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ABSTHECT

An Investigcation on the effect of
ilicon content with varying carbon and
mancanese on mechanical properties and
weldability of 24 steels indicates that silicon
is to be preferred to carbon or manganese for
the production of hich strength normalized
steels for welding; the silicon steels showed

lower weld hardening and higher weld ductility
results.
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INTRODUCTION

AUTHORIZATTION

1, This problem was authorized by Bureau of Ships
multi letter L1-1(440)(275), EN 28/A2-11, of 22 Junc 1943,
paragraph 1.

STATENENT OF PRCBLEM

2. Only & few isolated cascs describing the effect
of silicon on weldability are found in the literature. A
number of authoritics have condemned silicon steels (4) (5)
for welding; others have reported no difficulty (6)(7).
spraragen and Cleaussen in thelr review of the literature on
siclding Silicon Steels (8) stats that "there is obvious
paucity of mecharnical tcst results on welded silicon steels.
Studics could profitably be made of the effect of silicon
content on welding the new low-alloy high-strength steels as
well as other alloy structural steels. The e¢ffect of silicon
in plain carbon stecls would form the basis of these more
complicated studies®,

XNO'lI FACTS BEARING ON THE PROBLEM

3. There has developed over the past decade a
voriety of low-alloy high~tensile stee¢ls both for structural
and engineering uses. The advent of the war with its shortages
of certain of the alloying elements has almost eliminated
some of these steels and has forced changes to be made in the
composition of other of the low alloy high tensile stecels.
The use of silicon in amounts to give alloying strength has
been attractive since the available quantity of silicon is
only limited by electric furnace capacity. The possibility
of developing a steel with the desircd mechanical properties
and at the same time decrcasing its hardenability to such an
cxtent that welding is not too difficult has been the 2im of
many low-zlloy stecl dosigners.

4, Greiner, larsh and Stoughton (9) in "The Alloys
of Tron and Silicon" review extensive studics of constitution
and mechanical propertics of iron silicon alloys. No
gquantitative statecment is made by these authors regarding the
weldability of silicon steoels.

S. Three surveys of tr :ts for weldability of steels
havc been submittcd by the Naval Research Laboratory. The-
first of these (1) MRL Revort No. 11-1642 of 15 Auzust 1940,
presented a comparison of eight types of tests for weldability.
The second (2) NRL Report Fo. }M-1770 of 20 August 1941, showed
the application of theose test methods to a study of the weld-
ability of a series of 24 low-alloy nickel steels. The third
(3) NAL Report No. 1i-1925 "eldability Tests and Calculated
Herdenability for 42 Carbon langenese Stecls' presented
weldability test data and suggested a possible correlation
between weldability test rosults and the hardenability of the

.-1-



steels 3In the rep rt on the effect of carbon-man-anese on
the weldability of steel it was pointed out that the presernce
of 0.20 percent siliecon was effective in reducings the manranese
or carbon content psrmissable for straig htforward we elding.

S8 In a discussion of the weldability of 42 carbon-
nancenese steels it was pointed out (3) that hardenability:
is a factor in the weldability of a steel. The use of the ond
guench hardenability test was sugrested as a means for measuring
this property. urther dcrendence of wo“qabllit: upon the
carbon content of the steel was pointed cut in MNRI lieport Xo.
M~1870 of Zpril 1942,

s During the past year the results of a series of

tests (10) have been reported by Doan, Stout and Frye. This
worlk, with certain modifications will do much to simplify the
-ob¢cm of welda "i Yo In this investigation, the principle
of which wac originally suggested by Dinzel (14), the maximum
hardness produced in a certain weld was assumed equal to that
at & cortaiﬂ Glstance from the quencned end of a hardenabilitj

test bar. Iiis distance corresponded to the particular welding
conditions used in the test. Other welding technigues were
represented by other distarces. In order to obtzin a grain
size in the cend-quench hardenabilit: bar similar to that Tound
in the heat affected zonme of a weld, the test bar was heated

to 2100°F at various rates and measuring the static ductilits
of the specimen as a slow-bend notched-bar. In this menner it
is possible to obtain an indication of the welding behavior of
a steel by two tests, the first for hardness and the second

for ductility at that hardness.

ODJICT OF TZSTS

&, This is a report of the investigation on the
eff'ect of the silicon content with varying carbon and mancanese
on the mechanical properties and weldability of steel. 1In
determininz the weldability of this series of steels, three
factors have Leen considered; first, the hardness produced in
the base metal by a bead ws 16 made under '

P
a2 standard welding
technique, second, the sffect of welding on ductility as
measured by the V-notched slow-bend test, and third, the
relation of weldability to hardenability as measured by the
end-quench hardenability test. t was also desired to anelyze
the data of this series in accordance with the extensive work
on weldability at Lehigh University reported by Doan, Stout
and Frye (10).

#Harcdenability is stated in terms of "“ideal critical diameter®
namely the diameter of bar in inches that will just harden all
the way throush in an ideal gquench (a quench in which the out-
side surface of the specimen is raduced to the temperature of
ths quenching medium in zero time),
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COMPOSITION AND PROFERTIES OF MATERIALS USED IN THIS STUDY

s In ordcr to cover the desired range of carbon
menganese, and silicon, it was nceessary to prepearec
experimental hoats. Accordingly twenty seven 40 1b. ingots
were made in a high frequency ipauctlon melting unit thLnr a
basic crucible. The carbon ranged from 0,18 to B.35% "*th
ménganesc varying from 0,80 to 1e 50%. Thc silicon content
was voried from 0,65 to 1.205 by adding ferro-silicon just
prior to pouring cach of the threc ingots per heat.

L ]

10. The following melting practice was used for
thoe above heats, A weighed amount of SAE 1015 scrap was
chargced in the basic crucible and mclted down. The cverage
time for melting the scrap vas 374 minutcs. The hcat was
held for 14 minutcs then 0,207 forro-silicon (95% bype) wis
added to guict the heat and cendition it for further additions.
To adjust the carbon content, iron containing 4.25% carbon
wes odded immodiately after the first silicon cddition,
followcd in half a minutc by an addition of slectrolytin
MINCANG SC, Aluminum strip (13 lbs/ton) was added 2% minutcs
aftir the mngancsc for dcoxidizetion and half & minute later
thc Tirst 1nbot mao pourcd into a cast iron ipﬂot chill mold
witﬂ 40 1b, capacity including hot top and pourins hoad. A

alculated amount of ferro- 51llcon was next added to the
rummlnlng netal to incrcvase the silicon contoent and the
sccond split pourcd within a minute of the first. Another
calculated amount of ferro-silicon was added to the heat to
further incrcase the silicon content and the remaining metal
pouvcd into thc third ingot mold. A pouring tcmpuraturg of
2750°F, obscrved with an optical pyrometer, wos maintainced aos
ClOSulT &8s possible.

11 After the pouring heads and hot tops were
removed, the twenty-seven ingots werc forged to slabs 2 inches
thick by 6 inches wide. They wore then hot rolled to 1/2
inch thick plates. Because of the offect of variations in
finishing tempcraturcs the steels were normalizcd for onec hour
ot about 100°F above the transformetion range in a2 controlled
o.trmospherc furnace.

12, The composition of the steels used in this
study as dotermincd by chemical analysis is given in Table I.
lfcchanical propertics in the longitudinal diroction and
hardness numbors of the plate mutCPl&l are given in Table 11,
Cn““pv V-notched bar valucs at testing tumpbrutures of 870F
and 30°F are shown in Tablc TIT.

CEIDTING TICHIIIQUE

14, In making comparative tests it is essential to
hold conditions as constant as 90381b1b, hence, full automatic
welding control was used, All of the clectrodes used in these
tests werc supplicd by one manufacturer. These electrodes
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were of mild stecl, heavy coated, reversecd ploarity (Navy
Grade EA, Class 1; 47IS E6010) with 3/16 inch diametoer core.
The plates were all t’norou"nlT cleaned of mill and furnsace
scale by sand blasting before welding. N.R.L. standard
welding technique for 3/16" diamcter electrode with 175
amperes, 26 volts, rcversed polarity and 6 inchcs ver minute
travel was used,

m o TQTIT Ma T 1
HETIIODS AXD RESULTS OF PESTS

15, The following sections describe the tests as
they were performed and present the data obtained from the
tosts on the present serics of experimental silicon steels,

HAXTIIULI HARDIESS AND GRAIN SITE OF BEAD V/ELDS

36, Single¢ bead- Wblug were deposited on plates six
inchos wide D“ secvcn inches long by one-halfl inch thick
transverse to the leLCtlon of rolling by using automatic
welding with 175 amperes, 26 volts and a speed of travel of
6 inches per minute. Vickers (10 kg) hardness surveys were
nade on poli”hod transverse scetions of the bead welds
Plate 1 shows th¢ type of survey used for the test spccimcns.
Test valuces for maximum hardness arec roportcd in Table IV.

L rocord was kcpt of the location of the indent with highest
hardnecss. & survey of the grain size at the fusion line was

made on the stcels by photographing the structurc of the heat
affccted zone at 150 magnirlfication and actually counting the
enlarged grains for three locations to a depth of 0.02 inch
below the fusion linc on the bead weld scetion. Typical
photographs of the microstructure at the fusion line arc shown
in Plate 2 with the¢ arcas outlined which were used in determining
the grain size. Test values for maximum hardness and fusion

line grain sizes are reported in Table IV.

V-NOTCEED SLO"-BEND TESTS

G Gy Strips 1% inch wide were cut (Plate 3) transverse
to the direction o; the bead weld from the test weldments
described above. Ynly sufficient metal was removed from the
top surfacc to Lllmlnatu irrcgularities Matecrial was then
rcmoved from the lower surface to obtuln a up001meﬂ 0. u?a
inch thick. The specimens were ctched in a 5% nital solution
and the location of the V-notch was dctormined by scribing
& linc on the side of the specimen parallel to and at a
distance of 0.315 inch from the bottom of the specimen (Platc
4). The V-notch was located at the point of interscction of
this linc with the linc of fusion between the weld metal and
plate material. 1In this manncr the apex of thce standard
V-notch was machined tangent to the fusion linc. Por comparison
g similar specimen prepared from the unaffected plate matecrial
was tested (Plate 5). The specimens worc bent tc failurce in o
guided-bend test jiz. The angle at maximum load for each
spccimen was notcd and stress-strain diagrams were obtained.
Data for the V-notch slow-bend test arc presented in Table V.

= 4w



END~QUCNCH HATDEVABILITY TEST

18, Since most of the material used in this study
was available only in 1/2 inch thic'moess, 1% inch rounds for
the end=-quench huPQCHabllltV test were fOP”ud from the plate
material. The pivces werc normalized for 2— hours at 100°F
cbove the transformation range bufore machlninw End quench
hardenability test bars (Plubo 6a) were mochincd from thesc

forged bars. Thesc specimens were inscrted into & carbon
JuCkCt and maintained at 2100°F in a controllcd atmosphcere
Globar furnace for 30 minutcs and then guenched in 2
gtﬂ“car (11) jis (Flates 7 2nd 8). The specimens were
allowcd to remain in the quenching jig for ten minutcs or
until cold. Two flat surfaces werc ground clonc the full
length of the speeimens (Plate 6b) at points 180° apert to
s upntd of from 0.025 to 0.040 inch. Thc flat surfaccs werce
preparcd by hand polishing through ;000 ¢mery poper and tﬂO
Vickors ﬁ@bﬂOd with 10 kg. load was used for the hardncs
study. The first indent wos made at 0.015 inch from thc
qucnched ¢nd; the next 14 indents werc spaced ot 0.025 inch
and ot lcast 14 cdditional indents were made with 2 spacing

of 0,050 inch. & number of the cnd-quenched specimens

showcd 2 hardness at the quenched end far below thot prcdicted
for maximum hardness for the carbon content. Mo decsrburization
was rovealed by microscopic examination. 1In order to determine
whether the low hardness was causcd by retained austenite o1l
the end quench test bars were cooled in o bath of liguid zir.
These specimens werc again ground and indented for the Viclkers
hordncss survey. The incrcasc in the hordness at and ncar the
quenched cnd of the bar was rcadily noted.

19, The grain size of tho cnd-quench hardenability
test bars was determined by polishing the¢ specimen electro-
lytically, etching with nlt¢l picral rcagent ond photographing
o suitabls mlcrostructurc glong the bar at 100 x megnification,
An actual grain count was mde for an arca on the photocrraph
of 5,000 Squaro millimcters. The chemical analyses for
carbon, manrancse and silicon in thce stecls used in this
portion of the study were made on samples drilled from the
¢nd quench bar. The chemical anclysis for the residusl clements
of cach heat was on the original stock.

20. The cistonce along the bor which was taken for
detecrmingtion of "idcal dismcter® for full hardening was bosed
on the hzrdness lecvel indicated by the lire for 50 pfrccnt
martensite (Tlate 9) for plain oarbon steecl. his distance
was converted to ideal diameter by the relation civon in
Platc 10, Thesc curves have boen prescntsd by Crossmann {12}
ond have been reproduced here with the nockwbll hardness voalucs
sonverted ko the Viekers scale (13).



21, The "ideal diameter" of ecach stecl was
corrccted to 2 grain size of 2 0'r 8¢.,0f the chert in Plate
13, Ehs gﬂrlrlcal relation of #/Di whlch is the ratio
of thc square of the hhrdgnaullltv of the stcel (corrected
to a grain siz¢ No. 2) to the hardensbility for the purc
iron-carbon portion of the stecl is used in the anelysis of
the data. The analysis of the data from this standpoint is
given in Table VI. Since this re¢lation is cmpirical no
further stetement as to its motallurgical significance is
made at this tinme,

22 Theé herdenability of the stcels usced in this
study was also calculated using the methodss proposcd by
Grossmamn (12) using the F_ ctors shown in Platcs 12 and 13.
The obscerved hardcecna blllt" o? °1licon for ths stcels in this
study wvhon gquenched from 2100°F is not so grcat as that
prcdicted by Yrafts and Luaoht (16) or CGrossmann (12)

2}

COI'TIIIUOUS COOLED U-NOTCH SLO/-BEND (LIIIIGH)

25. Specimens € inches long by 1 inch wide by 0.25
1nch thiclk werc preparcd., These specimens werc heated to
2100°F iP on éontrolled ubiOSpﬂbPL Globar furnace and maintained
at tcmperaturc for 30 minutes. The specimens were bent to

‘_—1

#* In the mothod proposcd by Grossmann, a stecl is considered
2s having 2 base hm;aanmb11¢tj duc to its carbon alonc and
this base hardenability 1s mwltiplisd by 2 foctor for cach
chemical- elecment proscnt. After multiplying all thesc
together, the final product is the hardensbility. Grain
size may be taken into account cither on the boase harden-
2bility or after multiplication. The factors for carbon
content of 2 stecl with a given austenitle grain size may
be obtainecd from Platec 12. TFactors for the othcr constifuents
may be obtained from Plate 13.

he following composition for steel ;#226 may be uscd as an
illustration of the method of ca lculﬁtion (austenitic grain
size 2.3).

Composition Pcrcofaé Fecler

C (el B 0.206
In 0.86 B3.B5
a3 1.12 1.8
S 0.038 0.98
2] 0,0E5 1.04
Al 0.04 3 B
Cu D.25 1 AXE
Ni 0.14 1.05
Cr 0,085 I
1o 0.62 1.06
Product of I'actors Dy = 1.96 in.

- 6 -



failure in a guided bend testing jiz wit‘ the specimens placed
in the jig with the notch facing the open 1ing in the femsa le
member of the jig. The angle at jayiﬂum load on cach spe
was noted. Stress-strain diagrams were also obtained
hardness measurerents were made on a section ta'zen *rch sack
test specimen at & distance below the surface sgual to the depth
of th¢ notch. Table VIT presents data obtained from these
tests. Hore will be ssid in the discussion regarding the low
herdness obtained for many of the brine gquenched specimens.

G We are continually confronted with the problem
of conversion of ths results for one type of test piece in
Corms of another type. The relation of the anrles at maximum
load Tor the U-notch and V-notch zlow bend specimens is shown
in Plate 15, 4 comparison may bc made vetween the spscimens
with the steel in the normelized condition, or the results of
V-notclhied bead weld specimens mag'be comnarcﬁ with U-notch
slow bend specimens continuously cooled to a hardness equal
to The maximum hardness measured on the bead weld. These
results indicate that an angle of bend of 35 degrees for the
U-notched specimen is approximetely cquivalent to an angle of
bend of 20 degrees for the V-notched specimen.
DISCUCETON OF PESVLTS

28, The rcsultu of teasts for the present series of
steels together with other data presented by “alters (17)
pernits the construction of Plate 16 showing the relative
effect of silicon and mancanese on the tensile strength in
the normalized condition. The accuracy of the methiod of
calculating the tensile strength of ﬂOPA&liZ@d ateels from
chemical composition suggested by ~alters (17) can be seen Ly

comparison with the actual 4"‘1’1311 st vuguhu of the steels ussd
in ths “resent study (Table VIII). It 1s to be seen (Plate 17)

thaet in a silicon- mahﬁape“ steel, mansanese 18 only slightly
nore offectlv than silicon in increasine the tensile strength

of normalized steel

26 Increeasing the silicon content of any of the

teels in this study in the ranvte 0.60 to 1.20 percent &affects
the weldability as measursd by maximusm bead weld hardness and
ductility only moderately. The results of these tests indicate
that less weld hardening and better weld ductility is to be
obtained by the use of ailicon in preference to manranese, The

reported difficulties due to high ingot shrinksge and rolling
difficulties which are¢ encountered in steel mill practice may
upget thils acdvantage. Also for a given tensile strength better
ductility and notched-bar impact results are to be obtained in
the mancanese steels. The practical solution for a high-tconsile
low—allo; steel may well be a compromise betwcen the improved
weldability due to silicon and the improved mcchanical properties
due to manganese.



DISCTSSION OF EED-QUENCH HARDENABILITY RIESULTS

27, It has been suzgested by Kinzel (14) that
cach combination of welding conditions corrcsponds to a
position on the vha-quunch ﬂ%rdunab117t“ bar. From the date
prescnted by Doan and Stoud (10) a welding technique of 175
amp,_bs 26 volts anad 6 inches por minute corrcsponds to a
distance of 0.34" from the qubnchgd end., The maximum bead
weld hardness for a number of stecls is comparcd with the
cnd gquench test bar herdness ot 0.34" distahte in Plate 18.
Further data fo? thi'stecls uscd in this study are presented
in Plzte 19, ThHe trend of The-eorrelotion 18 in genercl
cccurate only to plus or minus 20 percent. It will be reclized
chet thig is not entirely sefisfoetory for the welding engineer
except a5 2 preliminory indicabion since this might prediet
¢ hordness of 240 to 360 for o stecl whose actual moxinmum
hardness is 300. Thus it is necessary to analyze the end
gucnch hardenabiliby test data further in order to determine
the othicr foactors which control the hardness at 2ny given

stente dlons Lthe bar.

28 The reximum hordness thot may be obtained by
drastic quenching is depondent upon the carbon content clone
(Plzte ©). The hardncss attaincd by less drostie methods of
cooling will be deternined by the carbon content as well as
the alloy content. It has becn pointed out (15) that the
hardness attained by any stcel under 2 given welding technique
is effeected by the CuPLOﬁ content as we¢ll as the hardensbility
of the gtecl, The most convenient riethiod of anslysis 15 uhat
shown in Platc 20, where o relation is shown betwecn D3°/Dy i
and the percent of moximum quench hardness attaincd at O 54”
disteonce along the bar. further analysis of the cnd-guench
hordenability test results indicate 2 definite correlation 2t
o distance greater than 0.2" along the bar for the stcels used
in this study. This agrcement is not as good for shorter
distances, espocially for the higher hur&cn&bill*“ sheels,
This is to bo s¥pected as small V&Pl&thng in the temperature
of thc quenching water, or in the exact technique used in

hendling the specincn will influence the rosults at the
guenched end. The hardness attained a2t the shorter distances
will also be influenced by any retained austenite prosent in
the rapidly qucnched portion of the tost piece. This effect
can be partially overcoms by a low temperature trovatment of
the c¢nd quench hordenability test bar with dry ice or liquid
air before measuring the hardness. The above anclysis also
can be applied to the corrclation of weld hardening with ond
qucnch hardenability test results. The scatter of the data

ey be redueced by corrgctlng for grain sizc both in the end-
qucnchud bar (Plbtu 11) and in the heat affectcd zone (Platc
12) of the bcad weld: such an analysis is shown in Plate 21,

%* D
Di

ideal dismeter corrected Lo crein sizc Ho. 2
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n

ideal diamcter for iron-carbon only.

i

S B o



2%, The

compogition gives r
ac

o
va n
l_.|J

& of herdenability calculated from chemieal
esults that show somewhat greater scatter
tval measurement using the end-quench

than obtained by
herdenability tar.

30. There has been a constant attempt to simplify
¢tallurgy of welding even to an extent bsyond that possible
dinary huat treatrnent practice. The metallurgy of
it even in its simplest case, thet of & bead ""ld on a

complicated by high Cﬁ;araturas, grain crowth anc
hanzes in the thermal cycle, together with conditions
ion and stress, In general squilibrium conditions
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DISCU3SION OF COMNTINUQUS CCOLED U=-NOTCII SLCU-BEED RESULTS

52. The use of brine and oil quench and air and
furnace cool cdoes not always give sufficlient variation in
hardnessess to batﬂbllSh.tuu rulation of hardncss and ductility.
Tnure is need for a specimen with en intermediate cooling rate
between the oil quench and air cool., Seversal method have besen
tried but so far no procedure has proven entirely satisfactory
or reproducible.

33. One of the most surprising observations in this
investigation was the low hardness accompanied by low dvctility
found in many of the brins quenched spec 1m=n~. For example,
in steel #2286 the o0il quenched specimen had a hardness of 309
whiles the brine guenched specimen had & haranuus of only 188.
The angles at maximum load, however, were 16 and l4 degrees
respectively, This indica fed that fthe brine quenched specimen
probably contained considerable retained austeonite which was
“ap*ulﬂ transformed during test by the high tensile stress at
the apex of the notch. In order to determine if this were the
¢case, sections of the brine qafluaed specimens were trcated in
a 11qu¢u air (-185°C) bath and the hardness mesasured (Table VII).
In all cascs the hardness increased and in most cases became
greater than that of the oil quenched specimen. Steel 7226
incrcased in Vickers herdness from 188 to 413. This indicates
the presence of a surprising amount of retained austenite in
this stecl. Many of the other steels likewisec show the prescnce
of rectel ned austenite,

- 9 -



SUMIIARY AID CONCLUS IOHS

34. ort the results of this study & number of
conclusions are ndicated:

1. ©Silicon is almost as ¢ffective 2s monganese in
incrcasing the tensile strongth in the normalizecd

condition.

2. Thce use of silicon s a strengthoner of normolized
steels for welding is to be proeferred to that of
corbon or mangancse as lower weld hordening and
hisher weld ducti lity results in the c'J.l:Lcorl
stcclo.

'
)
]

t¢ hosg been .
g low z2s 0.18%
i

ligceon 1m
specimens quenched drastically from 2100°F,
This obscrvation must be ept in mind in the
use of thesc stecls for welded structurcs as
tenslilec stresses in service will have the
tendency to transform the austonite givine a
dangorous, high hardness product witlhh low
ductility.

The prescncc of retal eni
obscrved with 3 carbon co nucpt a
with 0. 860 rnengancse and 1. 1”J S

i

A

@]
.

[0S

. Usld hardoning results are dependent upon the
carbon content and hardenabilitsy of a steel
and both must be considercd in mnH1“21hL the
effect of a weldings technigue on hardness.

35. In future work the weldability of silicon-
moengonese steels with silicon contents up to 0.605 should be
studied. Turther dilatomctric work on silicon stecls would
bec useful. The e¢ffect of grain size in the heat affected
zone on weld hordening should be further investigated.

Finolly the effects of varictions in welding technique and
thickness of plate should be continued. The ficld of metallurgy
of welding is still intenscly complicated by & large number of
variables. The field of metallurer of w&ldln” has teken great
strides In the recent Jears. and possibly thg d“v is not too
far away when studics of welding will help in unu4n”ling some

of the m yateries of ﬂutulld;glc&l behavior.

e
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TADLE CHEMICAL COMPOSITION OF STERLS USED IY¥ THIS STUDY

Steel

No. C Hn Si 3 P Cu Vi o Mo Al
224 0.18 0.84 0.668 0,038 0.016 0.23 ©0.12 0,05 0.08 0.0=
227 0.1 1.04 D.67 0.053% 0©0.014 0.28 0,12 0.05 0.02 0.0
230 0.22 1.44 0.69 0.037 0.013 0.20 0.09 0.06 0.02 0.03
235 0.286 0,86 0.69 0.0859 0.014 0.22 0,10 0.05 0.02 0.03
239 0,29 1,40 0,70 0.040 0.013 0.B5 0.1 0,05 0.02 0.05
236 0.28 0.32 0.71 0.04@6 0.013 0.22 0.10 0.05 0.02 0.03
247 g.00 1,06 0.78 0.080 0.013 0.2 0.10 0.05 0.02 0.03
242 .55 0.86 0.75 0.057 0.013 0.22 0,10 0,06 0.02 0.03
228 @22 L.04 0.87 0.038 9.014 0.285 6.12 0.05% 0.02 008
251 0.22 1.48 0.90 0.039 0.013 0.20 0.02 0.08 0.02 0.03
234 0.2¢ 0.86 0.80 0.038 0.013 0.22 0©0.10 0©0.05 0.02 0.03
240 Qu28 1340 0:82 0,021 9.0k 0.22 ©0.18 0.0% 0.02 0.05
225 O.le @.84 0,85 9.039 0.014 .25 9.1¢ 0.5 H.02 0.05
243 Do 085 .94 0,058 0,015 0.22 9.]10 0.05 002 B.OZ
245 Q.55 2OF B.94 D.040 0.0132 0©.253 0.1 0.85 0.02 0.05
249 0.32 1.49 0.94 0.,03¢ 0.012 0.22 0.10 0,06 0,02 0,03
226 0.8 0.86 1.12 0.838 0.0l 0.23 .14 0.05 0.02 0,04
282 0,20 1,80 1.12 ©.059 0.014 0,20 0.10 0.06 0.02 0.05
235 @24 0.88 31,12 D.088 D012 D82 0.0 0,05 002 0.05
229 O,20: L@7 lold G637 0,012 0.35 0412 0:05 008 0.05
241 Be2s Lpde 315 0.058 0,013 0.5 0.10 0,05 9.02 0.0%
246 0,20 1,67 1,17 0,020 0.018 0.22 0.10 9,05 0.02 0.0
238 B.26 0,95 1,18 0.040 0.032 0.9 ©.30 6.5 0.028 .02
250 .58 X.o@ E.12 0.089 0.012 0.22 0.10 0.05 0.02 0,02



TABLE ITI MECEANICAL PROFPERTICR OF STEIELS USED IE THIC STUDY

Yield Tensile 2w Reductiowm .
33961 Strongth Strength g}ongut;un of Arca R?TEFLSS
1T0. psi psi ercent Porcont Vickecrs
224 54,3580 78,200 37.5 66.0 154
227 28,500 81,800 3T 64 .4 164
230 68,050 91,000 36,4 70.0 182
205 59,600 84,500 36,1 63.9 166
259 68,750 5,950 552 65.4 197
256 59,600 87,300 35.0 655 175
247 63,900 $8, 930 32.5 59.7 192
242 63,200 ©5,300 Be.58 57 .0 188
228 51,500 83,300 36..1 657 172
281 64,500 96,650 54,5 68.4 192
234 60,850 87,350 35,0 65,2 176
240 73,100 101,500 D25 65,6 201
225 51,350 76, 900 56.8 647 162
243 67,500 96,400 32.8 5847 193
245 69,800 100,800 D2 60.4 200
24 79,900 107,600 0 I 64.2 216
226 64,500 83,800 36.6 67.6 169
2oe 53,700 95,400 B0 8 65.2 196
235 66,150 ©0,300 359 64.0 182
229 53,900 86,700 e I 65.6 178
243 60,000 100,750 52,8 64.4 207
246 71,450 103,900 50T 60.9 202
258 51,850 €0, 700 34,3 62, 182
200 85,500 110,400 Bl T 62.2 220

ats
5

Test specimen taken in longitudinal dircction.
Dicncter of specimen 0.3577. Gage length 1.4".



TADLE III RESULTS CF CHARPY V-NOTCHED DAR (ILPACT) TEST

Steel Tegting Temperatures
Ho. 87°F 30°F
TErib. ft/1b.
224 T 68
227 83 48
230 70 7
235 69 &4
239 64 37
236 69 40
247 42 29
242 41 26
228 42 34
231 57 89
234 6¢S 42
240 54 356
225 70 56
243 34 15
245 35 27
249 56 36
226 74 32
232 64 10
235 56 34
229 36 1y
241 43 28
246 37 23
238 26 20

250 50 29



TABLE IV ﬁLXI ULl BEAD VIELD HARDNESS AND GRAIN SIZE OF
AFFECTED ZOIE

Bead

. R tlaximam % of Max. Grain
53;01 ﬁ:%g_ QJuench Quench Hoat Affec
S " Hordness Hardncss 1 &
noss#
224 233 495 47 3.5 3.7 B, 3%
227 237 505 47 5.8 4.0 5.97
230 306 54 o7 3.3% 3.8 Bal
233 i 575 &4 3.3% - 3.0%
239 376 620 58 Sa gt Su ¥ s
236 Bk 606 46 2.8 2.8% 3.3
247 368 675 o4 2.9 £.3 3. 3%
242 330 675 £9 3.7 &, 2% SeT
228 268 540 49 3. 2% - 2.7
251 306 40 57 d.2 5.4 o I g
25 260 565 46 3.5% t.4 3.2
240 389 620 63 2.6 5.4 Bsd
285 234 505 46 2.8 3.6%% 2
245 335 655 51 3.2 3. 9% 3.5
45 405 675 60 D50 4,0% 4.0
249 437 645 68 ST - Dl
226 236 495 48 2.6 3.0 B
232 SLY 520 61 3. 67 B 7 o .
235 274 565 43 Diaid &, 3 Jud
229 264 o520 5l 3. B3¢ 4.5 Bt
241 388 606 64 By 2.9 3.3
246 373 675 55 3.0 5. 8% 3. O
238 265 585 45 3.4 3.6 £:9
250 437 640 68 2. 7% R 2.9

% Zone of maximum Vickers Hardnegss
} Vickers (10 kg.)



TABLE V S1.07 BEFD (V-NOTCHED) TEST RESULTS (175 amp.)

. Plate Bead Yeld
Stael Inglc e X 1mum Angle TEeximum
Ho. Dégrees Load-1bs. Degrees Load-1bs.,
224 52 4680 23 4810
22 33 4920 24 5070
230 28 5345 11 1860
253 2¢ 4845 18 2780
259 25 435 10 5010
256 26 4920 13 4790
247 21 5200 7 1625
242 20 5050 9 £615
228 32 5150 21 5120
231 26 5635 13 D22l
254 25 4990 1 50565
220 22 5495 7 4775
225 31 48560 25 5035
243 20 5200 15 5030
245 21 5410 6 4495
249 19 5740 & 4190
226 30 5035 24 5140
232 28 5750 12 5185
235 25 5148 16 5075
2eg 29 5260 21 5265
241 21 5560 /s 4910
246 20 0420 6 4645
258 Al 5380 B 7 5120

250 18 5840 3 4340



TADBLE VI ARALYSIS OF END QUENCH HARDENABILITY TEST DATA

s hverage Pye
-l Grain B* B 1)
Size 1 i ;i -
_ D,
200 0.18 2.0 3. 50 180 0.21 15.4
227 e o) Yo 185 il 0.22 13,71
230 Dure Lt 2.70 2.60 0.24 268..1
233 Q.25 E e 1 ;85 1.90 0.24 18.0
239 0.29 Dl 2.20 DD D27 18.8
23 0.28 5 2.00 1.95 .27 14,1
24" 0.35 s 20 2.40 0.30 19.2
24 058 1,9 2.10 2.07 &, 30 14.3
228 .22 1o 6 1.95 1.920 Q.24 15.0
233 G.22 1,9 2.55 200 Q.24 26.0
254 Q.24 g 2.00 1.85 0.24 15.8
240 0.29 25 2.00 2.60 Q.27 25,0
225 0.18 l.4 i =) 1.6% G 22 12.%
243 (085 1,8 2,05 2.00 0,29 135.8
245 0,05 2.k 2.55 2.49 0,30 20.0
249 Qa8 2.2 3.05 o0 0.29 3342
226 0,18 2ud 1,75 1.80 021 15.4
252 D 20 Jie Sl 2.50 2.48 .25 26,7
235 0.24 15T 1,80 g . 0.24 12,7
229 Q.20 2.4 1.50 1.95 0,23 16.5
241 0.28 L8 2.75 2.70 0.26 28.1
246 .55 S 2230 2.20 Q.36 16k
258 0.26 1:6 a,00 1.95 0.26 14.6
250 @54 2B 2.95 5.0 0.28 36.6
D. = "ideal diamcter" from Test Bar

Di = Di corrected to Grain Size No. 2.0

=l
1

= "idezl diameter™ for Iron-Carbon only



TADLE VIT RESULTS FCOR EDNTINUOUS COOL U-~NOTCH SLOT BEND (2100°F)

Steel Angle ot HMaximum Load Average Vickers Hardness Number
Ho. Brine 0il Air Purnace E?lﬁiqiiélg‘i;d Brine 0il Air Furnace
224 5} 15 656 84 435 580 306 185 151
287 15 13 64 65 ' 450 380 319 194 158
230 10 13 45 68 464 15 455 213 172
235 3 8 49 67 483 409 4357 194 163
239 S 11 354 39 519 508 399 227 188
256 9 9 49 55 500 285 480 209 170
247 10 g 37 43 5g2 413 548 228 187
242 10 10 3% 4 566 9% 554 226 182
228 15 15 &% o4 452 261 349 19% 183
251 15 15 45 61 475 366 314 224 180
234 8 19 SO 63 293 322 457 207 165
240 i iz &% 51 536 294 198 231 189
225 12 15 &l 76 429 411 304 193 160
243 8 7 38 5% 566 440 b42 224 186
245 7 10 38 e 575 245 3BE €855 12
249 10 11 32 38 575 480 403 248 206
226 14 16 62 (1% 113 188 309 209 160
e32 15 16 21 60 £70 339 425 229 166
235 Tk 11 49 51 <73 296 459 207 171
229 15 15 52 61 452 423 317 212 170
241 16 1l 26 L' 033 313 401 245 126
246 E: 10 &% 40 566 572 548 239 197
238 9 3 47 03 486 495 378 202 177
250 13 15 29 S 572 514 381 256 206
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Hs Gl

Do
HODMND-OO;

CGI DD i

98, 950
95 300
83,500

96,650

Steel Tensile Strength psi
flo. Lctuval Coalculated
224 75,200 77,000
221 81,800 80 500
230 91,000 89700
235 84,500 84 ;600
555 95,950 98,500

87,300 89,300

3
$8;000
94200
837700
94,000

234 7,350 86700
240 101,500 101 ;800
225 78; 900 81,600
243 96-, 200 96, 400
245 100,800 101,500
2419 107,600 106,200
226 83,800 83,200
s 95 :00 9:: 800
235 992, 300 20,000
2290 86,700 88,400
241 100,750 104000

246
258
250

103} 900
90,700
110,400

104300
927800
110,000
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