contraction before, &nd the most after, the critical range, whereas the
nickel-chromiun steel, becsuse of its low critical temperzture, has most
of its contraction prior to the critical range. The greutest expuncion
during the critical range is that recorded by the manganese steel, while
the molybdenum alloys &gain show only & small amount of expansion. The
carbon and: the vanadium steels heve the highest critical temperetiures
and the ni&kel~chromiun steel has the lowest. oy



2. Variations between the festest and slowest contracting steels
in the neighborhood of 1300 to 1090 degrees result in a différence in streas
varying from 300 pounds per square inch &t 1300 degrees Centigrode to 500
pounds per square inch at 1000 degrees Centigrzde.

27. At temperstures above 1300°C, the curves representing the
conircctlon of the various steels cross each other and chenge positlons so
often 4het little can be said definitely except thet the rates of com-
t=~aztion of the varlous alloy steels differ considerably. In general, it
cen be said that at any one temperature the nickel-menganese stecl con-
tracts the least prior to the eriiical, while the menganese-molybdenum
znd the molybdenum stecls contrset the most. This condition is likewise
true after the critical rangc.

28. Thé variation hetween the curves ufter the eritical is over
twice as great as that before the critical renge ls reached. The threc
" nickel slloys exhibited the least amount of total hindered comtrection.

(e) Heavy Hindered Contraction ("C" Soringz)

29 The tensions exerted by the strong "C" spring ure probubly
greater than any encountered in commercial pructice, but the data indicute
how these unusuelly hizh stresses would affect contraction. The dat: ob-
tained by hindering the contruction of the bar with the heavy "C" spring

are tabuluted in Tables 5 and 6 and illustruted on Plates 2, 4, 6 and 8.

30. The total contractioa varies from 0.37 percent for the nizkel-
chromium steel to 0.53 percent attained by the manganese-venadium steel,
the carbon steel contructinz 0.47 percent.

3l In general, the critical temperuatures &re slightly above those
found in the freely contracting bsr. The general condition that the lower
tne temperature at which the critlcel range occurs, the greater will be
the amount of comtraction prior to the critical range agein exists. Thus,
the nickel-chromium stecl again leads by attzining 0.37 percent contraction
before the critical range is reached. The carbon steel shows the smallest
percentage of contraction.

32. The chromium and carbon steels have the greatest amount of
contraction after the critical runge, whereas the nickel-chromium steel con-
tracts very little, in fact, only an amount equal to the expansion that
took place when the steel passed through the eritical range.

33. The manganese steel exhibited considerable expansion during
the criticael range end, under this heavy spring, the molybdenum slloys azcin
expanded the least.

34. The variation between the high molybdenum curve and the slowest
contracting nickel-mangunese curve from 1400 to 1000°C is only 0.03 percent.
This is equivalent to & difference in stress of about 650 pounds per square
inch. The curves representing the different alleys cross each other to such
an extent that it is nearly impossible to point to any one alloy and to mske
predictions asto its ability to resist high contraction stresses.

35. The rate ut which contraction takes place chunges distinctly in
two places. The curves flatten out between 1350 and 1200°C and then, around

.



1000 to 950°C, there is a decided bend in the curve. At the lomer tempera—
tures, certain alloys show & coansiderable drep im the rate of contrection,
while other alloys heve very little reduction in their rates of comtruetion.
The decrease in the rate of contraction is most noticeable with the nickel-
msnganese and the manjanese-vunadium steels. The rates for the nickel, the
vanadium, and the mangenese-silicon steels also full off appreciably.

36. The low finsl position of the nickel-chromium sieel is prob-
ably due to its low critical tewperature. All of the other steals ure
closely grouped except the manganese-vanadium steel which hts & high end
point due to its constant rate of contraction.

_ 37. The effect of resistance upon contraction is illustrated on
2late 9. The datd showr are representstive curves and were culculated from
the  averaze contraction of the bors at temperature intervuls of 50°C. It
shonld de noted thut in the freely contructing burs the rute of contruction
increased mmiformly froa the solidifsiny tempersture to about 1200°C. Froam
1209°C to the criticul tewyperuture, the rete of contruetion is prastically

coanstant.

38.  The bars which were restrsined in contraction by the heavy
"% spring bad an entirely differeat rate of contraction. In this case,
the “ber assarently yielded at the higher temperatnres. The strength of the
#lsal soprrently -increased slouly with the drop in temperwtiure, siace the
waxmi of ;ielulnr is Jdecreasing slowly as the temperature drone until at
.a;s:oximuuﬂl; 1200°C the strencth is sufficient to cause an iacreuse in the
rute of contraction. hgein at 100006 the rate of contraction increases

anrzedly.

2. It is very unfortunate that studies on the free and hindered
contraction of anisustenitic steel could not be made as data were desired
o usteels hoving no critical range. Such a stidy would hnve been extremely
bheneficisl for then the effect of the criticul ranve on the totel contraction
“gsaled be Xnown. Permission to mzke this study was refused by the Burcau of
Encincaring (Reference: IP/Custings (10-14-Ds) of 29 October 1335) because
"The ugse for 18-8 wund Manganese Sieel Castings is so limiteu wnd tue
custings are of sucn size that it is not considered necewsary flor desirable
to inciude these alloyd in problem No. M-8.%

oot CL’J&I)\ AND OARY.

(+) Zdscussion of_the Pructidul Festures as Exhibited by the Data.

124 ‘The totzl azountis of free contreiction of the common types of
low ullay cest stedls sre choul the saae, or sclizhtly less than that of
~liin cerhon -oteel of the corresponding carbon content. This point, however,
iz not of zreut practicul importunce, since steel castings are seldow, if
evir, i1 such a form as to cllow them to contruct freely. Thus & wmore
~ractizel viewpoint would be aobtiined by ccacidering the hindered contraction

saerscteristics. The light "E" spring produces stresses approximately the
sae o8 ‘those eneounte”ed by the uverige commercial casting. Under those
coqditions, the amounts of totul contraction for the alloy steels vary from

1.58 percent (practictlly 3/lG-inch per foot) to 1.78 percent (neurly
7,34—inch per foot). Since the curbon steel, which ucts us the reference
point, contracts 1.6, percent (neurly 13/64—inch per foot), it occupies
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& position that is intermediate to the alloy steels (& 1/64-inch per
foot). It thus appears that for &ll practical purposes the carbon steel
and the alloy steels are similar. This conditlon holds true only as

loog &s the percentage total contraction is considered. The rates of
contraction, the position of the critical points, and the expension during
the .critical range may or may not be similar to the contraction char-
scteristics of a plain carbon steel.

4. The statements given above concerning the hindered contraction
under the light "E® spring are also true when more drastic conditioms of
hindered contraction are applied, such as those presented by the "G" and
#Cr springs.

42. It has been pointed out that, at any one temperature, there
is a variation in the asmount of contraction of the alloy steels. +lthough
the difference between the steels contracting the fastest and those con-
tracting the slowest is not great, important stress differences are re-—
corded under hindered contraction at the higher temperatures. For
example, tnder the heavy "C" spring at 1300°C, the vanadium steel bar
is wnder & stress of 900 pounds per square inch at its smallest sectiocn,
while the nickel-manganese steel has only a stress of 420 pounds acting
upon it. Thus, at these high temperatures under large amounts of hindered
contraction, the vanadium steel is subject to over twice the amount of
stress that is acting on the nickel-manganese steel. Furthermore, it is
not until a temperaturs of 1100°C is reached thet the nickel-chromium
steel must withstand the same stress as that to which the vanudium stesl
is submitted at 1300°C.

43. The condition stabed above has no bearing on the ultimate
strength of the ateel, howsver, excapt that it shows that the slower con-
tracting steel may have a lower yield strength at the higher temperatures.
This was pointed out when it was explained that the bars in contracting
could only develop a stress equal to"their yleld strength. FRhen the yield
strength was exceeded, the steel ylelded, thus causing a-relieving of the
stress. Upon further contraction of the steel, the atress ls again built
up to the yield stremgth. Thus the vanadium steel has, at 1300°C, about
twice the yield strength of a nickel-manganese steel. This is important
from a practical standpoint for it gives an indication of the yield strengths
of the alloy steels when contraction has been hindered at high temperatures.

Lo i1t can be seen that the apparent yield strenzth and not the
true yield strength of the steels are recorded &8 the stresses upon the bars
at any one temperature very considerably with the type of coatraction. For
example, the vanadium stesl at 1300 degrees Centigrade has contracted .064
percent when restrained by the nG" spring and only .044 percent when
restrained by the "C" spring. The bars, therefore, are under & stress of
465 pounds per squere inch when the "G" spring is used and under a stress
of 920 pounds per square inch when the "C" spring is used. As the bars
cannot maintain a stress greater than their yield strength, the values
given above are the apparent yield strengths of the materisl umder these
two conditions. The only difference in the conditions when these two springs
are used is the rate at which the stress is applied. The true yield strength
would be indicated only if the stresses were applied at such a rate that
po contraction would take place. Under these conditions the stresses on
the bars would be oqvivalent to the yleld strengths of the steels.

-10-



L5. The apperent yicld strength is recorded ounly under concditions
of hindered contraction which produce rate of coniraction-time curves
sinilsyr to that shown in Plzte 7, and then only at those teumperatures ut
which the curves nave & negative slope. In other words, at those tempera-
tures at which the rate of contraction is decreasing. & curve showing
the average rate of contraction with the "G" spring hes the suue
tread cs thsi of the curve for the rate of contraction with the "C"
spring (Plate 9). However, the contraction dcta recorded whon the *E"
spring was used produced & curve of a different type which exhibited no
decrease in the rate of contraction at the high temperatures. Under
these conditions it apoears that the appsarent yield strength is not
reached even st the high temperatures and that only the plastic flow of

the metal is recorded.

(b) Summary

46. The frce contraction of a plein 0.35 percent carbon steel is
grecter than that of any of the alloy steels studied. The total per--
contsge of free contraction varies from 2.27 percent, attulned by the
nickel-chromjum steel, to .40 percent, recorded by the nickel steel.

47 The amount of contruction taking olsce in both freely can-
trecting and hindered econtracting bars prior to reaching the criticul
ruage 18, in generul, dependent upon the temperature at which the critical

range ocours.

48. The total smount of hindered contraction obtuined corresponds

closely to those values exhibited by the plain carbon steel. The final
position of the different alloys verles somewnal with different amounis

of tensions on the bars.
49. The amount of expension showm by the alloys during the

criticel range varied conslderasbly. In geaeral, ths awount of expunsion
ander hindered contraction is greater tham that recorded under the freoly

gontracting conditions.

50, Differences in the pouring temperature of the steel have
no effect on the totul umount of contraction in the wollid otute or on

the shnpe of the contractlon curve.

-11-
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Percent
No. Type C___in St Ki Ce _Cu_ Mo Ve
1l Carbon 0.35 0.74 037 - - - - -
2 lManganese 0.32 1.32 041 - - = = @
3 Nickel 0-34 0064» 0-41 3.00 . - - o
4 chmm 0-35 0.75 0035 == 1-03 - - -
6  lolybdenum 0.37 0.77 0.35 - - - 0.39 -
7 V&nadlm 0!32 0-65 003? e = - = 0025
8 ianganese-—
silicon 0.% 1-35 1015 - - - - -
9 Nickel-
mangzanese 0.32 1l.24 0.30 1l.46 - - = i
10 Hanganess-
ml&'mﬂnm 0.35 l.IB 0'30 - - - 0037 -
11 Hanganese- ;
Vanﬂdim‘ 0.37 l.u 0-3‘0 e ol - - 0.16
12  Nickel-
chromium 0.37 0.73 0.34 2.38 0.91 o) = =
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TABLE 2

Data on Freely Contracting Cast Steel Bars

of Steel
Carbon
Manganese
Nickel
Chroaium
Copper
Molybdenum
Vanadium
Manganese-Silicon
Hickel-danganese
Manganese-lolybdenun
Manganese-Vanadium

Nickel-Chromium

Percent
Parcent Expansion Percent Percent
Contraction Passing Contraction Totsl
Before Criti- Thru Criti- After Criti- Contrac-
cal cal Range cal HRange tion
1.47 0.10 1.03 2.40
1.74 0.26 0.88 2.38
1.72 0.20 0.87 2.40
1.46 0.14 1.02 234
1.49 0.14 1.00 2.35
1.65 0-04 0.72 2.33
1.40 0.09 1.02 2.32
1.54 0.14 0.96 2.35
1.70 0.19 0.86 2.37
1.68 0.02 0.66 2.32
1.50 0.13 0.9 2.33
1.95 0.04 0.36 2.27



TABLE 3
Date on Cast Steel Bars Restrained by Light "E" Spring

Percent
Percent Expansion Percent Percent
Contraction Passing Contraction Total

Before Criti- Thru Criti- After Criti- Contrac-
No. Type of Steel cal Range cal Range cal Range tion

1 Carbon 0.92 0.18 0.90 1.54
2 Mangenese 1.12 0.27 0.73 1.58
3 Nickel 1.13 0.25 0.75 1.64
4 Chroaium 0.93 0.24 0.97 1.65
L Copper 0.99 0.19 0.90 1.70

iolybdenum 1.28 0.10 0.61 1.78
Vanadium 0.90 0.15 0.93 1.67
dungenese—Silicon 1.03 0.20 0.88 1.72
Nickel-Menganese 1.06 0.26 0.76 1.58

dangenese-VYanadium 1.08 0e22 0.85 1,72

6

7

8

9

10 Mangenese-lolybdenum 1.25 0.09 0.57 1.72
1n

12 Nickel-Chromium 1.48 0.14 0.26 1.60



Data on Cast S

TABLE 4
1 8 Restrained Mediu

Percent
Percent Expansion P
Contraction Passing G

Before Cri- Thru Criti- A

No.  Type of Steel tical Renge cal Range ¢
1  Carbon 0.6 0.24
2 Meanganese 0.60 0.33
3 Nickel 0.5 0.28
4 Chromium 0.41 0.21
5 Copper 0.49 0.21
6 Molybdenum 0.67 0.14
7 Vanadium 045 0.11
g Manganese-Silicon 0.5 0.22
9 Nickel-Manganese 0.55 J.28
10 Mangenese-lolybdenum 0.64 0.10
11 Manganese-Vanadium 0.55 0.24
12 Nickel-Chromium 0.87 0.20
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e 2

Data on Cast Steel Burs Restruined by Strong "C" Ssriag

Percent
Percent Exoonsion Percent Percent
Contraction Passing Contraction Total

Before Cri- Thru Criti- After Cri-  Contrac-
hi-1 Type of Steel tical Range cal Range tical Range tion

1 Carbon 0.20 0.15 042 347
2  sunganese 0.28 0.22 0.393 3.46
3 Nickel 0.24 0.18 0.35 0.40
4 Chromium 0.21 0.17 0.43 047
5 Copper 0.25 0.17 0.41 J.48
6 Holybdenun 0.31 0.l2 0.30 0e49
7  Vsnadium 0.21 0.12 0.35 Oed4
8 lsnganese-Silicon 0.24 0.16 0.35 0.43
9  Nickel-Manganese 0.23 0.18 0.38 044
13 langancse-dolybdenun 0.26 0.09 0.8 045
11 Manganese-Vanadium  0.24 0.16 0e45 0.53

12 Nickel-Chromium 0.37 0.17 0.17 0.37



tdgher Critical

0. T of Steel Froe
T Vepading 630
2  Carbon 690
3 Cnromium 670
4 Bangzanese-Silison 650
5  Copper 545
5 Hungunese-Vanadiun 540
7 Nickel-ilenganese 410
8 Fickel 500
9 Mongcuviese 530
19 lolybdenunm 565
11 iasncunese-

Holybdenum 550
12  Hickel-Chromium 420

TABLE &
Criticsl Points wa Couzliag frowm Solidifyiang Tom persture

Criticsl Points 1n Degroos Contlzcude

E
685
660
680
645
660
650
595
620
605
575

550

o~
e

635

590
450

870
875

530
440

L

~ Lower Critifal

Froa &

620
635
615

620.

605
605
560
545
510
530

470
320

620

a

525
515
G4t

630

690 .

619

c

e

o
R
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CONTRECTION OF PLAW CRARAOH STEELS
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