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UNCl1'SS\f \Et 
ARMOR PLATE - CAST 

Ballistic and Metallurgical Investigation 
of SAE 1035 Experimental l-J/4" Cast Armor 

4 T~ ,.05JECT 

30 June 1943 

l-<.- Ci ~ ....-fo determine the ballistic and metallurgical properties of two 
experimental heats of ~lG3?/cast -'9:iomor:v- 5 .f-uls /Jo,- C? r//Yl 

COlrnLUSIONS 

1. Although the SAE 1035 cast steels investigated passed the I 
resistance-to-penetration requirements as of Specification AXS-492-2, 
they failed with one exception to possess satisfactory ductility under the / 
impact of 37 MM T.P. M51 projectiles. 

2. The unsatisfactory shock resistance of SAE 1035 steels of this 
thickness is correlated with the poor metallurgical properties, namely, 
inadequate hardenability, unsatisfactory microstructure, and low V-notch 
Oharpy impact resistance. 

3. This SAE 1035 cast steel has a characteristic crystalline fracture 
which is associated with poor shock resistance. 

the central portions of the plates were fairly 
defects as revealed by macroscopic and 

4. With one exception, 
free from pronounced casting 
radiographic examination. , JJ·r1C 

f /;(2ot. ,,\\ at:. LECTE 

APPROVED: 

H. H. ZOBNIG, 
Colonel, Ord.. Dept., 
Assistant. 

E. L. REED, --, . OEC 91984 ,. 
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I 

UNClASSlflED 
UTTRODUCTI ON 

In connection with a program on the conservation of alloya in 
cast armor initiated in February 1942 by the War Production :Soard. an 
investigation was conducted at Watertown Arsenal to determine the 
ballistic and metallurgical properties ot ~ 1035 cast steel. 1'hie 
analysis 1B typical of Grade 1'B II cast steel designated by the American 
Society tor Testing Materials as A 27-42 which is used for railroad 
and high temperature applications. 

Attention should be called to the fact that since this investi­
gation was undertaken, it has been determined at this Araenal2 that 
good quality armor should poBBeBB adequate hard.enability to quench 
out under the quenching conditions available. Hardenability etudie• 
made on SAE 1035 steel indicate that 1-3/4" castings of th1a type 
analysis have low hardenability and, therefore, cannot be quenched 
to the required initial hardness. 

Two heats of W 1035 cast steel w~re made at Watertown Ars~nal, 
two plates, 18 ":tlS "xl-3/411 , being vertically oaat from each heat. 
The plates were oleened, homogenized and quenched, two in water and 
two in brine, but not drawn. 

The method of casting and details oov,,ring the heet treatment of 
the plates are given in Inclosu.re A. 

The uiold pattern for casting the 18"xl8 11xl-3/4" teat plates h 
shown in Incloaure A - Figure l. 

TEST PROCEDURE 

l. :Ballistic Teets 

:Ballistic teats were conducted at Watertown Arsenal as 
follows: 

!• First, an Jl.rrrr:, ballistic limit was obtained on each plate 
using the 37 MM A.P.C. M5l shot fired at normal from a 37 MM gun 
mounted in a 3" field piece. The ballistic .limit was obtained in 
accordance with Specification ilS-492 Revision 2. 

1. A.S.T.M. Part l. Metals 1942, Page 260. 

2. Watertown Arsenal Report No. 710/500, Mey 17, 1943. 
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!?.• Second. each plate was aubJ~oted to a ahock test using 
one round ot 37 MM T.P. M5l shot f1r8d at normal. 

2. Metallurgical Examination 

After completion ot the ball1atio tests. the plates were 
sectioned for a metallurgical study which included the following 
tests: chemical analyses, macroscopic examination, microscopic 
examination, radiographic examination, Jominy hardenabilit1 teats, 
Br1nell hardness teats end Rockwell "0" hN'dnesa surveya on cross 
section• of the plates. 

In addition fracture teats were made on each plate. Sectiona 
approximatel7 1-3/4• square were cut through the thickne•a of the 
plates, nicked in the middle to a depth of approximately l/4" end 
broken by a blow of a forge hammer. 

Aleo three standard V-notch ChElrpy impact bars and _two .357n 
diameter tenaile bars were machined from each plate. These test bare 
were taken halfway between the surfe.ce end the center and parallel to 
the plate aurfacea. 

RESULTS AND DISCUSSION 

l. Ballistic Teats 

A sumnnry of the ballistic test• is given in Table I. 
Photographs of the plates teated are shown in Figures l-4 inclusive. 
Detailed firing records are contained in Appendix A. 

The ballistic limits of the plates were between 62 and 
115 feet per second in excess of the specified limits re~uired in 
Specification AXS-492 Revision 2. On the other hand, with the excep­
tion of Plate 39, all plates were brittle wider the normal impact of 
the 37 MM T.P. M5l projectiles. 

The ballistic properties of the brine quenched plates were 
not superior to water quenched plates, sAe Table I. 

-3-



I I I I I I 

.f
:"

 

P
la

te
 N

o
. 

31
 

W
at

er
 

.m
ch

ed
 

39
 

W
at

er
 

;.
ie

nc
he

d 

32
 

B
ri

n
e 

Q
p.

en
ch

ed
 

~
 

.B
ri

n
e 

en
ch

A
d 

T
"n

ic
k:

ne
ss

 

1
.7

5
" 

1.
75

n 

l.7
5n

 

1
.6

9
11

 

T
il

L
E

 I
 

Su
m

m
ar

y 
o

f 
B

a
ll

is
ti

c
 T

es
ts

 

o
f 

SA
E 

10
35

 E
x

p
er

im
en

ta
l 

l-
3

/4
n

 C
as

t 
A

rm
or

 

Si
zP

. 
o

f 
P

la
te

s 
-

1g
nx

1g
n 

B
a
ll

is
ti

c
 P

ro
~

e
rt

ie
s 

B
.L

. 
f]

 s 
S

ho
ck

 
T

es
t 

37
 M

l-1
 
A

.F
.C

. 
11

"5
1 

37
 M

M
 

T
.P

. 
M

51
**

 

1
5

8
8

 
(+

8
8

)*
 

F
a
il

e
d

 

16
o5

 
(+

10
5)

 
O

.K
. 

16
15

 
(+

11
5)

 
F

a
il

e
d

 

1
5

1
4

 
(+

6
2

) 
F

a
il

e
d

 

· B
ri

n
e
ll

 
H

ar
dn

es
s 

2
1

2
 

22
9 

21
7 

21
7 

R
em

ar
ks

 

P
o

o
r 

d
u

c
ti

li
ty

 u
n

d
e
r 

sh
o

ck
. 

A
cc

ep
ta

b
le

 u
n

d
er

 
sh

oc
k 

te
st

 
a
p

p
li

e
d

. 

P
o

o
r 

d
u

c
ti

li
ty

 w
:d

er
 

sh
oc

k.
 

P
o

o
r 

d
u

c
ti

li
ty

 u
n

d
e
r 

sh
oc

k.
 

• 
N

w
:i

be
rs

 
in

 p
a
re

n
th

e
se

s 
in

d
ic

a
te

 f
e
e
t 

p
e
r 

se
co

n
d

 i
n

 e
x

c
e
ss

 o
f 

S
p

e
c
if

ic
a
ti

o
n

 .
a

X
S

-4
9

2
 R

e
v

is
io

n
 
2

. 

**
 3

7 
rM

 
T

.P
. 

M
51

 -
T

ar
g

et
 

c:
: -

~
--

-~
 -

T
 

;-
~

 -
:. 

<.
 -

-~
 
-~-

-::T
~ '

 
;
;
 

tr:
l 

' 
~

"' 
r--

"-
C

 
~~ 

t-
3 
~
 

Q
 

-~
-·

--
~
 

<
 

!..r
:' 

:..1
 

1·
· 

....
 

>-
-~

 I o
 

. 
. 

'
"'

 
,-

• 
J

o
:,,

: 
a

, 
..,

_.
 

-
-
-
-
-
-

l
j-

,1
, 

_
.,.

 
•.

, 
'J

i 
;,:

..-
'\,.

_ 
' 

>-
. 

"':-
' 

_; 
>-

3 
! 

:;:, 
-

-
-!

' 
,
~

 
<

 
~
 

,-
~:·

 
·~

 ~
 

;'
 '. 

. 
('
I
)
 

c-
. 

. 
•

-
J 

. 
' 

.
-r

, 
(..

;;'j
 

~
 

-
...... 

,... 
:;. 

·~
 

"-- ~-!
_:.,

., 

..
 

,... 

' ~ 
-

f••J
 

,... 
t 

·-:
 nl ''-

-
n.

 
<?

J 
l:A

 

p
ra

c
ti

c
e
, 

so
ft

 p
ro

je
c
ti

le
s.

 



2. Metallurgical Examination 

!• yhemical Analyses 

The chemicAl analyses tekAn :from test coupons cast :from the 
two heats investigated are given in Table II. 

TA.BLE II 

Chemical Ane.lyses 

Plate No. 0 Mn Si -
31 .39 .88 .43 
32 .39 .88 .43 

39 .32 .88 •.49 
lK) .32 .88 .49 

s p 

.022 .007 

.022 .007 

.019 .008 

.019 .008 

ThP-BP compositions BrP. typict1 l plain medium carbon stRP-le 
which tie stated in the introduction mo.y i: ., clasAi:fied a.a Gro.de "B" carbon 
cast steel. 

b. Macroscopic 'Examin~tion 

Macroscopic exa!DinPtion o:f the plates showed in all cases the 
absence of pronounced dendritic segregation, see Figure 5. Varying amounts 
of porosity were present in tl.e center of the cross sections of the plf\tes 
from very little in Plate 40 to considerable in Plate 39. 

£• Microscopic Examination 

Photomicrographs illustrating the typical microstructure of 
the water quenched and the brine quenched plates are shown in Figure 6. 
In all cases, as might be expected, pronounced grain boundery ferrite which 
was rejected during the quench surrounded grains of fine pearlite. This 
type of structure is generally associe.ted with low hardi>nabili ty of the 
steel and poor shock-resisting properties, as verified in the plates tested, 
A duplex grain size, A.S.T.M. No. 4 and 7, was evident in the platas con­
taining a relntively high carbon content whilP a duplex grain size, A,S.T.M. 
No. 6 and 8, was present in the. medium carbon pla.tes, Nos. 39 and 40, see 
Figure 6. 

d. Radiographic Exnminn.tion 

The results of the radiogrephic examination Are given in 
Table III. 

-5-



Plate 
~ 

31 

32 

39 

TABLE III 

Radiographic Exemination 

Defects and Their ·Location ---------
Gate End Center of CA.sting Riser End 

Sound metal. 

Few scattered gas 
cavities. 

Oas cavities pipe 
system. 

Scattered gas 
cavities~ 

Extensive piping. 

Short pipe systems. 

Short pipe shrink­
Short pipe systems. age cavity. 

Spon~y metal gas 
cavities. 

Spongy metal • 

Shrinks.ge cavity, ga.s 
cavities. 

Extensive chri:nk~e 
cavity - gas cavities. 

More pronounced piping was observed in the central portion of 
Plate No. 32 than in the same location in the other plEttes exs.mined. The 
defects noted ~n the gate ends and riser ends of the cnstings do not extend 
appreciably into the central areas of the plates. The other defects noted 
in the center of plates Nos. 31, 39, end 4o were not extensive. 

e. Jominy Hardenability Test 

The results of the end quench hardenability tests which are 
shown in Figure 7 are summarized in Table IV below. 

TABLE IV 

l!hd Quench Hardene.bili ty of SAE 1035 Cast Steel 

Jominy Hardene.bility Data Thickness 
No. of 1/l6ths of an of Platf! 

C Hardness Inch for e Dr~ HardnAss at Q.uenchable 
Con- Grain 1/16 11 from to ~ 11 from to 400 :SHN 

Plate tent Size Q,uenched of of 42 Re QllenchAd End in Ctmter 
Nos. 

31 
32 

39 
4o 

21 

_j_ AS'IM End Re 5.Jiq 10 Re 4oo :SH?! Re InchP.s 

.39 ~7 53 3.5 5.0 4.5 11 7/~ 

.32 6-8 50.5 3.0 3.5 3.8 9.0 11/16 

The following Jom1011 hnrdP.nability data on a production heat 
of low alloy Mn-Mo east o.rmor con te.ining O. 29~ C, l. 65% Mn, end O. 32% Mo 
is given for comparison with the abovP.: 

51.5 9 13 

-6-
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The thickness of platA q11enchable to 4oo Brinell he.rdness 
was calculated according to recent investigations conductea by Battelle 
Memorial Institute3 and the Great Lakes Ste~l Corporation. 

The Jominy hardent.ibili ty c1.1rvee Nos. 31 and 39 are similar to 
those obtained on Platea Nos. 32 and i.o and, therefore, only these two 
curves are shown to illustrate the two hea.te investigated. The heat con­
taining .39% carbon has a slightly higher hardenability as compared to the 
hent containing 0.3~ carbon due to the relatively larger grain size of 
the former, see Figures 6 and 7. 

The marked differencp in ha.rdenability of the SAE 1035 cast 
steel as compared to that of a low alloy production heat of cast armor is 
shown in Table IV. 

!• Frncture Tests 

The SAE 1035 steels invP.stige.ted had a characteristic 
cr1stalline5 fracture. OrystallinP. fractures in armor are, according to 
rec1mt inveeti~£1.tions e.t Watertown Arseno.l ,2 associated with a. ~cro­
structure containing ferrite rejectP.d on thP. quench and with poo, shock 
resisting properties. Good qUA.lity armor,on the other hMd, he,s been 
shown to possess a fibrousb frncturA which is associated with a micro­
structure consisting of sphoroidized sorbite or tempered ma.rtensite end 
with rP.sultant ~ood shock resistance. 

3. "Correlation of Cooling Velocity of the Standard Jominy Herdenability 
Test with the Cooling Velocity within the Cross Section of Plates" by 

· John G. Kura and O. H. Lorig, BRttelle Memorial Institute, Aug. 24, 1942. 

4. "Hardenability Comparisons" - Chart publishAd by Great Lakes Steel 
Corporation, 1942. 

5. The crystalline fracture is characterized by a bright, silvery sheen 
caused by the reflections from flat cry~talline facets. The crystalline 
structure ma, range from fine to coarse grained. 

6. The fibrous fracture is characterized by a nonreflecting,da.rk gray, 
pitted rough surface. _ In cast steel the dendritio structure is 
frequently revealed in a. fibrous fre.cture. 

-7-



&• Mechanical Tests 

(1) Brinell Hardness Determinations and Rockwell 
Hardness &lrveys 

The results of the Brinell hardn esd ,eterminations and 
Roc~well C hardness surveys are given in TRble V. 

TABLE V 

Brinell Herdness and Rockwfl'll C HarC.:~ess Surveys 

on the As.:.gµ~nchf!d Test Plates 

:Srinell Hardness Average Rockwell C 
Tests Made on Hardness Surveys Made 

Plate No. Ground Surface 1L16" aEart on Cross Section 

31 Water ~enched 212 15.2 

39 " n 229 13.3 

32 Brine ~enched 217 17.0 

-4() " n 217 15.s 

The low Brinell hardness determin~.tions noted above confirm the results of 
the microscopic examination that plain medium carbon cast steel of this 
thiclmess cannot be quenched to a proper initial hardness. 

(2) Tensile Tests end V-Not~h Cha.rpy Impact Tests 

The results of the tensile tests ond V-Notch Cha.rpy 
impact tests a.re given below in Table VI. 

TABLE VI 

Physical Properties of Sil 1035 Cast Armor 

Yield Tensile % V-liotch• 
Plate Strength Strength ~ Red. Charpy :Srinell 

No. Lbs.L Sg. In. Lbs . L Sg . In . Elong. Aree. Ft.LLbs, Hardness 

31 
Water 81,000 107,100 17.9 41.4 28.3 212 

OJl.1:mched 

39 
43.0 37.6 Water 72,300 105,800 17.9 229 

O;lenched 

32 
13rine 

O;lenched 
17,000 110,900 17.2 47.6 21.0 217 

1K) 
Brine 68,000 105,500 15.4 46.9 21.0 217 

Q.lenched 
·~v-Notch Charpy tests made at 78°F. 

-s-



The quenched SAE 1035 steels have a fairly good 
combination of atren£th end ductility aa noted in Table VI. No correla­
tion can bP. made between the tensil~ and ballistic propertiP.s. On the 
other hand, n il:OOd relationship2 lvl.a bP.P-n P.Btablished between the V-notoh 
Oharpy valuea of armor and its ballistic pro~ertiee. These values given 
in Table VI ue considered typical of poor quality armor, that ia, con­
taining ferrite on the qUftnch end hence having poor shook properties. 
Recently it has been determined that ~ood quality armor with a uniform 
microstruoture of sphero1dized sorbitP. be.d a V-notch Cr.arpy value of 
approximately 75 foot pounds at these hardnesses. 

GENERAL CONSIDERATIONS 

The ballistic limits of the SAE 1035 cast steel were found to be 
satisfactory. In fact these limits obtained compared favorebly iith those 
of some of the low alloy armor now in production. These reeultaf were 
confirmed in the testing of several SAE 1035 rolled plate of approximately 
the same thickness. 

With the exception of one plate, the material was brittle under the 
impact of 37 MM T.P. M51 proJectilea. 

It is believed that atreas relieving the quenched plates would not 
have promoted an increase in ductility under the shock test. In this 
connection, it he.a been determined that the ductility of SAE 1035 rolled 
plates of approximately the sEtme thickness we.a not improved by stress 
relieving. 

The SAE 1035 cast steel investigated he.a been found to have inadequate 
hs.rdenabili ty for good quality e.r1:1or. A good correlation wae obtained 
between unsatisfectory shock resistance of this steel and its poor 
metallurgical properties. 

The metallographic work in this rAport was conducted b7 Miriam Yoffa. 

7. A.P.G. Firinie: Record No. A574o, JenuA.ry 27, 1943. 
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Sil. 1035 Experimental 1-3/ ~- 11 Cast Armor Plate 

~ : 

Plate 31 -A- Xl00 
Duplex grain size - ASTM f4 and #7o 

-B-
fine pee.rli te. 

Water Qµenched - No Draw 

·-_,~ 
-C- Xl00 Plate 39 -D- XlOO 

size - ASTM #6 and f8 . Ferrite and fine pee.rli te. 

Brine Qµ,enched - No Dra,, 

... . . . 
• .... ' 

I - I 

~ ~. ~ .... 
r: ; . 
1·· -. ', ... 
I••• • 

1 ••• 
! .. ~ . .. 

I" ~ "' 
·,.·-. 

. '. 
I"' " .. ,_ ~ 

' . . 

r • .- • •• 
. ... _,. 

, ··-. 
'·:- '. l' 
.,.._,,_ 
f ~ • •• 

'> .. ~:..., , ... .. .. .. . • 
·. -."\ .. " .. , . 

• .., • I , <r, ·. 
' .. .. · ' . :., 



. , , 

·~ . 

• • ~ 
z 
Q • C z 
u 
_, _, 
Ill » 
II 
u 
0 • 

10 

50 

40 

lift 

10 

10 

_0 C8O~1N8
0

RATE,DEG. F ·PE-R SECOND AT IIOO•f. 
0 - 0 2 0 : 800000 ~ 0 0 ., o ...... "' ~ " N - _ .. ,__ .. .., N - - "' • I I I . 11 I I I I I I I I I I 

. 

- --.........__ 
- ....... 

' 
...... ........ 

~ ' " \ ' 31 

\ \ 
\°,! 1 

' 
' \ '~ ~ ..... 

~ - ... '"'-
' - . ~ ....... 

SI '" "" ~ --- 39 'Ill 

""' 

I 2 I 4 s 8 7 I I IO .12 14 1811 IO 14 40 
. DIITANOE FROM WATER COOLED END Of STANOA1tl2 

HAIIDENAIILITY IAR- 81XTIINTH8 
PLATE HEAT . QUENCH 

NO. NO. C NI SI s p NI CR MO TIMI TIMI G.S. 
31 \ .39 .88 413 022 .OO'i 162S 2HRS 4-7 
!9 .32 .88 119 .019 DOI 162S 2 • '7-8 

flGURI 7, 



INCLOSURll A 



INCLOSURE A 

Melting frocedure 

Two heats of SAE 1035 steel were melted in an acid lined induction 
:furnace and deoxidized with two pounds of aluminum per ton. The plat ea 
which were cast vertically :from each hAat were bottom poured. The 
position of the gate and risers is shown in Figure 1. 

Preparation of Plates for Heat Treatment 

When the plates reached a tempere.tu::·e, approximately 1000°1, they 
were removed from the mold end the gate and runners were torch cut :from 
the plates. 

The castings were subsequently shot blasted and reheated to about 
300°F at which time the risers were removed by fl~me cutting. 

Homogenizing e.nd Hent Treatment 

The homogenizing treatment consisted of heating to 1700°F for 
6 nours and air cooling. All plates were •hot blasted to remove excea­
aive scale. The heat treatment ot plates Noa. 31 and 39 consisted of 
heating to 1625°1 for 6 hours and quenching in water followed by no draw. 

Plates Nos. 32 and 4o were heated to 1625°F for 6 hours Md 
quenched in 8~ brinP. followed by no draw. 

All platAs were "'i,itated during the quench. 
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BALLISTIC DATA SHDT NO. l 

Cast Plate No. 31 - 18xl8xl-J/4" 

Water Qµ.enched - No Draw 
Plate 

Rd. Powder Str. 
~ Charge Vel. Results 
37 MM APO M51 Firings: 

l 2.4 01. 1550 PP , Ia» - Star ore.ck s on bulge. 

2 2.6 oz. 16088 CP - Pinhole 9" oraclt to edge of plate. 

3 2.5 oz. 15688 PP, LB - Stn.r craclts on bulge. 

37 MM TP M51 Firings: 

4 

5 

6 

6. 25 oz. 2505 

6.25 01. 2520 

6. 25 01. 2510 

a.Balliatic 1im1t - 1588 t/1. 

CP , PTP - li "xl½ 11. 

CP, PTP - Struck Rd. 4. 

PP - Crack 21" across plate connecting 
Rounds 1, 4, 5, and 6. 

Page 1 - Appendix A 



Plate 
Rd. 
~ 

Powder 
Charge 

BALLI S'l'IO DATA SHDT NO. 2 

Cast Plate No. 39 - lSxlSxl-3/41 

Wateir Qlenched - No Draw 

Str. 
Vel. Results 

37 MM APO M51 Firings: 

1 2.6 oz. 1629 CP, 1/4" opening, star cracka 1,..3/41 • 

2 2.4 01. 1541 PP, LB. bll ater cracka. 

J 2.5 01. 158()8. PP, LB. Star craoka on bulge 29"• 
37 MM TP M5l Firings: 

4 6.2501. 2505 PP, LB. li" cracks on bulge. 

a.Ballistic limit - 1605 t/1. 

Page 2 - appendix A. 



Plate 

:BALLISTIC DATA SHUT NO. 3 

Cast Plate No. 32 .. 18xl8xl--J/4" 

Brine QJ.enched - No Draw 

Rd, Powder Str. 
~ Charge Vel. Results 

37 MM APO M51 Firings: 

l 2.~ oz. 1544 PP, LB - star cracka. 

2 2.55 oz. 1590a PP, liB - star cracks. 

3 2. 70 oz. 164()& OP, small opening. 

37 MM 'IP M51 Firings: 

4 6.~ oz. PP - LB. Star cracks. 18" crack extend-­
ing across plate, connecting Rounds 3 and 4. 

a.Ballistic limit - 1615 f/s. 

Page 3 - Appendix A 



Plate 

BALLISTIC DATA SHEET N<>, 4 

Cnst Plate No. ~ - 18xl8xl-~/8• 

:Brina QJ,enched - }To Draw 

Rd. Powder Str. 
..!2.:.,_ Charge Vel. Res11lta 

3J MM APO M51 Fi:-ings: 

1 2,65 oz. 1608 CP - 1/8" x J/4" 

2 2.~ oz. 1560 Struck Round No. 

ere.ck. 

1. 

3 2.35 oz. 1503a PF, LB. No ere.eke. 

4 2.145 oz. 1525a CP, pinhole. Ore.eking. 

J1 l•iM T.P M51 Fi:-in~R: 

5 6.8 oz. 2551 Pls.te shattered. 

a.Ballistic limit - 1514 f/s, 
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