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PROGRESS REPORT

S~on

RESEARCH INVESTIGATION OF ARMOR PLAT. STEELS

"to

WATERTOWN ARSENAL, UNITED STATES ARIY

from

BATTELLE MEMOhIAL INSTITUTE

by

-,.M. L. Samuels and C. H. Lorig

February 20, 1942

MFOiN,, ORD

This report describes experimental results obtained from several

loosely connected divisions of the program of investigation of armor plate

materials. It may be helpful, therefore, to consider first, how the present

work is related to that which has previously been completed and to that

which is yet to be done, before attempting to summarize particular results.

A group of 32 armor plate specimens was shipped to Watertown

November 21, 1941, and ballistic tests were made on December 8. A con-

ference between representatives of Battelle and the sponsor was held on

December 9. It was decided at this conferanc3 to obtain ballistic proper-

ties from each steel at three different hardness levels and to lower the

carbon content of all heats made subsoquently to the .30-.35% range.

Hardenability tests were also added to the program at this timo.

Duplicate plates had been made on 21 heats of the group tostad on
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December 8, but five of these platus had beun used in comparative tosts of

the effect of surface decarburization. Plans were made to h3at treat the

"remaining 16 plates to 400-420 Brinell and to redraw those which had buon

tested at the 350-370 Brinell level to 310-330 Brinoll, thus making it

possibl3 to obtain ballistic properties at three hardness levels. Othdr

heats, required to make up the original 41 compositions and two additional

"base alloy" heats, ware to be remade and cast into ingots large enough to

obtain three plates from each heat.

The work of remaking and of h-at tr.,ating the 27 new steels was

started inmmediately after thu confsrarice, and the 81 plates from this group

were shipped to Watertown January 30, 1942. A progress report containing

data relating to thi making and to the heat treating of th3 27 nflw hzats

was compiled February 6, 1942.

In the meantime, redrawing of the plates which had been tasted at

the 350-370 Brinkll level and the heat treatment of the 16 duplicate plates

from the original had been completed. Ballistic tests were nmade and the

plates returned for cross-section hardness surveys. The present report

includes data under the following heads:

1. Ballistic test results from the original rolup of 32 specimens

tested at the 350-370 Brinell range.

2. Investigation of the effect of surface docarburization.

3. Ballistic test results from 22 plates redrawn to the 310-330

Brinell ranse.

4. Heat treatment of 16 duplicate plates to the 400-420 Brinell level.

5. Ballistic tests results from the 16 duplicate plates.

6. Jominy hardenability test results from all heats, with the

exception of the 27 compositions included in the February 6

report.
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Data comprising this report will be followed soon by those relating

to ballistic properties and to cross-section hardness surveys of the 27

heats (81 plates) now at Watertown. That division of the work will complete

the study of all of the 43 compositions outlined for the preliminary part of

the armor plate investigation.

SUMAMY

A list showing the compositions for the group of 32 armor plate

specimens is included for reference in 'fble 4.

Ballistic limits and hardness values are givon in Table 5. The

extent of spallinm, or degree of ductility, as shown by fractures on the

exit surfaces of' the plates, is shown by photographs in Figures 32 to 63,

inclusive. The unusually high carbon plates shown in Figures 59 to 63,

inclusive, can be thrown out immediately because of low ductility. No

correlation between ballistic limit and composition can be pointed out

among the other steels. Heat No. 7276, for example, shows th3 highest

ballistic limit (2316 f/s) of all, and it is a plain carbon steel except

for a manganese content of 1.07%. Table 5 also shows the heats arranged

according to decreasing hardness, tha hardness in this ctse varying from

375 to 341 Brinell. With the possible exception of No. 7279, no distinc-

tion on the basis of hardness (within thii group) seims to be justified.

A comparison of ballistic limits from plates machined to remove

surface decarburization with duplicate ones having rolled surfaces is given

in Table 6. No significant differoacos are shown. However, in view of the

fact that surface Brinell readings on the rolled plates warc no lower than

the true core hardness, this test only shows that practically no decarburi-

zation occurred with these particular compositions.
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Twenty-two plates, which had been tested for ballistic properties

at the 350-370 Brinell range, were redrawn to 310-330 Brinell. The hard-

ness values obtained and the final drawing temperatures employed are shown

in Table 7.

After ballistic tests had been made, the redrawn plates were sur-

veyed for cross-section hardness at points near where the ballistic limits

had been determined. The ballistic limit and the average cross-section

hardness values are given in Table 8. This table also shows the heats

arranged in order of descending hardness, and the corresponding ballistic

limits are given. There is no noticeable trend of ballistic values with

respect to compositions, nor is there, within the range covered for this

lot of steels, a correlation between hardness and ballistic limit.

Sixteen duplicate rolled plates were heat treated to the 400-420

Brinell range. Data relating to the quenching and drawing treatments are

given in Table 9. The plates were tested for ballistic properties and then

surveyed for hardness over a cross-section near the location at which the

ballistic limits were determined.

Ballistic limits and average hardness values from the 16 duplicate

plates are given in Table 10. No correlation between composition and

ballistic limit is especially noticeable. In this table, the heats have

been arranged in a descending order according to hardness. With the

possible exception of thi two heats which are below the specified range,

no distinction can be made on the basis of hardness.

It has not been possible to observe a relationship between hardness

and ballistic limits in the various groups of plates so far considered when

the variation in hardness is no more than would be axpected at a given levul.

This is probably true because the experimental error in ballistic limit

determination is great enough to mask out the effect of small hardness

variations.
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Ballistic limit and hardness valuis ware obtained on sixteen heats

at three different hardness levels, The results were plotbed as curves

which are given in Figures 84 to 99 inclusive.

Jominy hardonability tests were made on armor plato stools produced

at Battelle previous to those cited in the February 6 report, with the

exception of the high carbon ones which shattered under test. Curves show-

ing hardness values plotted against distance from the quenched end of the

hardenability test specimen are given as Figures 100 to 145, inclusive.

The 16 heats from which ballistic properties were obtain3d at three

different hardness levels (sze Figures 84 to 99, inclusive) were selected,

along with the 27 heats listed in the Febri ry 6 report, to indicate the

hardonability characteristics of the original group of 43 compositions.

Bar graphs wer3 made showing a comparison between the hardness of all

compositions at six different distances from the quenched and (Figure 146).

Each single bar graph is a hardness chart for all the steels at a given

distance from the quenched end of the spocimen; together, thc bar graphs

represent a hardenability chart from which comparisons can easily be made.

EXPERIMENTAL WORK

The Novartbjr 28, 1941, progress report included data in connection

with the making and the heat treating of a group of 32 experimental armor

plate specimens. Dilatometer curves, showing the locations of the critical

points, and photomicrographs giving the structures of the as rolled plates

were included.

At the time the November 28th riport was written, the plates had

just been shipped to Watertown and no final results had been obtained.

Since that time, some additional investigations have been made and complete

S • • -• _I m• T ,• -• - -- -,: . • t- " -*.- - " - . -• "- L . 7 --t [ - -_ ' . - - • *. ' ' - ' • '
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results are en hand.

It will be necessary later to refer frequently to various heat

numbers, so a list showing the compositions of the armor plate specimens

is included in Table 4.

A. Ballistic Test Results

The specimens tested in this group had been heat treated to the

350-370 Brinell range with the exception of the two austenitic cast irons

Heats 7358 and 7476. W.Vith ons exception, Heat No. 7281, the plates were

rolled to 3/4 inch and then mazhined to final thickness. The average

Brinell hardness and the ballistic limit values are given in Table 5.

In addition to ballistic limit determinations, one hiD-h velocity

.50 cal. bullet was fired as an impact test. Photographs of the plates

listed in Table 5 are shown as Figures 32 to 63 inclusive.

B. Investigation of the Effect of Surface Decarburization Upon

Ballistic Properties.

A group of plates, representing five heats, were rollad to 1/2 inch

in thickness, and no effort was made to eliminate docarburization. These

plates were heated in air and then quenched and tempered in the usual

manner. Each plate was drawn to a surface hardness of 350-370 Brinell.

After the five plates had bean tested for ballistic properties,

the back surfaces were photographod. Those views are shown in Figures 64

to 68, inclusive, (see Fig;ures 41, 47, 49, 52, and 55 for viewas of the

comparable machined plates from thes3 hMats). Subsaquently, these plates,

* and also the five duplicate machined specimens, were cut for cross-section

hardness surveys. Results from ballistic limit determinations and the

hardness surveys are given in Table 6.

-4' . ..
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TABLE 4. CHEMICAL COMPOSITION OF ARMOR PLATE STEELS

Plate
Nuzuber %C %.Mn %Si %Ni. %Cr %Mo %cu

*7111 .46 1.58 .20 .10/.20
7276 .50 1.07 .3o
7277 .39 .35 .23
7278 .47 .91 .26
7279 .40 .91 .95 1.3/1.6 .70/.90
7280 .35 .92 .28 1.3/1.6 .70/.90 20/.30
7281 .36 1.63 .3o 1.3/1.6 .70/.90 :25/.35
7326 .30 .73 .20 .90/1.1
7327 .33 .88 .26 2.3/2.7
7328 .34 .89 .20 1.3/1.7 .35/.46

* 7329 .34 .88 .25 1.3/1.7 10/.20
7330 .46 .86 .24 .25/.35 :10/.20
734 .46 .84 .29 W 5. 35
7341 .34 .94 1.06 .90/1.1 .35/.45
7342 .46 .77 .25 .90/1.1 .25/.35 .1O/.2o
7343 .45 .79 .19 1.1/1.3 .60/.80 •20/.30
7344 .46 .75 .20 .20/.30
7345 .44 1.54 .28 1.4/1.6
7347 .34 .83 .26 .90/1.1 1.4/1.6
7348 .47 1.48 .32 .40/.50 .60/.50
7349 .46 .71 .24 .40/.50 .30/.50
7350 .46 .80 .23 .40/.50 1.0/1.5
'7351 .46 1.49 .29 .40/. 50 1.0/1.5
7352 .44 1.11 1.03 1.3/1.6
7353 .45 .84 .73
7354 .45 .88 1.71
7355 .46 .78 1.07 .40/.50
7356 1.02 .52 1.10
7357 1.26 1.57 .22 .40/.60 3.0/3.25
7360 1.17 .61 1.31

* 7358 3.2Z 10.4 2.85
7476 2.55 8.0 7.29

*.. .*o*- . .. , . .
". . . - . - - " - -. . o . . . . . . . . . % %- . . .. . - . . .



32.

TABLE 5. HARDNESS AND BALLISTIC LIMIT VALUES FRO1i THIRTY-TWO
ARMOR PLATE SPECITENS

Heats Arranged in Order of

Nature Average* Ballistic Decreasing Hardness
Heat of Plate Brinell Limit Heat Brinell Ballistic
No. Surface Hardness f./s. No. Hardness Limit, f./s.

7111 Machined 363 2259 7350 375 2246
7276 357 2316 7328 375 2237
7277 366 2142 7345 371 2268
7278 369 2250 7349 371 2260
7279 341 2149 7352 370 2242
7280 365 2291 7327 370 2209
7281 Rolled 369 2275 7351 369 2135
7326 Machined 368 2264 7345 369 2170
7327 "370 2209 7330 369 2203
7328 375 2237 7281 369 2275
7329 366 2193 7278 369 2250
7330 369 2203 7326 368 2264
7340 363 2220 7329 366 2193
7341 355 2181 7277 366 2142
7342 365 2289 7342 365 2289
7343 363 2293 7280 365 2291
7344 351 2235 7347 363 2150
7345 371 2268 7343 363 2293
7347 363 2150 7340 363 2220
7348 369 2170 7111 363 2259
7349 371 2260 7355 362 2215
7350 375 2246 7354 358 2300
7351 369 2135 7276 357 2316
7352 370 2242 7341 355 2181
7353 " 347 2220 7344 351 2235
7354 358 2300 7353 347 2220
7355 362 2215 7279 341 2149
7356 365 2300 (Shattered)
7357 363 Shattered
7358 Cast 359 Shattered
7360 Machined 363 Shattered
7476 Cast 275 Shattered

SThese are surface hardness readings.

.6 . .
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TABLE 6. THE EFFECT OF REMOVING SURFACE DECARBURIZATION
BY DACHINING UPON BALLISTIC PROPERTIES

Cross- Ballistic
Section Equiv- Actual Limit

Heat Surface Survey, alont Brinell Velocity
No. Finish Rockwell C* Brinell Surface Center F./S.

* 7328 Machined 38 363 366 369 2237

7328 Rolled 38 363 368 369 2229

7343 Machined 37 352 353 346 2293

7343 Rolled 38 363 352 354 2312

7345 Machined 37 352 361 358 2268

7345 Rolled 37 352 361 358 2287

7349 Machined 37 352 361 351 2260

7349 Rolled 39 369 356 374 2309

7352 Machined 38 363 663 383 2242

7352 Rolled 36 341 337 350 2285

* Average of 14 readings taken at staggared 1/16"

"*• intervals over the cross-section.



C. Ballistic Tests Results from Twenty-tvio Plates itudrawn to the

310-330 Brinell Range.

It was suggested, at the Watertown meeting, that plates which had

been tosted at the 350-370 Brinell range be rodrawn to a lower hardness.

The3 original list of 32 plates was reduced by Live (three high carbon Staols

and the two austenitic cast irons) because those specimcns shattered.

Another five heats had been used in the decarburization study; this left

22 plates for redrawing.

Drawing time, tamparature, and final hardness values obtained are

listed ir. Table 7.

The twenty-two redrawn plates were te,.sted for ballistic propertiets

at Watertown and then shipped back for cross-section hardness surveys. The

hardness specimens were cut from the plates naar the location from which the

ballistic limit was detarmined. Averafs ornss-section hardness values and

the ballistic limits from the redrawn platis are listed in Table 8.

D. Heat Treatment of Sixtan Duplicate Aollod Plates.

The plates in this group were hoeted in a salt bath, quenched, and

immediately placed in the drawing furnace at 5000 F. Two opposite corners

were ground down to at least 1/16", in all cases, and tested for hardness.

Sub2equant drawing treatments were given until the average hardness was

within the specified range of 400-420 Brinell. Data covoring quenching

temperature, qpenching medium, and successive and final drawing temperatures

are given in Table 9.
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TABLE 7. REDRAWING OF PLATES TO 510-330 BRINELL

Brinell Hardness After Drawing Treatments-OF. Final Treatment
Plate Draw Draw Draw Draw Draw Draw 'IV. BMN
Number No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 Temp. (Ave.)

7276 9500 10000
1 hr. I hr. 10000 317
338 317

7277 7500 8000 8000 8500
j hr. 1 hr. 1 hr. * hr. 8600 319
366 334 334 319

7278* iO000 8000 9000
1 hr. 1 hr. 11 hrs. 9000 321
301 390 321

7279 1000
1 hr. 10000 321
321

7280 11000 11250
-, hr. -. hr. 1125° 323
338 323

7281 10500 1OSO0 10750 11000
1 hr. 1 hr. • hr. • hr. 11000 323
341 338 336 323

7111 10000° 10000
1 hr. *hr. 10000 325
337 325

7326* 9000 1000 8000 900g 9256
1 hr. hr. 1 hr. 1i hrs. j- hr. 925' 324
344 305 385 337 324

7327 10500
1 hr. 10500 312
312

0
7329 10500 10500 1075* 1100" 11000 11500

1 hr. 1 hr. hr. hr. 1 hr. 4hr. 11500 321
352 342 339 338 330 321

7330 10500 11000 11250 11500 1176' 12000
I lhr. hhr. hr. I hr. 1 hr. i-hr. 1200" 323
363 352 346 336 325 323

7340 10500 10500 10750 11000
1 hr. 1 hr. ½ hr. • hr. 3O0 326
341 345 335 326

," . , .-
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T~ABLE 7. (CONT.)

Brinell Hardness After Drawln Treatments-*F. Final Treatmnent
Plate Draw Draw Draw Draw Draw Draw F. BHN
N,,mber No. 1 No. 2 No. 3 No. 4 No. 5 N3. 6 Temp. (Ave.)

"7341 11501 11500 11750
I hr. 1 hr. 1 hr. 11750 324
343 341 324

7342 12000 12250
1 hr. 2 hrs. 12256 326
352 326

7344 10500
1 hr. 10500 320
320

7347 10006 10000
1 hr. hr. 10000 329
335 329

7348 i1501 11500 11765 12000
1 hr. 1 hr. 1 hr. ¼hr. 12000 321
"339 339 333 321

7350 10509 11000 11250 11500
1 hr. j hr. 1 hr. 1 hr. 1150° 326
361 351 341 326

7351 11500 11500 11750 12000
lhr. 1 hr. 1 hr. - hr. 1200* 317
345 346 333 317

7353* 9500 10006 8000 9000 9500

1 hr. 1 hr. 1 hr. 11 hrs. j hr. 950 326
334 307 412 344 326

7354 10000 10000 10500
1 hr. 1 hr. 1 hr. 10500 326

S343 341 326

7355 11500 11500 11750
1 hr. 1 hr. hr. 11750 323
333 330 323

Plate numbers designated by an asterisk (*) were requenched after
unintentionally drawing below the specified hardness level.



TABLE 8. RESULTS OF BALLISTIC LIMIT DETSML-INATIONS AND CROSS-
SECTION HARDNESS SURVWJS FROM THE TVENTY-TWO REDRA1,2
PLATES

Heats Arranged in Order of Decreas-
ing Hardness

Average Cross- Ballistic
Heat section Hardness Limit Heat Brinell Ballistic
No. (Equiv. Brinell) f./1. No. Hardness Limit, f./s.

7111 312 2157 7326 339 2124
7276 297 2182 7281 338 2190
7277 277 2187 7353 336 2183
7278 330 2187 7350 333 2123
7279 319 2162 7278 330 2187
7280 S22 2202 7354 328 2247
7281 338 2190 7280 322 2202
7326 339 2124 7340 321 2123
7327 305 2104 7342 319 2176
7329 307 2131 7279 319 2162
7330 303 2157 7341 319 2108
7340 321 2123 7347 316 2171
7341 319 2108 7111 312 2157
7342 319 2176 7355 307 2150
7344 302 2122 7329 307 2131
7347 316 2171 7327 305 2104
7348 304 2132 7348 304 2132
7350 333 2123 7330 303 2157
7351 291 2094 7344 302 2122
7353 336 2183 7276 297 2182
7354 328 2247 7351 291 2094
7355 307 2150 7277 277 2187

p _ __ _ __ _ _

0



1-4)

E-4 44

_- 44 4 4 4 4 4

t to

q40r4 a ) - d

U))

LO 444l U7 U)Hl

1.4 H t- -

to U') 02U

r~84

0 r- to

@3 .



4)0

r-4 P-

CA 4 P ) .

LO~ ~ ~ CQ0L -0lt - l L

t- .C-2 Ql toO ClQ %3t
coc 4 oc -4! Dr-4 Vi C1

$4~t t~

C4 LoDo ~j m

4L . ~ 0

co, 4 OD',4

r-4

E-4L ~ D, r~-
4~

.0 r-4 to ~ D

$44$4 $

r- 0 to 4 to N -CI LO

0- ...4o Nt

00

CD144 r-4 P U) ( -

r4 4) 4> - (4) (4-) 4
r4 0

CD t o L ot

0 .*' .- r.-4 f.-I ..-. -*



38.

"E. Ballistic Test Results From the Sixteen Duplicate Rolled Plates.

The plates were tested for ballistic properties at Watertown and

returned to Battelle. The back surfaces were photographed and these views

are shown as Figures 69 to 83, inclusive. Results of the cross-section

hardness surveys and of the ballistic limit determinations are given in

Table 10.

TABLE 10. RESULTS OF BALLISTIC LIM1IT DETERWINATIONS
AND CROSS-S3CTION HARDNESS SURVEY FROM
SIXTEEN DUPLICATE ROLLED PLATES

I

Heats Arranged According
to Descending Hardness Values

Average Cross- Ballistic Average Ballistic
Heat Section Hardness Limit, Heat Brinell Limit,
No. (Equiv. Brinell) f./s. No. Hardness f./s.

7111 404 2445 7329 421 2455
7326 420 2245 7326 420 2245
7327 414 2362 7340 418 2318
7329 421 2455 7350 418 2356
7330 404 2412 7355 417 2427
7340 418 2388 7327 414 2362
7341 413 2230 7341 413 2230
7342 409 2410 7347 410 2274
7344 390 2267 7351 410 2426
7347 410 2274 7342 409 2410
7348 402 2345 7111 404 2445
7350 418 2356 7330 404 2412

-.. 7351 410 2426 7354 404 2417
7353 379 2328 7348 402 2345
7354 404 2417 7344 390 2267
7355 417 2427 7353 379 2328

UI

•6 . i• •. i. i i i . - . . • -- . . ) . ' • • . -' "•" " • - . " ) .) i . • ., i " " '
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F. Correlation of Hardness and Ballistic Limits.

Cross-section hardness surveys were not mado, of course, on the

plates which were tested for ballistic properties at 350-370 Brinell and

subsequently drawn back to 310-330 Brinell. All of the other plates,

including those tested at both the 400-420 and the 310-330 levels, were

surveyed after ballistic tests had been run. The results are shown in

Table 11.

Ballistic test results are available at three hardness levels for

1.6 steels and at two hardness levels for a few others. Ballistic limit

values have been plotted against hardness for the 16 heats from which

complete data are available. The resulting curves are shown as Figures

84 to 99, inclusive.

G. Jominy Hardonability Study.

End quench hardenability tests wore made on the remaining hoats

studied to date, using the equipment and the procedure described on pages

"12 and 13 of the February 6, 1942, report. Individual curves showing the

"hardenability of the various steels are given as Figures 100 to 145,

inclusive.

To facilitate comparison of the hardenability characteristics, bar

graphs were made showing the hardness values at points 1/131", 1/2", 3/1", 1",

1-1/2", and 2" from the quenched ends of the Jominy test specimens. The

heats included in these bar graphs are the ones from which ballistic

properties are being determined at three hardness levels. Tho graphs are

shown in Figure 146.

*:&
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TABLE 11. CROSS-SECTION HARDNESS SURVEY ON ARMOR PLATE SPECIMENS
AFTER BALLISTIC TESTING

Desorip-
tion of Rockwell "C" Hardness Locations Average Ballistio

HeHeat Plate Equiv. Limit
No, Surface 1/16" 1/8" 3/16" C 3/16" 1/18" 1/16" Brinell f./s.

7111-320 Machinod 34 35 34 33 34 34 33 312 215?
7111-410 As rolled 43 43 43 43 43 43 43 404 2445
7276-320 Machined 32 bi 32 31 32 33 33 297 2182
7277-320 Machined 36 28 23 23 24 29 35 277 2187
7278-320 Machined 35 36 36 36 36 36 36 330 2187
7279-320 Machined 34 34 35 35 35 35 35 319 2162
7280-320 Machined 35 35 35 35 35 35 35 322 2202
7281-320 As rolled 36 36 37 37 37 37 36 338 2190
7326-320 Machined 34 37 37 38 38 37 36 339 2124
7326-410 As rolled 43 44 45 45 45 45 44 420 2245
7327-320 Machined 33 33 33 b3 33 33 33 305 2104
7327-410 As rolled 43 43 44 44 44 44 44 412 2362
7328-360 Machined 38 38 38 38 38 38 38 352 2237
7328-360 As rolled 38 38 38 38 38 38 38 352 2229
7329-320 Machined 32 33 34 34 34 33 33 307 2131
7329-410 As rolled 44 45 45 45 45 44 44 421 2455
7330-320 Machined 32 31 32 33 33 34 34 303 2157
7330-410 As rolled 43 43 42 43 43 43 44 404 2412

4D 7340-320 Machined 35 34 35 35 35 35 35 321 2123
7340-410 As rolled 45 44 44 45 44 44 44 418 2328
7341-320 Machined 34 35 35 35 34 35 35 319 2108
7341-410 As rolled 43 44 44 44 44 44 44 413 2230
7342-320 Machined 34 34 35 35 35 35 35 319 2176
7342-410 As rolled 43 44 44 43 43 44 43 409 2410
7343-360 Machined 36 36 36 36 37 36 36 332 2293
7343-360 As rolled 39 38 38 38 39 39 39 362 2312
7344-320 Machined 34 33 31 30 31 34 35 302 2122
7344-410 As rolled 42 43 44 42 43 4). 1.1 390 2267
7345-360 Machined 37 37 37 37 38 36 38 342 2268
7345-360 As rolled 36 37 37 37 37 37 36 342 2287
7347-320 Machined 34 38 33 33 34 34 34 316 2171
7347-410 As rolled 44 44 43 43 44 44 43 410 2274
7348-320 Machined 33 33 32 33 33 33 33 304 2132
7348-410 As rolled 41 41 42 43 44 44 45 402. 2345
7349-360 Machined 37 36 35 37 37 35 36 332 2260
7349-360 As rolled 39 39 39 39 39 39 39 362 2309

6 7350-320 Machined 36 37 36 36 36 37 35 333 2123
7350-410 As rolled 44 44 44 45 45 44 44 418 2356
7351-320 Machined 31 31 31 31 31 32 31 291 2094
7351-410 As rolled 43 44 44 44 43 43 44 410 2426
7352-360 Machined 38 38 38 37 38 38 38 352 2242
7352-360 As rolled 36 36 37 37 37 37 36 332 2285
7353-320 Machined 36 37 36 36 37 37 36 336 2183
7353-410 As rolled 41 41 41 41 40 41 40 379 2328

* -7354-320 Machined 34 35 36 36 35 37 36 328 2247
7354-410 As rolled 43 43 43 43 43 43 113 404 2417
7355-320 Machined 33 34 33 33 33 34 33 307 2150
7355-410 As rolled 45 44 45 43 44 45 44 417 2427

.. * . .. . _ . ~ __. • _ _ : u . . . .. . , -1. ... . .
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DISCUSSION.

The major function of the alloying elements, other than carbon,

seems to be to produce full hardening with slower cooling rates. The amount

* of alloying elements and their selection are, therefore, governed to a

great extent by the thickness of the plate to be heat treated.

The bar graphs shown in Figure 146 are adequate for making com-

parisons between the various stools,Rnd a steel whose composition is known

to behave satisfactorily for certain plate thicknesses may be compared with

the other compositions accordingly. It is difficulti however, from avail-

able data on hardness at a given distance from the quenched end, to calculate

the limiting plate thickness through which the particular steel would harden

"under given quenching conditions.

"Jominy and Boegehold have worked out a relationship between the

hardness at stated distances from the quenched end of the standard bar and

the diameter, of the same steal, which will just harden to the center,

Cooling rates were determined and a curve constructed showing the cooling

velocity at intervals along the standard bar. Cooling velocities were then

determined at the center of round sections with various diameters. Working

on the premise that, for a specimen of a given steel, two different locations

having the same cooling rate will show the same hardness, it was found

possible to determine, from the hardenability test data alone, what diameter

would fully harden to the center.

Similar data could be worked up for plates instead of rounds. Cool-

ing velooities would be determined at the centers of plates representing a

number of cross-sections. Cooling velocities would than be taken at

intervals along a standard hardenability test bar turned from one of the

plates. Curves could be drawn by plotting cooling velocity against distance

~~~~.".-.'... . .. . .. ....-. . . ", .-.- . .-.-..- ... .- . . . - .- -'. .* - .,"-r
2 4w,,.rv.-.. -.................- -, - .- - .- ,

41% ¾ .U . . .*

tt~t <a~t q..t ~ ~ .f .7.* %
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from the quenched end of tho Jominy specimon in ona case, and cooling

velocity against plate thickness in anoth3r. Subs'3quently, it would be

possibl to note tha distance from th- quenched 3nd of the hardonability

specimen at which a hardness of, say, 50 Rockwell C was found, obtain the

cooling velocity correspondin, to this distance, and chock the other curve

to determine what plate thickness would have the same cooling velocity.

Another method for evaluating the hardenability curves to show

approximately what thickness of plate could be made to harden throughout

the cross-section is shown by the curves in Figure 147. For exwaple, pick

the point of maximum deflection from the hardonability curve of Heat 7353

as being 36 Rockwell C. Measure

the distance of this point from the

hardness axis and place this

to, measured distance along the abscissa

of Figure 147. The corresponding

- .points read from the curves and the

ordinate give valuez of 4/5 in. for

an oil quenched plate and 1-1/5 in.

for a water quenched plata. These

'' ~ values are the "critical thick-

nosses" for oil and water quench

respectively, using a severity of

quench of H- 0.6 for oil and H= 1.8 for water. The "critical thickness"

(Hardening Characteristics of Steels - by Asimow & Grossman, Transactions

of the A.S.M., Dec. 1940, p. 951) is defined as that plate thickness which

is just half hardened (50% martensita) at the center cross-section of the

plate. It should also be pointed out that this same process of using the

curves of Figure 147 could be reversed. For instance, if it is desired to

U: ., i - :: .: i::.:: ,:: .::.:: " - ,
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sea what would be the canter hardness of a 1/2 in. thick water quenched

plate for Heat 7353, it would be found to be 57 hockwell "C" and 56 Rock-

"well "C" if oil quenched. This indicates that the plate could be either

"water or oil quenched and have full hardness throughout the cross-section.

Hiowever, consider tho case of a 1 in. thick plata. Water quenching will

"* give a center hardness of 48 Rockwell "C" but oil quenching gives an

entirely unsatisfactory value of 29 Rocknvell "C".

In using this curve, it must be kept in mind that it gives an

approximate or comparable trend, and not an exact value. A brief deriva-

tion of the curves of Figure 147 will show why. Grossman (Hardenability

Calculated From Chemical Compositions, Metals Technology, preprint T.P.

No. 1437, p. 26, Figure 28) shows a chart for estimating ideal critical

diameters of round bars from the Jominy distance. Since this chart was

"based on a standard I in. diamater Jominy bar, a possible error would

result in reading from th. chart and also from the small difference that

may exist in hardenability between a 1 in. and a 1/2 in. Jominy bar. After

obtaining the ideal critical dianmotors of round bars from a number of

corresponding Jominy distances, the next step is to convert the ideal

critical diameter values of rounds to ideal dinmetar thicknesses of plates
DI

by using the formula L1 =-T7 where L1 is the ideal plato thickness

and D is the ideal round bar diameter (Hardening Characteristics of

Various Shapes -- by Asimow and Grossman, Transactions of the A.S.M.,

Dec. 1940, p. 954). The constant 1.377 used in the formula hav been

criticized but is probably u6 good as any other which has been proposed.

Changing the ideal critical plate thickness, Ll, to the critical plate

thickness,L, probably introduces the greCat3st error of all because it

involves estimating the actual severity of quench used. Grossr.an (Harden-

ability Calculated from Chemical Composition, •etals Technology, preprint

. Th o prprn
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T. P. No. 1437 p. 28) states that his oririnal publication presenting

quantitative data undoubtedly used a sverity of quench which now appears

1to have been too hi-h. Acknowlidging but disregardiniv, because of the

approximate data, the error which would result in using Grossman's previously

published curves (Hardening Characteristics of Various Shap~s -- by Asimow

and Grossman, Transactions of the A.S.L.J., Doc. 1940, pp. 954 and 955,

* Figures 5 and 6) showing the relationship botw3ere ideal critical thickness,

L1 , critical thickness, L, and severity of quench, 11, a numbur of L values

wer. obtained using an estimated severity of quench for our apparatus of

H = 0.6 for oil and H = 1.8 for water. The Loil and Lwater values were then

plotted against the distance, J, from the quenched end of a Jominy test

piece.

Table 12 gives the calculated values for the various conversions

which were used to construct Figure 147.

TABLE 12. C011WERTED VALUES FRODI J0MINY BAR TO PLATE THICKNESS

J D1 L1 L(Oil) L (Oater)

0 0.77 0.56 0.09 0.25
0.2 1.66 1.21 0.42 0.79
0.4 2.55 1.85 0.87 1.40
0.6 3.30 2.40 1.31 1.87
0.8 3.97 2.88 1.65 2.35
1.0 4.50 3.27 2.00 2.75
1.2 5.00 3.63 2.31 3.10
1.4 5.42 3.94 2.59 3.38
1.6 5.80 4.22 2.88 3.70
1.8 6.14 4.46 3.08 3.90
2.0 6.44 4.68 3.29 4.11

J - Distance in inches from the quenched end of a Jominy test bar.
D1 - Ideal critical diameter o- round bars - inches. Diaenotr of

ber just fully hardened at center for the perfect quench.
L1 - Ideal critical thickness of plates - inches. Thickness of plate
1 for conditions mintionod for DI.

L(oil)Critical tnickness in inches of a plate quenched in oil with a
sevwrity of quench, H = 0.6.

L(water) - Critical thickness in inches of a plat: quenchc-d in. water
with a severity of quench, H1 1.8.

-'•-• -• • / •-,•, • , il l -i[ i,,i i~ i• • [., , -. -. , . - .-. ..7 .. . .4. . . ,
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Considering now the relation between ballistic limit and hardness,

"foar specimens from the list of 48 shown in Table 11 upon which cross-

section hardness surveys were made, are more than 10 Brinell numbers out of

the specified range. Two of these four heats, 7276 and 7277, showed soft

centers indicating a lack of sufficient hardness penetration. Since original

"* Brinell readings were taken near the surfaces, instead of over the cross-

-'" sections, this condition could not be foreseen, nor could it have been

remedied in any case.

After the cross-section hardness survey, hardness tests were made on

the coupons cut from the ends of the other two plates, 7351 and 7353. The

readings checked fairly well with the original ones which indicates some

irregularity in hardness of the corners as compared to the centers of these

plates.

Too f3VI tests were made, of course, to warrant drawing smooth curves

between the points in plotting the ballistic limits against hardness values.

Ths general trend, however, may be shown by averaging ballistic limits and

hardness values from the 16 heats upon which ballistic limits were determined

at three different hardness levels.

310-330 Brinell Range 350-370 Brinell Ranga* 400-420 Brinell Range
Ballistic Equiv. 'list BaTllitic •q uI

Heat Limit, Brinell Limit, Brinell Limit, Brinell
Dlo. Ft./Sec. Hardness Ft./Sec. Hardness Ft./Sec. Hardn3ss

7111 2157 312 2259 --- 2445 404
7326 2124 339 2264 --- 2245 420
7327 2104 305 2209 --- 2362 412
7329 2131 307 2207 --- 2455 421
7330 2157 303 2203 --- 2412 404
7340 2123 321 2220 --- 2388 418
7341 2108 319 2181 --- 2230 413
7342 2176 319 2289 --- 2410 409
7344 2122 302 2235 --- 2267 390

7347 2171 316 2150 --- 2274 410
7348 2132 304 2170 --- 2345 402
7350 2123 333 2246 --- 2656 418
7351 2094 291 2135 --- 2426 410
7353 2183 336 2220 --- 2328 379
7354 2247 3A8 2300 --- 2417 404
7355 2150 307 2215 --- 2427 417
Average 4 Mf_

GCross-section hardness surveys were not mada.
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When the results from the 27 heats which are now boing tested are

in, the values for ballistic limits can bo plotted against hardness for the

purpose of showing the trend.

FUTURE 1WORK

Plans for future work include a cross-section hardness survey on

tha 81 plates which are now at Watertown for ballistic testing. After this

work is compl3ted, it is understood that a conference will be held for the

purpose of picking out a few of the more promisin- compositions so that

a more exhaustive study of their possibilities as armor plate steels may

be carried out.

Data from vwhich this raport was wi-itten are recorded in Laboratory

Notebook No. 615, pages 69 to 99, inclusive, and Laboratory Notebook Vo.

849, pages 4 to 46, inclusive.

LkLS : CHL
3/2/42
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13700
Figure 32. Heat No. 7111. Back of plate after ballistic tests.
Ballistic limit: 2259 feet per second, .30 cal. A. P. bullet.
Average Brinell-363. Photograph 1/2 Actual Size.

13706

Figure 33. Heat No. 7276. Back of plate after ballistic tests..

Ballistic limit: 2316 feet per second, .30 cal. A. P. bullet.
Average Brinell-357. Photograph 1/t Actual Size.

SF
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.4 13696
Figure 34. Heat No. 7277. Back of plate after ballistic tests.
Ballistic limit: 2142 feet per second, .30 calA. P. bullet.
Average Brinell-366. Photograph 1/2 Actual Size.

",p'

13699
Figure 35. Heat No. 7278. Back of plate after ballistic tests.
Bellistic limit: 2250 feet per second, .30 cel. A. P. bullet.
Average Brinell-369. Pho~ograph 1/A Actual Size.

S- . i ". i " - - - - - - " J . .. " ' .
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13710
Figure 36. Heat No. 7279. Back of plate after ballistic tests.
Ballistic limit: 2149 feet per seconld, .30 cal. A. P. bullet.
Average Brinell-341. Photograph 1/2 Actual Size.

139

* Figure 37. Heat No. 7280. 5tbck of plate efter ballistic tests.
Ballistic limit: 2291 feet per second, .30 cal. A. P. bullet.
Average Brinell- 365. Photogrrph 1/2 Actual Size.
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Figure 38. Heat No. 7281. Back of plate after bAllistic tests.
Ballistic limit: 2275 feet per second, .30 cal. A. P. bullet.
Average Brinell- 369. Photogrph 1-- Actual Size.

0M.

Figure 39. Heat No". 7326. Back of plate after ballistic 
tests.-

Ballistic limit: 2264 feet per second, .30 cal. A. P. bullet.
Average Brinell-368. Photograph 1,4 Actual Size.

0•0
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Figure 40. Heat Noe 7327. Beek of plate after ballistic tests.
Ballistic limit: 2209 feet per second, .30 cal. A., P. bullet.
Average Brinell-370. Photograph 1i1 Actual Size.

13411

U Figure 41. Heat No. 7328. Back of machined plate after ballistic
- tests. Ballistic limit: 2237 feet per second, .30 cal. A. P. bullet.

Rockwell "C" cross-section hardness survey: 38, 38, 38, .38, 3 8 , 38, 38.
Average equivalent Brinell-352. Photograph 1/t Aetual Size.

---------------------------------------------

....................... *
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13707

Figure 42. Heat No. 7329. Back of plate after ballistic tests.
Ballistic limit: 2207 feet per second, .30 cal. A. P. bullet.

Average Brinell-366. Photograph 1/2 Actual Size.

13719

Figure 43. Heat No. 7330. Back of Plate after ballistic tests.
Ballistic limit: 2203 feet per second, .30 eel. A. P. bullet.

Average Brinell-369. Photogreph 14 Actual Size.
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a Figure 44. Heat No. 7340. Back of plate after ballistic tests.

Ballistic limit: 2220 feet per second, .30 oai. A. P. bullet.
Average Brinell-363. Photograph 1/2 Attual Size.

13704

9 Figure 45. Heat No. T341. Back of plate after ballistic tests.
Ballistic limit: 2181 feet per second, .30 cal. A. P. bullet.
Average Brinell-355. Photograph 1/2 Actufkl Size.
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13715

6 Figure 46. Heat No. 7342. Back of plate after ballistic tests.

Ballistic limit: 2289 feet per second, .30 cal. A. P. bullet.

Average Brinell-365. Photograph 1/2 Actual Size.

13410
*Figure 47. Heat No. 7343. Back of machined plate after ballistic

tests. Ballistic limit: 2293 feet per second, .30 cel. A. P. bullet.
* ~Rockwell "tC" cross-r'ection -ardness ý-urvey: 36, 36, 36, 36, 37, 36, 36.

Avert-ge equivalent Brinell-332. Photo~rrph 1/t Actual Size.
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Figure 48. Heat N~o. 7344. Back of plate after ballistic tests.
Bellistic limit: 2235 feet per second, .50 cal. A. P. bullet.
Average Brinell-351. Photogreph 1A~ Actual Size.

13403
* ~Figure 49. ileat No. 73545. Beck of machined plate after ballistic

tests. Ballistic limit: 2268 feet per second, .30 cal. A. P. bullet.
Rockwell "C" bross-qection hardness survey: 37, 37, 37, 37, 38, 36, 38.
Average equivblent Brinell-342. Photograiph 111 Actual Size.

0
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13714
Figure 50. Heat No. 7347. Back of plate after ballistic tests.
Ballistic limit: 2150 feet per second, .30 cal. A. P. bullet.
Average Brinell-363. Photograph 1/2 Actual Size.

'l

13705
Figure 51. Heat No. 7348. Back of plate after bsllistic tests.

Ballistic limit: 2170 feet per second, .30 cal. A. P. bullet.
Aver-ge Brinell-369. Photograph 1/2 Actual Size.030

-~~---Fi-ure*-51..-Heat No.-%"-7348. Back- ofpae-fe b --------------.
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13407
Figure 52. Heat No. 7349. Back of machined plate after ballistic
tests. Ballistic limit: 2260 feet per second, .30 cal. A. P. bullet.
Rockwell "C" cross-section hardness survey: 37 36, 35, 37, 37, 35, 36.
Average equivalent Brinell-332. Photograph i/ Actual Size.

13711
Figure 53. Heat No. 7350. Back of plate after ballistic tests.
Ballistic limit: 2246 feet per second, .30 cal. A. P. bullet.

-. Average Brinell-375. Photograph 1/2 Actual Size.

0
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13713

Figure 54. Heat No. 7351. Back of plate after ballistic tests.

Ballistic limit: 2135 feet per second, .30 cal. A. P. bullet.
Average Brinell-369. Photograph 1/2 Actual Size.

13395
Figure 55. Heat No. 7352. Back of machined plate after ballistic
tests. Ballistic limit: 2242 feet per second, .30 cal. A. P. bullet.
Rockwell "C" cross-section hardness survey: 38, 38, 38, 37, 38, 38, 38.
Average equivalent Brinell-352. Photograph 1/t Actual Size.
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6 Figure 56. Heat No. 7353. Back of plate after ballistic tests.
99llistic limit: 2220 feet per second, .30 cal. A. P. bullet.

Average Brinell-349. Photogreph 1/2 Actual Size.

13709

Figure 57. Hest No. 7354. Back of platte tifter ballistic tests.

BallIis tic limit: 2300 f eetpe r second, .30 c-, 1. A. P. bullE t.

Averc~ge Brinell-358. Photogreph 1/2 Actucl Size.



Figu -rerwrr 5 .- Hea No. 7355. Beo of plt afe ballsti tests. 13716

(30.

13716

Figure 59. Heat No. 7355. Back of plate after ballistic tests.

Ballistic limit: 2215 feet per second, .30 cal. A. P. bullet.
Average Brinell-362. Photograph 1/A Actual Size.

13•693
Figure 59. Heat No. 7356. Back of plate after ballistic tests.
Ballistic limit: 2300 feet per second, ,30 cal. A. P. bullet.
Average Brinell-365. Photograph 1/A Actual Site.

eI
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13695

F;iure 60. Heat No. 7357. nack: of plate after ballistic tests-

ýa~llistic limrit riot determr~ied, . cal. A. P. bullet.

Ara Brinell- 3653. photo-raph 1/? Actu~al Size.

..... ..........-..-

1369z!

Figure 61. HoaFt I~o. 7358. iBad: of plate after ballistic tests.

Ballistic limit not d-eterrm-ined, .30 cal. A. P-. bullet.

Average 3rirncll- 359. Photograph 1/2 Actual Size.
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13703
Figure 62. Heat No. '73650. Back of plate after ballistic tests.
ballisitic limit riot determinod, .30 cal. A F'. bullet.
Average Brinell- -363. I-Iwt~jrrnh 1/2 Actual Size.

1:3697
* Fi-nre -,3. Heat jIG. 74~76. iýack of plate after bf-Ilistic tests.

Ballijstic limit not d~etermiined, .30 cal. A. F. Bulltýt.
Average Brinelil- 275. Photograph 1/2 Actual S~ize,
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13397

* Figure 64. Heat No. 7328. Back of as rolled plate after ballistic

tests. Ballistic limit 2229 feet per second, .30 cal. A. P. bullet.

Rockwell "C" cross-section hardneLs survey: 38, 38, 38, 38, 38, 3E, 38.

Averege equivalent Brinell-352. Photosreph 1/2 Actual Size.

13401

Figure 65. Heat No. 7343. Back of si rolled plate Efter ballistic

tests. Bpllistic limit 2312 feet per second, .30 eel. A. P. bullet.

Rockwell "C" cross-section hrrdness survey: 39, 39, 39, 39, 33, 3P, 38.

A7ernge equivalent Brinell-362. Photograph l,, Actual Sizc.

CI



64.

13393

Figure 66. Heat No. 7345. Back of es rolled plate after ballistic
tests. Ballistic limit 2287 feet per second, .30 cal. A. P. bullet.
Rock-well "C" cross-section hardness survey: 36, 37, 37, 37, 37, 37, 36.
Average equivalent Brinell-342. Photograph l/A Actual Size.

13405
Figure 67. Hest No. 7349. BRck of plate after ballistic tests.
Ballistic limit: 2309 feet per second, .30 cal. A. P. bullet.
Rockwell "C" cross-section hardnesc survey: 39, 39, 39, 39, 39, 39, 39.
Average equivalent Brinell-362. Photogreph 1/2 Actual Size.
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Fiur 3.Heat 7 r1lll.0lO Bac1- of as rolled ielate after ballisti-7

tests. Ballistic limit: 244z-5 ft. per sco Cal. .30 JA?. buLllet. ýo cL e11

"C" cross-section hardnaess surve-vr 43, 43, 43, 43, 43, 43, 43,. Cxrmpos 1-

t-ion * Carbon .461/ Silicon .201-:. >Ananese l-8*.5ý` Vanadium .10/.20:`

Avera~re equivalent Brinell 404L. Photoc-ra-h 1/2 act-Ual slze.

14.280

Fir~are 70. --eat No. 7326:410. Bac,- of' as rolled platc after

ballistic. tostc.. Ballistic limit: 2245 f-. ncr zec. -' .30 A?.- 1 lht.

O~:V;C~c:l "C" CrOcS-SeCL. or- harr'ness- sur.-cy: 344 45,4, 4,44

Composition: Car')on .30 .:ara~~s Y 73 Sili'iofl .20-' r.~-z.S/~0~

Averap~c equivalclt, 3rl-nell 4ý20. Phollc-ran-ý 1/2 actual-=1
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142-76

Figure 71. Heat No. 7327:410. Back of as rolled plato after
ballistic tests. Ballistic limit: 2362 ft. per see. Cal. .30 AP. bullot.
Rockwell "C" cross-section hardness survey: 43, 43, 44, 44, 44, 4(, ,4.
Composition: Carbon .35/- M1angnese .88/ Silicon .26' Chromium 2.3/2.717.
Average equivalent 3rincli 412. Photograph 1/2 actual size.

14282

Figure 72. Heoat No. 7329:410. 3ack of .as rolled plut.1 after
ballistic tests. Ballistic limit: 2-155 ft. per sec. Cal. .60 i-ý bullc:t.

SRockwell "C"I crosts-section hardness survey* 44, !V', 15, 4E, 1-5, 46o
Compsitin: C;ýrbn M' ,"an-anc~so .88•, Silicon 025", Chromium 1.3/1.7":

7anadium .I0/.20 Average equivalent '3rinell ,121. Pho(toý-,raph 1/2 actual

size.
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14286

QFigure 73. Heat No. 7330:410. Back of as rolled plate after
"ballistic tests. Ballistic limit: 2412 ft. per soc. Cal. .30 AP. bullet.
Roockell "C" cross-section hardness survey: 43, 4,3, 42, 43, -43, 3,4.
Composition: Carbon .416 .,Maanoec .860 Silicon .24"ý' olybdontum *25/.354

Vanadium .10/.20/11. Average equivalent Brinell 404. Photograph 1/2 actual

14271

Fiqure 74. Heat ITo. 7340:410. Back of as rolled plato aftor
ballistic tests. Ballistic limit: 2383 ft. par sec. Cal. .30 •2. bullot.
Rochwell "C" cross-section hardness survey: 45, 44, 4 6, 45, 41,, 44, 44,.
Composition: Carbon .. ,�"41 ianganosc .845ý Silicon .29% i, olybdenum .25/.35.

Avorapo equivalont Brinell 41'. Photograph 1/2 actual size.
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Fi,-urc 75. Heat 1ýo. 7&.'*:410. 3zac'.: of as5 rolled pl:-.tco a~fter

ballistic tostUs. 3cdl~istic lir-it: 2230 ft. pcer scc. Cal. .30 12. bulllet.

Roc'_1vell "C"' crosn-section. hardncoss survo:: 43, 4 4 4 4

Comipos ition.: Carbon. .3CQý- La.a .0sc Silicon 1.06,: Cbro-aium .90/1.o0,
:Jolydcn~m .3'~51 -5* Avo:ra g cquiv.:.lnt 3rinel 41. hotog-raoh1/

actual size.

14277

Pi 2ur c 76. iat- 11 o. 7 3,1 Z10 . sa c' of ~s r cc 11d -1l1at-c a .'- or
balisictoss. 3aj.sti~c li:-Ait: 2/410 ft. ocr Goc. Cal. .130 2?. l-&c

aocinzoll "C cross-section harchn.sc Sunrov: *1,*4 3 3 .3.

Composition.: Carbon .3 o.77:i Silicon 2K Choiz .011

...:olbdcn.un .25/. 3E VcJandiunm .10/20,". hvrzorial.t rill0.

?hot-o;raoph 1/2 actcua sizu;.
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142,85

oFigure 77. Heat ~'1o. 73,144-:410. Back of as rolled plate a'fter
ballistic tcsts. Ballistic limit: 2267 ft. per sac. Cal. .30 AP. bulloet
Rockwell "C" cross-section hardness survey: 4.2, 4-3, 1~ 2, Ul, 41.,
Composition: Carbon .416". Mang-anese .75%,, Silicon .207., Jc.nadium, .20/.30,It
Avercage equivalent Brinell 390. Photograph 1/2 actual size.

14284

*Firuro 78. Heat No. 734''7:4'10. Back of as rolled plato after
ballistic tests. Ballistic 'limit: 2274 ft. per see. Thl. .30 AF. bullet.

-Rockwell "C" cross-soetion hardness siirvoy: 3,', 38, 33, 33, 34-, 34ý, 34.O
*Composition: Carbon .34Ij, Ua~ngcneso .83c/ Silicon .26%/' Chromu .9/ j0

Copper 1/.6. Ave~rage equivalent Brinoll 410. Photograph 1/2 actual
size.
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14283

Figure 79. Heot No. 7343:410. Back of as. rolled plato after

ballistic tests. Ballistic limit: 2345 ft. por sec. Cal.e.30 AP. bullet.

Rockwoal "C" cross-section hardnoes survey: 41, 1., 42, 43, 4K• 45.

Composition: Carbon .475 Manganoso 1.481 Silicon .32% Lolybdonum

.10/.501' Copper .30/.505, Averaeo equivalent Brinell 402% Photograph

1/2 actual size.

14281

SFiýuro 79a. Heat No. 7350:110. Back of as rollod plato after

ballistic tests. Ballistic limit: 2356 ft. per soe. Cal.e.30 AP. bullet.

Roolcvoll"C" cross-section hardness surveys 44, t-, 44, 45, 45, 4, 44.

Composition: Carbon .4-6g. i'an,-cnoso .80O Silicon .231'• !Uolybdonum

0.O/.50,: Copper 1.0/1.6% Avcrage oquivalont Brinell .118. Photograph

1/2 actual site.

'- .- 2.':
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14275
Figure 80. Heat io. 7351:410o 3ack of as rolled plate after

I; ballistic tests. Ballistic limit: 2426 ft. per sec. Cal. ,30 AP. bullet.

Rockwell "C" cross-section hardness survey: 43, 44, 44, 44, 43, 43, 44.
Composition: Carbon *46• Mang-anese 1,49%, Silicon .29'/, Mol-bdenum
" .40/.505 Copper 1,0/I.551. Average equivalent Brinell 410. "hotograph

1/2 actual size.

=-Ig

"14274
Firure 81. Ifeat No. 7353:410. Back of as rolled plate after

ballistic tests. Dallistic limit: 2328 ft. per sec. Cal. .30 h.P. bullet
Rockwell "C" cross-section hardness survey: 41, 41, 41, 41, 40, 41, 40.
Composition: Carbon .45"; Manganese .8,'i- Silicon .73,,;. Avera.e
equivalent 3rinell 379. Photograph 1/2 actual s .ze.
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14273

*Figure 62. eQat, Ilo. 7334:-41.0. B3ack of' Cs rollid pla1t,. ate;r
ballistic tests. Ballistic Unit: 2417 ft. pa-r see. Cal. .30 A?. bullet.
flockwicll "C" cross-section hard~noss s;urvey! 4$ 4 43, 15, it2, .'. 1 4. !, It

Comp~osition Carbo-n .455' anganoso .735%Q Silicon 1.71. dAnera~eou¾
lentalin Brinell 404. Photorao 1'2p actua Acizlo.z
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Figure 84. Heat No. 7111. Figure 85. Heat We. 7326.
Relationship of ballictic limit to Relationship of ballistio limit
Brinell hardness, to Brinell hardness.
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Figure 86. Heat Nos 7327. Fiture 87. Heat No. 7329.
Relationship of ballistic liit Rolationship of ballistio limit
to Brinell hardness, to Brinell herdness.
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I~ I-I
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2L00i.1 -- IS 3 0ITS 00 35 " ? 400 415

Figure 88. Heat No. ?730. Figure 89. 1-cat No. 7340.

Relationship of ballistio limit Rolationship of ballistio limit
to Brinell hardness* to Brinoll hardness.
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Figure 90. Heat No. 7343.. Fif-ura 91. Heat No. 73'429
Relationsi-ip of ballistio limit Rolationship of baillistio limit
to Brinoll hairdnoss@ to Brinell hardness.
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F! j•ue 92. Heat No. 7344. 
?it i.•c• 9 3. H bat lbo .7347.
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Figure 98. Heat Doe 7351. Figure 0a. Heat Nfo. 73630
Relationship of ballistic limit Relationship of ballistic limit
to Brinell hardness., to Brinell hardnesno
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Heat Compositions of Xeats Appo.ri& in D.ar Graphs
Nhumber C W S Ili _Cr M0C

"7111 ,46 1.58 .20 .10/.20

"7326 .30 .73 .20 .90/1.1

7327 .3G .o8 .26 2/2."

7329 .34 .8 .25 1.3/1.7 .1-.20
7330 .46 .86 .24 .25/.35 .10/.20

7340 .46 .84 .29 .25/.35
7341 .L4 .94 1.06 .90/1.1 .35,/.45
7342 .46 ,77 .25 .90/1,1 .25/.35 .10/.20
7344 .46 .7 .20 .20./.30
7347 .34 .83 .26 .90/1.4 .4.50/.
7348 .47 1.48 .32

7350 .46 .80 .23 .40/.50 1.0/1.5
7351 .46 1.49 .29 .40/.50 1,0/1.5
7363 .45 .84 .75
7354 .45 .88 1.71
7355 .46 .78 1.07 .40/.50
7688 .33 .43 .24
7689 .33 .81 .26
7690 .32 1.24 .28
7691 .31 1.73 .29
7692 .31 .75 .26 2.01
7693 .30 .70 .25 3.55
7694 .31 .73 .27 5.13
7695 .30 1.24 .24 2.01
7696 .31 .81 .27 1.3/1.6 .83
7697 .28 .79 .24 3.6/3.9 2.61
'i702 .31 .82 .26 1.3/1.6 .70/90 .25
7703 .34 1.56 .46 3.3/3.7 .90/1.1 .34
7712 .28 1.49 .26 1.3/1.6 .75/.90 .30
7713 .32 .90 .2.5 1.3/1.6 .18
7714 .31 1.46 .24 .16
7715 .32 1.42 .24 Grainal
"7716 .31 1.44 .63 1.08 .18
7717 .32 1.46 .69 1.07 Grainal
7718 .33 1.53 .27 .90/1.1 .40
7719 .32 1.52 .27 1 .39
7731 .34 .81 .30 1.53 .40
7732 .31 .73 .21 1.32 .60/.80 .27
7733 .31 1.51 .26 1.49

A 7734 .35 1,52 .27 .40/.50 .45
7735 .32 .84 .26 .42
"7736 .33 .88 .63 .50 .50 .30

7737 .31 .77 .22 .50 .49 .30

.a

• . - .- * , . - , -• . .' . . - -. -- - .. -. -, -*,,'. - . - -. . . 1.. - i . • . • . , . . .



REPTRODUM F IAT C-OVfERNMENT EXPENWE '----,-- * _

A CO)MPARISON OF THE H.4PDENABILITY OtF 4-3 HEATS
FIG, 14u.
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A COMPARISON OF THE HARDENABILITY OF 43 HEATS
FIG. 146'CONTINUE.D
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