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PREFACE

AUTHORIZATION

This study was authorized in the Bureau of Ordnance
letter NP9/A9 (Re3) dated 9 January 1943 as part of Naval
Proving Ground Research Project APL-7.

OBJECT

The tests described in this report were conducted as
part of a broad program to investigate causes of none
uniformity in homogeneous armor, effects of non-uniformity
on ballistic properties, and the supersonic method of
determining plate non-uniformity.

SUMMARY

Specially prepared plates of 3%0 and 4%0 gauge were
cbtained from Carnegie-Illinois for the subject investigation,
which was conducted with 3" M79 SAP projectiles at 0° oh-
liquity and 3" M6l and M62 capped AP prjectiles at 20° or
30° obliquity,

In the tests relating to the causes of non-uniformity
in homogeneous amor the following observations were made:

1. Plate quality bore a direct relation to position
in the ingot. Sections prepared from the bottom of an
ingot were sound but internal defects became more evident
as the distance from the bottom of the ingot increased.
Furthermore, with similar types of plate failure, ballistic
limits tended to be slightly higher in sections prepared from
the bottom of the ingot. h

2, Plates from different ingots of the same heat wsre
of the same ballistic quality, provided they came from
comparable positions within the ingots,

3. There was a slight indicatiocn of non-uniformity
between different heats of steel of the same composition.
Identical bpallistic performance was obtaipned in the M79
tests but one heat showed a small superiority in the test

1 & with Mbl projectiles,
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In the tests relating to the effects of non-uniformity
in homogeneous armor the following observations were mede:

1., Non-uniform plate quality was assoclated with
non~uniform ballistic quality. Unsound plate areas, because
of poor types of plate failures, had limits as much as 74
below the limits of sound areas,

2, Variations in the tensile strength did not appreci-
ably affect ballistic performance, 1In the M79 tests the
limits were the same for tensile strengths from 114,000 psi
to 142,000 psi and in the MAl tests from 117,000 psi to
142,000 psi indicating that these tests were conducted with
plates which were in the optimum tenslle regicn.

3. Variations in the heat treatment of plates affected
the ballistic performance. Two sections which were austempeared
had M79 limits 4% above the limits of armor given the standard
heat treatments. However, a section which was given a
standard treatment but with an eight minute quench from the
hardening temperature, instead of the usual four minute
quench, had the same ballistic properties as a plate given
i the standard treatment.

{ L. Thermal checks affected ballistic quality. 4%0
plates which contained thermal checks showed deep laminatlions

or separations in the ballistic tests, though the limits

were only about 2% below those of plates of average quality

of the same tensile strength.

5. Forging, as compared with rolling, tended to improve
ballistic performance, In the test with M79 projectiles a

l forged section and rolled sections of the same heat had equal
ballistic properties; but in the test with M61 projectiles
‘ at 30° the forged plate had 1limits which were 3-8% higher.

In the tests relating to the supersonic method of
detecting metallurgical non-uniformities better than 96%
agreement was obtained between quality indicated by the
supersonic reflectoscope and quality obtained in ballistic

tests. .
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I. INTRODUCTICN

When a number of impacts are made, under constant
test conditions, on-e single plate or on plates of
supposedly the same ballistlic quality, it has often been
cbserved that limits are obtained which vary by rather
large amounts. The ldentification and control of factors
causing these variations are of obvious importance in the
development of armor.

The tests described herein are related to three
aspects of the study of non-uniformity in homogeneous armor:
1, the causes of non-uniformities; 2. the effects of non-
uniformities; and 3. the non-destructive detectlon of non-
uniformities. In the first category the following three
factors were studled: position in ingot, variations in
plates and ingots of one heat, variations in heats of the
same composition., In the second category known non-uniformi-
ities such as variations in tensile strength, variaticns in
heat treatment or method cf working, and internal defects
were evaluated from the standpoint of the effect they had
on ballistic quality. Lastly, the supersonic refiectoscope
was used as a non-destructive method of detecting internal
defects in armor.




Fig.
NPG PHOTO NO. 3271 (APL). ‘

Projectiles used in study of armor non-uniformity. ILeft to Right:
3" M79, 3" M61l, 3" M62.
15 April 1946 SRR -
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NPG PHOTO NO. 3776 (4PL).
Operator making test with Sperry Supersonic Reflectoscope.

15 april 1946
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IT. MATERTALS AND METHCDS
A, 'Plﬁﬁés

370 Carnegie-Iilinocis No. 850C1 Heat WNo. 20247
Ingot No. 1

390 Carnegie-Illinoies No, B9002 Heat No. 20247
Top Ingot No, 2

3%0 Carnegie-Illinois No. 89003 Heat No. 20247
Center Ingot No, 2

370 Carnegie-Illinois No. 89004 Heat Nc. 20247
-Bottom Ingot No. 2 .

370 Carnegie~Illinois No. GG34b(Forged) Heat No.
20247 Ingot No. 3

370 Carnegie-Illinois No. 12780}, Heat No. 15267
440 Carnegie-Illinois No. 139957 Heat No. 14349
L%0 Carnegie-Illinois No. 167162 Heat No. 21518

The melting and rolling practice and ladle analyses
of these plates are given in Appendix A.

The heat treatments and physical properties of
sectione of these plates are given in Appendix B.

The plates were testsd in 36" x 36" sections.
B. Projectiles

The projectiles used in the tests described herein
are illustrated in Fig. 1,

3" Prankford Arcenal M79 l5-pound monobloc
uncapped SAP projectiles,

3* Bethlshem Steel Co. M61 1.4.2 pound capped
AP projectiles.

3" Chevrolet M62 14.7 pound capped AP projectiles.

C. Supersonic Reflectoscope, SR04, manufactured by Sperry
Products, Inc.

Fig. 2 1s a view of the supersonic reflectoscope used
in the subject investigations and shows the operator applying
a tilm of oil to the surtace of a steel block while surveylng
it with the searching unit contalning the quartz crystal.

They Sperry supersonic reflectoscope 1s an instrument
which employs a vibrating crystal to gsend and recelve
supersonic signals through a plate (or other solid medium)
and visually 1indicates on a cathode ray oascllloscope the time
elapsed between the trunsmission of the slgnals and return of
their reflectiors. If the plate beling tested 1s free from
defects having reflecting surfaces, the reflections will come
from tne opposite side only., If tha plate contalns defects

e e
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possessing reflecting surfaces, reflections will be received
in a shorter tims and will appear on the oscilloacope be-
tween the indicatlon representing the signal entering the
plate and that representing the signsl being reflected from
the back of the plate. The location cn the oscilloscope
trace of the reflection from the defect indicates the depth
of the defect belcw the surface of the plate., There 1s also
some evidence that the visual appearunce of the reflection
depends somewhat on the character of the flaw,

The crystal may be vibrated at frequencies of 1, 2.25,
or 5 megacycles depending on the transmission or sensitivity
characteristics desired. A frequency of 5 megucycles was
used in the tests described in this report.

D, Hethods of Measurements

The ballistic limits in this report are calculated in
terms of F(e/d, ©) valuses, where F(e/d, @) is defrined as
follows:

L1.57 Ml/va Cos @
F(e/d, Q) = 0172d

M 1s the projectlle mass in pounds. Vi 1s the limit velocity
in reet per second and is the minimum velocity required for
a projectile to pasa completely through the plate. ©, the
obliquity, is the angle in degrees between the normel to the
plate and the line of Ilight. e is the plate thickness in
inches at the point of impact. 4 is the projectile diameter,
at the bourrelet, in inches. Ali of tha quantities entering
into the defining expression above are measured directly
except the limit velocity. The limit veloocity for any test
condition is calculated from the striking and residusl
veloocities, reference 1, or estimated from the depth of
penetration.

In this report the limits, observed F(e/d, ©) values,
are expressed as percentages of the standard Navy Fle/d, 0)
values given by the 1931 empirical formula (BuOrd Sk. 78841):
F(o/d, ) = 6(e/d - 0.45) (0% + 2000) + 40,000

The detailed ballistic data are given in Appendix C.
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(2)

NPG PIIOTO NO. 3076 APL
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JUALITY

Varied: No flaws
vo large flawa

Petals wiped =
deep laminations
and button thrown

TFIPECT OF LOCATICN IN INGOT ON PLATE
Plate 89001
Top of Ingot
A APL 180 A-1 APL 165

Large and snell
flaws

Petals wiped,
Button thrown
and laminationa

A=2 APL 175

Varied: No flaws
to large flaws

Petals wiped -

A=3 APL 176

Varied: No flaws
to large flaws

Petals wiped -

split and Button thrown
laminations and laminstions
A=l APL 166 A=5 APL 90

Varied: No fiaws
to large flaws

Petals wired.,
Petals wiped -
broken and

Varied: No flaws
to large flaws

Fetsla wiped ~
button thrown
and laminstions

laminations
A=b APL 178 A="7 APL 89
Varied: No flaws No fiaws

to large flaws

Petals wiped -
button thrown
and laminations

Petals intact -
wiped

LA=8 APL 179
No flawa

Petals wiped

A-9 APL 167
No flaws

Pstals wiped

Bottom ol

Ingot

(1) Supersonic flaw indications
(2) Types of plate failures

15 April 1546 Fig, 3
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IIIX. DISCUSSION
Pesition in Ingot

Sectlons of the plates rolled from Ingots Nos. 1 and 2
of Heat No. 20247 were tested so as to compare the ballistic
properties at varying distances from the top ¢f the ingot.
Plate 89001 was rolled from Ingot No. 1 and plates 89002,
89003, and 89004 were rolled from the top, center, and bottonm
of Ingot No. 2, The areas of the plate sections which are
compared in Table I were metallurgically uniform, having the
same heat treatments and desirable types of plate failures.

TABLE I
Effect of Position in Ingot

Tensile

APL Strength Location M79 Limits (% Sk. 78841)

No. psi in Ingot and Plate Fallures
Ingot No. 1

165 119,000 Top 104 Petals wiped

166 118,000 Center 104 Petals wiped

167 121,000 Bottom 105 Petals wiped
Ingot No, 2

168 118,000 Top 104 Petals wiped

169 116,000 Center 104 Petals intact

and wiped
170 118,000 Bottom 105 Petala wiped
171 117,000 Bottonm 106 Petals intact

Table I shows a small but consistent increase in limit
in secticns prepared from the bottom of the ingot.

The effect of position in the ingot is more striking
when gections corresponding to verious distances from the
top of the ingot are compared on the baslis of metallurgical
non-uniformities which, of course, are ultimetely reflected
in ballistic performance. As shown in Fig. 3, the bottom
sections of plate 89001 were sound, but sections nearer to
the top of ths inget contained internal defects, as revealed
by Uie supersonic reflectoscope and by the types of plate
failures,
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Different Plates of Que isab

Table I also shows that for the same relative position
in the ingot, heat treatment, and type of plate fallure,
the ballistic properties of different plates of one heat
were practically identical.

Different Heats
8ectiona of 3" plates prepared from different heats of

steel of the same composition and heat treated to the same
tensile strengths had the ballistlc properties listed in

Table II.

TABLY I1

Difrersnces between Heats

UNCLASSIEIES

Tensile
Heat APL Strength Limits (% Sk. 78841)and Plate Failures
No. No. psi M7 at 0° M61 at 30°
20247 89 114,000 105 Petals wiped 104 Petals wiped

' or intact
15267 172 114,000 104 Petals wiped 105 Petals wiped
*¥109 Petals broken
Laminatiocns
15267 173 114,000 104 Petals intact - -
and wiped

* Projectile deformed

The ballistic performance of the two heats was ths
same in the test with M79 projectiles but Heat No. 15267
appeared to be slightly superior against M6l projectiles.
Sections Of this heat deformed some cf the M61 projectilas
resulting in a higher limit. A projectile which remained
undeformed gave, by the methcd of residual velocities, about
the same 1limit as that obtained with a sectlion from Heat

No. 20247.
Type of Plate Fallure

It has bsen generally observed that the manner in
which a plate fails 1s related to 1ts ballistic performance.
Whether a good or a poor plate failure occurs is primarily
dependent on the metallurgicel characteristics of the impact
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area, At tenslle stirengths below 140-150,000 psi, poor
fallures are caused by non-uniformities or internal defects
in the steal. 8teel of this quality 1is called «*dirty".
Plate fallures such as petals intact, petals wiped, or, at
the higher strengiths., petals broken, are considered to be
dosirable, The appearance of laminations, splits, and
separations in the back of the plate, or the button thrown
type of plate fallure are often associated with lowered
plate limits.

Table III shows the variation in limits within a
glven 36" x 36" APL plate section between the areas having
desirable andi undesirabie types of plate fallures. The limit
for the desired type of plate fallure is given first, for
each APL plate, followed by the limit and veriation in limit
obtained when the plate failure was of a poor sype.

2 i 43



TABLE III
Relation of Type of Plate Failure to Balllistic Limit

Tensile M79 at 0° M61 at 30°
APL Strength Limit, Variation Limit, Variation
No. . psi Plate PFailure Plate Failure

90 142,000 105 -- Petals wiped
107 +2 Petals broken
Laminations
166 118,000 113 ~- Petals wiped
min. and broken
110 -3 Lam. Petals

wiped and
intact
175 128,000 106 -- Estimated from
SIP (1) 110 -~ Petals wiped
103 -3 Splits. Petals 103 -7 Lam. Splits
intact Petals brolmn
176 137,000 105 -- Petals wiped !
i 102 ~3 Petals intact
8plits
101 -4 Lam., Very large
button thrown P
178 135,000 109 -- Petals wiped
105 -4 Lam. Very
large button
thrown
180 126,000 105 =- Petals wiped 114 -- (2) Petals
wiped
102 -3 Button thrown 109 -5% Separations.

Petals wiped
and broken

) Stuck in Plate.
) M62 projectiles.

Table III indicates that laminationa, splits,
separations, or button thrown failures are associated with
decreases of 3-7% in limits.

Each of the plate sections listed in Table IIT was
prepared from ingot No. 1, Heat No. 20447, which has besn |
] discussed, and illustrates the effect of non-uniform
metallurgical quality on ballistic performance.

f ‘ UNCLASSIFIED
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Tensile Strength

The effect of plate tensile strength on bsllistic
properties has been discussed at length in two previous
reports, references 2 and 3. The range of tensile strength
covered by the plates used in the subject investligation was
not wide enough to reveal clearly any significant effects
but the results are summarized in Table IV. The plate
sections included in Table IV had standard heat treatments
and good types of failure. All projectiles were undeformed.

TABLE IV

Effect of Tensile Strength on Ballistic Performance

Tensile

APL Strength Limits (% Sk. 78841) and Plate Failures
No. psi M79 at 0° M6l at 30° !
89 114,000 105 Petals intact 104 Petals wiped
172 114,000 104 Petals wiped 105 Petals wiped
173 114,000 104 Petals intact
and wiped
169 116,000 104 Petals intact
end wiped
171 117,000 106 Petals intact 109 Petals wiped
and wiped

166 118,000 104 Petals wiped

168 118,000 104 Petals wiped 109 Petals wiped
170 118,000 105 Petals wiped

165 119,000 104 Petals wiped *105 Button thrown
167 121,000 105 Petals wiped 108 Petals wiped
175 128,000 106 Estimated 110 Petals wiped

A from SIP
176 137,000 105 Petals wiped
90 142,000 105 Petals wiped 109 Estimated from
bulge

*  Poor type of plate failure

Table IV shows that the M79 limits varied negligibly
with teasile strength indicating that the plate sections were
in the region of optimum tensile strength. The M61 1limits
rose L4-5% as tensile strength increased from 114,000 psi vo
117,000 pail and remained essentlally constant as tensile
strength increased to 142,000 psi indicating that the .optimum

-8 -




tensile region was from 117,000 psi to 142,000 psi.

Austempering

Two sections of plate 890C1 were isothermally trans-
formed to bainites at 570°F and drawn %o 135,000 psi and
141,000 psi.

The ballistic properties of these sectlons are
compared with sections of the same tensile strength given
standard heat treatments in Table V.

TABLE V

Comparison between Austempered and Standerd Plates

Tensile
Heat APL

Strength Limits (% Sk. 78841) and Plate Failures
Treat., No. psi M79 at 0° M6l at 30°

Aust. 178 135,000
std. 176 137,000

Aust. 179 141,000
std. 90 142,000

109 Petals wiped
105 Petals wiped
109 Petals wiped

108 Petals wiped
105 Petals wiped

109 Bst. from bulge

As chown in Table V the aiuucempered sections had M79
limits 4% above those of secticns given standard heaat

treatments. The M6l tests were unsatisfactory but they seemed

to indicated about the same performance for austempered and
standard heat treated sections.

Long JQuenching Time

One section of plate 89001 was given an eight minute
water quench instead cof the usual four minute quench from

the hardening temperature., In effect this resulted in a
sectlion almost completely transformed to martensite whereas
the section quenched for four minutes contalined austenite
in the center regions which was transformed upon subsegquent
drawing. The eight minute quench section was cracked
around the edges. As shown in Table VI, thls section gave

the same ballistic results with M79 projectiles as a section
given the usual four minute quench,

UNCLASSIFIED
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TABLE VI

Effect of Long Quenching Time

Tensile Strength Limits (4 Sk. 78841)

Quench APL psi M79 at 0°
& min. 180 126,000 106 estimated from SIP
L4 min, 175 128,000 105 estimated from SIP

Thermal Checks

Three sections of LY0O Class B plates known to contain
thermal checks wers tested and the results compared with
a Class B plate of average quality in Table VII.

TABLE VII
Effect of Thermal Checks

Tenslle
APL, Strength Limits (% Sk. 78841) & Plate Failures
Condition No. psi M79 at 0° M62 at 30°
Thermal 181 113,000 97 Petals wiped 106 Petals wiped

Cheocks

Thermal 182
Cheoks

Thermal 183
Checks

Sound

(DD37) 108,000

and broken. and broken.
Separation Separation

113,000 38 Petals wiped 1lll1 Petals wiped
and bdbroken. and broxen.
Laminations Separation.

115,000 95 Petals wiped 108 Petals wiped
Separation and broken.
Separation

97 Petals wipsd 109 Petals wiped

As Table VII shows, the thermal chesks caused
laminations and separations to appsar in the plate fallures,
However, the thermally checked plates had about the same
iimits as the plate of average quality but of somewhat lower

tensile strength,.

A 5,000 to 7,000 psl inorsase in the tensile

strength of the sound plate would probably raise the 1limits
about 2% abovs those of the plates with thermal ochecks.

UNCLASSIFIED
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Forged Plate

One section of Heat No. 20247, Ingot No., 3, was
forged to finish dimensions, rather than rolled, and given
a standard heat treatment to 115,000 psi. Its ballistic
performance is compared with that of two rolled sections of
the same heat in Tabdle VIII.

TABLE VIII
Comparision of Forged and Rolled Plaetes

Tensile
APL Strength Lmus_(ﬁ_ak;_zmxg_&_m_q_hm
Condition No. psi M79 at 0° M6l at 30°
Rolled 89 114,000 105 Petals intact 104 Petals wiped
Forged 184 115,000 105 Petals wiped 112 Petals wiped
Rolled 171 117,000 106 Petals intact 109 Petals wiped

The forged and rolled plates had equal balllstic
properties in the test with M79 projectiles. The forged
plate showed rather marked superjority in the test sith M61
projectiles having a limit 8% above that of a plate of slightly
lower tensile strength and a limit 3% above that of a slightly
higher tensile plate which has previously been shown tc be on
the lower edge of the region of optimum tensile strength.

Supersonic Reflectoscope

In the discussion of the types of plate failures 1t
was noted that plate areas which showed laminations,
separations, splits, or other und=sirable fallures had limits
below those areas which failed in the more desirable manner
with petals intact, wiped, or broken. Defeocts or planes of
weakness within the piate, such as thermal checks, cracks,
segregations, laminations, etc., are primary causes of
undesirable plate failures. A non-destructive method for
detecting the presence of such internal defects would
obviously be a valuable tool in procuring and developing
high quality armor. The preliminaryr tests descridbed in this
report indicate that the supersonic reflectoscope is the
most satlisfactory instrument avallable for the non-destructive
testing of armor plate.

UNCLASSIf|
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NPG PHOTO NO. 3075 APL 15 April 1946

DIAGRAM SHOWING LOCATICN ON APL FLATES OF
TESTS MADE WITH SUPERSONIC REFLECTOSCOPE

Direction of Rolling
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Letters identify 12" x 12" regions of plate.
The position of each impact listed in bal-
listioc data, Appendix C, is described by one
of these letters,

Tests wers made with supersonic reflectoscope
at least every six inches, starting 3" from

edge of plate. Pclints of tests sre indicated
by intersection of dctted lines.

Fig. 4
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With only a few exceptions each of the impact areas
listed in the detailed ballistic data, Appendix C, was
surveyed for flaws with the 5 megacycle supersonic searching
unit., ¥ig. 4 shows the location of tests on an APL plate,
Flg. 3, previously referred to, lists the results of
supersonic testing and the type of failures obtalned on
plate 89001, Figs. 5-8 are composite photographs of
supersonic readings and the corresponding macrpetch sections
taken from some of the APL plates used in the ‘subject
investigation. The supersonic readings were taken about 0%25
below the macroetched surfaces at the cross section indicated
in the photographs. -

_ Table IX gives the statistics of the excellent
correlation obtained between plate guality as indicated by

the supersonic reflectoscope and plate quality as indicated
by the types of plate failures occurring in ballistic testing.

TABLE IX
Correlation between Supersonic Quality and Ballistic Quality

Ballistic Quality Indicated by Number of Impacts (1)
Quality Supersonic Reflectoscope  M79 M61 or M62
Good Good 28 21
Bad Bad 9 23
Good Bad 1l 0]
Bad Good 0 2

(1) 25 additional impacts are shown in Appendix C but lack
of through openings or projectiles stuck in plate
prevented analyses of plate failures.

Table IX shows better than 96% agreement between
actual plate quallty obtalned in ballistic tests and plate
quality determined by the supersonic reflectoscope.

Inasmuch as the supersonic tests were conducted after
_ the ballistic tests, except for impact numbers above 4500,
- there is some question as to whether the defects detected by
the reflectoscope were present prior to ballistic testing.
However, one hundred percent correlation was obtained on
- impacts above number 4500 between quality indicated by the
reflectoscope and quality subsequently obtained in ballistio
tests. If future results substantiate this agreement, it may
be concluded that those variations in ballistic performance
which are caused by internal defects or nop-uniformities can
be rather accurately predicted, before ballistic testing, by

UNCLASSIFIED
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careful supersonic examination.

It is to be noted that there are problems of surface
preparation and crystal deterioration whichcreate certain
practical difficulties in using the reflectoscope. More
serious is the occasicnal breakdown of the instrument itself
due, probably, to the rough handling to which it must
necessarily be subjected in the testing of large plates.

The instrument cannot be effectively used on plates less than
2%0 thick.

UNCLASSIFIED
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Iv. CONCLUSIONS

On the basls of the subject tests of 370 and 4%0
homogeneous armor the following general conclusions are made:

(1) Seotions of armor plate preparec from different
regions of the same ingot show metallurgiocal and ballistioc
non-uniformity.

(2} Plate areas containing internsl defects resulting
in poor types of plate failure have ballistic limits
substantially below those of sound plate areas.

(3) Changes in heats, heat treatments, methods of
working, or tensile strength of armor plate may cause
variations in ballistic performance.

(4) The supersonic reflectoscope mey be successfully
employed as an instrument for the non~destructive testing of
armor plate,

UNCLASSIFIED
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APPENDIX A
MELTING AND ROLLING PRACTICE

The followling information was copied from records
submitted by Carnegie-Illinois on the subject heats.

| Carnegie-Illincis Heat No., 20247
C. I. Plates Nos, 89001, 89002, 89003, 89004 and GG3L6.

Ladls Analysis
¢ Ma P 8 8 M Cr
34 W26 ,012 .025 07 3.59 1.67

A, - Open hearth heat, regular armor grads. Nineteen
heats preceded this heat since the last general
repair. Tapped May 30, 194L.

B, = Open Hearth Record

Charge - 75,000# Nickel low Mn cold metal
. 2,500# Nickel
9,000# Lime

Melted - 1,35% carbon - 5 hrs, before tap

Additiops n_Furna
3,500§ Cinder 1456# Nickel 2:17 before tap
3,000# Lime 800# Nickel 1:42 before tap

4L4,50# FeCr 0:22 before tap
In Ladle In Mold
50# Coal 13# Al total
50# FeMn
235# Alsifer

Time of heat - 15 hrs. 20 min.
Tap Test - carbon .22/.22, Mn .16/.17, FeO 8.21

Medium thin slag - 3ull top, dull bottom
no run off, bottom of hearth 0.X.

UNCLASSIFIED
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Tap - 8 min, tapping time, ladle held 4 min., 16
min. pouring, 3 hrs. before stripping.
Ladle hot, 2-1/2" nozzle, nozzles O.K. Warm
molds, Crucible clay and graphite on molds.

Temperatures
Bath Temperature 2915°F. (rod boil)

Tapping Temperature 296L°F.
Pouring Temperature  2834°F. (start)
Pouring Temperature  2817°F. (finish)

Product
3 ~ 29" x 60" ~ 80" body 37,000# cave top 3#Al/Ton.
1 - 29" x 60" - 74" body 34,000# cave top 3#Al/Ton.

Rolling Mill Record

Ingots were taken hot to 32" mill and placed in the
scaking pits, Total time in soaking pits 10 hrs.
Heated to 2375°F, and the first ingot was rolled to
14" x 55" and the 2nd to 9" x 55", Slow cooled for
72 hrs. to 150°C, in sand insulated cooling bins and
conditioned at 150°C. by scarfing. The slabs were
kept on a preheater at 150°C. untlil transferred to
the 140" mill reheating furnaces. Heated for 10 hrs.
to 2375°F., cross rolled to 84" plate width and
finished longitudinally tc 3" gauge. Total reduction
in cross sectional area was 7 to 1.

Plate 85001 Ingot #l.

Plate 89002 Top cut of Ingoet #2.
Plate 89003 Middle cut o." Ingot #2.
Plate 89004 Bottom cut of Ingot #2.

Plate 89001 was stress relieved by heating 3 hrs. %o

675°C. holding 3-1/2 hrs. and air cooling. It was
then flame cut into 10 small plates 36" x 36" x 3w,

Carnegie-Illinois Heat No., 15267

C.I., Plates Nos., 127804A1 and A2

A

UNC

Ladle Analysis

C M P 8 S& M Cr

¢35 .22 .C1l1 022 .06 3.81 1.75

Open hearth heat, regular armor grade. Tapped

L&§§hﬁ%€fr 17, 1940.

-17 -
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Open Hearth Record

Charge -~ 60,000# cold metal
7,500# lime

Meited - 0,90% carbon -~ 4 hrs., 16 min. before tap

Additions In furnace
500# Ore 1,82# Nickel 2 hrs, 31 min, before

tap
800# Lime 3600# FeCr 24 min,., before tap
600# Staflux 150# FeMn 25 min, before tap

In Ladle In Mold
125# coal 12# Al total
180# FesSi

Time of heat - l4 hrs. 15 min,

Tap test - carbon .18/.19, Mn .13/.14, FeO 8.49%
Heavy slag - dull top, dull bottom, no
run off, bottom of hearth O0.X.

Tap - 9 mins. tapping time, ladle held 1l mins.,
14 mins. pouring. Ladle hot, 2-1/2 nozzle,
nozzle 0.,K. Warm molds, Crucible clay
and graphite on molds.

Temperatures
, Bath Temperature 2970°F, (rod boil)
Tapping Temperature 2998°p,
Pouring Temperature 2864°F, (start)
Pouriry Temperature 2815°F. (finish)

Product

1 - 34" x 60" 57,100# cave top L#Al/ingot
1 - 29" x 60" 30,500# cave top 3#Al/ingot

Rolling Mill Record

The 34" x 60" ingot was taken hot to the 32" mill
and placed in the soaking pits, Total time in
soaklng pits 17 hrs. and 45 min. Heeatsd to 2335°F,
and rolled to 55" by 21" gauge. Slow cocled for

72 hrs. to 150°C. and conditioned. Annealed at
Harvey Shop and shipped to Gary Works., Cross rolled
to 108" and finished longitudinally to 3" gauge.
Total reduction in cross sectional area was 7 to 1.

- 18 -




Carnegie-Illinois Heat No. 14349

= C. I. Pletes Nos. 139957A1 and A2,

st ey ey

Ladle Analysis

¢ M. P 8 s M cr

«30 025,012 0022 .06 3.76  1.71

Open hearth, regular armor grade. Tapped October
12, 1940,
Open hearth record.
Charge - 49,000# Nickel low Mn cold metal
6,000# Lime
Melted - 1,32 carbon - 5 hrs, 1 min. before tap
Additions In furnace
1000# Lime 1795# Nickel 2 hrs., 31 min.,
before tap
1200# Ore 29C0# FeCr 24 min before tap
2007 spar  30# FaMn 24 min before tap
In Ladle In Mold
150# Coal 8# Al total
145# FeSi
Time of heat - 14 hrs. 20 min.
Tap Test - Carbon .14/.15, Mn ,17/.17, FeO 9.79%
Medium heavy slag, dull top, dull bottom,
no runoff, Bottom of hearth 0.X.
Tap - 8 min. tapping time; ladle held 7 min.,
12 min, pouring. Ladle hot, 2-1/2" nozzle,
nozzle O,K., warm molds, Crucible clay and
graphite on molds,
Temperatures
Bath Temperature 2958°F, (Rod boil)
Tapping Temperature 2991°F.
Pouring Temperature  286L°F, (Start)
) Pouring Temperature 28L5°F, {Finish)
UNCLASSIFIED

ARER, -39 -



Product

3 « 29" x 60" ingots cave top
2-1/2# Al/ingot

Co =  Holling Mill Record

Ingots were taken hot to 32" mill and placed in
soaking vits in 5 hrs. 10 min. ' Total time in soaking
pits 9 hrs, 20 min. Heated to 2360°F,, and rolled

to 55" x 12-1/2" slow cooled for 72 hrs. to 150°C.,
and conditioned by scarfing. The slabs were
transferred to the 144" mill, heated for 10 hrs. teo
2375°%F., cross rolled to 84" plate width and finished
longitudinally to 4" gauge. Total reduction in
cross-~sectional area was 5 to 1.

Carnegie-Illinois Heat Ne, 21518

C. I. Plate No. 167162
Ladle Analyslis
¢ Mn P 8§ 8 N Cr
o 32 .26 012 .020 .07 3.68 1.76

A, = Open hearth heat, double armor. Tapped Novembser 29,
1940,

B, = Open Hearth Record

Charge =~ 61,000# Nickel low manganese cold metal
7,800# Lime

Melted - 1.140 - 5 nrs. 24 min., before tap

Additions furnace
283F Nickel 2 hrs. 34 min. before tap
1,800# Cinder 675 Nickel 2 hrs. 4 min.

before tap
1,000# Lime 400# Pig. 49 min. pefore tap
LOO# Starflux 3700# FeCr 26 min. before tap

In Ladle In Mold
1504 Coal No additions

850# AMS Metal
UNCLASSIFIED
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" Time of beat - Charge to tap ~ 17 hrs. 55 min.

Tap Test -~ Carbon .16/.17, Manganese .17/.18, Pa0 8.35%
Medium slag, dull top, dull bottom, no run
off, bottom cof hearth 0.X.

Tap - 8 mins. tapping time, ladel held 5 mins.,
15 mins. pouring, Ladle hot, 2-1/2¢
nozzle, Nozzle O.K. Warm molds,Crucible
¢lay and graphite on molds.

Temperature

Tapping Temperature  2964°F,
Pouring Temperature 2834°F, (Start)
Pouring Temperature 2817°F. (Finish)

Product

Double Armor Ingot with Heat 22517
1 - 29" x 60" 37,000# cave top

Rolling Mill Record

Ingot was taken hot to 32" mill and placed in the
soaking pits, Total time in soaking pits 10 hrs,

and 5 min, Heated to 2373°F, and rolled to 55" x 13w,
Slow cooled for 72 hrs. to 150°C. in sand insulated
cooling bins anrd conditioned at 150°C. The slabs
were transferred to the 140" mill, heated to 2375°F.,
cross rolled to 82" plate width and finished
longitudinally to L" gauge. Total reduction in cross-
sectional area was approximately 5 to l.

UNCLASSIFIED,

- AR -2 -



€°65 0°6T 000°tv2T 000°z¥T pTO®
youend Jojem s8Iy p/1-€ do0V0T ‘83U ¢

y2uenb

19384 °UTm ¥ ‘sagq 9 do0%4T  °*8I9 11

pTO® *8dy

yousnb Isqea °8IY § doG0TT  2/1-%1
youenb

Jajed ‘UTE ¢ *sIY ¢ doS¥¥T  °saY 2

doSt¥T 03 X
T002 soBUIM] *8dq 2 do0tST  *B8IY % 06 44

9°L9 0°b2 000°G6  000°HTT 120

. yousnb Jsjem Iy T Jo640T °sayq [
05401 03

Tooo edvuamy Iy 1 d006TT "8Iy g1
ydsusnb

I91BM °UTW ¢ °*Say g/1-€ Jo0¥ST  *sIY 1T
pTO®

gousnb Joq=m *sIyq § doGLTT °8IU 9
youenb

10184 °UTHW ‘say g JoSE6T "sag / 6g A |
TO068 °ON °93eTd - T Oy 303ur - /¥20Z °ON 3%eH
1 q *gsd *1sd youend ‘duwa *dme] *dumeyg *oy
4 4 PIeTX eTrsusy je auy] 03 8wl Idv °

sefjIadoad yeorsdyd QusmW3IBaI] 1BOH

SITIYAJOUd TYOISXHd QNY INARIVIHI IVIH
€ XIANIddY

UNCLASSIFIED S S




T°¥9 8°22 000°40T o000°‘geT PTOd
yousnb Jajem *SUTW Gy Eo0VIT  *sIY 2T
PIO9
yousnb I99BM  °sIy v/1-T ZoOVYIT °sdy 6T
Youanb *sayg
J33ea ‘urm ‘sIy ¢ doO¥ST 2/1-8
PTICS
youenb Jeqeam ‘say § 100601 °*say g
8dvuIMI MBID
03 JI3jsueda)y *SIy g 40046 *sSIYy 9
Yjeq 31es 03
IsJsuexy yousnb
I9328 “UTW ¢ "SIU 5 Jo0PST  SIU OT  GAT ey
0°69 2°tz 000°00T 000°teT 69T 74V S® 1uewm3BeJ3 ames 49T 6y
4°69 0°22 000'26 000‘QTT S9T TdY S® jusw}®ad) sWES 99T vy _
0°69 0°€2 000°Q6  000‘6TT pTO® *say
yousnb JeeM ‘siy z/1-4 do0¥TT v/1-¢€
p1o®
yousnb 1sjem °sSIy ¢ JoSTTT  °sayq ¢
PTOO ‘say
ydusnb J0jea ‘*say z/1-¢ doGETT 2/1-¢
yousnb *3ay .
I938M ‘ulW $ °sIy ¢/T-2 Ao0¥ST 2/1-¢ R
yosuanb *say —
I33BMA ‘UTW ¢ °*sSJY Z/7-2 L00¥ST /1=t 591 v
(P13700) TO068 ©38Td - T *ON 303Ul - /4202 *ON 396F
A2 g *Tsd *ysd youend ‘dme [ ‘due 7, *dms ], ‘oOf ‘ON =
3 ¥  PIOTX alTsue] 3® amy], 03 emIL 14V 398§ -
set3Iadoxg TeOTSAYUg juem3®ed] j3Bef
. . et




22z 000°S0oT 0004921 (e3e1d Jo a3pa punoJe syoeI> Jousnb)

PTOO
yousnb Jegjum ‘say ¢ ZoSYTT  °say €T
yousnb
J938M ‘UTH Q *8dY 2 doGEGT *say § 081 A4
S$°6T 000°22T 000°T+T pTOD
poyousnd Iajea *say € d06090T °sIyg 6
poaIeJsuelr) *8aq 6 40045  Y3®BqQ 3T%Bg
gousnb Jeqea
‘utm 2/1-¢ *say ¢ doOVST  °8IY 0T 641 8v i
4
0°02 000°STT 000°GET pTO? N
youenb Jajea gy € d0060T *8d4 § '
peIIsJsuely °sJq g 40046  U33q 3T®¢Q
yousnb Je38x
‘utm 2/1-¢ *sIyg t do6E8T °SIY OT Q4T 9v¥
€°0z 000°02T 000°4€T PTO2
yousnd Isjeam ‘aq T 406801 *sIq €T
gousnb
I8qBA °UTW ¢ *sIq ¢ do0¥5T  ‘say ot
PTOO
youanb zejemM ‘SIY ¥ do08TT  *sIq 6
gouandb
J338A ‘UluW 4 *sayg 2 20GEST °SIY AT 941 £y
(P:3U0)) 10068 83¥1d - T ON 203Ul - Z¥20Z "ON 3E9H
q °1sd *1sd gouand *dae ], ‘dus ] *dus [ *oN ‘of
4 PI9TX o9TTsueg 38 W] 03 9Wfl 1dY¥y “*3deg
gsoTqladorg TeOTSAUd jusamyBaI] 3Ry




9°69 £°v¥2 000°gg  000°STY pIed
gousnbk Jejea °*8JY 2/1-¢ d002TT °SJaq €
pIOoo °say

gouonb Jojem °*sayq 2/1-t J0081T 2/1-¢
Aexds X524

‘ute 2/i-¥ *sIy 2 Zc6¥51T s8I ¥
Avxds J33uM
‘utw 2/1-v °sIq g/1-¢ Jo09GT ‘sIU ¥ 8T v
(Pedaod) 9vE 0D 8351d - € 'ON 373Ul - Lt20T ‘ON 389N
L*99 0°62 000°g6  000°LT1 891 14V s® juemysal) ewsg  TLT v
g°69 €°vZ 00046 000°9TT g9T 14V S® jUam}BeI} ewes 0L v o
(303ur jo wo3jcd) 0068 ©3IvId A
(303ur Jo xejue)d) t0068 °3Ie1d
$°¥9 6°€2 000°6  000°gTT pYoo
youenb Iejem °sayq z/1-t HoSTIT  °sd4q ¢
pIO? *8aYq
gousnb I938a "8Iq § JoGETT /1=t
gouenb M F o
J03%A ‘utw ¢ °sIy 2/1-2 Jo0¥51 2/1-¢
yournb °sIY

I938A °UTW p °SIY 2/T-2  H.$EST  2/T-t 89T
(309Ul Jo doy) c0068 83IWLd - ¢ ON 309Ul - L¥20Z °ON 3I¥eH

v q *Ted *ged gouend ‘Jasy ‘dwey *‘duel °OK
¥ ¥ PToTX oTIsu2g 2e W[} 03 oWyl 4V
goT3I0d0d TBOTSAUd JuUewm}eaI] 3BOR



£°¥9 8°€2 000°26 000°CTT 181 1TdV S® juemjvexy oweg  2gT 44
€°v9 g°tc 00026 000°€TY pros
yousnb uamau *SIQ Y/t=¥  doSTTIT  °sayg ¢
PIo

qouanb Jojem °sIUY Z/T-+¥ doOVIT *sIy §
Lagxds Jojsa

‘utwW g/1-4 °sIq 2/1-§ doO¥S5T *3ayg 6
Asads Jogea

‘utw Z/1-G6  *saq y/1-2 doOPST s8Iy & T8I 18 4

[ ]
(poXoey) TeWISYL) /G66ET 2381d - G¥LVL "ON 199H b+
L°¥9 £°y2 000°26  000°HIT 2LT 14V S® jUeW}BaJly ewBS /T ev !
L°¥9 €°%2 000%°26 000°HIT pTO®
gouenb Jajem *say p/€-q de04LTT  °say €
pYOO
qousndb sejem °say z/1-€ doSETT  *sayq €
p1O® *8JdY
qouend zejea ‘say z/Y-f 400911 2/1=¢
gouenb *8JYq
I93BA ‘UTW ¢ °SIY z2/1-2 Jd60SST 2/1-t
gouenb * 31U
I0IBA ‘UTH  *SIY g/T-g 420651 2/T=¢ 2Lt 144
00421 23e1d - /9241 °‘ON 3eeq
Y5 g °ted °1ed gousnd ‘dws *dame *dmel cof ‘oN
¢ g PIOTX eoITsua] j® ewrgl 03 oW}l 74y °3%8g
soriredoxy TeoTslyd juswl eI 3¥OH




- B ppsmatin
1
o~
N
H
2°89 0°tz 000°96 ©000°STT pTOo?
yousnb Jejem ‘sIy $/1-¥ do0TTIT  °sayg §
pTo? *8Jq
gousnb Jejem °say g/1-2 Ao SPTT 2/1-5
gousnb Jajem _
‘uTE 2/1-6 ‘sSIY 2 doO¥ST  °SdY & R o
tousnb as1wva b L
‘utw g2/1-5 *sJdY g JoSEST  *sIU & €21 Y W
(Pexd9q) YPWIOUL) 29TZ9T 23®Td - QTSI "ON 3®eH § &
R ed
v e *1sd *vsd gousnyd ‘dme] *due *dwe] *oN ‘oy g mW
¥ $  DPISTX eTIsusy 18 ewy] 0} aWf] 1dV ‘3108 >

sat13asdoxd 1eo7siud

amonwcvua 1eeq

-



Fle/d, ©) . .

VS % Sk. 78841,
vy % Sk. 78841.

Cp. L - L d L

Ince ¢« o o o

APPENDIX C
Detailed Ballistic Data

Synbols

Obliquity. Angle between trajectory
and normal to plate at impact.

Plate thickness at impact in inches.

Projectile diameter at the bourrelet,
in inches.

Limit coefficient definsd dy the
relation

41,57 u/2 vy cos @
el/zd

F(e/d, ©) =

Limit or striking coefficient in % of
empirical F(e/d, ©) value (BuOrd
Sk. 78841)

Striking velocity in feet per second,
Residual velocity in feet per second.

Limit velocity in feet per second
calculated from following formule:

2 av 2 _ g2
VL=V - Vg

Striking velocity in % of the Vi
computed from Sk. 78841 for the subject
impact.

Calculated or estimated limit velocity
in % of the Vy computed from Sk. 78841
for the subject impact.

Complete penetration. Major portion
of projectile completely through plate.

Incomplete penetration. Major portion
of projectile rejected.




Slve « « s « + .+ Projectile stuck in plate.

N Intect o+ . . . « Projectile whole but may be deformed.

Effective . . . . Cavity and base plug not injured,
. Projectile would detonated if loaded
and fuzed,
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