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INTRODUCTION

The current research program on this project can be conveniently
divided into three major problemss

1) A study of the effects of addition sgents and changes in com-
positicr on the hardenability and mechanical properties of low-alloy armor
steelss The additiom agent given most consideration so far is boron, added
either as ferroboron or in the form of two proprietary alloyse Changes in
canposition have been mainly in the direction of lower molybdenum contents
with simultaneous additions of boron. The possibility of using silicon

and aluminum to improve the properties of armor steels was also examined.

Considerable data on the effects of boron were presented in the last
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«31=
quarterly report; these have been supplemented by the informetion contained
in this reporte The first or exploratory phase of the boron program has
now been completed, and a more comprehensive survey of the problem, which
is outlined in the discussion of the boron-treated stecls, has been started.

2) A program of heat treatment and tests on cast armor steels to
determine the effects of hcnogenizing time and temperature on the harden-

ability and mechanical properties of cast plate from five different pro-

ducerse

3) To produce ballistically acceptable face-hardened armor plate

having a lower alloy content than used heretofore.

EC:! EXPERIMENTAL WORK

AN

;,\ Effect of Addition Agents and Changes in Compogition on Low=-Alloy Steels
:"j-::

t'q All melting was done in magnesia=lined induction furnaceses The
S‘\ melting practice was standardized as closely as possible to avoid the ine
N \ troduction of variables from this sourcees Hardenability specimens for the

wrought material were machined from 1-1/8-inch square forgings while the

"

.
2

SO AELY e PN,

impact specimens were cut from 9/16-inch stock that had been rolled down

b

Sy

from the forged barse When tensile specimens were made, they were machined

g
e

[Ret]
'I

from 3/4 inch rounds,

'J\‘

7

Cast steels were homcgenized at 1900° F. and wrought steels were

-3, 4,

normalized at 1700° F. for 23 hourse Water quenching was from 1575 or

T
al’ . .l

1600° P, depending on the composition of the steel. The cast specimens

.
LA RN

were then tempered to a hardness within the range of 270 to 290 Brinell,
while the hot worked stecls werc tempered to 350 to 370 Brinell,

Jominy endequench test results are given by rcporting four values:

1) The Rockwell "C" hardness at 1/16 inch from the quenched end.
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2) The distance from the quenched end at which the hardness is §
Rockwell "C" below the hardness at 1/16 inch from the ends

3) The distance from the quenched end at which the hardness is 10
Rockwell "C" below the hardness at 1/16 inch from the end,

4) The Rockwell "C" hardness at 2} inches from the quenched end.
It is believed that these values give a good picture of the hardenability
characteristics of the steels and afford a ready means for comparison that

is not so easily obtained by examining each hardenability ourvee

Wrought Steels Treated with Ferroboron = Table 17

The previous quarterly report contained data on steels treated with
ferroboron in which the boron contents exceeded 04005 per cent, Since this
quentity is larger than that considered necessary for obtaining increased
hardenability from a boron addition, the present series of steels have been
prepared with boron additions amounting to 0,003 and 0.005 per cent.

The results given in Table 17 indicate that there is little dif-
ference in the degree of hardenability conferred by either the 0,003 or
00005 per cent additione The hardenability of boron-free steels of com-
parable analysis is decidedly lower as shown by the data for Heats 8374 and

8376, taken from the July 15 quarterly reporte

Cast Steels Treated with Ferroboron = Table 18

The keel blocks for the boronwtreated steels listed in this group
were poured from the same heats listed in Table 17 for wrought steelss The
boron addition has produced a similar increase in hardenability in the

castings, although high hardenability values obtained with the boron-frece

e stoelse
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Wrought Boron-Treated Steels Covering a Range of ifolybdenum Contents =
TQEIea 19 and 204

From the results of some earlier tests on boronetreated alloy

steels made with and without molybdenum (See ppe. 16 and 17, July 15 quarterw
1y report), it appears that whenever boron and molybdenum occurred together
there was a noticeable drop in notched=bar impact resistances If this cor-
dition should be general, ths addition of boron to molybdenum-containing
steals might lead to difficulties which would outweigh the advantage of
increased hardenability. The possible interrelation between boron and
molybdenum has been investigated further by melting a 300=pound induction
furnace heat of two base analyses and treating them in the following manners

1) The first ingot was poured without a molybdenum or boron
addition.

2) A boron addition of 0,003 per cent was made to the metal re-
maining in the furnace and a second ingot poured.

3) Approximately 0.10 per cent molybdenum was added to the
furnace and a third ingot poured.

4) The molybdenum content of the metal in the furnace was raised
to about 0.15 per cent and anovther ingo% poured, and finally,

§) A last addition brought the molybdenun content to about 0.25
per cent and a fifth and last ingot poured,

The results,given in Table 19, show that the maximum hardenubility
is reachsd at a molybdenun content between 0,10 and 0,18 per cents, The
lack of a further increase in hardenability when the molybdenum was in-
creased beyond this range conceivably could have been caused by a loss of
boron as the five ingots were successively poureds The possibility of

"fading"” in the effect of boron was not investigated, howevere
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;- There is no evidence of & drop in toughness as the molybdenum cone
%”5' tent is increased in the nickelwchromium base steel, but a drop does occur
Eif; in the other steel, although some toughness is recovered when the molybdenum

gﬂﬁf reaches 0,24 per cent. Since this information regarding the toughness of
boronetreated alloy steels containing molybdenum is still inconclusive, a
further check on this point was obtained by making some low=-temperature
impaot tests on these steels using a Charpye~type specimen with a V-notchs

It is known that steels which tend toward brittleness lose their impact ree
sistance rather suddenly at subnormal temperatures. In this instance, the
tests were carried out at «40° F, (=40° C.), & temperature low enough to
reveal severe cases of embrittlement, All of the steels vere lower in
impact resistance at «40° F. than at room temperature, and same more so than
othere, but there is no basis for considering the steels containing both
molybdenum and boron to be more brittle than those with molybdenum or

boron alonee In general, those steels having the lowest impact values at
«40°® F, were also inferior at room temperaturee Data on the low=temperaturc

impact properties of the wrought boronecontaining steels are contained in

Teble 20,

,

e 4l
DA AT RE A
' PR

Most of the original Izod impact specimens from Heat 8585 were

A

1)

1
Tg found to contain quenching cracks after the impect tests were madee HNew
-;':\'
:;b impact specimens were, thorefore, machined from the various steels from this
N
a heat and water quenched as before, cxcept that a 300° F, draw was used ime

mediately after the quenche This treatment eliminated the difficulty, and

has become standard practioce for all the specimens prepared sincees
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Cast Boron-Treated Steels Covering a Range of Malybdenum Content -
Tables 21 and 22,

The cast steels were poured in the same sequence outlined for the
wrought steels, and the compositions of the wrought steels were duplicated
a8 closely as possible,

Maximum hardenability, as shown in Table 21, is again reached at a
molybdenum content between 0.10 and 0,15 per cente There is no loss of
toughness as the molybdenum content is increased in either of the two base
agalyses,

Tmpaot tests at ~40° F. reveal the interesting fact that the cast
steels lost very ‘ittle of their resistance at this temperature as compared
to the wrought steels (Table 20). In the manganese-molybdenun series, the
steels with low percentages of molybdenum have a larger drop in impact
values than the others, Sufficient specimens were available from the cast-
ings poured from Heat 8583 to carry out impact tests at =80° Fe (=51° Cs)e
Even at this temperature the toughness remained quite highe

At the presont time a series of steels arc being prepared which,
vhon complete, will comprchensively cover a fairly lerge range of molybdcnum
and boron contents, It is believod that the data obtained from the tests
on these steels will provide a rcliable index as to the utility of boron as
e depth-hardening agent and to its possible influence on other properties,
particularly when molybdenum is presect in normal or subnormal amountse
The investigation will again feature Jominy hardenability data, and impact

properties at room and at sub=zero temperaturcse In addition some work will

LU

5;3 be donc on the susceptibility of the steels to temper brittlencss and the
S

&;i possible influence of boron on temper brittlenesse The obscrved fluctuations
ngg in impect resistance of thc stecls which have alrcady been studied indicate
;&?;
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the existenne of temper embrittling effects even in the presence of
molybdenum, Should the work show that boron or the reduction in molybdenum
content has an important effect in either suppressing or accentuating temper

brittleness, a more comprehensive study will be started on the problem of

rendering steels immune to this form of brittlenesse

Wrought Alloy Steels Treated with Special Deoxidizers = Tablo 23,

Silcaz Noe. 3 and CGraingi X=79 are two types of commercial deoxie
dizers which contain some boron, as shown by their analyses in Table 23.
If used in large enough quantities to add a few thousandths per cent boron
to the steel, they should aect to increase the hardenability from the boron
addition alone, disregarding the possible beneficial influences of the
other metals in these alloys. The recommended addition of 7.5 pounds per
ton (04375 per cent) will add roughly 0,002 per cent boron to the stecle

The results of experimental trials with these dcoxidizers on
wrought steels, as listed in Table 23, sho: ¥t the effect of the two

alloys on hardenability is practically the sames The Grainsletreated steels

>3

somewhat higher in impact strength than those treated with Silcaz, but
it is questionable whether the difference is significante

It is apparent from the hardenability data that the deepest harden~
ing steels are-those containing their full share of molybdenum, that is,
about 0e¢35 per cent, Not chough tests were made with stecls containing
0020 per cent molybdenun to state definitely whether or not they are in-
ferior in hardenability to those with 035 per cent molybdenum is corro-
borated by the results in Tables 19 for steels containing about 0,20 per
cent molybdenum that were treated with ferroboron. Except for Steel 8453

in Table 23, howsver, the difference in hardenability of +the boron-treated
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steels containing 0,20 per cent molybdenum and those oontaining 0.35 per
cent is not very greats The rapid drop in hardness on the endequench
specimen for Steel 8453 is unusuel, considering its analysis and its hard-
ness of 21 Rockwsll "C" at 2% inches from the quenched end, which is higher
than for steels having a more gradual loss in hardness at the quenched ends

It appears from the data in Table 23 that both Silcaz No. 3 and
Greinal X=79 can be substituted for ferroboron to obtain the same degree of
hardenability, If there is a difference, it is in favor of the complex de-
oxidizers, as the majority of the steels treated with these materials harden
to a slightly greater depth than those treated with 0,10 per cent aluminum

and ferrcborone

Cast Alloy Steels Treated with Speoial Deoxidizers - Table 24,

The cast steels listed in Table 24 were poured from the same heats
prepared for the wrought steels listed in Table 234 The comments made in
the discussion of the wrought stecls apply equally well to the cast steclse

Two disorepancies in the hardenability results for the cast steels
as campared to the results obtained with the wrought steels are apparent.
The depth of hardening of cast Steels 8452 and 8594 are, respectively,
about 100 and 20 per cent greater than in the comparison wrought steels,
Since, ordinarily, differences of these magnitudes would not be expected,
the hardenability tests are being repeated.

A peculiar situation with regard to the impact properties becomes
ovident if the Izod values in Table 23 are compared with thosc in Table 24,
In Table 23, it is seen that Steels 8450, 8451, 8452, and 8453, which were
melted and processed as one series, have, on thc average, slightly inferior

impact resistence as compared to the other stcels listed in the table, which
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were processed as another series. On the other hand, in Table 24, this re-

T
.
.'_"-'7_1‘5

lationship is reversed and cast Steels 8450, 8451, 8452, and 8453 are
superior in impact strength to the other camparable steels listed in the )

tables Since the cast steels have been tempered to a lower hardness range

T T E T WS
S0
P AP

T r

than the wrought steels, it would appear that the change in the relative
position of the two series as regards impact strength may be tied up with

the heat treatmente Tests are now underway to ascertain whether the effect

REPR 1T ¥ PO

may be owing to temper brittleness, which ordinarily would not be expected

to appear in steels containing molybdenum,

Plain Carbon Cast Steels Covering a Range of Silicon and Aluminum Contents w
Table 25

Data were presented in the last quarterly report on tho hardenabile

RN S S SO MRS L

ity and mechanical properties of alloy steels containing about 0,45 per
cent silicon and treated with 020 per cent aluminum, The object at that

time was to investigate the effects of silicon and aluminum when present in

Sacas B ALEOT Ia"a

percentages above those normally used, and also to evaluate the effect of

T VoY N

A X

boron when added to these steelss Vhenever boron was used, the hardenabili-
ty was increased but it could not be ascertained from the date whether or
not any especial benefit was realized from the excess silicon and aluminum.
According to CGrossmann ("Hardenability Calculated from Chemical Composition

A.I.M.E. Teche Publ. No. 1437, 1942) both silicon and aluminum increcase

hardenability, It would be interesting to know how intense their action

T
?

is in this direction, and whether or not there is a possibility for their

use in improving the depthehardening properties of armor steelss

P Xy
~
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Two plain carbon cast steel heats were melted and each cast into

- > b
' WLy

three keel blocks, with additions being made before each cast to accomplish
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TABLE 25. CHEMISTRY AND PROPERTIES OF CAST PLAIN CARBON STEEL
COVERING A RANGE OF SILICON AND ALUMINUM CONTENTS

Heat Jominy End Quench Hardenability Shephard(5)

No. Chemistry, Per Cent Hardness No. of 16ths of Hardness Grain Izod Izod;
c Mn Si AL 1/16-In. an Inch to Ob- at 2%-In, Sirze Brinell Impec!
Added from End, tain a Drop of from End, Hardness Ft,=L
: Re 5 Re 10 Re Re Number ]
8652=1 0,29 0,79 0.26 0,10 46,5 245 3.0 -0,5 67 ,2l4 . 41.C
8652-2 0,28 0.80 0,58, 0,10 48,0 2,5 3.0 3.5 6=7 © 266 42,01

8652~3 (0.600 0,30 49.0 340 4,0 4.5 5-6 . 282 20,
i
8653=1 0,26 0,68 0,53 0,10 46,5 2.5 3.5 1.5 6=-7 245 46,5
8553-2 0.20 45,0 2.5 3.0 1,0 6=7 247 43,5
) 8653-3 0.40 43,0 2,5 3.0 1.5 6 241 15.5
:
- :
3 i
%] |
: (1) Desired value, i
(2) 1Izod values were cbtained after quenching from 1650° F. and dravi
(3) Tensile values were obtained after quenching from 1600° F. and d

(4) One triple-notch specimen,
(5) Grain size from fractured hardenability specimen.
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Mechanical Properties(z)

Lrer \

pact,

> T1z0d(4) Tensile

Brinell

Yield(o)]
Strength,
Lb./sq.in.

_Pry \
Tensile\sf-—
Strength,
Lb./sq.in.

Per Cent\V/
Reduction
of Area

Por Contid)
Elongation in
2 ¥nches

234
250
260

252
843
235

120,000
116,800
118,800

116,200
104, 500
108,700

130,800
135,000
137,250

129,800
125,500
124,000

40.4
40.,4
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=48
the chenges in silicon and aluminum contents indicated in Table 25, It is
obvious that in these two heats neither silicon or aluminum increases have
been effective in inereasing the hardenability,

Erratic hardness tests on the temsile specimens led to the conclu-
sion that the quenching temperature was not high enough above the critical,
consequently the impact specimens, which had not then been tested, were
quenched from a higher temperature and redrawn. Good ductility and impact
values are achieved with aluminum contents up to 030 per cent (and 0,60
per cent silicon), but beyond this percentage of aluminum, these properties

are adversely affectedc

DISCUSSION

The information obtained to date has indicated that boron will ia-
crease the hardenability of rolled and cast alloy steels when the boron is
added to the steel either as ferroboron or in the form of a complex deoxi-
dizer alloy.

One series of heats reported in the previous quarterly report in-
dicated a loss of toughness when boron was added to steels containing 0435
per cent molybdenum, however, no added evidence that boron and molybdenum
cambinations reduce boughness was obtained from the results given in this
reporte It appears that boron cen at least he safely added to steels con-
taining up to 0.25 per cent molybdenums When boron is added as Silcez No. 3
or Grainal X=79, the depth of hardening seems to be somewhat greater than
when it is added as ferroborons A 04003 per cent boron addition is as ef-
fective in promoting hardenahility as one of 0,005 per cente

Siuce this preliminary work was split up into a number of more or

less unrrlated series which represent an incomplete coverage of the field,
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work on a new series of heats has been inaugurated which will, it is bew
lieved, definitely establish the efficacy of boron, Both wrought and cast
steels of two base campositions are being made with molybdenun ccntents of
0, 0el0, 0420, 0,30, and 0440 per cent, These five compositions (in each
of the two btase alloy steels) are then being repeated with the addition of
040015 per cent boron as ferroberon, Similar series will be made with boron
additions of 0,003 and 0,006 per cent, respectively. Another series of
these five compositions are to be treated with Grainal in sufficient qQuan-
tity to add about 0,002 per cent boron, and finally, the series will be re-
peated with the addition of the same quantity of Silcaz No. 3¢ Instead of
pouring eich heat into both ingots and keel blocks, duplicate heats of each
composition will be made and cast separately into either an ingot or a keel
block, Hardenability, impact tests, and tests for temper brittleness are
planned and other tests will follow if They seem warras.teds

The Effect of Homogenizing Time and Temperature
on the Properties of Cast Armor Plate

The analyses and producers of the five 36 x 36 x 2~-inch plate
uscd for this study are listed in Table 26« Each of the plates was marked
ovt and cut into at least 18coupons, measuring 5-3/4 x 7 inchess Thin sec-
tions for macro-examination of the cross section were also removed from the
full dimensions of the plates These were as centrally located in the plate
as possibles A numbering system identifies the position of each coupon and
their subdivisions with respect to their positions in the ori;inal plates

The macro specimens have been etched and photographed, Coupons
from each plate have been homogenized at 1650, 1750, 1850, 1950, and 2050°F.

for 2, 6, and 12 hourse A portion of each coupon was then removed for
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machining a Jominy bar, macro and micro ssctions, and two fracture grain
size camparison sections, one for heat treating with the Jominy bar and the
other to be carried along with the quenching operation on the rest of the
coupons A similar group of specimens were obtained from a coupon represent-
ing the as~received platese

The remainder of each coupon was heated to 1600° F,, held for 4
hours and quenched in watere. Again a portion of each coupon, large enough
to provide for 12 Charpy impact bars and a micro and maoero section, was cut
offe Both sections of each coupon were then tempered to a hardness range of
240 to 230 Brinell, The cut-off section was air cocled after the draw
while the coupon proper, which will provide 16 Charpy impact bars, two
triple-notch Izod specimens, three tensile bars, and a block for checking
the cross sectional Brinell hardness, was water quenched after the draw,
Impact tests on specimens having this difference in the method of cooling
efter the draw may disclose any susceptibility toward temper brittleness,

None of the mechanical test specimens will be machined from the
mid-sections of the plateses It is hoped that by using only the metal close
to the surface for the mechanical tests, the effects of unsoundness in the
castings may be minimizeds Tests will be made on as-received plate as well
as on the coupons receiving the various homogenizing heat treatmentse

Jominy bars have been quenched and hardness readings are now being
rocordeds The grain size specimens have been fractured and compared vith

a set of Shephard groin size standardss York is procecoding on the microscope

A g
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ical examinations of the homogenized plate, The coupon sections arc now
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being machined into the required test specimense At present, it is planncd
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to test V-notch Charpy bars et room temperaturc, 0, =20, =40, and =60° F.,
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Face-Hardened Armor Plate Investigations

The initial phase of the study of tace-hardened armor steels was to
investigate the possibilities of lowering the alloy content of the plate
without too greatly reducing the ballistic propertiess The low-alloy steels
listed in Table 27 were, therefore, melted, rolled into Zwinch plate, eand
rough machined into impact specimens which were pseudo=carburized in cast
iron borings at 1700° F. for 32 hourss These specimens were then gquenched
in oil from 1500° F. and tempered for 4 hours at 300° Fy The hardness and
impact test results are given in the tables It was found that the steels
were higher in hardness and lower in impact than a commercial steel having
an analysis usold ror face~hardened armor,

A second group of fourteen low alloy armor steels has been prepared
and rolled into half-inch plates The carbon contents of these steels vary
from 0610 to 0,22 per cent in order to determine the effects of this variae
tion on core propertiese The alloy contents were adjusted to combinations
that held promise of producing the desired propertiess Carburizing and final
heat treatment of these steels will be curried out as soon as the necessary
laboratory tests to determine the character and depth of case have been com=
pleteds Hardenability characteristics of these steels will also be deter-
mined by the Jominy endequench methode

Experiments are now being conducted on the alteration of the case
structure through a modification of the carburizing treatment, This work
was suggested by a paper by Mahin and Spencer ("Depth and Character of Case
Induced by Mixtures of Ferro-Alloys with Carburizing Compound” Trans.,
American Society for Steel Treating, Vol., 15, 1929, ppe 117~144), in which

they described the use of forrosiliconw-carburizing compound mixtures for
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TABLE 27, PROPERTIES AND CHEMICAL COMPOSITION OF PSEUDO~-CARBURIZED STEEL 3
Heat Chemical Composition Rockwell “C" Izod 5
No. Hardness Impact, B
%C %Mn %Si %N %Cr %Mo %8B Ft.=Lbs. e
8438 421 1,06 .23 1,03 .32 034 meme 53,0 20,0 l:;
8439 ,22 1,57 .23 1,03 032 W34 eme- 54,0 23,5 .'T—‘;
8440 .20 2,01 .24 1,03 o3l o35 eees 55,3 24,0 4
8441 422  1.63 87 1403 430 435 =me- 54,0 25,0 R
i
8442 .21 1,55 .30 1,03 1,04 3 J— 57.3 18,5 ”
8443 021 1065 085 1.03 1.05 .35 hasbadadnd 55.0 22.5 ::
8444 ,22 1,64 .85 1,03 1,04 1o p— 54,0 23.5 ~
7
8445 ,23 1,64 .85 1,03 1,03 .20 ,002 5643 16,4 i
8479 .18 .47 022 3,60 we== W32 amee 52,0 21.5
A
8542% 24 4T  ww- 3.4 17 029 weem 45,3 27.4 r%
w3
* Commercial plate, '
NOTE; All steels quenched in oil from 1550° F, and tempered for 4 hours
at 300° F, )3
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obtaining a decrease in the amount of hyper=eutectoid material and an ine
crease in the relative proportion of eutectoid and hypoeutectoid case,
Because the elimination of the hyper-eutectoid zone in case~hardened armor
plate should prove desirable from the standpoint of increased ductility and
toughness in the outer zone of the case with little or no sacrifice in
hardness, It is believed that this process is worthy of investigation.
Regardless of alloy content, maximum hardness of about 65 Rockwell "C" is
obtained in a quenched steel having a carbon content of about 0.60 per cent)
beyond this carbon content the hardness does not increase but remains prac=
tically constant, In the case of a carburized steel, therefore, the extra
carbon in the zones having a carbon content above 0.60 per cent contributes
nothing to the hardness of the case and may induce brittleness and spalling,
7hile higher carbon may be desirable for certain applications such as in
parts subject to wear, where resistance to abrasion is of most importance
end brittleness is secondary, its presence in a part where hardness and
toughness are of primary concern is of doubtful value.

tingle preliminary test results obtained witlh the ferrosilicon-
carburizing compound mixture are quite encouragingsy however, no attempt to
summarize the data can be made because of the lack of sufficient information
on vwhich to base conclusionss A general survey of the process is plannede
If this shows promise, a more detailed research progran. will be initiated.

A correlative study which is being dovetailed with the investigation
of the carburizing process is the use of such alloys like Grainel X=79 and
Silcaz Noe. 3 to enhance the properties of face~hardencd armore Present ine-
formation indicates that the contribution of alloys of this type may be three
fold: O) Their boron contents will increasc the hardenability of the steecls,

which may allow for a reduction in alloy content, 2) Their grain-refining
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l» {\ properties should be of benefit to the core of the surface-hardened steslsm=
:@ another factor which may allow for a reduction in alloy content without a
:. loss in toughness, 3) It has been shown that the toughness of hardened

A steel is considerably improved when this type of deoxidizer is used, a

property that should be of particular benefit in toughening the case of

face-hardened armor steels,

The data from vwhich this report was written are recorded
in B.MyI. Noteboolks No. 1041, ppe. 4 to 313 No. 1043, ppe 9 to
24’ No. 1017, PDe 71 to 97; YNo., 1089, Ppe 3 to 12; and No.
1036, ppe 4 to 22, Additional data are on file at Battelle.
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