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tests were conducted at -4O°F. to obtain fractures whose results would
predict those which are obtained on the heavy sections. Fractures were
also made at room temperature to make the results more complete.

g. The susceptibility to temper brittleness in the heats was ‘
determined by using the commonly employed method of comparing the V-notch
Charpy impact energy of bars water quenched from the temper with similarly
treated bars furnace cooled from the temper. The heat treatment of the
3 x 30 x 3/4M bars used for this test was as follows:

austenitize Temper
Heat 1o, Temp, Time  Coolant Temp. Time Coolant
1-3, 5-8, 12, 13 1650°F. 3 hrs. water 1225°F, 5 hrs. water or furnace
4, 9-11 1650°F, 3 hrs. water 1250°F. 5 hrs. water or furnace
14-16 1675°F. 3 hrs. water 1250°F, 5 hrs. water or furnace

The lower tempering temperature was used for several of the heats in order
to obtain a hardness more appropriate for revealing any tendency toward
brittleness resulting from slow cocling from the temper.

ABSULTS

1, Compositions

In the selection of compositions to be studied, the carbon was
held at approximately .300 because this is the maximum desired from a
standpoint of weldability, OSince carbon exerts considerable effect upon
the hardenability (more than any of the other common slements) it was
decided not to reduce it more than required., The molybdenum was added be-
cause of its potent effect upon the hardenability and its alleviation of
temper brittleness, but it was held to .U5% because carbides formed in
higher molybdenum steels are difficult to dissolve at normal austenitizing
temperatures., Combinations of uwp to 1,57 nickel, 2% chromium, and 1.5%
manganese in the ,30% carbon .N5% molybdenum steel were investigated. Boron
was added to a nickel-chromium-molybdenum analysis in order to determine the
properties of a boron bearing steel in a N%" thick plate. 4 comparison of
a nickel-chromium-molybdenum steel with and without .1% vanadium was also
made to determine whether worthwhile benefits could be obtained by using
this alloying element in heavy armor. No heats containing both high mangan-
ese and high chromium were made in view of the production difficulties and

inferior product encountered by many of the cast armor producers when using
this combination, w

The compositions of the 16 heats investigated are shown in Table I, R
For easc in noting the important alloying elements they are underlined., The B
carbon content of the 2% chromium-molybdenum heat #13 was lower than desired,
but by making up another heat (#lU4) of higher carbon it was possible to find o e
the effect of a .lj% change in carbon content upon the hardenability of this L ~_;!
type composition., It should be noted that the carbon content reported is SN
the value obtained midway between the swrface and center of the plate. These

values were between .01% and .OY% higher than the values obtained on the
coupons,
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De Properties of Heat Treated Sections

a. Hardness

The results of hardness surveys taken alorng a cross section
of each of the sixteen (16) plates after heat treatment are given in Table IV,
The hardness of the plates ranged from 200 to 260 Brinell depending upon the
alloy content. The center of most of the low alloy plates was lower in
hardness than at the surface. This condition is associated with the nresence
of high temverature transformation structures formed upon guenchirg.

b, Fibre Fracture Test

The fracture test has been developed 1o evaluate the toughness
of armor. It has been shown, in vreceding studies3»™ that incomplete gquench-
ing or insufficient hardenability for = given section size will be reflected
in a brittle or crystalline type fracture

The results of fracture tests on the subject plates are given
in Table VI. Examples of the best as weil as of some of the poorer frac-
tures are shown in Figures 6 and 7. The light appearing areas which are
most prominent at the center of the fractures are crystalline. The darker
gray, non-reflecting arsas are fibrous.

Two types of crystallinity were observed. In heats in which
the hardenability was ineufficient and high temperature transformation
constituents (ferrite and pearlite) wers formed, the fracture consisted of
a bright crystalline zone surrounded by a fibrous border. This fracture is
indicated in the tables by the symbol Cbf. The fractures of the higher
alloy steels (plates 3, 4, 9, 10, 11, and 14), which contained a large
percentage of balnite, exhibited speckles of crystallinity in a fibrous
matrix (Fc). Temper embrittlement is considered to be a contributing cause
of brittleness in plate 11.

The three plates (#8, 15, and 16) possessed satisfactory
fractures at their respective hardnesses and consequently would be expected
to exhibit superior ballistic shock properties. Plate #11 was retempered to
a hardness of 225 BHN and its Charpy impact propertiss were then comparable
to those obtained in plate #8.

co V-Notch Charpy Impact Properties

The results of the Charpy tests are shown graphically in
Figure 8, and the complete data are summarized in Table V.

The impact strength of the steels may be evaluated by com-
paring the room temperature and low temperature values ovtained on bars
heat treated in small sections with the values obtained at the center of
the U3" thick plates.
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impact properties. Plates 10 and 1Y% are examples of plates which possessed
inferior impact properties at ~HO®F. and yet they contained a smaller amount
of nonmartensitic transformation products than plate #8.

4, Microscopic Examination

The microscopic examination of the plates in the tempered
condition does not adequately evaluate the products formed during the quench.
However, since the plates were dlfficuli to section in the as-quenched con~
dition, the microstructure observed at the air cooled end of the Jominy bars
plug the information obtained by cwamining the bars after tempering were
empleyed to evaluste thc transformation constituents formed. The micro-
structure of the Jeominy bars was discussed under hardenability. The micro~
structures at the ceater of the plates are shown in Figure 9 except for
plates 1, 5, and 6 which were similar to plate #2, and plate #3 which was
similar to plate #4. The presence ¢f nommartensitic transformation struec-
tures was difficult to discern exceupt wiere free ferrite was observed or
where the carbides tended to become oriented in a lamellar manner.

The lower alloy stesls 1, 2, 3, 5, and 6 and the low carbon
heat 13 contained a congiderable quantity of freec ferrite as well as a
tendency toward lamellar carbides. This group of plates exhibited the
poorest fractures and also the greatest loss of impact energy when the
testing temperature was reduced from 68°F. to -UO°F. Flates 4, 9, 10, and
12 exhibited inferior toughness yet these plates contained oniy a small
amount of free ferrite at the center. There was. however, a definite ten~
dency for the carbides %o form in a lamellar or cther oriented pattern,
The remaining plates which posscssed satisfactory impact properties con-
tained very little or no free ferrite or oriented carbide distributions.
Nevertheless in this group was plate #8 which contained about 80% non~
martensitic transformation products, consisting mainly of nonlamellar car-
bides in a ferrite background{bainite). The carbide distribution was very
uniform and after tompering at a high temperature the structure was diffl-
cult to distinguish from tempered martensite.

It is apparent that there may be a close correlation between
the impact properties and the microstructure or more accurately the con-
stituents formed during the quench which give rise to the size, shape, and
distribution of carbides after tempering.

DISCUSSION

In order to make a comparison of all the metallurgical factors of the
heats, the results have been summarized in Tadble VI,

It may be seen that plates &, 15, and 16, and plate 11 (after lowering
the hardness and water quenching from the temper) exhibited the greatest
toughness of the plates studied. These plates would be expected to exhibit
satisfactory ballistic properties when heat treated as 4" armor, A dis-
tinct tendency toward brittleness was observed in plates 11 and 16 when
slow ocooled from the temper. This temper ombrittlement may be prevented in
" plates tempered at temperatures above 1100°F, by water quenching from
the temper. )
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The remaining plates possessed insufficient hardenability for the
section size involved. The 2% chromium, .5% molybdenum heats 13 and 14
possessed insufficient hardenability for a h%" plate thus indicating the
necessity for maintaining the chromium content at the 2.5% level in the LY
to 6" armor being currently produced. Heat #13 having a carbon content on
the low side (.24%), was markedly inferior in hardensbility and toughness
to the higher carbon plate #1L. Heat #1U4 would be expected to quench out in
a 3" to L' gection for it possessed only a slight deficiency in harden=bility.

Jeats 10 and 11 possess a borderline hardenability for u%" vlate; the
slighﬁly ‘Lower maresnese content of heat #10 makes it unsatisfactory whereas
heat 311 does exhit:’ satisfactory properties at a low hardness.

It was obserr-«d 12:t satisfacliory toughness could te obtained in steels
not completely trauwstormed to mariensite uon quenching when tempered to a
low hardness (230 #2inell). The soron treated plate #3 pcssessed about 80%
bainite but very litile ferrite. The bainitic structure did not contain
appreciable oriented carbide distributions which are belicved to be asso~
ciated with the teadency to exhibit brittle properties. Heats 10 and 11,
on the other hand, pcusessed rather pronounced striated carbide formations
which probably are revvonsible for the reduced impact strength of these
steels when heat treated in heavy sections. In the lower uordenability
steels, the presence of high temperature transformation p:owucts (as
indicated by the preience of ferrite) was responsibdble for #he poor impact
properties observed

As it was sta%<d in the introduction, these plates were .:impcred to a
rather low hardness for testing, a condition which would minimize thae
tendency toward brittleness resulting from incomplete quench hardening.

The hardnesses of plates 11 and 16 were greater than that currently in use
for heavy armor. Plates 8 and 15 at 230-240 Brinell were at the hardness
presently being useds However, increased ballistic efficiency, which is

at present desired, can only be accomplished by increasing the hardness
without impairing the shock resistance (toughness). It is felt that steels
of type 15 and 16 show the most promise of successful application at higher
hardnesses.

In the higher alloy steels, suscepuibility to temper brittleness appears
to be a very important factor. Heats 10, 11, and 16 are all sufficiently
influenced by temper brittleness that they must be water quenched from the
temper if inferior toughness is to be aveoided. A more complete discussion
of this phenomenon and its presence in armor compositions is included in a
recent reportd,

It was observed that satisfactory room temperature notched bar impact
values were obtained on several of the steels which were not completely
quench hardened, whereas the low temperature values as well as the frac-
ture results revealed the relatively inferior toughness. Thus it is indicated
that the room temperature Charpy test is not always a satisfactory criterion
of the toughness of armor steels. On the other hand, it should be stated

1, Sece footnote 1, page 3.
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TABLE III [T L i

Tenper Brittleness Susceptibility Test

V-Notch Charpy Test at ~LOOF

Bars Water Quenched from Temper Bars Purnace Cooled from Temper
Heat No. Ft. Lbs, Fracture EHardness Rc Ft, Lbs, Fracture Hardness Rc

1 6.0 by 2y 49,0 Fc 1/8 18 -
49.0 F 2l 49.0 Fc 1/8 18 g
2 51.0 F 2Y 4g,5 Cbf 1/8 15 P
50.5 F 25 46,0 Cbf 1/h 16
3 hg,0 F oy 42,0 T 21
45.0 F 24 39.5 Fc 1/8 20
Y 54,5 F 21 48,0 Te tr 19
54,0 F 20 4,5 Fec tr 19
5 49,0 F 27 53.5 F 21
46,5 ¥ 27 53.5 T 20
6 49,0 F 25 51.5 T 19
46.0 F 25 52,0 F 21 g
7 46,5 ¥ 2l 50.0 ¥ 23 -
49.0 ¥ 23 49.0 ¥ 22 :
g 49,0 F 23 46.0 F 21 ‘
49.0 F 23 ul, 5 F 22
9 47.5 T 21 50.0 ¥ 20
47.0 F 22 39,0 T 20
10 48.0 T 24 36.5 Cvf 1/2 25
44,0 k) 2y 46.0 Tec tr 25
11 55.5 ¥ 25 42,5 Obf 1/Y4 23
58.0 T 25 57.0 Fc tr 23
12 51.0 T 24 53.0 Cbf 1/8 22 B
58.0 F 2L 53.0 T 22 ;
13 645 F 20 58,0  Cbf 1/Y 16
58.5 . F 21 69.0 ¥ 16 -
14 57.0 ¥ 20 B4, 5 ¥ 19 -
55.5 ¥ 20 57 ¥ 20 >
15 46.0 F 22 43,5 T 22 w
1.0 F 20 48,5 T 22 .
16 50.0 ¥ 22 1.0 Fc 1/8 22 B
Lg.5 P 22 44,5 Fc 1/8 21






















P e

i
C s mem e e

~
4

RN S UV S O

u
v
v

fﬂﬁg‘

i

i

(5 e &0 o

!

ﬂll
"

nay

£

il

!

r

]

amay

e

€

SV USRS SRS SR S

€6 OND AT

(]

P

DR SR

- !.,Jw,.---....

o

=

{

PE &

:
:
- ]
- Im‘l ')IIIM u\.ﬂ‘
re i
!
S S
i i
SN
.

FR

!

RSN
i
i

o

F

ooy O
DMt wd W

P

{5

»

]

:

]

may

s

TE,D
<y

uny
»

§%
ey

.
M

£

it

Q

L
COOLING Ri

&

&)

oy

Lo
&

Q

.

ax

GO

;
|
— ! —
!
1)
i
| w
7
!
i
————- —_—
:
i
: 3
¢ B
: :
:
i
i

SSINOAYYH

FIGURE 44

R, et

it

oy
4 &
u. L k‘ I -

)
!

#l

L3
P

e

e T S

§

¥

oG

Q7.
ek

oy
()2

L

"
L)

>

81,08 _,“}.._-‘.;. rem e e

76

i

2,00

COLED ENT

b
-

06l 020 oaz; 971700 .48

FROM WATER ¢

A

&
L6 L.2t | 021 010 8.0.3.4-1.,4,6._1.LQ54~,...,.__-.,._._,,A.J_.“:. &

165”
220 1.3t .02l . at6ll el L. 7.4

HARUGENARILITY BAR-

35

L

22
14 34 |.221.32 . 043 009 —

Wy

26

DS TAMCE

B,

/3.
‘16

H
t

R N

SPS S

PLATE HEAT
NQO.




I U A e L VA U A G i S bl L B LS i A B i L A
A o - K A . . - Lo te et B - . " " R -

Jf. mmmm.sm Hﬁﬁ?l&fu"ﬁﬁﬁ ¥ PER HEGCOND AT [300%F
L ¥ €

: " L) L y
: u (o S T T = T 20000 O O O
A RN 4 oy W @mmmw w U oem it R i a4

:, : ' ‘s v ‘ ..,.I....H...u.}:.‘....“
S I

j l
k ‘ |
ol

| ‘ H
" i‘
; |
: G0 | i
; | ‘ |
IS U U DOUNIPNY S S I S W i' -
i
| N
' S0 — ‘ (! \ 5
el sl S ey gl gl gy Fufl e sl S [P0 Sy ey SO L
T T e Pl 3 o
- N

ok

L .m,..jw JE N U ,.,,.\% .‘-.!.u._,i_l
.
» o

~

40 R LN

30 |

SR SO S - BN S ‘_,,___J,,

ROCHEWELL € HARDNESS

! i i :
_+._A.._.. .q.-],..m_ P ﬁ?“ - .,.‘.‘IT [T 1

P ?_._. -
4 3

¥ i
£ '

¢
i
+

S U SO

+
|
¢
!
-
]
H
i
'
|
\

i g 3 4 5 6 7820 12 14 w:w 2 ;
DISTARGE FROM WATER COOLED END OF S7TANDAN
HARDEWABILITY BAR~ SIXTEEMYHE
PLATE HEAT , QUENCH ,
NO. NO. | ¢ MulSi| S |P NI |GR|MO|aL | o |TENRTHMEG.&.

RLEL .
— 9 3 1. 63l.31l.025 .02l L 65T 18] .46 | . 10 LE6SOF 3 Hrsd o

. l
—— 1O . {72 030 1,027 0121156 L[t 3G e LQ B S

Y 31 lozlael . nasl.pweit 32071 4 __._z.o,,,_' . o

N -«-—»-.r-----~ e JuS—

t
: !
Tt 1ar | zel23l.023l 008l — li71].26 | o8 ISE

5 .‘\‘\.1
n'-\».

l.-l
~ S N " -‘. -
vl n\_u i Nu«m"lﬂw\ o


































B el S Sa s ol Lt e * AT Hal L AR U A B )

The fracture test as applied to armor reveals in a qualitative manner
the toughness of steel after a given heat treatmentl. In steels of in-
sufficient hardenability, the fracture contains a crystalline zone in the
center of the plate. In some steels, generally those of higher harden-
ability, mixed fractures are characterized by facets of crystallinity in a
fidbrous matrix. It appeared that the crystallinity in the first type of
fracture mentioned may be associated to some extent with the poorly heat
treated area at the center of the plate. The second type is fairly uniform-
ly distributed over the fracture, and may be associated with a uniform re~
duction in toughness such as in temper embrittled steels.

A test which would reveal the ability of a steel to form the two types
of fractures and the cooling rates involved would be advantageous in evalu-
ating new alloy steels. It was decided that fracturing Jominy bars would
yield just such information, i.e., determine the maximum section in which a
steel could be heat treated and still maintain a fibrous fracture.

The Jominy bar as originally designed is not completely satisfactory for
making a fracture test along the length of the bar for the limited width of
the bar makes it difficult to suppert the specimen for fracturing. There~
fore, a bar was designed in the form of a flat plate having a cooling rate
at the alr cooled end approximately the same as that obtained at this loca-
tion on the one~inch round bar. The bar is dimensioned in the following
drawing:

”~ #10 —~ 32 Tap - Depth 3/8H
. #20 Drill - Depth 3"

- _._..’_4'1_/'{.. O -IZ-Q"I‘
T | ,
i w/ / : !
h "7'_-‘)‘:_ - '
r\:;n LIJI-.-—-—- ST T T PEL
i / Lo
| // !
b =4 / L,
R, 3 Oy I./‘ :’iw'f"

Notched by 1/16" Rubber Cut-off Wheel —
Bar Used in Fracture Type End Quench Hardenability Test

A comparison of the hardness gradient on the flat dar with that of the
standard round bar was obtained for several low and high alloy steels so that
the difference in cooling rates between the two types of bars could be deter-
mined. In general, there was fairly good agreement although, in some cases,
slightly lower hardnesses were obtained at the air cooled end of the flat
bar than was observed on the standard bar. This may have been due to casting
segregations in the steel or a slight difference in the cooling rate at this
end. If the test is applied very extensively, it will be desirable to
measure the cooling rates on this type of bar accurately.

1, TFor details of the test, See the W.A. Manual entitled: "The Fibre
Fracture Test as a Control of the Toughness of Cast and Rolled Homo- e
geneous Armor", dated 25 April 19k, .8
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