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ABSTRACT

Data of the hardness and ballistic performance of six
fazce hardened airplane engine armor plates are presented.

A study to discover an effect, if any, of back decar-
burization on the ballistic performance of the samples reveals no large
effect that can be zscribed to back gecarburization. Some evidence of
importarce of face decarburization exists. Conclusions with respect to
decarburization were difficult because of quality variations in each
sample. The principsl variable appears to be heat treatment rather than
decarburization. Oreat variations in hardness within short distances
across the Taces and across the backs of the samples are ascribed to
non-uniformity of quench, as evidenced by metallurgical examination.
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HLRDNESS AND BALLISTIC PERFORMANCE OF

SIX FACE HARDENED ARMOR PLATES

Introduction

; The problem was authorized by reference (2). Other
pertinent references are as follows:

(2) Bulrd lettr. S13-1(4/173)(0B) of 13 December 1934.
(b) Scott and Grav, Trans. ? S M 28: $9(1940)
(c) ¥inth Partial Report, NRIL Report No. 0-1778,
4 September 1941.
(d) Tenth Partial Repori, NRL Report No. 0-1892, .
22 June 1942. .
(e) BuOrd Specs. 0.3. No. 2775, 13 November 1942.
(f) BuOrd lettr. S13-1(3)(B36919) of 2 April 1943.

24 Bullet proof steel is decarburized to various depths in
heat treatment, TInterest has been expressed in the advantage or dis-
advantage of this decarburization. At the request of Lt. Harris,
Armament Section, Bureau of Aeronautics, six samples of FH-BPS engine
armor were forwarded to the Naval Research Laboratory from the Jessop
Steel Company for investigation. Unfortunately for the original pur-
pose of this investication, the plates received exhibited numerous
irregularities under test with bullets. The orincipal variable appears
to be heat treatment rather than decarburization. Since a considerable
amount of data was compiled in an effort to explain the peculiarities
of the results of the test of this group of plates, it was decided to
organize the results as shown in this report. This set of armor
plates is of low average quality, and it is hoped the varicus details
presented here will be of some assistance to those who are endeavor-
ing to purchase or make improved face hardened light armor,

3 Recently reference (f) has been received, which de-
scribes the importance of decarburization of the face of face hardened
light armor. The study of face decarburization appears to be of con-
siderable interest, ‘hether back decarburization measurably affects
the guality of FH-BPS is also of interest. The work described in this
report began with a study of the effect of decarburization on the backs
of face hardensd plates. The plates were cut into sections for ball-
istic tests, and various deoths of material were sround from the backs
of some of the sections. Doterminations of limit velocities at normal
impact were made with Cal .30 AP M2 bullets on sections of the 3/8"
armor and with Cal .50 AP ¥l bullets on the 1/2" armor. Sections which
proved of interest in the ballistic tests were investigated by surveys
with Vickers hsrdness indents from faces to backs.
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he In addition, macro etches were made to determine if non-
metallic segregations were present in an amount sufficient to consider
in interpretation of ballistic results and to get an idea of the extent
of decarburization of the face and back of some of the sections. Also,
metallographic specimens were prepared from one section of the 3/8"
armor, which had shown great variation in ballistic performance, and
photomicrographs were made for study of back composition. These speci-
mens were slso heat treated in order to compare carbon content and
alloy content of the backs.

5e It was thought that retained austenite as in reference
(d) might account for difference in face hardness of some of the plates.
To detect retained austenite, the plates were chilled in dry ice, and
more herdness surveys were made. The micro-structure of each of the
1/2" armor samples was studied also by examination of microspecimens.

Equipment and Methods

6. The armor samples were sawed inte sections shown in the
photographs and diagrams in the anpendix, Depths of 0,02", C.04", and
0,06" of material were ground from the backs of some of the sections
of each sample in order to see if removal of various depths of the de-
carburized zone would effect the ballistic resistance of the armor.
Sections M7-Bl, MW-12, and M11-DI were made after the ballistic tests.
Impacts numbered 631 and 637 on sample M7 and those numbered 560 and
564 on sample MO were among the impacts revealing hard and scft regions
on the backs of these samples, Hardness and metallurgical tests were
made in these regions.

Ta Tests of ballistic resistance of the 3/8" face hardened
armor plate to Cal .30 AP M2 bullets were made in the 110 1b. pendulum
described in reference (c), and tests of ballistic resistance of the
1/2% armor plate to Cal .50 AP M1 bullets were made in a pendulum,
weiching about 370 1bs. and constructed in a manner similar to that of
the 110 1b. pendulum.

8. The Cal .30 AP M2 bullets used were pulled from loaded
ammunition furnished by the St. Louis Ordnance Plant. The steel darts
of these bullets have an average weisht of 9044 gr. and an average
diameter of 0.24/42%,. The Cal .50 AP ¥l bullets used were plate testing
bullets of the Frankford Arsenal. They had an average weight of 412
gr. and an average diameter of 0.428".

9. Limit velocity estimates for sach sample section of
different thickness are tzbulsted in Tables No. 3 and No. 4 of the
appendix. For sections which showed two regions which varied in re-
sistance, two estimates of limit velocity were made, one for each re-
gion, In M9-1 and M-K, however, the limit velocity of the regions
which petaled are lower than the lowest limits listed; how much lower
conld not be estimated from the data. A plot of velocities against
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corresponding e/d values is shewvm in Plate 14.

10, Vickers~ diamond pyramid hardness tests were made from
face to back of sections M7-Bl, ¥7-D, M8-H, W®-L, ®-L1, 110-Q1, MI1-Bl,
and ¥12-El1 in positions shown in the diasrams of the appendix. The
surfaces for hardness indents were given a fine finish by wet grinding.

1. For metallurgical examinations sections M7-Bl, M8-H,
M9~-L2, M11-D1, M11-Bl, and MI2-F1 were submitted to Mr. I. R. Kramer
of the Special Alloys Section of the Physical Metallurgy Division of
the Naval Research Laboratory. Macro etches were made of M7-Bl, MB-H,
M9-12, and M11-D2; the surfaces etched are indicated by marking them
S in the diagrams made of these sections. A 10 percent solution of
ammonium persulfate in water was used to etch a1l four sections. On
M7-81 and MB-H nital was also used. Metallographic specimens were pre-
pared of pieces MO-L2-A and MO-L2-B, which were cut from section ¥0-I12
in the regions of impacts number 560 and 564, The scale was removed
from the backs of these pisces, and the surfaces to be examined were
polished by grinding them on successive finer grades of alundum paper
to grade No. 0000 and were finally polished electrolytically in a
solution of acetic anhydride and perchloric acid. Photomicrographs
were made at a distance of 0.02" from the backs of each specimen.
These photomicrographs are shown in the appendix. To test for possible
carbon segregation in the back of each piece, W-L2-A and W-12-B
were oil anenched from 1600° F, and comparison of hardnesses were made
at 0.015" from the back edge of each piece. The sections were then
held one hour at 570° F for comparison of their resistances to temper-—
ing. ‘icroscopic examinations were made of the micro-structure in the
fzces of M1l and M12. The microspecimens were prepared from pisces
cvt from sections ¥11-B1, and M12-El. Nital was used to etch the sur-
faces of these specimens.

Discussion of Data

12, Data are given in forms of photographs, diagrams, tables,
and graphs in the appendix.

13, An examination of the results of the ballistic tests
tzbulsted im Table 1 and Table 2 shows that each of the Jessop samples
varied in quality v thin small regions, It is unlikely that any of
these plates would pass the specifications of reference (e). In
Tzhles Ne. 3 and No. 4 are listed striking velocities required by the
Bureau of Ordnance for testing the plate thickuesses listed in these
tables. The vplues of the striking velocities were obtained by
straight line interpolation between tabulated values appearing in Table
1 of reference (e). According to the 0. S, No. 2775, a face hardened
armor plate would fail if 2 round fired at the tabul-ted velocity plus
15 ft/sec or less results in complete penctration. Consider such
aguality contrasts as revealed bv impects No. 534 and 630 on N7-B.
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The bullet of impzct No. 534, moving with a velocity of only 2132
ft/sec resvited in complete penetration of the plate, whereas the
bullet of imprct 630, moving vith a velocity of 2162 ft/sec produced
only 2 bulge measuring .009" high., On section MB-G, imprcts numbered
541 and 543 were of bullets with about the same velocity, 2111 and
2110 ft/sec; one penetrated the plate completely; the other produced
only a bulge measuring 0.016" high. Section ¥M9-L showed a striking
difference in quality. In impacts 560 and 55¢ on this plate, plugs
were formed; whereas, about 1-1/4" away in a line parallel to them,
in impacts 562 and 564, petals were formed and retained. Impacts 601
and 602 on ¥M10-S were among those revealing differences in ballistic
resistance of sample M1O; the bullet of impact 601 with a velocity of
2053 ft/sec knocked a plug out of ML0-S; whereas the bullet of impact
602 with a velocity of 2032 ft/sec produced a bulge C.028" high.

1lde A picture of the performance of good FH-BPS against
Cal .30 darts was given by the data of the ballistic performance of the
FH-BPS described in reference (d). In the few cases in which a bullet
that threw a plug and had a velocity less than that of a bullet which
produced only a bulge in the same plate, the difference in velocities
was usually not more than 20 ft/sec.

15« Even grester differences in ballistic resistance were
shown by the 1/2" samples,Mll and ¥M12. In round 140 a Cal .50 bullet
with 2 velocity of 1759 ft/sec completely penetrated section M11-B,
whereas in round 147 a bullet with a velocity of 1873 ft/sec produced
a bulre. In round 192 on MI2-F a Cal .50 bullet with a velocity of
2006 ft/sec kaocked a plug out of M12-F, but in rouvnd 191 a bullet
with a velocity of 2088 ft/sec made a small bulge.

16. A comparison of the performance of the armor samples 1s
afforded by the plot of the velocities sgainst e/d values on Flate 14
of the appendix. Of the 1/2" samples, 112 is clearly superior to Mll.
Of the 3/9" samples M2 and MO are better than M7 and M10. An effect
on ballistic performance by removel of the decarburized layer would be
noticed on this plot, if such an effect were greater than the irregu-—
larities due to variations in face and back hardnesses.

17 A comparicon of the hardness surveys of samples M12 and
1 shows that in the recions tested, M2 has a harder face than M1
by about 130 DPH. At depths increasing from 0,07" to the back of the
plate, the hardness values are about the same in each plate. Thus,

a higher face hardness of sample M12 may be responsible for its higher
ballistic resistance. Comparing hardness surveys on M7 and 18, one
might explain the lower ballistic performence of 17 by its lower face
hardness at depths of 0,01" or less, The hardness survey shows that
at a depth of 0.01" M7 was softer than M3, thourh it had a harder back,
and the peak face hardnesses were zbout the same.
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185 Along with variations in face hardness, varistions in
back hardness may be responsible for differences in balllatlc perfor-
mance., Marked vsriations in face hardness and in back hsrdness were
observed in sample 9. In the regions of impacts 560 and 564 there
was a difference of 125 DPH in face hardness, and even the pesk values
at 0.02" from the faces differed by 125 DPH. In the region in which
petals appeared on the back and the dart passed through unbroken, the
highest value of the carburized face layer was about 550 DPH; at a
corresponding depth in the region in which a plug was thrown the hard-
ness value was about 675 DPH. Beyond a depth of 0,16" from the face,
hardness values differed by only about 30 DPH. On section M9-Ll hard-
ness surveys were made on a surface formed by a cut made parallel to
the cut through the holes of impacts 560 and 564. The survey called
Row 1 on Plate 19 of the appendix was about 3/4" from Impact 560; Row
3 was about 3/4" from Impact 564. Ror 3 showed a slightly higher face

hardness but 2 much lower back hardness than How 1. The difference in
back hardness 7as about 100 DPH,

1¢. It is of interest to ncte that the faces of all the sam—
ples had hardness values lower than 600 Brinell. By use of the con-—
version chart and tahle of reference (b), the DPH values at a depth of
0.01"or 0.02"w7ere converted to BH wvalues shown in Tsble 5. No hardness
values higher than 600 Brinell ($tandard ball) were revealed, and it is
reasonsble to expect that the face hardness values were even lower. In
refererice (f) it was pointed out that in the tests at KPG the pluramelt
experimental armor plates with face hardnesses under 600 Brinell failed
to pass specifications,

20. The macro etches made did not shovw non-metallic segr
gation in an amount sufficient to consider in interpretation of the
ballistic performance of the Jessop samples. Macro etches of M7-Bl
and M8-H with nital showed a slight amount of decarburization of the
faces; the lightly etched layer measured 0.003" on M7-H, and 0,005" on
M2-Bl., The lightly etched region of the back of MB-H measured as much
as that of the face and was n;obablv decper since the shading into the
lightly etched region of the back was more gradual than that of the
facc., The back nardness of ¥ and of M2 began to drop rapidly as far
as 0.06" from the back surface. The back hardnesses of the other sam-
ples began to drop rapidly about 0.02" from the back surface. The
decarburized zone would lie within these rergions,

2% Nomuniformity of quench seems to be the principle
reason for variation in ballistic performance. From his study of the
microphotographs taken at a distance of 0.02" from the backs in regions
of impacts 560 and 564 on ¥o-L, Mr. Kramer described his findings as
follovys:

"The structure of I2-F showed tempered martensite with ferrite
surrounding the grain boundary, while 12-A showed only tempered
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martensite. The presence of ferrite around the austentic grain
beoundaries shows that the cooling of this section was too slow to
prevenl partial transformation. This may be caused either by im-
proper quenching cr gross segregation. Specimens of 1L2-A and L2-B
were heated to 1600° F and quenched in cil. The hardnesses at the
backs at 0.015" were equal, 12-£ being 45.06 Rc6 and L2-B being
L5435 Fc. The specimens after tempering at 570 F for one hour
again gave equal hardness values at the backs. JSince the hardness
cn quenching is dependent only upon the carbon content, it is seen
that the carbon content of the two specimens were equal. Further,
the resistance to tempering will depend upon both the carbon and
alloy content, and since the hardnesses after tempering are equal,
the alloy contents must have been the same, Therefore, it is be-
lieved from these tests that no segregation has taken place, and
the difference in hardness found along the back (described in
paragraph 21) must have been due to non-uniformity of quench,"

224 idcrescopic examination near the face surface of the
micro-specimens prepared-from sections of 112-F and 111~-Bl showed de-
carburization at the outside of the carburized surface with only a very
slight amount of grain boundary feirite. Coming into the plate from
this surfzce, one finds martensite together with increasing amounts of
austenite. The austenite content and possibly the carbon content, as
well, are maximum for both specimens at 0,02", TFor El-1 the austenite
disappears at about 0.097". For Bl-2 the austenite disappears at only
0,073%, Otherwise, the microstructures of the two samples are very
similar,

236 The hardness surveys made before and aftér chilling
sections MO-L1, Lkl2-%1, and M11-Bl in dry ice showed transformed
austenite in these plates. In IG-L1 at a2 depth of 0.04" from its face
the hardness increased from 700 to 800 DPH; in ¥ll-El at a depth of
0.,03" from its face the hardness increased from not more than 580 to
650 DPH, and in M12-El at a depth of 0,02" from its face the hardness
increased from 620 to 650 DPH.

Conclusion

2he This report shows the results of ballistic tests of
six FH-BPS plates anc in association with these tests, measurements
of general hardness of face, general hardness of back, and, to some
extent, of decarburization of face and back, £11 of these hardness
properties showed large variations in the sample plates described in
this report. ;

25a Conclusions with respect to decarburization effects are
difficult because of variations in results due to quality scatter and
difficuliies in determining face and back hardnesses. Vicker's hLard-
ness numbers were not reliable other than on a redative basis at .01
from the plate surfaces. However, there is evidence that no large
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effects can be ascribed to back decarburization. Some evidence of
importance of face decarburization exists but will add little to the
more detailed work along this line at the Naval Proving Ground.

26 The major portion of the faults of the plates studied
were ackh as to be remediable by reheat treatment and are probably due
to non-uniformity of quench. Some of the hardness deficiencies of the
face sections of FH-BPS are due .to retained sustenite.

Recomrendations

27, The selection at the Jessop Plant of the six plates
studied in this report may have been on such a basis as to make them
probably below average engine armor plate quality. In view of this
and the limited number of plates examined, the conclusions of this
report should not be judged as description of average quality. Never-
theléss, in view of the surprisingly large variations across even short
distances within the plates examined, the conditions of heat treatment
which produced such non-uniformity would be well worth correction.
Some emphasis upon selection of small as well as large finished plates
for ballistic tests might serve to direct attention to more careful
handling of small pieces of face hardened plstes.

Surmary

28, Data of the hardness and ballistic performance of six
face hardened airplane engine armor plates have been presented.

2, The studies shown in this report revealed no large
ballistic effects that can be ascribed to back decarburization. Some
evidence of importance of face decarburization was noted. Decarburiza-
tion effects upon the results tended to be masked by gquality variations
in the individual samples. On the whole, the principal variable
appeared to be heat treatment rather than decarburization. The large
variations in hardness found within stort distances across the faces
and backs of the samples studied in this report were ascribed to non-
uniformity of guench, as evidenced by metallurgical examination.

N SECLASSIFIED



TABLE 1

3/8" Face Hardemed BPS: Cal .30

AP M2 Bullets

! ¢ Bullet 1
[ Thickness ' Impact {'1elocity Remarks
Sample (in. ) Number ! (ft/sec)
iM?—A 0.386 528 2312 Full hole; secondary petals;
! dart in 4th pad.*
i 0.396 529 2275 0.016" bulge; dart broke up.
: 0.362 530 2302 Undersize plug in lst pad,
I 0. 360 531 2121 | Full hole; irregular plug in
. 2 i | 1st pad.
l ' 0,361 | 53 1 2245 Tull hole; plug thru 1lst pad;
! ; i -i back of dart not thru plate.
i 1 | ‘
{M7-B - 0,349 533 2220 Full size hole, low velocity
| i plug.
| . 04342 534 2112 Full hole, irregular plug
§ thru 1st pad.
i | 0.335 - 535 20895 0.013" bulge.
; } 0.330 i 631 2278 Small hole, plug into 1st pad,
| | i most of dart not thru plate.
' 0,320 536 2075 0.005" bulge.
' 0,314 630 2162 0,009" bulze.
: 0.309 537 | 2049 ! 0,007" bulge.
' 0,310 538 | 2063  ;0.007" bulge.
i
Wi-C ! 0.322 5390 | 2074 0.013" bulge.
i i 0,328 540 1 2074 0.010" bulge.
¥8-E | 0.373 553 | 2245 | Plug Started.
| 0.373 554 | 2287 Plug into 1st pad; back of
f dart hyneg in.
e 373 555 2278 0.033" bulge.
0,352 550 2270 Full hole; plug into 1st pad.
0. 347 551 2148 0.018" bulge.
0.347 552 2250 Full hole; plug into lst pad.
MR_F 0.329 547 F 2145 Plug clack nearly complete.
| 0.327 549 2224 i Plug crack mearly complete.
0.311 544 | 20128 0.007" bulge.
{ 0321 548 | 2189 0.025" bulge.
0,306 546 ' 2085 0.017" bulce,
0.305 45 | 2322 Plug nearly knocked out,

3 Paper pads, measvring 3" x 5" x 1/2", were used as backstop material.
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TABLE 1 (cont'd)

3/8" Face Hardened BPS, Cal .30 AP MR Bullets

i " | Bullet
f Thickness |Impact ?Velocity Remarks
‘Sample (in.) Number |(ft/sec)
M3—G 0.373 556 2278 Full hole, plug in 1st pad.
0.373 557 2260 Full hole, plug in 2nd pad.
0.373 558 2262 0.025" bulge
0.310 541 2111 Secondary petzling; dart un-
broken in 4th pad.
il 0.307 542 2059 0.011" bulge
i 0,305 543 | 2110 0.016" bulge
1O-L 0. 375 559 2286 Plug crack complete; plug near
{ 1y out.
0.375 560 2201 Full hole;dart thru plate and
_ 6 pads into wedge.
| 0.375 561 2300 Plug started.
0.375 562 2263 Full petals; unbroken dart
| thru to Ath pad.
i Q=375 563 2232 Plug almost knocked out.
i i 0.375 564 2285 Full petals; unbroken dart
| thru.
15K 0.353 565 2209 0.077" bulge.
0.353 568 2198 Full petals; dart on floor.
0.350 566 22213 Full petals, dart unbroken
on flocr.
0.345 569 2232 Full petals, dart unbroken.
0.33 567 2220 Full petals, dart unbroken.
Mg-M 0,333 570 2269 Full hole, dart thru to 5th
rubbers
0.333 512 2173 Full hole, dart and plug in
2nd pad.
0.322 573 2152 0,013" bulge, dart broke up.
Q.328 574 2114 Full hole; dart thru teo 4th
pad,
0.317 s71 2192 Srall hole; plug in 1st pad.
0.308 575 2102 0.014" bulge, dart broke up.
Mo K 0.323 o i 2061 0.011" bulge, dart broke up.
0.322 576 2172 Full hele; dart thru 4 pads.
0,320 578 1 2091 Small nlug crack started, dary
broke up.
l 0.320 £79 2088 0,005" bulge; dart broke up.
i 0.318 520 21131 0.051" bulpe; dart broke up.
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TLRLE 1 (eont'd)

3/8" Face Hardened BPS, Cal .30 AP M2 Bullets

i Bullet |
! Thickness ! Impact i{Velocity t Remarks
\Sample (in.) | Nuymber !(ft/sez) |
MO-N | 0,311 582 | 2140 | Small plug started; dart
| | broke up.
j 0.305 581 2114 | 0,024" bulge; dart broke up.
1 !
EMQ*J 0,313 583 2115 !Full hole, dart thru te 4th
| + pad; secondary petaling;
1 i B R 34 3 ,..
'. 0.315 584, 2115 | Plug started.
: 0.315 585 2083 Small crack started.
{1100 0.377 | 586 2267 | Plug started, dart broke up.
‘ 0.377 527 2285 | Full hole, plug and dart in
1st pad.
0.377 538 2212 0.024" bulge; dart broke up.
0. 377 589 2267 Full hole; plug and dart in
| 2nd pad.
0. 377 500 2245 Frll hele; plug z2nd dart in
2nd pad.
M10-P 0.355 591 2260 Full hole; dart and plug thru
several pads.
0.355 552 2225 Full hole; dart and plug in
2nd pad.
04355 593 2187 0.067" bulpe; dart broke.
0.354 {595 2238 Full hole; dart broke; plug in
i 3rd pad.
0.354 596 2210 Full hole; dart broke; plug in
i 1st pad.
M10-R 0.327 597 2162 Full hole, plug in 2nd pad;
dart in 4th wad,
C.337 | 598 2099 Full hole; plug and deort in
3rd pad.
0.335 599 2082 0.048" bulge; dart broke up.
0,334 600 _099 Full petals; dart thru
[ unbroken,
0,332 632 2162 Small hole; plug into lst pad;
! bagk of dart not thru plate.
i 04333 633 2242 Full hole; plug on floor; dary
j.n -{;'th pad.
f
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TERLE 1 (cont'd)

3/8" Face Hardened BPS, Cal .30 AP M2 Bullets

j i ; | Bullet | i

| | Thickness | Impact ;Velocity | Remarks

‘Sample i (in. | Number | (ft/sec) |

M10-S 10.335 | 601 | 2053 | Undersize hole; dart knocked |

| l i | plug into 1st pad. {
i 0.323 603 [ 2030 | 0,037" bulge; dart broke up. !

| | 0.322 60, | 2098 | Undersize plug, low velocity;

] i | i most of dart stuck in plate.

1 10.321 | 602 | 2082 . 0.028" bulge; dart broke up.

]
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1/2" Face Hardened

TARIE 2

BPS; Cal .50 AP Ml Bullets

i g | i Bullet |
: , Thickness ; Round | Velocity Remarlks
Sample | (in.) | Number i (ft/sec)
MI1-B | 0.501 U140 | 1759 | Full hole.
| { 05501 141 1 1670  Bulee.
| | 0,501 ! 142 : 1699 | Bulge.
! | 0.501 | 143 | 1600 | Bulge.
: | 0,501 | 144 | 1720 !Bulge.
| , 0,501 \ 145 | 1748 | Bulge.
, | 04501 ! 146 i 1768 | Bulge.
i '+ 0,501 i 347 § 1873 | Bulge,
| | 0.501 P48 1917 | Full hole,
? + 0.501 L 149 1840 | Bulge.,
| | 0,501 150 | 1900 | Full hole.
4 1 | I
M1-A 0472 i 25 1839 | Full hole.
| | Q. 462 f 152 1850 . Undersize hole.
; - 04459 I 156 1760 Bulge.
i | 0,452 | 154 1770 1/4" pluge.
| t 00443 | 151 1864 | Full hole; ear of sample
| ; : ! broke off.
; | 0a443 | 358 1695 Bulge.
| | 02443 | 157 1740 3/16" plug.
| | \
‘Mll—c L 0,480 lo1ée 1839 | Large bulge.
l 0.478 | 167 1860 ' Bad appearance; dart thru plate
5 | : and thru rubber to metal back
f E ! stop.
L 0,478 170 1845 | Large bulge.
| 04475 | 165 1028 | Full hole.
0.470 164 1830 | Bulge.
! 0.468 L 37k 1822 | Large bulge,
i 04455 i 166 1850 | 1/2" plug thrown to 2nd rubber
0.443 169 1798 i Large bulge.
M11-D | 0.472 158 1752 | Smell bulge.
| I 0,472 161 189 i Large bulge.
| 0. 467 | 159 1772 | Small bulee.
0.466 b o162 1935 | 5/16" plug; plug stuck in /32"
! i dural.
0.462 i 160 1792 | Large bulge.
0,462 L 163 1892 ;Large bulge.
M2-D | 0.527 \ 172 1500 Small bulge.
[ | 04527 | 73 | s Small bulge.
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7ARLE 2 (cont'd)

1/2" Face Hardened 3PS; Cal .50 AP ML Bullets

: | | Bullet ! !
| | Thickness | Round VTelocity | Remarks |
‘Sample i (in.) | Number ! (ft/sec) | |
EM12~D i (B : 174 | 2055 l Plug crack started. i

g I 04527 175 2064, Small bulge. {

i 1 0,527 L 3 2186 | Full hole; plug thru dural.

! i 0527 I o 23123 + Plug crack started.

| + 0,527 178 + 2236 | Dart thru to boiler plate.

} | 012527 179 2159 | 3/8% plug; plate cracked to

| : edge.

| 1 0,527 180 2093 Bulge; plate cracked to edge.

' 1

M2-E 0507 188 2062 Small bulge.
0.504 185 2169 3/8" plug thrown to boiler
g t plate, |
‘ | 0.500 187 | 1986 Small bulge. i
0.495 | 185 | 1996 | Small bulge.
0.490 181 2077 | 3/8" plug thrown thru rubber |

; ! to boiler plate, |

; 0490 182 2007 Large bulge.

i 0,487 183 2116 3/8" plug thrown to boiler
| plate; corner cracked off.

I 0,487 1176 2071 3/8" plug thrown to boiler

, : ! plate. !

! | 0.485 184, | 2017 1/4" by 1/2" plug stuck in |

} | dural; plate cracked to edge.

1 I

hn2-r | 0.495 i 191 2088 | Small bulge.

' i 0,473 : 190 2014 ? 3/8" plug thrown to 3rd rubber:
i 0473 193 2010 ! Plue crack nearly complete. |
| 0.470 192 2006 i 1/2% pluz thrown to boiler

/ % plate.
04455 194 | 1999 i Small bulge.
0,463 195 2087 | 3/8" plug thrown to last
| rubber.
|
M2-C | 0.490 199 2037 | Small bulge.
0.490 [ 200 2132 1/2% plug thrown to 3rd rubber

, 0.463 196 1922 | Smell bulge. ;

i 04460 198 2006 ;1/2" plug thrown to 6th rubber
0.458 187 2015 ; Plug arack started.
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TABLE 3

E

3/8" FH-BPS; Cal .30 AP M2 Bullets

| P | '| i Specifi-
i , i Limit | eation
: | Thickness (e) e/d | Velocity | Veloecity !
Sample | {in.) | 4 = 0.2442" | (ft/sec) | 0.5. 2775!
W72 T 0.396 ! 1.582 2200 + 25 : 2302 |
M7~ | 0.361 L1479 S8 1' 22/1
7B | 04335 L ATR i 2100 + 25 a 2178 |
iM7C | 0.322 i 1.320 - 22074 i 2149 |
17--B | 0.320 5 1.1 L 32075 2142
: 1 ‘ i
hie-F | 0.373 1.528 2280 + 3 '; 2270 l
Mo L 0.373 1.528 i 2270 + 30 ! 2270 |
E | 0,352 vz | meozcs | 2w |
MeR-F L 0.329 1.%8 2160 + 30 '. 2163
M8-F O 529 1.340 2260 # 30 2158
Mg--F 0,301 . 1,274 32139 i 2120
ME-G ' 0,310 | 1.271 1 2050 + 25 | 2117 |
ME-G | ©.305 1.250 | >2110 2105 |
WB-F | 0305 1.250 i 2130 + 25 | 2105 |
! | i
9L | 0.375 | 1.537 2200 + 30 : 2275 |
; i | 2250 ¥ 30 ,
MoK | £.352 ' 1.446 2200 + 25 1 2222 |
93¢ | 0.330 1.352 2160 = 25 l 2173
| i i 2120 = 25 II
1O-N | 0.318 L 1.303 2150 * 30 | 2137
| 2120 + 25 i ‘
10T | 0.315 1.291 2115 £ 25 | 2129
o2 | 0.37 1.545 2230 * 25 P 2280
! ! j 2270 + 25 i
M10-P i 0.355 1.455 {2200 + 25 | 2229 |
MOR | 0.335 1.372 | 2000 % 25 | o
'M10-S | 0.322 1.320 | 2095 * 25 : 2147
3.0-0 ]l 0.316 1.296 } 2090 * 30 l 2132
i t
| :
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TABLE 4

1/2" FH-BPS; Cal .50 AP M1 Bullets

f, ‘ | Specifi- i
i Limit | cation |
Thickness (e) ! e/d Velocity ! Velocity |

'Sample L {35.) d = 0.428% | (ft/sec) OuBe 27751
211-B | 0.501 | 1.7 | 1885 + 25 2061 |
_ g 'e i €1760
ML1-A {0,462 ! 1.079 1800 + 30 2001
M1-4 04443 ': 1.0325 | 1720 * 25 1972
(011-C ' 0.478 : 1.117 | 1810 + 30 2026 |
E | '. { 1880 + 30
M11-C b 0470 Z 1.098 | >1230 2014
M1l {0472 : 1,103 | >1840 | 2016
pa1-n | 0,462 1.079 | 1920 # 25 2001
MI2-D | 0.527 | dlagd | @3 £ 25 2096
M2-F I 0,807 i 1.184 | >2062 2069 |
M12-8 | C.495 ! 1.156 | 31996 2052 |
M12-E | 0.490 1,145 2025 + 30 2044,
M12-F i 0473 1,105 | 2015 + 30 2018
MI2-F L 0.463 i 1.026 | >2000 2006 |
I2-C i 0490 ; T4 2| =230 2044 |
M1L2-C | 0.460 1.075 | 2010 + 25 1998
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Canversion of DPY Values to Brinsll Hardness Values

=

e

Feg
£l

td

)

' i ] J- ®.l0 .l .
'i at | at | | at | |
Flate 1 0,01° | B | 0.62% | BH, | 0,03 B.H. |
% | |
MT-BL | 450 1 429 | 550 | 514 ! ! ‘
g L s | 625 1 500 ; |
‘i | | | : i
W7D | 490 | 460 600 ]‘ 563 | ; |
'- ;600 i 553 670 | 598 | g |
" : i £ 4l ! 1
Me-H 630 {576 i | Epr i 600 |
: A40 l £80 - i 600 |
! | |
M- L. AS7 i Ak ] ;
; 22 ! 568 : | :
IS L 6z2 | 570 720 %622} 690 | 607 |
-. ; 660 E 502 . 650 | 607 |
f 1.' | s | |
B10-0 foe | 553 " | 620 | 567 |
‘: ey Lo576 L6 08 |
i : | _‘
Mla=Bi . 460 | 439 | 510 t 421 #
' {800 i &3 i 540 | 506 |
i | i :
ho-EL | | 620 | 567 | 610 560 |
| E % 640 I 520 £30 576 !
3 i : !
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SPECIMEN M 9, SECTION IL2-A; AT

0.02" FROM BACK; NITAL ETCH. X 500

SPECIMEN M 9, SECTION L2-B; AT

0,02" FROM BACK; NITAL ETCH. X 500
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