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correlation of Metallurgical Properties 
1 with Low Tejnperature Ballistic Performance of 

11 • Lij1*, and 211 Polled Armor Tested at Camp Sliilo, Canai da i-.', .a.,»;. 

; ; "4 

OBJECT 

To c orrelate metallurgical properties of 1», 1^», and 2" rolled . ^ ^- ^ ua-^° » j-2 f ciuu c:- -ruxjLea 

lomogeneous armor and 1" rolled fuco-hardened (carburised) armor with ballistic 
?e^°r/aailce (s;10^ aad- projectile-through-tho plate tests) at low tomperaturos -, ^ V .— px,Auw oeeuu/ «.& iuw iumperax;' 

r\-ip £. to_ -3^ -• ) in order to establish the characteristics which must be 
possessed oy such armor for successful performance at subnormal temperatures 

COHCLUSOTS 

1. The ballistic s’nock and projectilo-tlu’ough-the plate tests for 1" 
to 2" rolled armor at subnormal temperatures (-15°E. to -35°F.) are much more 
severo than, the same tests conducted at room temperature, and whereas impact 
toughness, steel soundness, and Brinell hardness of a plate may be adequate 
ior satisfactory performance at room temperature, at low temperatures a 
similar plate with respect to these characteristics may be unsatisfactory 
colli sti calls’-. 

# Lased upon the study of the sixteen (l6) rolled homogeneous plates 
examined, it can be stated that the following characteristics are necessary 
xi; rolled armor of l", Ip11, and 2^ thicknesses to pass q)ocification requiro- 
ments consistently at low couperatures: 1 

S-V'*; 
( 'VH 

a. Shock Test 

(D M im-jm hnpact lougtmoss - The armor must have 
sufficient hardenability and be quenched efficiently so that it 
will oo completely or almost completely quench hardened throughout 
the section, thereby possessing, after, proper tempering, optimum 
impact strength at high rates of strain. Élis is required regard¬ 
less of composition; the presence of appreciable niclcol is not 
sufficient to overcome the deleterious effects of non-martensitic 
constituents. 

(2) Propor end Uniform Hardness — Quenching and tempering 
operations must be so conducted that the plate in the finished condl 
tion will have proper and uniform hardness throughout the section. 

O) Qppd Steel Soundness - The steel must be free of exces¬ 
sively long stringers or concentrations of inclusions. 
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REPRODUCED AT GOVERNMENT EXPENSE 
INÜRODUGIION 

iiii a report covers tlie uctallurgical investigation conducted on samples 
taken iron 1 Ig", and 2" rolled honogeneous platos and a 1» rolled face 
hardened plate which had been subjected to ballistic tests during the ueriod 
o anuary-j:ebraary 1943, at the Ordnance Proving Center Winter Detachnent, 
located at Canp Shilo, Manitoba, Ca:mda, 

A series of plates was furnished by each manufacturer for each gauge. 
£nch series consisted of plates fTon the sano heat, sinilarly heat treated, 
and usually nunbering five. 

Prior to oho firing progran, tests were nade to detemlne the lag between 
plate and atmosphere temperature. From these data the actual temperature of 
a plate during the inpact of each round was deternined. Plate tenperatures 
during tho period of ballistic firing varied approximately fron -15°F. to 
-35°^. 

Testing was conducted in strict conformity with the roquirenents of 
the applicable specification (AXS-495» Revision 1 or AXS-4S8 or M&-490). In 
crie ^stance, however, it was found that a l¾■,, plate series could not witl>* 
btand the slug shock test, and reversion was nade to the less severe and 
now obsolete 75 nm A? projectile shock test at 25° obliquity in order to 
lorther classify this natcriad. Firing was confined to the shock and pro¬ 
ject! le-through-the plate tests, since early in the program it had been 
deternined that resistance to penetration was not affected appreciably by low 
température. 

A preliminary reportabas been written at this Arsenal in which the test 
results were summarized and interpreted. Based upon the ballistic tests, 
tho metallurgical data supplied on the data sheets of the plates, and a 
knowledge of the past performance of the material produced by the various 
manufacturers, tho ioliowing outstanding requirements for successful low 
temperature ballistic performance were stated: 

1. In order to pass the specified low temperature shock requironents, 
armor must possess sufficient hardenability to harden throughout upon 
quenching without the rejection of an appreciable amount of ferrite. 

2. Armor which is expected to withstand the projoctil»>through-plate 
test at low temperatures must be fabricated from cleaner steel than that now 
tolerated by the same test conducted at normal temperature. 

Hiring the period following tho low temperature firing program, two 
fracturo tests were developed at this Arsenal as inspection controls to be' 
applied before ballistic testing. One, tho Fracture Test for Steel Soundness, 
was formulated jointly with industry to control the degree of cleanliness 
o.t rolled armor at the steel source, prior to heat treatment; and the other, 
tne Fibre Fracture Test,^ was developed to control tho quenching practice 

1. Rolled Armor Subcommittee Report No. 47 - »ftflaults nf hnw T'anpayttfoM’«? 
malli otic Tests on Rolled Homogeneous Armor Plat esn — 19 March 1943. 

2. Watertown Arsenal Laboratory Report No. 710/532 - "Development of a 
IT* act uro Test to Indicate the Degree of Hardening of Armor Steels upon 
quenching" - 1 August I943. 

-3- 



, REPRODUCED AT (&VEÂêNT EXPENSE 
Jßiid niH1^ hardenabiiity) of cast rolled amor at the heat treating 
lacility. Both fracture tests are now incorporated in the revised epecifica- 
tion for rolled honogeneous amor, AXS-438 (Rev. 2.), 

It is intended in this report to evaluate the netallurgical properties 
01 the nr nor sanples received by neons of the tv/o fracture and other tests, 
to doternine the causes of failure in every case if possible, and by conpari-* 
son of the ballistic results with the metallurgical data of the passing and 
iailing plates to establish the characteristics which nust be possessed by 
rolled amor, 1 to 2" in thickness, for successful belli otic performance at 
subnormal temperatures. 

MAI5R1ALS AND TEST PROCSimy. 

Armor Samples Exanined 

Seventeen sections, approximately 8"xl2"x thickness, that had been 
name cut from representative good and poor rolled amor were received for 
examination. Sections wore removed from the centers of the plates adjacent 
to impacts, iho product of seven heat treating facilities, these comprised 
samples from three l" homogeneous plates, cue 1» face-hardened (carburized) 
¿’late, nine 1¾ homogeneous plates, and four 2" homogeneous plates. The 
plates are listed in Table I with pertinent data abstracted fron the 
corresponding Aberdeen Proving Ground Canadian Cold Test firing records. 
Plates are grouped by plate thickness and tabulated within thickness groups 
according to inferiority of ballistic performance* 

a. Chemical Analysis 

The chemical compositions of the seventeen plates were determined 
at tms Arsenal in order to chock the analyses reported on the C.Á.S. forms» 

3. Hardness Tests 

kardness determinations wore made on cross sections cut fron 
tão homogeneous plate samples. Brinell impressions ware located l/4n frön 
tne plate surface, midway between surface and center, and at the center of 
eacn cross-section. 

, . À Vickers hordnoss survey was made on the cross section of the I» 
carourized plate, across tue face-hardened zone, to determine case depth,' 
xsrincll readings were taken cn the caso face, on the core face, and at the 
center of the cross section of this plate, 

^• jr^stnre Test for Steel Soundness 

Specimens 8" x 3" x T were cut in both directions for the steel 
soununess tost. Bars wore nicked with an abrasive cut off wheel for a depth 
oi i/b at tue midpoint of and perpendicular to the 8" direction, at both 
siacs, and broken slowly under a forge press, factures were then ratèA 
lor steel soundness. The some fractures were also examined and rated in 
accordance with the fibre fracture tost for later comparison with fractures 
produced by a sharp blow, as specified for this test. 

-4- 
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REPRODUCED AT GOVERNMENT EXPENSE 
D. Jibro îxactiaro Tost 

Because of United natexial, half of a previously broken steel 
quality fracture test bar was utilized to conduct the fibre fracture test of 
eacn plate. Notching was dono as before oxcept that depth of notch at each 
side was nil de equal to one quarter of tho bar width, Spocinens were fractured 
by the quick inpact of a forgo banner. j 

E. V-Notch Qharpy Inpact Test 

Ten standard V-notch Charpy spocinens were nachined fron the «MU 
j?_^ . . center of each plate. In addition ten specinono were secured fron each of 

a. V nil« i sti» • .., . _ . 
I * i. ** wr V.—*. v> M w SA * * V*** ^l*>/** V/ * 

the Ip ' and 2" plates at the region adjacent to the center specinens. Those 
Charpy bars were located exactly midway between plate face and cantor in tho 
case of the 2" plates and approximately so in the 1¾11 plates. Of the ten 
Clumpy specinens fron each location, eight wero taken with the long axis in 
the transverse direction and tho notch in the longitudinal direction, and 
two were nachined with the long axis in the longitudinal direction and the 
notch in the transverse direction. 

To nininize scattering of results caused by variance in notch contor» 
and surface, the roots of all notches were polished with a short piece of 
revolving piano wire (.01" radius) charged with alucina abrasive. After 
approximately' one minute of polishing, contours were inspected for truenoss 
of shape and freedon from milling cutter narks. 

The transverse Charpy bars were broken in duplicate at four tenperiv- 
tures: 20°C., -10°C., -l|0oC., and-70°C. Longitudinal specimens wore broken 
at only 20°C. Tho low temperatures were achieved by immersing tho impact bars 
in an acetono-dry ice bath for a minimum of fifteen minutes at testing 
temperature prior to breaking. 

E. Macroscopic Examination 

Specinens approximately 3" long were cut in both the longitudinal 
and transverse direction for nacroetching, Kacroetched structures wore 
examined for correlation with the respective steel soundness fractures and 
then photographed. 

G. Microscopic Determination of Nonmetallic Inclusions 

To further correlate stool quality fractures with inclusion content, 
microspecinens were taken across the plate thickness in both directions. 
The polished nicrospecinens were examined for amount and distribution of 
nonmetallic stringers, and typical conditions wer a photographed. 

H. Hardonability 

Standard Joniny bars, 3n long and 1" in diameter, wore used to detejv 
nine hardonability. Bars were secured in duplicate from the exact canters 
of tho plates and usually in tho transverso direction (to overcome tho 
effects of banding). The bars were austenitized in a slightly carburizing 
atmosphere according to the tine intervals and temperatures used by the 
manufacturer end then quenched in a standard fixture. Eockwoll "C" hardness 

V 

¡f-íra*». 

» 
. • 

Í b V, 
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RfrPROnUCFD AT GOVERNMENT EypENSi.' 

L.u-'Vt^/s wcro aculo on the "bars on cround flats-corresponding to the centers, 
oï^the plato sections. (.050" was ground off to insure eliminating the 
efiects of decarburizntion.) One bar of each plato was also polished and 

flat for examination of the variation in micro structure from 
+r" cooled end and correlation of hardness with nicrostructure. 

etched at one 
qucnchod end. x»o 

I • Motellc^raphic Sxanination 

Metfillograpliic examinations wcro nade of the nicrospecimens pre¬ 
viously studied ior inclusion content. Photomicrographs were taicen of the 
typical structures at tne centers of all the plates except one and nlsO| 
in the caso of the 1¾11 and 2" plates, at the area midway between center and 
plate face whenever the nicrostructure at the center was found to vary from 
the micro structure at this location. 

B3SULTS àST> MgOUSSIOU 

On individual data, sheets comprising Indo sure A aro listed, for each 
cf ehe seventeen plates studied, the chemical analysis, heat treatment, 
piiysieal properties reported by the manufacturer, the ballistic tost results, 
and the data secured from the various tests conducted by this laboratory. 
Accompanying each data shoot isa page containing photomicrographs of the 
nicrostructure and a graphical representation of the V—notch Charpy test 
data of the plate. Data sheets are grouped by plate thickness and arranged 
within each thickness group in order of armor inferiority under ballistic 
test, plates failing the shock test being listed first, plates failing the 
pi’ojoctilo-through-plate test following, and those passing both tests being 
included last. 

At the end of this report, in Appendix 3, on three sheets, are the 
complete test results and reported metallurgical data of all 1", 1¿», and Zn 
homogeneous rolled plates tested at Gamp Shilo, the same information that 
was included in the appendix of the preliminary rqport3 written at this 
¿Irseñal after the completion of the Shilo cold test rolled plate program, 
fhese tabulations are included in order tliat the metallurgical investigation 
of the samples examined may be correlated with the entire progran. 

1. Chemical Analysis 

Inspection of the chemical analyses listed in the data sheets of 
indo sure a reveals that chemical compositions determined at this Arsenal 
differed appreciably from those reported for the Van Dorn lw plate and the 
Jones and Laughlin 1¾11 plate. Ilickel, chromium, and molybdenum contents 
were found to bo substantially lower than reported by Van Dorn. Boron, not 
recorded by Jones and Laughlin, was detected in their material to the extent 
of ,0009$. In both instances the Watertown Arsenal analysis checked with 
the hardenability of the plate, which was otherwise uneJplainablo on the basis 
of the manufacturer^ analysis. Except for tho reporting of lower carbon 
than v;as found in the Van Dorn. 1-1-" plate, all other manufacturers* analyses 
checked very well with the Watertown Arsenal determinations. 

3. See footnote 1, page 3. 
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REPRODUCFD AT GOVERN Vf N? EXPENSE 

Tho analysoa of the plates tosted at Shilo are typical of tho 
conpositions in use at tho tine the naterial was procured. At that period Í 
sinilar platos nado by tho sane conpanies were rof^ilarly passing the shock 
and projectilo-tlaroughf-platc tests conducted at nornal teiiporaturo. 

Fron the data s-aeets in Appendix 3, however, it is seen that a 
large number of shod'!; failures occurred among plates of two typo conpo si tions, 
tue Great Lakes Si-Cr-Mo—Zr analysis and the Disston liigh Ni-Mo conposition, 
especially in the l¾-,, gauge. It will be demonstrated in later sections of 
tin.s report tliat the fundamental cause of this poor shock performance is 
the low hardened) ility possessed by each of these coí^jo si tions, and that 
superiority of one type analysis over another for manufacture of ln to 2" 
rolled armor is dependent primarily upon the hardenability of the steel. 

Since the cold test program, the Disston Company has changed to a 
L'Ti-Cr-Mo chemistry of improved hardenability, and the Great Lakes Company 
has sought increased hardenability first by the addition of boron to their 
standard Si-Cr-Mo-Zr analysis and secondly by the accurate control of the 
percentages of the alloying elements necessary to achieve satisfactory 
hardenability for any particular thickness. Increased manganese and/or the 
introduction of boron has also occurred in the ITi-Cr-Mo analyses of the 
other armor manufacturers to compensate for reduction of molybdenum that 
has be orí necessitated at tines because of shortages in the supply of this 
element available for rolled armor production. 

> 

» 

2. Hardness Tests 

Hocults of the Brinell hardness determinations are tabulated in 
Table II. In this table are likewise listed, for convenient corparison, 
the steel soundness fracture test ratings, the fibre fracture test ratings, 
the V-notch Charpy impact data, and the ballistic data of the plates 
investigated. 

Comparison in Table II of Brinells token adjacent to the surfaces 
of the cross sections with corresponding hardness impressions token at the 
centers reveals that many plates were not fully'- hardened throughout upon 
quenching. Further comparison of hardness distribution with ballistic shock 
performance, moreover, indicates a correlation between incomplete hardening, 
as shown by drop in hardness from surface to center, and failure under shock# 
A more accurate and complete picture of incompleta quench hardening as the 
cause of shock failure will later bo obtained from the data of tho fibre 
and Charpy impact tests and from mierestructure. 

The hardnesses of two of the 1" plates, Camcgio-Illinois plate 
number b-2-T-4 (Brinell: 352 one face, 321 other face) and American Cor plate 
number (Brinell 40l) rare, on tho high side for optimum shock resistance 
at low temperatures. Although tho 37 mn M5I APC projectile fired at 25° 
obliquity does not constitute a severe shock test, tho behavior of the - 
Camegio-Illinois series was only borderline. Two of the four plates of the 
series, including the subject plate, although passing the tost, did exhibit 
cracking; whereas a third companion plate failed at -27°F. by back spalling. 
The ballistic results for this series may have been influenced to some 
extent by the presence of some non-martonsitic austenite decomposition 
products, but in view of the fibre and 7-notch Charpy tost results, high and 
non-uniform hardness are considered tho predominant factors. All of those 
factors will bo discussed in more detail in later sections of the report. 

-y- 
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REPRODUCFD AT GOVERNMENT EXPENSE 

Subsequent to tlio Sillo proigran the severity of the shock tost for 
evaluating I11 honogenoous plato was increased by the substitution of a 
75 tig Slug projectile at no mal obliquity for the 37 nn APC M5I 25° obliquity 
round. In the recent version of specification AX&-48S (Rev. 2) this change 
has been nade mandatory. 

Only one of the throe plates comprising the An orlean Car series 
v/as subjected to ballistic shock. Tested at -15°P., this conponion plate to 
the one examined did not crack upon being impacted at 25° obliquity v/ith 
the 37 en APC M5I projectile. V/hile judged satisfactory.by this criterion, 
the hardness of this series is too high for the amor to bo able to withstand 
a severo shock test. However, since this type of amor was designed for 
naxinuu resistance to penetration by matching or undematching projectiles, 
shock rosistonco is a secondary consideration. 

Hardnesses of the other two l'1 plates are considered satisfactory 
for shock resistance, That of the Van Dom plate, 255/269 Hrinell, la on 
the low side, as a result of which the plate failed to moot the resistance 
to penetration requirements. 

It is woll known that the amor plate characteristics in 1B to grt 
rolled amor that are mainly responsible for plate spalling revealed by the 
projectile-through-the plate test rue high hardness and/or excessive lanina^- 
tions in the steel. Since metallurgical tests indicated that both the 
Carnegie-Illinois and American Car 1” plates had been fabricated fron clean 
steel, the failure of the ferner plate and the tendency to spall of the 
American Car plate 1702-7 and its two companion plates (See Data Sheets 
Ho. 3 arid 4, Inclosure A) are attributed solely to the high hardness levels 
of the plates. 

The effect of low temperature in reducing the hardness level 
permissible in ln plate subjected to the projectilo-through-the plate test 
is illustrated by the Carnegie series, wherein spalling did not occur until 
testing temperature had been lowered fron -IS0?, to -270^. In Table III Is 
shown the increase in spalling within several series, including the 
Carnegie 1” plate series, resulting fron the lowering of the projectilo- 
tliroughi-the plate testing temperature. The table includes spalling duo to 
either poor steel qiality or high hardness. 

It should be noted that the critical tonporature range at which 
spalling first occurred in all of the series listed in Table III is 
approximately -250H* to ~30°P. The sane phenomenon and sane critical 
temperature range have been-detected by the British in carefully controlled 
experinonts with 1¾11 plates. In their experiments apparently hardness alone 
was the cause of spalling at the testing temperatures involved. 

Among the heavier gau ;e plates, except for the Carnegie-Illinois 
lg-1’ und 2” plates, Brinell hardness is well under the upper Unit at which 
cracking or spalling could bo expected to result from the shock or 
project!le-through-the plate tests because of high hardness. The Carnegie- 
Illinois plates v/ill be discussed in the next two sections of this report. 

Total case depth of the American Car and Foundry 1" carburized 
plate was revealed by the Vickers survey to be •3", This hardness survey 
checks the fracture and macrootcli tests and verifies that the Charpy speci¬ 
mens machined from the sxxak center of the plato did not include part of the 
case. 

-8- 
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3* Fracturo Tost for Steel Soundr-eas 

Following an extensive roseorcii prograa in cooperation with 
industry, a fracture test capable of "being applied "by inspectors at the 
steel source to rate and control the cleanliness of rolled arnor plate was 
developed during the past recent nonths at this Arsenal, Fracture standards 
were formulated to classify rolled plate in accordance with continuity and 
nuriber of laminations (caused "by nonnetallic inclusions or ruptures occurring 
during processing) revealed upon fracturing a quenched and drawn sample of 
specified size. The dividing line between steel ox acceptable quality and 
rejectablc quality was based to a great entent upon months of correlation 
between fracture classifications and ballistic results of projectile-through- 
the plate tests. 

This steel soundness fracture test is now a part of specification 
AXS-l^S (Rev. 2), which applies to machinable rolled homogeneous amor plate 
in thicknesses from 1/S" to 4", inclusive, and to hard homogeneous rolled 
armor plate in thicknesses from 3/16" to 7/l6n, inclusive. 

The word standards for tho inteiprctation of tho fracture tost 
for steel soundness, incorporated in .Appendix I of specification AXS-4SS 
(Rev. 2), have been included in this report as Appendix A, it should be 
noted that armor in gauges up to and including l-l/S” is judged rejectable 
when the fracture is classified as 11D" or "E", ’whereas plate 1-1/411 to 4" 
in thickness is not considered rejectable until the very inferior "E" 
classification is encountered. 

During tho period when ballistic performance was being correlated 
with fracture classification in order to establish satisfactory or rejectable 
criteria, all three gauges of plate investigated in this report wore tested 
with tho some caliber projectile, tho 37 mm M51 APC shot. Thus, in the 
case of l" plate the projectile was overmatching, whereas only a matching 
condition existed against 1¾11 plate, and in the case of 2M plate, tho pro¬ 
jectile was undermatching. It is well known that an overmatching projectile 
is more likely to cause a plato of poor stool quality to spall than a 
matching or undematching projectile. The severity of test, therefore, 
decreased with increase of plate thickness, and it would be expected, as 
was found during the correlation period, that the heavier tho gauge, tho 
moro unsound a plato could be and still pass tho projoctile-througlv-the 
plate test. 

Although tho effect of the projectile diameter-plate thickness 
relationship upon tendency to spall is not recognized in the fracture 
standards by the sotting of "D” as a passablo classification for and 2" 
plate, tho non-unifomity and inadequacy of the projectile-through-the 
plate test itself have been overcome in the recent revision of specifications 
AXS-495 (Hev. 2) and AXS-4SS (Rev. l) as specification AXS-466 (Rev. 2), 
which merges and revises the two specifications raid requires overmatching 
projectiles at normal obliquity through and 2" plato (57 nn AP WJO and 
75 nn AP M72, respectively) as well as for ln plate (37 nn .AP Wjk), 

Reference should now be made to Table II, wherein are tabulated 
the steel soundness ratings judged from fractures broken both parallel and 
transverse to the final rolling diroction. According to tho specification, 
a fracture need be broken only parallel to the final rolling direction of 
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a slab in racing steel quality. Table II indicates, as have other instances 
noted at this Arsenal, that fractures in both directions are preferable. 

The directional characteristics of the plates, determined fron the 
steel soundness fractures and nacroetched sections, are included in Table II 
following the soundness fracture test ratings. These"data will be discussed 
further in Section 6, '•Macroscopic Examination". 

In assigning fracture ratings to plates during the discussion to 
follow below, the more severe of the two classifications detornined for each 
plate will be selected. Hois is permissible especially if the selected rating 
is that of the transverse fracture, for this fracture is in fact more repro- 
sentative of a plate than tno longitudinal fracture, since the former con¬ 
stitutes a summation of many inclusion plates or planes, whereas the latter 
may in the case of straightaway or essentially straightaway rolled steel 
represent only one piano. In all instances except one where longitudinal 
and transverse fracture ratings of a plate differ in Table II, the transverse 
is seen to be the inferior fracture. 

•1 
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Due to the necessity for utilizing the fracture sections for other 
physical tests, the fracture bars having Brinolls above 3OO were not tempered 
to this hardness before fracturing, as required by the specification. However, 
only two plates had hardnesses significantly above 3OO Brinell, the Camogio 
Illinois and the American Onr and Foundry 1" plates, and other tests 
corroborated their steel quality fracture test ratings. 

In tlüs section the discussion will be confined to reconciling steel 
soundness ratings with projectile-througb-the plate spalling. The effect of 
steel quality upon shock will be described in Section 4, "Fibre Fracture Test", 
Individual plates will be considered in conjunction with the ballistic re¬ 
sults of the whole series, with the assumption made that the fracture ratings 
of all plates in a series are the same as that of the plate examined. Ho 
statistical tabulation can bo made, however, of PEP behavior at low temperature 
versus steel soundness as revealed by the fracture test because the data are 
both insufficient and complicated by the presence of varying factors such as 
hardness aid incomplete quench hardening. 

Among the 1" plates spalling occurred in two series designated as 
of "C" quality. In one case (Van Dorn Plate Ho. 1 - Brinell 269/255) the 
samo plate previously found acceptable and without back spalling at -l6°F. 
spalled excessively when tested again at I a the second instance 
(Dis ston Plate Ho, 1 — Brinell 3-^/302) spalling did not occur in the series 
until the testing temperature had been lowered from -P2°F. to -30°F. The 
data for both series are included in Table III. Wien it is remembered that 
similar plates manufactured by the sane facilities were usually passing the 
same PTP test at normal temperature, these examples indicate that plate 
e:<pected to consistently behave satisfactorily at low temperature when tested 
with overmatching projectiles at normal obliquity must be of better steel 
quality than that tolerated at room temperature. (Hete: The Disston results 
may have been influenced by the hardness level as well as the steel sound¬ 
ness. ) 
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It may be argued that steel quality of every plate in a series is 
not necessarily similar and therefore the conclusion above is not necessarily 
valid in regard to the Disston series. This Is indeed possible, for 
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rxonnetallic coatout can vary fron ingot to ingot within a boat and fron 
location to location within the sano ingot. .Anong tho three serios, however, 
whereby two eonpanion plates were exaninod fron oacli sorios, stool quality 
was found to ho sinilar for each pair of plates. (Disston and G-roat Lakap 
lc" plates cind Great Lakes 211 pilâtes.) And it would he an unusual coincidence 
if in all tho series listed in Table III tho plate-tested at the lowest 
tenperature of a series, the plate that spalled, should differ in cleanliness 
fron the companion pilâtes which were tested at higher tenp or atures and did 
no *t sp al 1 • 

Ox tho four series in the I5" thickness range characterized by "D" 
fractures, spalling occurred in two, the Carnegie-Illinois and Republic 
groups, À Brinell of 3II/285, wliich approaches the upper hardness Unit for 
satisfactory roon tenporaturo PIP penetrations, probably contributed toward 
the occurrence in the Oarnegio-Illinois series of bo,ck spalls (borderline 
acceptable) at all testing temperatures fron -24°P, to -35°P. In the case 
01 tho Republic plates (Brinell 245-220) spalling tendency was not revealed 
until temperature had been decreased fron -24°P. to -33°P. Tho data for 
tills series, shown in Table III, corroborate the conclusion drawn previously 
in regard to tho quality of steel necessary for consistent satisfactory 
ballistic perfornance at subnornal temperatures. 

Considering that 1-½11 plates fabricated fron "D'» quality steel 
(Youngstown and Van Dorn) and oven "E1' quality steel (Great Lakes) did not 
spall at any testing Temperature when penetrated with 37 ^¡? projectiles 
(See Data sheets in Inclosure A), and recalling the discussion at the outset 
of this section on the effoct of the projectile- diameter-plate thickness 
relationship upon the revelation of spalling tendencies due to inclusion 
laminations in plate of normal hardness, it is proper to state that the PIP 
test given to tho ll" platos at Cenp Shilo was inadequate. Had the 57 ^ 
projectile been used, there would undoubtedly have resulted a much larger 
percentage of failures of nDn and "E11 quality material and therefore a much 
better correlation between steel soundness and PIP results. 

» 
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Among the 2n plates, severe spalling occurred in tho series 
characterized by "E" fractures (Great Lakes - Brinells 281/238 and 285/23¾) 
and in the series found to be of "B" steel quality (Carnogi&«Illinois — 
Brinell 302/297)» ^Ae fractures of the two Groat Lakes plates exanined coîw 
tained many more than the minimum number of laminations required for the nZB 
classification, SVon experience with armor of sinilar quality, it appears 
probable that these plates would have failed if penetrated with the undeav 
matching 37 sn AFC M5I projectile at roon temperature. 

Tho data for the Carnegie-1Hinein series ore included in Tabic III, 
Again the detrimental effect of decrease in ta^eratxrro is illustrated. 
Since steel quality of the Gernegie-Illinois sample examined was found to be 
excellent, it would appear that a Brinell hardness of 3OO in 2" plate is 
excessive for resisting spalling when penetrated completely with tho under¬ 
matching 37 mm APC M51 projectile at -29°P, 

Hone of the three Pord 2" plates (,,D,, fracture rating and 265 Brinell) 
spalled at the testing temperatures, -250^. and-26°E, This series is an 
indication that the conclusions in regard to the inadequacy of the PIP tost 
for l¿n plates expressed previously pertain to tho 2n plates also. 
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4. libre fracturo Test 

The fibre fracture tost is the second fracture test developed at 
tills Arsenal4 and incorporated into specification AX£>-4SS (Rev. 2) to 
elininate unsuitable arnor prior to ballistic testing. In this test the 
response to quenching and resulting inpact toughness of regular quenched 
and drawn production plates are deternined by Ordnance inspectors at the 
heat treating facility fron the appearance of the fracture produced by 
breaking a notched sanple of specified size with a quick blow at roen 
temperature. 

Metallurgical investigations51^ have revealed the following 
information about each of the three types of fractures encountered: 

4. 

5. 
6. 

7. 

a. The fibrousT fracture is characteristic of amor which 
possesses relatively high iiçaet strength at high rates of strain. 
Arnor which has been coupletely quench hardened and tempered to 
a hardness below approximately 3^360 Brinell (and which is free 
of temper brittleness) gives a fibrous fracture. Amor which 
contains high and/or intemediate temper at uro transformation 
products will also break with a fibrous fracture providing the 
hardness is sufficiently low. Generally, the higher the hardness 
of a "fibrous11 plate, the loss the quantity of non-nartensitic 
products that it nay be expected to contain, For example, in 

See footnote 2, page 3, 
See footnote 2, page 

Investigations conducted subsequent to Reference Ho, 5 and. not written 
up into a formal report. 
The following arc the definitions of fibrous, crystalline, and nixed 
fractures used at this Arsenal (Taken fron Reference Ho, 5)* 

Fibrous Fracturo 

The fibrous fracture is characterized by a non-reflocting dark 
gray, rough and pitted surface. The sides of the fracture show the 
necking-in associated with ductile behavior. 

Crystalline Fracture 

The crystalline fracture is characterized by a bright silvery sheen 
caused by reflections from facets. The surface of the fracture tends 
to bo flat and the sides undofomod. The fracturo appears brittle in 
nature. 

Mixed Ttracturo 

The nixed fracture contains elenents of both the fibrous and 
crystalline types of fractures. The crystalline region usually consists 
of patches or streaks in a fibrous natrix. 
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tho cano of l” to 211 rolled plates having hardnessos holow 
approxinately 250 3rinell, fibrous fractures have been achieved 
by micro structures containing substantial amounts of non- 
nartensitic austenite deconposition products. In tho same 
gauge armor of higher hardness, a fibrous fracture has usually 
designated at least fairly well quench hardened material. Armor 
which is characterized by a fibrous fracturo behaves in a ductile 
manner when subjected to ballistic shock at normal temperatures. 

b. Tho crystalline fracture, in plates of hardness less 
than approximately 3 ^*3^0 Brin ell, designates armor which, 
bocauso of incomplete quench hardening and tho resulting presence 
of excessive amounts of high and/or intermediate transformation 
products, has relatively low impact strength at high rates of '■** 
strain, A crystalline fracture may also be caused in oven 
completely quench hardened na.terial by terpen brittleness or 
hardness in excess of the upper limits designated. Amor which 
or calcs with a crystalline fracture tends to fail during room 
temperature ballistic shock tests. 

c. The nixed fracture, in amor softer than the specified 
hardness range and free from temper brittleness, is caused by 
the presence of non-mart err si tic transformation products in 
lesser amounts than exists in v/holly crystalline material, 
rhe fracture represents impact properties and ballistic shock 
performance intermediate between those of armor which breaks 
in a fibrous manner and armor which, bréales in a crystalline manner. 

Armor which is revealed by tho fracturo test to have broken with 
either a crystalline or nixed fracture is not considered acceptable for 
ballistic testing. 

In Table II are listed the fibre fracture test ratings of the steel 
quality fractures as well as tho data of the fibre fracture tost. This has 
been done to illustrate two phenonona which should bo realized whenever the 
fibre fracture test is to be conducted. 

Study cf tho fibre ratings of tho steel quality fractures will 
reveal that in the case of ^ and '‘S* quality plates characterized by nixed 
fractures, the transverse fractures showed appreciably less crystallinity 
than the corresponding longitudinal fractures* This material had been 
straightaway rolled and hence when fractured tho Iminations in tho fractures 
perpendicular to the rolling direction were much deeper than those in the 
fractures parallel to the longitudinal direction* The effect of a deep 
lamination is to change the fracture of an incompletely quench hardened 
material from a brittle to a ductile break because of tho plastic deformation 
initiated by slip along the inclusion plate surfaces* This phenomenon will 
be encountered again in the f,V-îïotch Charpy Impact Test" section of this 
report. 

With the above situation in mind, fracture bars for tho fibre 
fracture test were selected, in general, so as to secure longitudinal frac¬ 
tures. Comparison of those deeply notched, quickly broken fractures with 
the corresponding shallow notched, slowly broken steel quality fractures 
illustrates the second phenomenon. It is evident that crystallinity is much 

V: 
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norc pronouaced in tho fracturos produced "by the fibre tost than in the 
coop onion stoel quality fractures. Indeed, in sonc in stances.plat es which 
arc indicated by the shallow notched, slowly broken fractures to have been 
alnost conplotely quench hardened liave been revealed by the chance in depth 
of notching and speed of fracturing to have boon rather incompletely quench 
hardened, Purther reference in this report to the fibre fracture test data 
will pertain only to the ratings achieved by the deeply notched, sharply 
impacted fracture bars, (Kote; In the case of tho Carnegie-Illinois l|" 
plate no crystallinity was revealed by the fibre fracture test although a 
snail amount was indicated by the stool quality fractures. Tho fibre rating 
of the latter test will be considered tho true rating in this case.) 

•although insufficient data preclude any attempt at statistical 
correlation between the various fibre fracture tost ratings and response to "•¡Wîl.. 
low temperature ballistic shock, several trends are evident from inspection 
of Table II. Corroborating tho correlation found in the case of the cast 
plates tested at Camp Slxilc,^ all plates having fibrous fractures possessed 
satisfactory ballistic shock properties at low temperatures, whereas plates 
whoso fractures were largely crystalline (the lè" platos only' in this J 
instance) usually failed the test. These trends,are further emphasized upon ^ 
reference to the data sheets ox Indo sure h, wherein it can be seen that not 
a single shock failure occurred in the five series characterized by tho 
fibrous fracture. 

The question may bo raised at till3 point a.s to whether or not the 
fibre test fractures of the two Van Dom plates and the Youngstown plate can 
be considered fibrous in view of the one or more deep laminations present 
in the fracturos. In these instances, from metallurgical examination plus 
low temperature 7-notch Charpy tests with specimens that wore free of lamino- 
tions, it can be stated that little if any crystallinity would have been 
present had the fractures been devoid of laminations. Were it not for these 
additional data, which would not have been available for inspectors in the 
field, tho results of the fibre fracture test for these plates would 
necessarily bo considered inconclusive. 

The data in Table II and Inclosuro A also indicates that 2B plate 
characterized by fractures that are approximately 25^-60^ crystalline usually 
passed the shock test administered at Comp Shilo* The apparently conflicting 
behavior of the Great Lakes series, wherein Plate 1XL (5$> crystallinity) 
failed under shock whereas Plate 1X4 (50^ crystallinity) passed the test is 
due to the effect of the fracture laminations of this "E1* quality stool upon 
the character of tho fibre test fracture. Micro structurally the plates are 
equivalent and indicative of very poor quench hardening; and it is felt that 
had the steel been clean, the fibre fractures would both have been pre¬ 
dominantly crystalline. The conclusion to bo drawn from tho fibre fracture 
data for the 2B plates is that the low temperature shock test at Camp Shilo 
for 2" plates was comparatively mild and inadequate for separating plate 
possessed of optimum shock resisting properties from those having borderline 
shock resistance. 

8, Watertown Arsenal Laboratory lieport lío, 710/53^ ”Correlation of 
Metallurgical Properties -with tho Low Temperature Ballistic Shock 
Characteristics of l" to 211 Low Alloy Cast Amor Tested at Carp Shilo" - 
l6 August 1943. 



REPRODÜCf D AT GOVf R^„Îî:NT EXPENSE 
Ilití effoct of steel quality upon shock failure is illustrated hy 

tue Carnegie-Illinois 1¾11 plate. Since failure under the impact of the 
non-penetrating slug was caused "by a hack spall, it would he suspected that 
the cause was poor steel quality. The "D11 fracture rating assigned to this 
plato and the presence of only a small amount of crystallinity in the frac¬ 
tures of this material indicate that steel quality was the predominant 
causo of failure. 

3* V-Hotch Charpy Impact Test 

The energy values .and corresponding fracture descriptions of the 
v-nctch Charpy test hars are recorded in Table II for ready comparison with 
the fibre fracture test ratings and the ballistic shock results, Charpy 
iractures are described in regard to presence of both crystallinity and 
laminations, with ratings similar to the fibre and steel soundness tests 
except that the presence of a deep lamination is further indicated by a 
notation after the soundness rating. The Charpy data are further represented 
graphically in Inclosure A, Figures 19 to 35* underneath photomicrographs 
of the micro structures photographed at locations within the plate sections 
which corresponded to the longitudinal axes of the Charpy bars. Thus, 
impact results can be readily compared to micro structure. 

At the outset of this section a brief discussion is advisable as to 
the reasons for the low terpei'ature Charpy tests.9 It is the misconception 
of some people that the prime value of a. Charpy tost at a particular 
temperature is to determine an energy value which is to be considered as 
indicative of the impact rosi stance of the material at that temperature, and 
that, if a material is to be used in sorvice at some particular temperature, 
the impact test should be run only at this temperature. 

It lias been recognized by investigators-^* Ü» 12 that the most 
important result to bo sought from impact testing a material at successively 
lower temperatures is the temperature at which the test specimen fracture 
changes from a ductile to a brittle typo. The brittle fracture is indicative 
of poor shock resistance; fracture occurs without the absorption of appreciable 
energy by the material. Other factors, such as dimension of the piece, depth 
of notch, and strain rate, act similarly to temperature in causing the change 
from ductile to brittle behavior. 

9. The V-notch ohaipy test is investigated and explained thoroughly in the 
following report written at this Arsenal; "Plastic Flow and Ripture of 
Metals - Third Partial ReportM - 6 September 19^3» VÂL Ho. 73R/10-*2. 

10. D. J. McAdom, Jr. and E. W. Clyne - "The Theory of Impact Testing - 
A.S.T.K. ¿g, Part II (1938) 

11. II. Davidenkoff - "Some Considerations on the Impact Testing Problem" « 
A.5.T.M. ¿3, Part II (l93S) 

12. See footnote 9* above. 
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In sQeicing to determine the room teaperature impact properties of a [’ *}* 
material, eqpecially as regards resistance to ballistic shock, the logical | 
approach v/ould appear to consist of breaking test roocinons at room tenporatur 
at higher and higher rates of strain and ft löfffiSÄk the strain rate at ;) 
which the material fractured brittlely; the higher this critical strain rate, "j 
the higher being considered the impact resistance of the material. Since it .] 
is not at present possible to achieve very high rates of strain by any impact -< 
testing device and since decreasing the temperature has an equivalent effect ' ^ 
to raising the strain ratet^3 with a small decrease in temperature, moreover, 
being equivalent to a large strain rate increase, V—notch charpy specimens 
are tested at low temperatures to evaluate the resistance of material to 
high rates of strain. 

.Another point which must be recognized before critical inspection of 
the impact data in Table II is the effect of laminations upon the energy 
values and character of the fractures. It is readily apparent from compari¬ 
sons in Table II of duplicate specimens broken at the same temperatures that 
tne presence of a deep lamination causes an increase in the impact energy, 
and tnat this increase is more pronounced at and below the temperature of 
brittle failure than above this temperature, with the fracture being changed 
fren crystalline to fibrous at and below the transition temperature. Several 
illustrative examples are as follows: Standard öreat Lakes} 1^B plate center 
of section specimens broken at 20°C.; Camegie-Illinois l|" plate center of 
section specimens broken at -4o°C.; and Standard (Jones and Laughlin) 
plate center of section specimens broken at —'J0o0% All energy values which 
have been influenced by laminations should be disregarded. This was kept in 
mind when the Charpy energy versus temperature curves of Inclosure A wore 
drav/n (Note: The effect of the laminations night have been overcome to some 
extent had the notches been machined in the thickness direction). 

Heferring now to Table II and the curves of Inclosure A, it is seen 
that plates whoso impact strengths at the center of the section as well as 
midway between the center and plate surface did not drop appreciably at 
-40°C. gave completely fibrous fractures in the fibre fracture test; whereas 
plates whose impact energy at both locations dropped rapidly as the tempera¬ 
ture of testing was lowered from room temperature gave predominantly cry*» 
stalline fractures in the fibre fracture tost. The Carnegie-Illinois lJM and 
2" plates are illustrative of amor whose impact strength at -40°C. has 
decreased appreciably from the room temperature energy for specimens at the 
center of the section, although at the location midway between center and 
surface the room temperature impact value has been maintained at -40°C, The 
fibre fracture of the 1^ plate allowed only a small amount of crystallinity; 
that of the 2” plate, about 25$* From an overall coiçarison between tho 
fibre fractures and the fractures of the Charpy specimens, it is seen that 
the severity of the fibre fracture test for ln to 2ff plate, conducted at 
room temperature, is equivalent to that of a V-notch Charpy test conducted 
at some temperature between -10°C. and -40°C. 
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Correlation of tho impact data with micro structure will bo covered 
in the section dealing with mi crest rue ture, Section 9, It will bo shown there 
that the naintainance of adequate room tenç er ature impact resistance by speci¬ 
mens taken from the center of the plate and tested at temperatures down to 

13» See footnote 9» page 15» 
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-4o°C, is associated with a nicrostructure consisting entirely or almost 
entirely of tempered nartonsite, and that the decrease of inpact energy with 
doorcase of temperature before -40°C. is reached is duo in plate sof'.or tluui 
approxinately 3^0 Brinell to the prosonco of high and/or intornodiate tonpercy- 
ture transformation products such as ferrite, pearlite, and bainite. By 
adequate roon temperature impact energy is noant the inpact value which is 
possessed by conplotoly quench hardened plates of the sane Brinell and sinilar 
nechanical troatnent. This corroborates other data^*Î5»l6 obtained at tlii: 
Arsenal. Tlius,by perforning V-notch Chaipy tests at low temperatures, it can 
bo determined whether or not a steel has been thoroughly quench hardened, 
This is the chief value of V-notch inpact testing of ancor plate. (Note: 
This is true providing the steel does not suffer fron tenpor brittleness. 
Such steels, although thoroughly quench hardened, will lose impact energy 
with decrease in temperature.) 

6. Macroscopic Examination 

The macro structures of the plates are illustrated by Figures 1 to 6,' 
Eatings determined from the steel soundness fracture test are recorded under 
the photomacrographs of the etched macro bars corresponding to the steel 
soundness fractures. Descriptions of the etched sections are included in the 
data sheets of Inclosuro A. 

In many instances the macro structures reveal the inclusion stringers' 
rosponsible for the laminations and resulting fracture ratings of the plates. 
In some, the macro structures are cleaner than would be expected from the 
evidence of the stool soundness fractures. Tlüs phenomenon, which has boon 
seen bn many occasions in the past, nay be accounted for in great part by the 
difference in the number of planes tested by the two proceduros. In a macro— 
etched section the inclusion content and distribution are revealed at only 
one plane through the steel, whereas the effect of a fracture in revealing the 
nonnetallic condition is, in a sense, threo dimensional. 
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The directional characteristics of the plates, which were observed 
from the steel soundness fractures and listed in Table II, ore illustrated 
by the photographs of tlio macroetched structures. The following plates are 
revealed to have been rolled in one direction predominantly. Both Standard 
(Great Lakes) 1¾11 plates, the Standard (Youngstown) plate, both Standard 
(Great Lakes) 2n plates, Ford ?late 20^0-$, and Carnogio-Illinois Plate 
I2943S-CTB and the Bepublic plate. The latter two plates were cross rolled} 
all others wore straightaway rolled. 

A particularly "woody" fracture was noted when the transverse frac¬ 
ture bars cut from the Hepublic plate were broken. The causo is revealed by 
tho macroetched longitudinal section, which shows the presence of numerous 
short elongated inclusion stringers throughout the section of this pre¬ 
dominantly uiidirectionally rolled material. 

l?r~ Seo footnote 9» page 15. 

15. See footnote 2, page }* 

16. See footnote S, page 14. 
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7* lîicroscoijic .Doternination of Honxaotaxiics 

In Fisuras 7 to 10 are pliotonicrographs illustrating the anount and 
distribution of inclusion striusers within each plate. In the data sheets 
ox Inclosure A nonnetallic condition is correlated vãth corresponding nacro— 
etched structure and steel soundness fracture ratings. 

Although insuffieiont specinens were oxcuninecl to ecçocct a quantita¬ 
tivo correlation between inclusion content and nacrostnictxirc and fracture 
rating (and this was not intended as apart of the investigation), the type 
inclusions responsible for the steel soundness ratings were detected in every 
instance except one (Disston 1" plate). The poor steel quality of all the 
Great Laicos plates, the Carnogi^«Illinois 1^" plate, and the Youngstown 
plate was found to leave been caused by long stringers of oxide type inclo* 
siens, Án oxide type of inclusion was also seen to have been responsible for 
1/UG 1 aninations in the fractures of the Republic plate. The numerous stringers 
in the nacrostructure of this plate, which are apparently the cause of the 
extreme "woodiuess" of the longitudinal fracture, consist of f thin elongated 
inclusion***}«. 

The quantity ox inclusions soon microscopically in the two Von Bern 
plates and the Ford plate was less than would bo expected fron nacro structure 
¿ut-í- xracture, but the distribution checlced tho results on nacro structure and 
iracture in each case. Centerline concentrations of tliin elongated inclu~ 
sions seen nier^in both Van Dom plates correlato v/ith the 
centerline condition revealed yy macrootcliing and fTactuxe. Sulphide inclus¬ 
sions were found in the Ford plate in concentrations n<Jnly at the center of 
tne section, the sane location where laminations were revealed by nacro— 
struct’ure and steel soundness fracture. 

S. Harder.ability 

Results of the Joniny hardenability tests are recorded in Table IV 
anu the data sheets of Inclosure A. The hardness survey data are plotted in 
Figures 11 to 1J, Chemical analysis and Joniny heat treatment cycle are 
listed underneath the harêanability graph of eacli plato. The oust0¾.zing 
temperatures and tine cycles used are those reported by the manufacturers 
on the CnS feme.-^-7 These data were lacking for the Jones and Laughlin plate 
and the Van Dom plates. A tenperature of l600°F* ms selected for the Jones 
and Langhlin Joniny bars cinco tMs was the tenperature used by the conpany 
at tiiat tine. Tho Van Dom Joniny bars were austenitized at 16750^. in order 
to achieve complete solution of the carbides of those moderately high 
chroniun-nolybdonun stools. 

In le IV hardenability, as neasured by Rockwell nCB hardnesses at 
various distances fron the quenched end of the Joniny bar, is evaluated in 
terns of equivalent plate thickness.-^ This has been done using two separate 
hardenability criteria and two different quenching rate»—still water and a 
water spray—for each criterion. 

17. 

18. 

The Disston l” plate Joniny bars were accidently austenitized at 1425¾ 
instead of l450°F. 
The. substitution of equivalent plate thickness for hardnesses at 
various distances fron the Joniny bar quenched end was acconplished by 
means of data and graphs reported by the Battelle Menorial Inst, in the 
report "Correlation of Cooling Velocity of the Standard Joniny Hordexv- 
ability Test with tho Cooling Velocity within the Cross Section of 
Platos" - John G, Kura and C. H. Lorig - Battelle Menorial Inst. 
24 August 1942. lg_ 
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topwiiyi i. 

In Taille IV are also list*od data achieved hy nicroscopic oxanination 
' oi' one Joniny har of each plate after polishing and etching the flat on which ; 

the hardness snrvey was nado. By neons of the nicroscopic data, the J 
hardenability of each plate is listed in lábio IV as adequate or inadequate 
depending on whether or no* the material was capable of being quenched to a 
greater than 90# nartonsite structure at the center of the section. These 
data are for quenching efficiencies of both still water and a water spray. 

Tho first hardness hardenability criterion to be discussed is 
Rockvoll "C" 43» At tho period when Joniny hardenability tests wore being 
conducted on arnor plate for the first tine, it was found that amor having 
a n ini nun hardenability such that it could be quench liar don od to at least 
nc 43 at tho center of the section gave passing ballistic shock performance. 
Material was tnerefore considered to have adequate hardenability if tho 
Joniny bar had a hardness of Rc 4j or over at the distance fron tho quenched, 
end which had the sane cooling rate at 1300°P. as tho center of the subject 
plate or casting when the material was quenched at the heat treating facility, 

With the advent of the fracture test and increased production of arnor 
thicker than 2n, it was found that while this criterion was generally valid 
oalliaticully for plate in thicknesses up to 2” nade fron low alloy composi¬ 
tions, it was unreliable for application of tho fracture test to low alloy 
arnor of moderate hardenability and invalia for higher alloy, high hardeiv* 
aeility armor (from which arnor in thicknesses above 2" was fabricated) fron 
tne standpoint of both ballistics and tho fracture tost. The reason is shown 
in Table IV by the column headed "Percent Transformation Products Other Tlum 
Martensite at Rc 43", As indicated by tho data for the Shilo plates, in 
armor having carbon contents over the range .20$ to ,30$, Rockwell "C 43 can 
correspond to micro structures ranging fron 100# nartonsite to 0# narteneitc. 

In the column referred to above it should be noted that generally 
tho lower tho hardenability of the steel, as neasured by nunber of l/Xó* fron 
tho Joniny bar quenched end to Rc 43, the less the auount of transformât ion 
products other than nartonsite that is present at Rc 43, Thia is due noinly 
to the difference in the transformation characteristics end resulting hard» 
nesses of tho non-mar ton si tic transformation products. Thus, for example, 
these products at Ro 43 in the Groat Lakes 2" plate Joniny bar consisted 
entirely of ferrite containing round carbides aligned in rows or randonly 
distributed and ferrite containing carbide plates (peorlite), whereas tho 
products in tho Jones and Laughlin Joniny bar at Rc 44,5 consisted mainly 
of carbidic needles (boinite) with only traces of ferrite present. These 
micro structures as well as the Rc 43 structure of tho 1" Van Dorn plate are 
shown in Figure 18, 

Another factor which influences the amount of high and/or inters 
mediate temperature austenite decomposition products present at Rc 43 is tho 
hardness at I/16" from the Joniny bar quenched end. The closer this value 
is to Rc 43, tho less tho amount of non-nartensitic transformation products 
formed. An example is the comparison between the Camogie-Illinois 2" 
plate end the Ford 2" plate, both of which had the sane types of products 
at Rc 43. In the caso of the Disston plates, moroover, no high or inter¬ 
mediate temperature transformation products were present at Rc 43, the 
quenched end hardnesses being only 44 (l^" plate) and 45*5 (l* plate). 
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It kiould also "be noted, just as in the Jones and Laughlin-*- 
Great Lakes example cited aoove, tliat the typos ox austenite decomposition 
products will he different at Rc 43 for a high hardonability steel than for 
a low alloy steel of only nodorate hardenubility. Sxporienco has shown that 
a low alloy stoel plate containing a certain amount of high and intornediato 
temperature transx'ornation products, as revealed in the tempered structure 
by the quantity of ferrite present, can have good ballistic properties, 
whereas the tampered micro structure of a high hardonability steel of the same 
hardness (in a thicker section, of course), although devoid of ferrite, can 
give poor shock I’esistance because of the presence of detrimental trans¬ 
formation products which are net discernible in tho tempered micro structure. 
Just how much of each of the various liigh and intermediate température 
transformation products is permissible in armor is not known at this date. 
By tho fibre fracture test, however, the amount is limited to that quantity 
which will not reduce materially the shock properties of the stoel at high 
rates of strain. 

In summation of the above paragraphs, it can bo stated that Rc 43 
is an unsatisfactory hardenability criterion for bo tlx low and high alloy 
armor since the amount of high and/or intermediate temperature austenite 
decomposition products present at this as quenched hardness, depending on the 
factors described above, can vary from 0$ to 100$. Purther, one reason why 
this criterion was usable for low alloy moderate hardenability armor although 
not adequate for higher alloy, high hardenability material is the much 
smaller amount of transformation products (other than martensite) present in 
the first typo of steel at Rc 43. 

Tho second hardenability criterion is the hardness on tho harden— 
ability graph at which an abrupt hardness drop begins, iron Table IV it can 
bo soon that, for low alloy moderate hardenability steol, this hardness is 
equivalent to a micro structure containing less than 10$ of high and/or 
intermediate temperature transformation products (in tho Shilo plates, usually 
even less than 5$-)» Therefore, to achieve micro structures that are com¬ 
pletely or essentially completely martensite, this criterion can be used for 
low alloy moderate hardonability steels. 

Referring to the data for the high hardenability material examined— 
the Jones and Laughlin, Youngstown, and Von Dorn l-|n plates and tho American 
Car 1" plate—even this criterion is found to be invalid for such amor. 
Tho structure is already only 90$ martensite at several I/16" before the 
hardness at which the abrupt hardness chango has occurred. Moreover, 
instances have boon seen at this Arsenal whereby high alloy material which 
showed vary little if any drop in hardness at 40/16” from tho Joniny bar 
quenched end was found unsuitable for armor in thicknesses that apparently 
should have been capable of being quench hardened at the plate center to the 
Joniny bar Ijo/lG" hardness. 

Recently a test specimen has been developed in tho laboratory to 
determine the hardenability of armor steels not in terns of as quenched hard* 
ness but instead in terns of ability to give a fibrous fracture. The speci>- 
men dimensions are lengthr—3", widtfr—2”, and thickness—.6" to .7W. It is 
austenizod and end quenched in tho some manner as the Joniny bar. Following 
end quenching the test bar is tempered to the desired hardness, nicked for 
a depth of 1/3" along the lengthwise centerline of a foco, and fracturad 
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o'j a quick b..ow. Ihe aarieaaDiiity of tue atooi is x*acord©d as noxinun 
distance fron the quenched end at which the fracturo is still wholly fibrous. 

ïTon conparison with standard'Joniny bars, the cooling rates at 
various distances fron the quenched end have been, deternined. The cooling 
rates of the end quench fracture bar have been found to bo a little slower 
than the cooling speeds of Joniny bars at corresponding distances fron the 
quenched end. ^y substituting equivalent plate thickness for the cooling 
rate at which fibre is maintained in the end quenched fracture bar, the 
hardenability con be expressed as naxinun thickness of plate that will give 
a fibrous iracture upon being quenched (with specified quenching efficiency) 
and drawn to the hardness of the tenpered end quench fracture bar. 

By perforning end quench fracture bon tests, the ability of a steel 
to develop a fibrous fracture in various thicknesses of amor and at various 
hardness levels can bo deternined in a direct manner. The question as to 
how mch high and/or intornediate terser ature transformation products can bo 
tolerated can be answered by correlation of fracture bar micro structure with 
fracture appearance. The influence of other factors that affect the attain- 
cent of fibre, such as retained austenite and temper brittleness, can bo 
determined, This method, in conjunction with the standard Joniny tost, is 
now being used for hardenability evaluation of armor steels. 

Attention should now be directed to Table IV in order to evaluate 
the hardenability of each of the seventeen plates examined. The criterion 
used will be the Joniny bar hardness at which the structure is >90^ mar ton- 
site. In all instances oxcqjt for the four high hardenability plates 
r zerred to previously, tïils criterion is equivalent to the hardness at the 
beginning of the drop in the Joniny curve. Adequateness of hardenability 
is stated in the last two columns of Table IV. 

iW»*'>'»*«' 

ï 

inMfcWi*Sf 

It is seen that only five plates possessed sufficient hardenability 
for still water quenching—the Van Dom and .American Car 1K plates, and the 
Jones and Laughlin, Youngstown, and Van Dom l|‘r plates. The Caraogie- 
illinois lu plate was capable of being satisfactorily quench hardened 
throughout the section only by means of a water spray (Quenching efficiency 
of 3=1.S) or quenching practice of equal efficiency. The steels used for 
1-2l! and 2" plates by Camegi^-Illinois, .Disston, Great Lakes, and Republic 
were so deficient in hardenability that the plates could not be quench 
hardened at the center to even Re 4-3, 

In view of the above results it was decided to end quench some of 
the Joniny bars again, this time from austenjjzing temperatures higher than 
those formerly used. The plate identifications and austenising toeperatures 
of the bars aro as follows: Disston 1" and l|N plates, l600°F.; Carnegia- 
Illinois l” and " plates, l675°F. ; American'Car 1" plate, l675°F.; Great 
Laicos lã" plato number 1X4, 1675??.; and Republic 1¾11 plate, l675°F, 

Increase in hardenability was detected only in the cases of the 
Disston 1" and 1¾" plates and the Great Lakes plate, and only for the Disston 
1" plate was it significant. The data for this plate, plotted in Figure 11, 
indicates that the plate could have been quenched to )>30$> martonsito at the 
center of the section had it been quenched efficiently (Ifcl.g) from l600°F. 

21- 
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To dctcrnino the of foot of ccnterlino ségrégation tçjon the ceatei^* 
line iiardenability, aony of the Joniioy heirs were groamd again to a depth of 
.05011 at locations g" fron the center of the plate section. That segrega¬ 
tion had lowered the hardonahility of sone of the plates was shown hy the 
following increases in the lengths of the straight lino portion« of the 
Joniny curves: Carnegie-Illinois l£" plate, 2/l6"î Disston if" plate, l/l6«j 
Great Lakes 1½11 plates, l/lG" to 2/16"; Hqouhlic ij" plate, l/lÔ"; ënd Great 
nahes 20 plate, 2/l6». 7 

Uwaifift.' 

9. Metallographie Exanination 

Photomicrographs illustrating the nicrostructures of the plates at 
X200 and X1000 are included in Inclosure A as part of Figures I9 to 35. The 
photomicrographs show the nicro structure of each plate except one at the 
center of the section and also, in the case of the lg1’ and 211 plates, the 
structure midway between the plate center and surface whenever this varied 
iron the structure at the center of the section. In the ^Structure and 
Hemarks11 sections of Data Sheets 1 to IJ, Inclosure A, micro structures are 
discussed and correlated with the ballistic results and metallurgical data 
obtained by this investigation. 

As is to be expected from the Jominy Iiardenability data. Figures IJ 
to 35 show that largo amounts of non-mart en si tic austenite deconpo sitien 
products occurred in most of the plates during the quenching operations. 
The center of the section being the region of slowest cooling rate during a 
normal quench, the amount of high and intermediate temperature transformation 
products was greater at this location than elsewhere in the section except 
in the case of the Carnegie-II lino is ln plate. The photomicrographs of this 
plate (Figure 20) show increasing amounts of non-nartons!tic transformation 
products from one plate face to the other, indicating that the plate had 
been quenched more severely at the first face than at the second. 

It is evident also that many of the plates are banded appreciably, 
especially at the center of the section. In those instances where banded 
structures contained non-mart on si tic transformation products, the X1000 
photomicrographs wore taken at the bands which contained these products to 
the greatest extent. These are the lighter etching bands in the X200 photo¬ 
micrographs. 

The banding revealed by metallogrcphic examination correlates with 
the superiority in hardenability at from the center over that at the 
center of the section noted in the previous section of this report. In the 
case of the Carnegie-Illinois 1¾11 plate the effect of banding in lowering 
the Iiardenability at the center of the section is significant, for this, 
plus efficient quenching practice, explains why the material was almost 
completely quench hardened midway between the center and the surface although 
from the Iiardenability data obtained at the center of the section the steel 
was capable of being quench hardened with a water spray (Ifcl.3) to >90$ 
martensite in a plate of only 1B thickness. The equivalent plate thickness 
of this steel, judged by hardenability data obtained^” from the center of 
the section, is 1-5/16” (water spray quench and >90$ martensite criterion). 

An important fact in regard to interpretation of tempered micro- 
structures can bo pointed out at this time. The quantity of free ferrite is 
an unreliable yardstick for estimation of amount of non-nartonsitic austenite 
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deconpo si Uon produets in a plate unless the rolationslaip tetwcon quantity 
_ iroo f ox rite and quantity of non-nartensitic products for tho plate has 

■ irst -been ascortoinod by Microscopic exanination of tho Joniny bL*. Sono 
ofdthfír °f lhe ^^01100 which «¿st between tho ferrito contents 

^r*“^tûIlsfltic promts Of two different stools is afforded by 
iifPire IS, Micro structures of tho seventeen plates examined were doscribed 

tor excmnatlon of the corresponding as quenched Joniny bars. 

Heforring now to Inclosure A, it is seen fron comparison of the 
micro structures with the corresponding fibre ratings that in every instance 
uxcopt one tne presence of appreciablo amounts of non-nartensitic austenite 
decomposition products is associated with crystallinity in tho fibre test 
irretares, tho amount of crystallinity increasing with increase in the extent 
°f * û p^,dUcth3 tfoughout the section. The exception is the Hepublic plate 
wnxCh, altxiough characterized by a completely fibrous fracture, contains a 

deal of non-nartensitic transformation const!tucaits at the center of 
the section. The explanation for the fibrous fracturo of this plate is tho 

»w=odSSs"o^tH“^0yhioh ^have ^011 aE6ist64 3180 ^tho 

.,,, . A norc ^tailed and more informative correlation of micro structure 
with impact properties is obtained by comparison between the photonicro- 

í0rr!^?ndin¿ 7-210tGh Cllar^' i:-íJact first, however, 
t onjaid op no tea that wnoreas in most instances the pljotomicro graphs of tho 
X ^eetructures midway botv/oen plate center and surface axe fairly typical 

ox the^ whole of tho Charpy specimens machined from this location, the 
photomicrographs of tho Groat laicos l|'» plates and the Disston U» plates 
illustrate only tho average structures in the corresponding Charpy specimens 
because oi abrupt structural variations in the specimens caused by banding 
ana ingotisn. ' 0 

In Section 5, «'V-IIotch Charpy Impact Test", the characteri stics of 
tho Charpy energy versus temperature curve tiiat designate essentially com¬ 
plete quench hardening in armor tempered to below approximately 3I4O Brinell 
have been stated, based on previous data obtained at this Arsenal. These 
are: room temperature energy equivalent to that of similarly mechanically 
processed material of the same Brinell that is known to have been completely 
quench hardened, and maintenance of this energy down to -40°C. These 
cnaractori sties are possessed by both impact curves of tho Jones and 
Laughlin plato and by the midway region impact curves of tho Camocio- 

Illinois lg and 2" plates and the ?an Dona " plate. The corresponding 
puotonicrographs indicate also that those regions lar^l been essentially 
completoly quench hardened. 

In most instances in Figures 19 to 35 the presence of appreciable 
amounts of non-mar ton si tic austenite decomposition products is associated 
not only with inferior room temperature impact energy but also with rapid 
decrease of energy as the testing temperature was lowered. Tho center of 
section region of tho Carnegie-Illinois 2" plate is on example of in¬ 
completely quench hardened material that possesses adequate room temperature 
ouorgy but loses energy as the temperature falls. 

Another point evident from the correlation of micro structure with 
tne data of both impact tests is that superiority of one analysis over 
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another, of the eoaposltioas testad At Camp Shlio, was due to euperiority in 
Aardonahility alone. With adequate hardanability satisfactory quench hardso^ 
iag, good intact strength at high rates of strain^ and good shock performance 
were obtained* Plates character!zed by poor hardenablllty possessed exceo* 
sivo amounts of high and Intermediate tenporature transformation products, 
P001’ impact toughness (except the Bspublic plate), and generally poor 
roo!stance to cracking vpon being shock tested. In the case of the Bisston 
plates, high nickel content was unable to oTorcomo the deleterious effects 
of poor hardenability and intercritical quenching. 

It is also seen that the V-notch Charpy tost is superior to the 
fibre fracturo test for the accurate determination of degree of quonch 
hardening at all hardness levels of the tempered armor. The value in knowing 
whether or not armor is completely quench hardened is in being able to pre¬ 
dict the impact toughness of tho samo material at some higher Brinoll, Armor 
which contains non-martonsitic products and gives a fibrous fracture because 
of low hardness may, at some higher hardness, brook with a crystalline or 
nixed fracture. 

10. Summarizing Discussion 

a. Shock Test 

Duo to the scarcity of alloying elements, particularly 
chromium and molybdenum, available for utilization in tho production of 
armor at that time, most of tho plates tested at Camp Shilo were deficient 
in alloy content and therefore possessed poor hardenability. This was re- 
ilected in the micro structures of these plates by the presence of excessive 
amounts of high and intermediate temperature transformation products. Impact 
properties were therefore poor, and whereas at room temperature slmilAy 
iguility armor had been usually passing the ballistic shock test, the in¬ 
creased severity of tho test caused by tho low temperatures resulted in 
ballistic failures among tho 1" and Is" plates. 

On the other hand, plates which were essentially quenched out 
(because of adequate hardenability) possessed good impact strength at high 
rates of strain and behaved just as well balliotically at low températures 
as similar plates made by the some companies liad behaved at normal temper»* 
tures. Pew failures occurred at Camp Shilo among tho 2* plates, whose 
impact properties were generally poor, but this is attributed to tho z^ildr* 
ness of tho test. 

Other causes of shock failures were high and non-uni form hard¬ 
ness and poor steel quality. High nickel content was found to be inadequate 
in the case of the Disston plates to ovorcono the effects of non-nartensltio 
constituents. 

b. PIP Test 

A large increase in tho number of PIP failures was encountered 
when armor similar to that found acceptable at room temperature was tested 
at subnormal temperatures. The critical range at which spalling occurred 
as the temperature was lov/ered was -25^, to -30°F. The metallurgical 
investigation revealed the necessity for hotter steel soundness and lover 
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hardness levels for low temperatures as compared to normal tenqoeratures, 
xhe data Indicate that for use at subnormal temperatures armor in thicknesses 
above as well as below 1-l/g" should have better than "D" steel soundness 
rating. 

soras l'£u plates of "D" steel soxmdness rating gjallod 
curing the projectilo-through-the plate test, many 1-g11 plates chiiracterized 
by 11D" and even "E1* steel soxmdness ratings and some 2" plates of "Dn frac¬ 
ture rating did not spall when penetrated with the 37 mm M51 APC projectiles 
requirod by the tests for these plate thicknesses. Those results indicate 
that the project!le-through-the plate toots given the l|" and 2" plates were 
inadequate for revealing tho spalling tendencies of poor steel soundness 
plates. 

Hccords 

The original records of this investigation arc contained in Laboratory 
Notebook No. 9, pages 112 to I3I. 
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Cuupaaj 

H«at 
Io0 

Plat« 
lo. 

Thl ok- 
n««s 

Typ« 
Conpo- 
•itlon 

B&1HXLL HABDHISS 1 
h 

1/4* froa 
Surface 

Midway 
Surface • Cantar 

Steal (<¿u[ 

Canter Long. Tx 

Mes ton 3339 1 1.02" Il-Mo 316 316 302 B- ■J 

Canugl e-llllnoli 8-5260' 
4-2-T- 

4 1.00" 
Ii-Cr- 

Mo 
321 One Sida 321 
352 Other Side 352 331 8- -Ñ 

Van Don 
Iron Wortes lkí97 1 1.02" Hi-Cr- 

Mo 255 269 269 
-•; 
tünterll 

Aseri can Car à 
foundry í-50196 I702-7 1.00" 

Si-Ör- 
Mo tó i 

( Surface 
ace - 
Ir®nolis) 

“Hcn 
B 

il 
1 

Carnegle-Illlnois 22345 1294^ 
CTB 1.51" 

Kn-11- 
Or-Mo 3II 302 285 C- j.] 

Di ««ton 22851 2 1.51" Ki-Mo 255 238 232 B 

Standard 
(Créât Lakes) 

odo- 
724 1X4 1.51" 

81-Cr- 
Mo-Xr 269 262 245 1 I 

Standard 
(Créât Lakes) 

OSO- 
724 1X5 1.50* ■i-Or- 

Mo-Zr 269 259 248 B 

Bepublle 
»T» 

,1.48" Vl-Or- 
Mo 245 226 220 “0=- 

(Woody) 

Dlsston 22851 5 1.50" ■1-Mo 251 255 255 B- 
—i 

>1 

Standard 
^ Jones 4 Laughlln) 

0«J- 
335 

MIX3 1.51" Mn-Mo 285 285 285 B- 

Standard 
( Toungstown) 

OST- 
J5?U 

1X5 1.51a Mn-Mo 259 265 262 D W 
Oenterl#. 

▼an Dora 
Iron Works i-açw 4 1.55- Xl-Cr- 

Mo 248 248 248 D 
Ceaterli;' 

li 
i é| 

Standard 
(Créât Lakes) 

030- 
6¾ 1X1 2.05* 

81-Cr- 
281 269 238 1 

1, 

larnegie-lllinols 1537« 
XB— 

143317 2,02" Mn-Vl- 
Cr-Mo 302 302 297 B >: 

Standard 
(Créât Lakes) 

osa- 
635 

1X4 2.03" 
31-Cr- 
Mo—Zr 

285 One a 
277 Other 

Tda 277" 
Sida 248 235 1 

— k •• 

ir 

ford 92821 2o4o-a 1.98" 
Mn-Cr- 

Mo 265 265 269 íenterli! 
(1) S«e Appendix ▲ for dstoriptlon« of «t«el soundn««« fractura rating«, 
(2) Dvioriptlona of fibre fracture rating are ae follow«* 

7 « fibrous PC * to 6o£ Cj balance I Of " Mostly 0» «ob« T 
C ■ Crystalline 7c » Mostly/7» soi« C Cf« ■ C, fibrous «dg« 

(2) a 
(2)» 

7 
I 
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Buimi hahdnïss 

!/4s fron 
Surfftco 

••’•*!_ 

Mldtogr 
Stuf«xj* - 

Ganter 

Staël ‘(¿uslity 
Qantarj Traaturt Satlai 

Lonc. Trana, 

Direction«! 
Gharacterlatloa 

fron tha 
Hollín« Prooaaa 

Fibre FraotSÜre RatL nca 
Slow Break Iwpaot 

Lon«. I Trana. Ion«. 

Loni . 
■J 

Bn*. 
(ît0. 

1* PL§1 

Mo 

Gr« 
0 

316 3Pi6 302 B- C- Unif om F Fc • 
Trace G) 

ï’e 
W 0 

49.1 

}2l One S 
352 Gthaï 

Ida 321 
Sida 352 33I B- Unifor» F Fo 

.Trace 0) 
Te * 

(5* 0) 
50.l| 

Crw 
0 

j 

r-
 

! 
VJ

1 
. 

269 269 
Benterllne 

Unifona F 
• 

F 
• 

F 67.3 

ÎTr- 
0 üèï ss;î îîs: - , 

(Surface Brlnella) 

—tPOI 
B B Uniform 0 C - 24.7 

IJ" PU 

m": 
Mo 311 302 285 C— D Unl-diraotlonal 

-Fc— 
Traoa C) 

Jo • 
(10* 0) 

F 

0
 aw

r\ i-«* 
• 

O 
O 

• 

44o 255 23a 232 B B Uniform Fo 
(30* 0) 

7o 
1Traoa C) 

.Cf. 
(90ÍC) 

>"0r'~ 
■Zr 2(¾ 262 245 X X Uni-dlreotional 

Fo • 
(25* C) 

Jo • 
(10* C) 

Of a 
(65*0) 

1Ö4.0* 
•75.2- 

■•Cr"“ 

-Zr 
-Cr¬ 
ío 

269 259 246 X 1 Uni-directional Fo * 
(25* 0) (¾ C* 

Of • 
(65*c) 

84.1 
•50.7 

2U5 226 220 
0- 

(Woody) 
D Uni-directional F F * F IT5.Í 

nwx, 

■Ho 25I 255 255 B- B Uniform To 
(5* 0) 

F 
FQ A 

(ÊO*0) •91.Ï 

-Mo 285 265 285 B- B» Uniform F F F 47.1 
•58. i 

4!c 239 265 262 D C 
Gantarlinc Unl-dlreotlonal F F 

a 
F 77.% 

•70.* 
-Cr- 
Ko 

248 246 246 
D D 
Centerline 

Uniform T * 
a 

F 
a* 

F 77.-V 
•75.r 

ü 

2" p; 

281 269 238 X X Unl-diraotlonal 
Fo * 

Traoa 0) 

a 
F 

». • 
<5* c) 

«I.? 
•TV 

302 302 297 B B Uniform 

0
 O

 Fc 
iTraoa 0) 

Te 
C) 

0
 

0
 

• 

5 Ono i 
7 0th®z 

lldâ 577” 
Sida 246 235 X X Unl-dlrectlonal 

•_
_

 
0

 
0 FO • 

Traoa C) 
FCTâ- 

50* C) 
78. 

•75.! 

265 265 269 
Santerliae 

Uni-dlreotlonal Fo • 
(25* c) 

Fc • 
(5* C) 

FC • 
(60* C) 

88.- 
•»5. 

atoe! 
rig «r 
b al an 

- C 

ooundneao fracture ratlnge. 
® au follovei 
c® P Cf « Moetly G, tome T 

Cfe <* G, flbrout ed«e 

(2) * Fracture contain« one or more deep lamlnatione. 
(2) a Tranarerae fracture inatead of longitudinal aa deal« 
(2) a Fracture bar waa nicked at both faoaa aa wall aa at 

aldea. 

/ 
Z 

o 
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r**'2U SÍ REPR°ÖUG€D AT_GpV£R.NMENT*XfENSE- 

'3 

r : ' 1 ’ I 
.-. ....] ' : ' i ] 

!■ f i J 

TJDTC] B CHAHPT IMPACT TTBST 
lira ft 

ÜS, 

«tí. n/r* long. Speolaen. +20*0. Tra^y, Sp 1 
J.gPfSl- 
Long. 

Energy 
(Ft.-lbe.) 

WTty 
Bating 

_.vi D 
fibre 
Bating 

Inercr 
(ft.-lbe.) 

TFtr IfiE 
Bating (Bating 

Energy 
(ft.-lbe.) 

(j) 
(ÿiallty 
Bating 

rn[!T* 
fibra 
Bating U 

Ia PULTES 

© ; 

0 _.?) lM ?l 
49.1, 50.5 B, B fo, f 37.6. 35.8 1, B f. f 30.1. 17.2 B, B fo, Of l 

13 C) 
ÏC ^ 

( 5# 0) 50.1, U7.3 B. B f. f 29.5. 27.9 B, B f. f 26.5. 26.1 B* B fo, f 1' 
# 1 e 

? 67o3. 56.0 D1, B f, I 57.6. 58.4 
_« _i 
0 , 0 f. f 56.6. 56.7 

_• _« 
D , D f » f 6 

! •w 2Uc7. 25.2 B. B Cf, Cf 16.1, 14.6 B, B Ofe.Cfe 12.9. 12.9 B, B Sfe.Cfe 

ij" PLATES 

1 to 
> 0) 

y 135.0, 92.0 
MQ.1.414. 

D\ d' 
D* , D' 

f, I 
f. f 

i53.5, ‘».T 
*»■?• g.? 

D', 0' 
B, D 

f. f 
f. f 

3*.2. 36.6 
•33.9. Se.s 

B. Bo 
D, D* 

f, fo 
f. f 

2 
•5 i 

J® C) 
Cf© 

Ooiti) 
103o5. 0/.5 
®80ol, 82.0 

TTTB 
B. B 

TTfõ~ 
Jo, To 

6I.9. 59.I 
•50.1* 47.1 

5, B 
B, B 

fo, fo 
fo, fo 

w! 34.5 
►2706. 46.8 

B. B 
B, B 

'Of.Cf 
Cf ,fc •a 

j © 
^ C) 

ux • 
(655^0) 

.- »7502! Tsls 0' ! D1 
Pc, P 
fc, I 

44.4, iio.7 
•35.0. 37.4 

D, B 
B, B 

To, fo 
fo, fo 

18-.¾. 44.9 
*25.8, 28.0 

Vr~ljr 
0, D 

Of.Cf 
Of.Cf 

X 
•1 

i 0 
i G) 

ot ® 
(65?tc:) 

84.1, 71.3 
»50.7, 68.8 

D» B 
0. D1 

fo, fc 
ï«, fo 

40.4, 44.4 
•35.5. 35.8 

B, D1 
0, C 

fo, fo 
fo, fo 

21*5» 28.0 
»26.2, 24.7 

B, B 
0, B 

Cf.Of 
Of.Cf 

1 
•1 

a 
F 175.0.1^0.5 

n42jD.l6o.O 
I', ï* 
D', 1' 

T. f 
f. f 

47-.57-56,4 
•43.2. 47.1 

Ti. W 
BV, Btf 

nr.T 
f. f 

))6.11. 50.7 
'45.«. 42.0 

B? . n 
BW, Btf 

~x.f 
f,f •4 

T0 a 
( 6o> o) 

85.0. T7.T 
•91.5. 91.5 

B. B 
B, B 

f, r 
T, f 

5Ô.3. 54.T 
•49.1. 49.1 

B, B' 
B, B 

~7c7T 
f, fo 

35.Ô. 27.7 
■46.6, 25.0 

X1. B 
B, B 

"Of.Cf 
Pc,Of 

1 
•2 

y ^7.1. 70.9 
•58.2. 56.4 

B. B 
B. B 

f. f 
f. f 

74.2, 54.6 
•43.2, 47.I 

O’, B 
B, B 

T7T~ 
f. f 

15.5. 5Í.1 
^43.2. 42.2 

-FTT 
», B 

~T.f 
f.f 

"5 
•4 

© 
p 77.1. 75.1 

!mA-Il4 

0, C 
B. B 

I, f 
y. y 

47.8, 44.0 
•40.2. 40.7 

B, B 
B, B 

f. f 
f. f 

US.!. 45.8 
‘58.2. 41.4 

0* B 
B. B 

f J 
yjr 

4 
•T ti 

.. 

e* 
F 

' 
77d. 75.6 

•75.1. 79.1 
D1, 0' 
B, B 

f. f 
f. f 

67.1. 76.9 
•67.1. 70.2 

D', D' 
B, B 

f. f 
f. f 

65.9. 75.2 
•64.1, 66.6 

Ttrr 
», » 

f.f 
fjr 

"5 
•6 

2” PLATES 

Jo-*- 
(a* 0 

I5I.5.IU.5 
•n.Ix.194. 

I’. ** 
0. 0 

p. f 
fo. fo 

31.«. 31.8 
•36.1. 54.7 

B, I 
». D’ 

f. f 
f. f 

40.7, 27.9 
56 . 42.4 ;< 

f. fo 
f. fo 

3 
3 

0 
m C) 

o ~&~ 
c<i G) 

Fc 
c) 

.Tü*í 
, ‘3c?t c) 

59.8. 60.6 
•50.8, 54.6 

B, B 
B, B 

f, f 
f. f 

45!§! 45.8 
•43.1, 46.1 

B, B 
B, B 

f. f 
f, f 

45.9. ¢1 
•48.0, 44.1 

B, B 
B, B 

f.f 
f.f 

2 
*4 

/8.1, ^j.l 
•79.5. 80.1 

’O', D* 1 
D' , D' 

To, fc 
f. f 

755.2, 4Í.TÍ 
•34.2. 37.U 

X , If 
D', C 

XcTTc 
f. f 

3.8, 34.O 
'39.2. 35.0 

TFT U1 
B’t »' 

Xc, TO 
P,fo 

c ® 
^ C) 

'1C • 
(bO^ C 

88^). 9^78 
•»5.6. 93.5 

0, 0 
C, B 

f. f 
f. f 

44.2, 41.5 
•43.1. 36.0 

B, C 
B, B 

f, fo 
fo, fc 

T2.6. 36.6 
»ao.s, 38.2 

0, C 
a, B 

TC, fo 
Cf. fc 

2 
•1 

lajnlnatioa«. (3)* Oharpy ipaoimen« that war« naohlnad from the region nl< 
itudinal aa deilgaeted. the plate center and surfao«. 
»« fl» «*<11 »a *t both (i*) Same meaning as (1) except that C1. D1. and ®* algnlf 

^ ture» contain one or more deep lamination*. 

^- ) 

iway bet 

r that f 

we 

ra 

1 
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REPRODUCED AT GOVC ^iNJMENT EXPENSE 

.afin«. ., 
î ... 
pl£i®ÎL.„. Tran«. 8p acinan. -40* Trant, flp >ol aan. -7n*Q_ 

a ¡ 
UüX 1 
•U -5 . 

<■33^ 
yibra 
Rating 

o> 
Snargy 

._Lï t» 1 b a^.) 

(4) 
Quality 
Rating 

(«> 
Tibra 
Hati ne 

(S) 
Energy 

(Ft.-lbt. 
inali ty 
Rati ne 

në. 
latine 

Ballistic Taata 

Tam. Shock. 1¾ 

s» Il Pü y Cf 15,9. 20.3 B, C Cfe.Cft 15.5. 12.0 B, B Oft, C -29®T. 
Fallad 

(Back Snail) Ho Teat 

1«, B y o, F 19o8, 2201 B, B rc. n 12.9. 13.5 B, B Cfa,Cfa -27*T. 
Paaaad 

(2" Crack) Fallad 
! 1 

F, F ÔOok, SlJ. J D , D *, r 31.2, 47.8 C, D1 FO.Fo 
3£»f7 
■34*T. 

Paaaad 
Pastad 

Paaaad 
Failed 

1, B Cfc.Cfe 

_ , 
- , 10.4 B, 3 C. C 11.2, 10.7 B, B C, C »■3leTo Ho Teat 

Passed 

tórsüí 

3» H* , 
j h Tj 

“I» TJ» _ *!? j "ü C 
ï, I 

20o8p 34 

r’-IH-0 ^14 

3, D 1 
D1. D» 

Cf, F« 
F, y 

20.5. 15.5 
^26.5, 31.8 

B, B 
B, C 

Cfa.Cft 
Fo.Fc *34»T. 

Failed 
(Back Snail) Ho Tsai 

B 
3, B 
TTTT- 
3P D 
— 

CP yüi 
Cfe?c 

T7c3. T6.5 
°20oS, 21,5 

3, B 
B, B 

Cf,Oft 
Cft.Cfi 

17.8. 19:3 
*14,5, 21.5 

~YT5~" 
B, B 

~~C ,0 
C, C .25.6n 

t failaS 
( Cracking) 

Ho Test 

liTTW 
Cf, Cf 

TïToT. 1^74 
né.i, i.\9 b] B Ofalcfa 

TITS 
*12.9, 8.1 

ttttH 
B, B 

Of a, 0 
0, C •22*F, 

TÜTÏ3- 
( Shattered) Ho Teat 

Jj h 
M ';3 >i J» 

Cf, Cf 
Cf. Of 

16.7. 18.7 
"13.9, 14.5 

D, B 
B, B 

Cf, Cfa 
Cf c,Cf a 

12.7, 31.5 
*13.6, 10,1 

B, B 
B, B 

0, C 
c, c 

«18*Fe Failed 
( Shattered) 

Ho Test 
T<r 

î, mi 
P,T~ 
F, F 

^ o h p yc W p JÍW 
^42,0, BV 

pTTT^T 
y, T 

15.5. 24.3 B, B 
*37.7. 39.P*, BV 

Œrrcré 
Fc, Fc ■34»T. Passed Fallad 

3, B 
Cf ,Tîf 
Fc, Cf 

30.3. 2b04 
“33,5. lX3.7 

B, B 
3, B 

[Cf, Cfa 
Cft.Fo 

14,8, 19.3 
•26.5. 21.5 

B, B 
B, B 

Cfa,' C 
Cfa.Cfa .25, ri Patted Paaaad 

;T , 3 ^ 
i, B 

P,F 
F, F 

52.^7 57.5 
^41.5, 46.6 

rB, B 

, y, 

F, y 
F, F 

33.9. 59.1 
*40.7, 34.2 

B.'D1“ 
B, B 

FC, F 
Fo, FC Patted Paaaad 

î, B 
s9 D 

l\F 
3/,F 

46,5. 45.8 
27.7 

D1, D1 
jS. B 

Fo, F 
F®, y» 

22,9, 27.4 
»15.5. 20,1 

B, S' 
B. B 

FC. FC 
Cfa.Cfa ■iSoTt Pasted Passed 

1 T1,1 y W i .r.> »- 
’ Tî p T 

69.3. ¿9.6 
«62.8, 62.1 

D1, 1' 
B, C 

F, F 
ï. F 

5b,4, 58.2 
*46.1, 39,1 

X 1 y ï‘ 
C, C 

F, F 
FC, FC -30°T. Passed Paaaad 

1 E 
1 f c’ 

F, F o 
F s Fo 

3JX 3«.? 
3?.6. 3U.Ü 

X. xn 
D , D1 

Fc,Fo 
Tot F 

29.5. 14.8 
18,1, 20.8 

*. d‘ 
0. c 

»0, Cf 
Cfa.Cfd ■15*T. 

Fallad 
( Crackine) Fallad 

B » B 
3 » 3 

F ,ï 
F,î 

Tc7 TC" 
F,Fa 

25.8, 29.7 
$44.1, 43.2 

B, B 
B, B 

FC,FC 
F, F 

2O06, 26^ 

^31.7. 3«.9 

B, B 
B,B 

Cf, FC 
FO, Fo •30*T. Paaaad Vallad 

Tj! 
1 « 1 

S» « ' 
L 30,3. 23.9 
•31.2. 3*c3 

U', s1 
0‘, D* 

TC, Fc 

Wo To 
ti. msni 

ua6.7, 3*.» 

C», Û‘ 
s», O1 _ - 

Cfa, C 
tt, Ta -15*T. Pasead Fallad 

J)., 0 1 ! PC, To 
Jr B 1 Cf, îc 

a.7, is.’ 
ft18.5, ?901 

i 0, B fCf, Cf 
Cfa,FC 

17.8. 15.51 b.b 
»15.5, 14.S B.B 

Cfa,Cfa -26*>I. Paaaad Passed 

i on. midway t«tvser. 

3lgrJ.fy that frao- 

( 5) Sam« an ( 2). 
(6) Ho cracking unleaa so atated, 
( 7) All PTP falluraa doe to oxoesaiYe back spalling, 

praaent in patting platt« uni««« so atatad. 
Ho «palling 
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REPRODUCED AT GOVERNMENT EXPENSE 

Joalny Hardtg . 

Corjpany 
Heat 

No, 

Discton 3339 

Plate Tüiclc- 
_ Qes3 

1 1.C2" 

li-'pe 
Cuer.'i 8try 

No. of I/I6" 
iron flenched 
Äid at Which 

Hi.^h or Intaiv 
madlate T«n- 

1/1Ö- from perat'ue Trano- 
^tenci.eà forr-ation 
ünd - He 

Ai (r 
fr' 
a; 

> * 

Hardno£'.B 

Beylna 

Ni-Ko ^5.5 

Caxî,egio- 
Illiaois 52O07 

4-2-.-4 X.OO" 
Ni-Cr- 
Ko 

46.5 

Vit Dorn 
Irtir. Works 

d~ 

40297 

ericas Car 
A ?'dry 

B- 

5OI96 I? 

1.02" 

1.00' 

Ni-Cr- 
Ko M9 

K- 5O.5 

Carr.egi o- 
Illiaoia 

Di sston 

2?3^5 

IF?! 

129^30- 
1.5111 

i.51*~ 

Knr.Nl- 
Cr-Ko 

M-Kc 

Standard n ^ 

_I2Í1- 
Standard GSG- 

(Great hakes) lí*. 

RB- 

1X5 

i.51" 

1.50" 

Si—Or— 
Mo-Zr 

¥i-13F-' 
Mo-Zr 

45.5 

w~ 

48 

4 

-Ca- 

46.5 

Hepriblic ^0307» 1.46" 
Nl-Or- 

Ko 4<j.^ 

Disntoa 22651 1.50' Ni-Mo !Di.5 

Standard 
Wen««. 4 

.«ifihlin) 

OSJ- 
335 ’CLX1 1.51' Mn-Mo 5O.5 U 

Standard GSY- 
(To^atown) 7y-10 

Van Dom ¿* 
Iror. Works 20542 

1*5 

u 

1.51' Mn-Mo 

1.55' 
Ni-Gr- 

Mo 

49 

5I.5 

Standard G8&~ 
(Great Lakes) 635 

1X3 

Gameci«- 
Illinole I-33I1 

2.O5* 

2.02" 

Si-Cr- 
Mo-ir 

Mn-Nl- 
Cr-Ko 

47.5 

46.5 

>4 

Standard GSl*~ T-.rli o ot* 
(Great Lakes) b35_....... * * 

Si—Cr— 
Mo-Zr 46.5 

Pord 92È2L aD40-R 1.98* 53 4-5 

tical ferrite present In bar. 

A.W .V.......It.* ». . H-'J J 
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REPRODUCED AT GOVERNMENT EXPENSE 
TABLJt IV 

Jomloy Hardciabllity of the Shllo Cold Tnr.t Rolled Plate; 

JOf'IliT BAH DATA 
Vrlo" 

ii ok.- 
tese 
: o p » 

• * V. C. 

^•■pe 
0..(j- i B\rr 

No. of 1/16" 
?Tf>r-' flenched 
ïhd at. Which 

Hl.;'h or Inter“ 
mediate Ten- 

l/lo" fren por ab-jo ïraniv- 
ene:.öc\ forr.ation 

Benins 

Hardnoes 

fron '.¿'.niiohed 
D'i!.’ pt .rica 
Abrupt ar4- No. of 1/16" 
nerc Drop from pleached 

Bo .'.in 3hd at Which 

F 
T, 

fe 
I 

(.>o Ji\u bs Structure Is Ho. of i/lb" Ot 

Hi-Mo 

jÿd “ Re 

45.5 

! .00^ Ni-Cr- 
Mo 

4s.õ 

L OPM A # w* ¿1 
Hi-Ci 

K.:. 

L. OC‘ 
• • ^r_-A or- 

K 50.5 

4»* 

3 

4 

8 

:. 1:.juros only 90$ 
Jl. to 35) _ Marta.site 

I" PLAIj¿S~ 

3 5* 

from flenched Ki- 
Ihd to Ro 43 J 

5-6 

s-9 lu 

.2: 

20 19 CS 

11 " PLAINS 

1.51M 

i .5Ï"' 

i.5lN 

j .50" 

l.4ñ" 

1.50^ 

1, * 

Miv-Ni“ 
Ci'-dlo 

M-Mc 

Si-Ci'- 
M..“2r 

.iil-Tr-- 
Mo-Zr 

48.5 

te 

4 

4 

5 

*3 

>0 5-6 

2 

5-6 

^.5 5 

Hi-Cr- 
Ko 

Hi-Mr. 

Kn-Mi) 50.5 11 

4 

•h 20 

1.51" 

1.55M 

Mi.-Me 

N1 - Cr- 
Mo 

46 

51.5 

on 19 

>4o 

40 

a >i)0 

2" PLAIES 

hO}*1 
v>.-Cr- 

47.5 i> 

Mn-Nl- 1 np* 44 * 
Cr-ho 4^..5 

•\031' 
Si - Cr- 
Mo-Zr 48.5 5 

3. .)311 

Mr.-thv 
8-9 11 

■\_ \ , * • ’ ' • . ■ J* ’’.-I - A ' »1 1 » * » L%' 

.U -w/ '. ■ - '•. 'i . ■ ■. ■■•’ *.>*,*•’. *•' " ' >' VP»’ " ' 
..I.:i.j....'1...».,.i..,........1.. i.... ...a. . ■... . .. , -. faking 
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REPRODUCED AT GOVERNMENT EXPENSE 

Rolled Platea 
3. T- : 

J3 

P ore o»it 
Tr fUi a— 

fo r u11 00 
Product 9 

01 r er t. iot! 
^.•Tr.cord Ke~. t'.’rcite 

at Rc 43 

t /•! dO 
X. ■ X 

_ ^xrüVftlor.t Plate T!-!denen. 
Hai ueii/iMlity 

Criterion 
Is iiardiiiSP 
at BsyLtaiur. 
of Dti’op la 

_ Jo... Curve_ 
3:.111 «ate;.- 
Wato/ 

EardenAbili ty 
Oriteri or. 
I a Rc 45_ 

^ p do. Ujj 

J1 

Spr’x* 

JMil. 
<-10/lo" 

Still 
Water Ojr/.’py 

Aiio^uataneen of Hardaiv* 
ability (Ability of the 

Plate to Be tyeneh • 
Hardened to >90^ 

liartenalte at Center 
of Section - iron 

fo.ainy Oinre and Kicro- 
ccoplc Riaainatloa) 

• * *W Still 
Water 

Water 
.foray 

is/iG ■ 

10/lb" c 10/16■ 10/16" 

1-3/16" 

Inadequate Inadequate 

1" 15/lb1 Inadequate Adequate 

inbit^s 1"?716- 1-5/16* 2-7/16" 2-13/16" 
of 50-70^ 

Adéquat e Ademi 0 - 

305t 2-1^16" 3-5/16" >10/16' l4" -Adequate Adequate 

S-b 
10% in 
bonds of 

40% 
0%" 

I1/lb" 1" l4/l6" l-l/lb" Inadequate Inadequate 

'¿icTTo1*' * '"Td/ib" ZTifti* 7 /i"6" Inadequate Inadequate 

15^ 10/16" 13/16" 

I-/I6" 

15/1Í 1-3/16" Inadequate Inadequate 

) 1" 1-4/16" Inadequate Inadequate 

in banda ip/ló" 1" 15/16" 1-3/1d" Inadequate Inadequate 

>'-j 

IO/I6" 13/16* ^ 7/16" 7/I6" Inadequate Inadequate 

nt~4c/l^ 
75> (So >U/i6" >11/16* >>15/16" >>1 j/l6" Adequate Adequate 
^.5) ' _ 

40 

> i’O 

>1/16" >S/l6" >>13/lc • >>17/16" -Adequate Adequate 

Rc' >4/16" >11/16" >>13/16" >>13/16" Adequate Adeqaate 
47.5) _ 

1:> 
in bonds 
of 301 

15/1' 1H 1-32/16" I-5/-6" Inadequate Inadequate 

in brinda, l-*/l£s 1-5/16" 1-7/16" l-l^/lC" Inadequate Inadequate 
of __ 

lC/lbM 1-4/16* l-b/16" Inadequate Inadequate 
|-it 

m b«ndB 1-4/16" 1-3/lC" 1-12/lb" 2-2/lu1* Inadeq’-^te Inadequate 
of 50-60% _ _ _ ___ 

is the Srcarn.-ux quenching efficiency factor. 
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LETTERS UNDER THE PHOTOMACROQRAPHS ARE THE RATINGS OF THE 
CORRESPONDING STEEL SOUNDNESS FRACTURE TEST SPECIMENS 

FIGURE I 

3SN3dX3 lN3l/\INb3AOO IV a30naOüd3H 

-f , .* . .* .- ,.-1 ,* 
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- " V rWv 

^ B — M CARNEGIE - HEAT B-52607 - PLATE 4-2-T-4 - PASSED SHOCK - FAILED PTP * g „ 

OISSTON - HEAT 3330 - PLATE I - FAILED SHOCK - NO PTP TEST 

M B M AMERICAN CAR - MEAT H-50186 - PLATE 1702-7 - NO SHOCK TEST - FAILED PTP * ß - •* 

CKEYMAcr aerrjiiSA. 
V*Ar**TOW/* MWNOfc- 

MACROETCHED SECTIONS OF I" ROLLED ARMOR PLATE TESTED AT LOW TEMPERATURE AT 
CAMP SHILO, MANITOBA, CANADA. WTN.710-2205 

ÀÂÏiMl 

R B _ H VAN DORN - NEAT H-40297 - PLATE I - PASSED SHOCK - FAILED PTP w c » 

nr i| ri i ¡ i i i ( i il -m- -rn-i 
IADSOBS-¿_ i ^ 



UISSTON - HEAT 22851 - PLATE 2 - FAILED SHOCK - NO FTP TEST « Q " 

V s» * r-. • 
•s 1 % 

r • 

Y">> Y^-Y'V 

LONGITUOIKAL 

' W .T ... , .. viipxp^npi!,. III | l „mi,« HIM H)M| IIIIMUH 

TRANSVERSE 

„ c _ K ARNEOIE - HEAT 22345 - PLATE 129438-CTB - FAILED SHOCK - NO PTP TEST 

0 - '1 

II 1 1 111 111(111 -TTT- -n-n 
UCMBS- _j 

MACROETCHEO SECTIONS OF Ij" ROLLED HOMOGENEOUS ARMOR PLATE TESTED AT LOW TEMPERATURE AT 
CAMP SHILO, MANITOBA, CANADA. WTN.710-2201 

LETTERS UNDER THE PHOTOMACROQRAPH8 ARE THE RATINGS OF THE 
CORRESPONDING STEEL SOUNDNESS FRACTURE TEST SPECIMENS. 

FIGURE 2 
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LONS ITUOI NAL TRANSVERSE 
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wAtwevo*** ¿**tmto**i- 

macroetched sections of i¿" rolled homogeneous armor plate tested at low TEMPERATURE at 
camp SHiLO, Manitoba, canada. wtn.7io-2?oo 

■V 

r 

LETTERS UNDER THE PH0T0MACR0GRAPH8 ARE THE RATINGS OF THE 
CORRESPONDING STEEL SOUNDNESS FRACTURE TEST SPECIMENS. 

FIGURE 3 
I 
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LONGITUDINAL TRANSVERSE 

» 0 » STANDARD(YOUNGSTOWN) - HEAT Q8Y-75-I0 — PLATE 1X5 -- PASSEO SHOCK - PASSED PTP „ . „ 

B - R STANDARD (JONES i LAUOHLIN) - HEAT OSJ-335 - PLATE MIX3 - PASSED SHOCK - PASSED PTP « g 

- 

¿æû/wœ aerr o a*. 
*v/*rM/rnj*M namm 

MACROETCHED SECTIONS OF l¿" ROLLED HOMOGENEOUS ARMOR PLATE TESTED AT LOW TEMPERATURE AT 
CAMP SHILO, MANITOBA, CANADA. WTN.710-220^ 

LETTERS UNDER THE PHOTOMACROQRAPHS ARE THE RATINGS OF THE 
CORRESPONDING STEEL SOUNDNESS FRACTURE TEST SPECIMENS. 

FIGURE 4 
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HEAT GSO-635 

. 

r « 
''*' *'- "Vr’. - *j 

LONG ITUOI NAL TRANSVERSE 

- PLATE IXI - FAILED SHOCK - failed ftp m e m 

f I 

1 1 1 1 1 1 1 1 1 1 1 1 I I T-rrp-rn 
UCtùBS.-1- :_!_A 

/3gp»7- /V.^.X. 

wArrtumoKff* , i^—tmi 
MACROETCHED SECTIONS OF 2" ROLLED HOMOGENEOUS ARMOR PLATE TESTED AT LOW TEMPERATURE AT 
CAMP SHILO, MANITOBA, CANADA. WTN.7IO-2P03 

V i •.- 
I 

LETTERS UNDER THE PHOTOMACROGRAPHS ARE THE RATINGS OF THE 
CORRESPONDING STEEL SOUNDNESS FRACTURE TEST SPECIMENS. 

FIGURE 5 

. k ' . 
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LONGITUDINAL TRANSVERSE 

« g M STANDARD (QRCAT LAKES) - HEAT Q8G-635 - PLATE 1X4 - PASSED SHOCK - FAILED PTP n g st 

ORDtiAHce aerr o s* 
vmiwr*»*** ■ »iwMW<iL 

MACROETCHED SECTIONS OF 2" ROLLED HOMOGENEOUS ARMOR PLATE TESTED AT LOW TEMPERATURE AT 
CAMP SHILO, MANITOBA, CANADA. WTN.710-2202 

n 
LETTERS UNDER THE PHOTOMACROGRAPHS ARE THE RATINGS OF THE 
CORRESPONDING STEEL SOUNDNESS FRACTURE TEST SPECIMENS. 

FIGURE 6 
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Typical Nonmetalllo Indu alona In the 1" Platea 
(Unotched longitudinal specimeai photogrsçhed at X1Q0) 

'“W 

Ittaaton Plata 1 
Silicates in moderate quantity and 
mainly randomly distributed. 

Oamegle Plate ,4-2-1-4 
Moderate amount of inclusions. No 
long stringers. 

1 

: ’ 

Van Porn Plate 1 
Thin elongated inclusions in con¬ 
centrations at center of section. 

WTN.639-6005 

>. 

I 
American Oar Plate 1702-7 

Snail amount of inclusions. No long ■;< 
stringers. A 

£ 

nguHa 7 

I 
3SN3dX3 iN3WNd3A09 IV a3onaodd3y 
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M 'll1...f i 

, -^yP^ool Sona»taille Incluslons la tlxs lé* Platea 
Wttetohed loagitudlnal speolmoa« photographed at XÏOO) 

Oamegle Plate 12943g-0TB DLaston Plate 2 
Oxides ia nanar long stringers Staall amount of inclusions. No lon| 
throughout the section. stringers. 

■ ï 

» 
-.1 

■ -1 

i 

I-, 

Great Lakes Plate 1X4 
Oxides in many long stringers 
throughout the seotion. 

Great Lakes Plate 1X5 
Oxides In many long stringers 
throughout the section. 

J 
FI 
K. 

» 
■ 

Republic Heat BB-50 ^07G 
Throughout tv > section - Great 
quantity o ~ iln elongated inclu¬ 
sions in sn,, ngers and moderate 

win.639-6606 anount of long oxide stringers. 

» 
- 

fj 

I 

FIGURJJ g 
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Tgploal »oaaetalUo Incluaiona In the l4" Plates 
(Unetched longitudinal specimens photographed at X100) 

d 
t 

Dlsston Plate 5 Jones and Laughlla Plato _M 1X¿ 
Center of seotion - Moderate quantity Large number of inclusions".* ~No long 
of inclusions. Length of stringers stringers, 
is not great. 

•» -1. - • «.» •• •* . 

■ 

», 

» 
. 

.> 

. .. I»««.«»» w»t. Uft ton PutB 4 
Oxld.. In «.my Xoa* .trtn««., ulnljr »ln Aon¿SS'lnolu.lo¿rin con- 
at center of seotion. centrations mainly at center of 

section. 

WIN.639-6807 FIGURE 

■ 
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DISTA NOE FROM WATER COOLED END OF STANDAR!?^ 
HARDENABILITY BAR- SIXTEENTHS 

PLATE HEAT , QUENCH 
NO. NO. 
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REPRODUCED AT GOVERNMENT EXPENSE 1 

at_Hc 43 In Jomlny Bara of Various HardensblUtles 
Ull Jcminy bare etohed with 4>Plcral and photographed at XlCOû) 

;i ■ 
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Great Lakes 2* Plate No. 1X1 
Micro structure at 7/16“ from the 
quenched end, Amount of noo-mar- 
tensitic products is 15^. 

* 

' Vi* 
L '’*»,, * fc 

* « kl ' 

■ ^ 

4VLä3‘- V 
Van Dorn lg Plate Ho. 1 

Micro structure at lé/l¿B from the 
quenched end. Amount of non-mar¬ 
ten si tic producte is 3O-W. 

Jonee and Laa^ghlin 14" Plate »0. M1X3 
Micro etructure at 40/16" from the 
quenched end. Amount of noiwnarten- 
sitic products is 755Í. (Note: In thia 

wtn.639-6809 case hardness is He 44.5.) JIGÜES lg 
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Data Sheets of the I7 Plates 

Bxanined and Piguros 19 to 35 
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REPRODUCED AT GOVERNMENT EXPENSE 

i . .,!L a! 

Diaston I* Plate Ho« 1 ^ 
(Kicroqp«oia«a etohtd with Floral) 

» 

XaOO Pitar of Scot Ion 3QL000 
Severe banding - The light etching bile con si at of some inter critical 
ferrite and tempered martensite and a fairly large amount of tempered 
non-mart en el tie austenite deooqpo sitien products. 

Fichus 12 
WTN.639-681D 
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RÉPR0mJC8É^TÍKWÍR||(Él¡tr EXPANSE 

Henry Disston and Sons, .I&o. 

Hoat No. 3339 Plato No. 1 

Chemical Analysis 

IN ■I,!! ,ll..VlllVll^.piliy 

Thickness 

C Mn Si  S_ P 
Company .23 .51 .22 .015 .020 
Watertown Arsenal .22 .51 .25 .018 .01? 

Ni Cr Mo Cu Al 
27^5 .21 .29 - 
2.50 . 21 .32 .13 .01 

_Hoat Treatment __ 
Temp. 0F. Hrs. Rise Hrs, Soalc Coolant 

1450 1¾ 2 Water Spray 
IO50 2 Air 

Physical Properties Reported 

Brin ell 331-341 

T gap. 
-29°P. 

Shock Pro,]. 
37 ran APC 
MSI at 25° 

Ballistic Properties 

Shock Vel. 
P/3 

1271(+5) 

Shock Result _ 
Failed: CP-4 W. 
Punching. 2¾11 3.S. 

PCP Proj. 
37 ™ 

M51 

FTP Result 

No test. 

In this heat: 3 plates of 4 failed shock. (Tailed -27°F, -.290F, and -30°F (hy 
3.S.). Passed -22°F (Pun. S*).“) 0 plates of 3 failed PCP. ijhssed -22°F and 
**27°F (no B.S.). Passed-30°F (allowahle 3.S. ).0 

HMrdnosB and Fracture Tests 

3HN 1/4" Steel Quality Fibre Fracture_ 
fron BHN Midvfay BHN at Fracture Rating Slow Fast 

Surface Surface - Center Center Long. Trans. Long. Trans. Long. 
. • Mixed Mixed 

316 316 302 (^. Fibrous (Trace (3O/& 
Cryst.) Cryst.) 

Macro structure and Microscopic Inclusion Dcterraination 

Macro structures are similar in both rolling diroctions. The laminations 
revealed by the fracture test are not shown by the macro structure. Micro¬ 
scopic oxaraination revealed only short stringers of silicates randomly 
distributed. 

Jorainy Hardenability 

Plate Thickness Quern chah le 
at Center to Hardness of Plate Thickness Quenchable 

Rc End l6ths to l6ths to Beginning of Jominy Drop at Center to 400 BHN 
Hardness Beginning 43 Rc Still Water Water Spray Still Water Water Spray 
at. I/.I6» of Rc Drop (400 BHN) (ifel)_(ifcl.g) (H=l) (¿l.g) 

45.5 3 3 - IO/16" - IO/16» 

Micro structure and Remarks 

In addition to sorae ferrite resulting from the plate having been aus¬ 
tenitized within the critical range, a fairly large amount of austenite de¬ 
composition products other than martensite is present at the center of the 
section. Resulting shock properties are poor; the fracturo of the material is 
brittle and the center of section Charpy impact energy drops rapidly with de¬ 
crease of temperature from room temperature. Ballistic shock performance of 
this series was therefore poor. 

The >90# martensite hardenability of the steel would have been borderline 
had the quenching temperature been l600oF. The plate having been quenched from 
within the critical range, the presence of high nickel content was unable to 
counteract the poor shock properties imparted by the resulting structure, 
,, Til,e occurrence of back spoiling under PTP attack with the overcatching * . 
37 cua scot when the testing temperature of the series was lowered to -30°T is 
attributed to the"C"steel quality. 



Carnegie-Illinole l* Plate No. 4-2-T~4 
(Micro ep ocï men etched witiT^^PlcraiT” 

X200 Midway Between Center and 321 Brlnell Tace X1000 
No banding - Micro structure consists of tempered martensite and some 
tampered non-mar ten si tic austenite decomposition products. 

X200 Midway Between Center and 352 Brinell fface XLOOO 
No banding — Micro structure is tempered martensite with only traces of 
non-martensitio austenite decomposition products. 
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Hoat No, 3-52607 

Conpany 
Watertovm Arseniil 

REPRODllcitflttSffllfiSftlEir EXPENSE 

Caniesic-Illinois Steol Corp. 

Plato No. ^-2-1-4 

Ohauical Analysis 
0 Mn Sl_  S_ P Ni _ _ _ 

.27 .91 .a .020 .020 1.03 .40 .38 - 

.2b .95 .24 .026 .016 1.04 .45 .39 .03 . 

Thickness 1,0011 

Or Mo Ou Al 

02 

_Heat Treatnent_ 
Tenp, °P. Hrs, Rise Hrs. Soak Coolant 

1544 1 3/4 Water 
914 3-1/4 1 Water 

Physical Properties Rerported 

T.S. 164,000 
Y.P. 154,000 
$ ELong. 16.5 

$ R.A. 56.5 
Izod - 
Brinell 332 

Tari-p. 

-27 °P. 

Shock Pro,]. 
37 nn APC 
M5I at 25° 

Ballistic Propertios 

Shock Vel. 
F/S 

1252(+2) 

Shock Result 
Passed: 211 cir^- 
cular crack. 

PÜP Pro.1. 
37 m APC 

MSI 

PIP Result 
Failed: Inc. B.S, 
4gtt dianeter. 

’ 4 

» 

In this heat: 1 plate of 4 failed shock.(Ihilod -27°F (GP-B.S.). Passed -1S°F 
(3" crack), -19°F (no cracking), and -270P.(á,‘ crack)J 1 plato of 3 failed 
PIP. (.Failed -27°F (inc. excessive B.S.). Passed -1S°F and -19°F (no B.S.).3 

BHN 1/4»1 
fron 

Surface 

321 
352 

Sardneea and Fraatrore Tests 
Steel Quality 

BHN Midway BHN at Fractm’e Hating 
Surface - Center Center Long. Trans, 

One side 3a 
Other side 352 33I B- 3- 

Fibre Fracture_ 
Slow_Fast 

Long. Trans. Trage, 
Mixed Mixed 

Fibrous (Trace ($ 
Cryst.) Cryst.) 

jwit»«r i 

M>crostructure and Microscopic Inclusion PetcmlnAtlon 

Macro structures are fairly similar in both rolling directions. Both 
uacrostructure and nicroscopic inclusion doternination indicated that the 
steel is fairly clean and free fron long stringers. 

Joniny Hardenabillty 

Plate Thickness Quenchable 
at Center to Hardness of Plate Thickness Quenchablo 

He jind l6ths to l6ths to Beginning of Joniny Drop at Center to 400 BHN 
Hardness Beginning 43 He Still Water Water Spray Still Water Whter Spray 
atl/1611 of Rc Drop (400 BHN) (H=l) (¿l.g) (ifcl) Qbl.g) 

^8.5 5 6 - 12/16" 1» 15/16" 1-3/16» 

Hiero structure and Reaarks 

The structural variations fron face to face (see Fig. 20) indicate that 
the plate had beon quenched nore severely at, one face than at the other. The. 
plate was capable of being essentially conpletely tfuauch hardened ( >90$ noiw 
ton site) in water by a vigorous quench at both faces. 

The fibre fracture contains only a snail mount of crystallinity, but the 
center of section Charpy inpact energy at -4o°G is indicative of a transition 
fron ductile to brittle behavior. The borderline ballistic shock behavior of 
this series is associated with excessive and non—unifom hardness and perhaps 
also the nonnartensitie transfornation products in the x’egion adjacent to the 
softor face. Since the naterial is free fron long inclusion stringers, ex¬ 
cessive hardness is also seen as the cause of PIP polling of the plate, which 
was tested at the lowest temperature of the serios. 
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REPRODUCFD AT GOVERNMENT EXPENSE -j 

fu^í-nríj-«} 

Van Dorn Iron Works l" fíate No. 1 -q 
(Mlcraapecimen etched with 1$ Picral) 

i 

.1 yi&UHB 21 
WTN.63^-6812 

Xaoo Canter of Section XLOOO 
Prominent handing - The light etching matrix consists of tempered mar¬ 
tensite and some tempered non-mart en sitie austenite decomposition 
products (XI000 photo.). 
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REPRODUCED AT GOVERNMENT EXPENSE 
■■'-n "•»T1 f^r» ■ *r*T r 7^'. 

Haat No, H-to297 

DATA S3EBT NO. 1 

Von Dom Iron Works Co. 

Plate No. 1 Thickness 1.02" 

Chord col Analysis 

1½ Si S P 
Conpany . ., .2b .92 . 20 . 017 .014 1.24 1.03 .62 - 
Watertown Arsenal ,2b .95 .25 .021 .011 .91 ,*75 .48 .12 .02 

Hont Treatment 
5P. Hi-a. Rise Hrs. Sonic Coolant Physical Properties Reported 

Brinell 287-327 

Temp. 

-■lb0!'’. 

-34°p. 

Snook Pro.i. 
37 rjo APC 
M51 at 25° 

Ballistic Properties 

Shock Vel. 
5 Shock Result PIP Pro.j, PIP Result 

1273(+7) Sh'w 
No 

crack: 

h 

^ ^5^0 ■Fa3Sei: 2x2-1/4". 

h Pailed: 3“l/4x4N 
w/B.S. 

¡loto: This plate failed B.L. at +21°P and -lb°P. 

In this heatî 0 plates of 4 failed shock,(passed -8,5°P and -30°P, -lb° and 
"3HQI, -31^, and ~31°F (no cradcing)*) 1 plate of 4. failed PTP.CPlate above. 
Pa seed -8.5°P and -30?P, -31°P, and -31°P (no 3.8.)0 

Hardness and Fracturo Tadts 
BHLI 1/4" 

from 
Surface 

255 

3HN Midway 
Surface - Contor 

2b9 

Stool Quality 
BUN at Fracture Rating 
Conter Long, Trans. 

269 B- C 
Centorline 

Fibre facture 
Slow 

Long. Trans. 
Fast 

JSSfii 
Fibrous Fibrous Fibrous 

Macro structure and Microscopic Inclusion Detomination 

Macro structures are similar in both rolling directions. The steel sounds* 
ness test "0" rating is shov/n by the macro structure to have been caused by 
numerous coriterlino stringers. Microscopic doternination revealed eonccaitra- 
tions of thin elongated inclusions at the center of too section. 

Joniny Hardonability 

Plate Thickness Quenchable 
at Center to Hardness of Plate Thickness Qienchablc -1 

Re Fhd loths to ibths to Beginning of Joniny Drop at Center to 400 3HN 
Hardness Beginning 43 Rc Still Water Water Spray “Still Water Water Spray 
■hLj/ib» of Re Drop (400 Ml (3»»1) (ifcl.S) (3=1) (¿l.g) : 7 

49 7 lb 1-2/16« 1-5/16« 2-7/16" a-13/16*.^ 

Microstructure and Remarks 

At the center of the section somo nonnartensitic austenite decomposition 
products arc: present. Nevertheless the fibre toot fracture is wholly fibrous., 
and all plates of the sorios j>asaed the ballistic shock test. A lamination la ; 
present at the center of the section in the fibre fracture, but since it is nc 
severe, in all probability only a mall mount, if any, of crystallinity wot“' 
nave been present had the steel been clean. 

The micro structure la due either to slack Quenching or quench hardoni- 
a medium of low quenching efficiency, such as oh., for The haxdonabiUty J 
adequate to eaBenti ally cœsplotely quench out ( >30^ martensiter 1» still 
aplate l-2/lo" thick. The impact properties cannot bo ‘ * * 
data since deep laminations are present in th<| Chnrpy a 

™ .. ' ' 

¿a 
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RFPRODIICED AT GOVERNMENT EXPENSE 

Aaorican Oar and Jorndry ln Plate No. 170guy 
(Microspecimen etched with Nital-Picral) 

V.' • ' ' %'1 < ' 

f§!ii 
\ ,A : \g.~. 

MM 

X200 Center of Section XLOOO 
Ho handing - The structure resanbles tempered martensite plus tempered 
low temperature hainite. Traces of a ferritic non-nartenaltio trans¬ 
formation product are present. 

{»0» -80 

FIGURE 22 
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REPRODUCED AT GOVERNMENT EXPENSE 

Heat No. it-50196 
^Carburized Plate 

MIA SHEET m. 4 

American Oar and Foundry Co.* 

Plate No. 170S-7 

4 * ‘V „ . ^ ^ 

'■l 

Thickness 1.00 

c 4¾ 
Company ^ tig ,017 
Watertown Arsenal .27 M .21 .018 .010 

Chemical analysis 

Si S 

ï'.' 

P 
loIS 

Hi Or 

3:S :¾ 
Mo 

.35 
• 37 

Heat Treatment 
Tffe#**-"“**' ■ * ■ X* 

Temp. °P. Hrs. Hise Hrs. Soak 

S3 Hrs. 

Coolant 

1725 
I75O 
1^0 

750 

Air 
Interrupted Oil 

Air 

Physical Properties Reported' 

Brinell 485/379 

Bellistic Properties 

iemp, 

+31°P. 

+3l°P. 

Shock Pro.i. 

37 mm APO 
M51 at 25° 

Shock Vel. 

Ill. PIP Result Shock Be suit PIP Pro.i. __ 

I-I0 ïest 37 mm AFC Passed:2-1/16x3-1/16» 
M5I B.S. ■ ;> 

" Passed: 2èx3-15/16 •ÍB.S* 

In this heat: 0 plates of 1 failed shock.passed -15°P at I262 f/s (no erad» . 
ins) J 1 plate of 3 failed PIP.(Shis plate failed +31°P and -15°P (ëxcessire 
3.0.) and passed 31°P (allowable B.S. ). Passed +31°P and +31°P (allowable B.S.) ^ 
and passed+31°P (allowable B.S. ).) . ; 

Hardneas and Íractnro Tosta 

-CSEtt -at--Surface 
Case Paco 514 
Core Pace 401 ! 

BH» at 
Center 

401 

Steel Qiality 
Practuro Bating 
Long. Trans. 

B B 

Pibre Practura 
Slow 1^.1,1¾¾¾¾ 

Long. Irans. 
Cryst. Cryst. ■i||# 

Macro structure and Microscopic Inclusion Determination 
’ M 

Macro structures ore similar in both rolling directions. Both macro- 
structure and microscopic inclusion determination indicated that th® steel is 
clean and froo from long stringers, 

■1 

m 

Jominy Hardenability 

, Plato Thickness Qucncliable 
- Center to Hardness of Plate ^lickneee Qjienc 

He 2nd loths to l6ths to . Beginning of Jominy Drop at Center to 400 1-¾.. 
Hardness Beginning 43 Rc Still Water Water Sproy Still Water Water %rav ^ 

1/1611 of Rc Drop (400 Sign _(H=l)_ (ä=l,8) (&1) ' ‘ ' 

5O.5 20 28 0-34/161' 3-5/16? >10/16" 

Microstructuro and Remarks 
- ' ' 

The carbide needles indicate that low t carpera ture bainite might be present ■’ 
the martonsitic structuro. Only traces of a ferritic nonmartensitio austenite de 
composition constituent are present. The microstructuro is consistent with the 
reported quenching practice, since hardenability is adoduate for the plate to hi 
been completely quenened out (free of even traces of austenite decomposition ow 
ducts otner than martensite) in an oil spray. T , ' 

The fibre fracture has the character!stio crystalline qmearance that ie *i;; 
Î.° haI’<irieBS alono (not t,Q poor shock resisting transformation products). 1 

low Charpy values are 
pinte from tho series passed'tW ballÎïiiè -'Éïloîiic 'liété1 ««•*■*» 
impact properties of the material, this only illustrates the mildneae of 
ballistic test. ' 

The excessive hardness is reflected in the PIP test by spalling of all the 
plates in the series, , 

l 
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REPRODUCED AT GOVERNMENT EXPENSE 

Carnotj;i»-IlllnoiB ijt11 Plate No. 12^4^8-0118 
(Mlcroepeoimeo. etched with 4$ Picral) 

x200 Panter of Section. 3CL000 
Mc derate banding - À fairly large amount of tempered non-marteneltlc 
products is present in the light-etching hands (X1000 photo.). 

X200 Midway Between Sarface and Panter 30.000 
Ko handing - Typical micro structure canalete of towered martensite 
plus a vary email amount of tempered non-mart en si Üo producto. 
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Fibre Fracture 

Iw. ^ ï* ^ t 

REPRODUCED AT GOVERNMENT EXPENSE 

Heat I?o. '¿2^ 

DATA SHEET NO. 5 

Camogio-Illinoit; Steel Corp, 

Plato Ho. 129438-CIB 

Chemical Analysis 

Ihicknoso 1,5111 

Company 
Watertown Arsenal 

C 
.27 
.25 

lh Si 

1.04 .21 
1.05 .27 

.023 

.025 
.013 
.014 

Heat Treatment 
Temp. °g. Hi's. Hi so Hrs, Soak" Coolant 

1544 
1040 

1¾ 
2-1/4 

3/4 
1-1/4 

Water 
Water 

Physical Properties Reported 
T.S. 143,000 ^ E.A. 65.O 
Y.P. 129,000 Izoà 
fo ELong. 20,5 Brinoll 293 

Ballistic Properties 

Temp, Shock Fro.j 
75 rn T21 

Slug 

Shock Vel. 
P/S Shock Result 

I26I (+3) 

PIP Pro.i. 
37 nun APC 

MSI 

PIP Result 

Ho Test 
Palled: CP- 
B.s. 5-1/4x7-3/4«. 

In this heat: 1 plate of 5 failed shock.Cihilod-34°P (CP-B.S.). Passed-24°!, 
“^•30P, -34°P, and -35°P (no cracking),) 0 plates of 4 failed PTP.QPassed. 
“24°F, -2^.3°P, -34°P, end -35°P (kordorline B.S.).) 

Hggdnoea end Fractura Teste 

3HN 1/4» 
from 

Surface 
BHH Midway 

Surface - Center 

Steel Quality 
BHH at Fracture Rating 
Center Long, Trans. ..-4.¾ Trans. 

Mixed Mixed 

D <L°\ V Pihrous .-AW 
Cryst.) Cryst.) '^üi 

Macro structure and Microscopic Inclusion Botcmlnation . 1 

Iho steel was rolled in one direction predominantly. The long laoinatlo&B •' 
seen in the steel soundness fractures ore revealed hy the macro structure. Undör 
the microscope these wore found to have been caused by oxide inclusions in 
many long stringers throughout the section. 

Joniay Hardenabilit.v 

Rc Ezxd l6ths to l6ths to 
Hardness Beginning 43 Rc 
at I/1611 of Rc Stop (400 BHH) 

Plate Thickness Quenchable 
at Center to Hardness of Plato Thloknoas (^isoohaible > : 

45.Í 5-6 

Beginning of Joniny Drop 
Still Water Water Spray 

IgrjJ_ -■ ÍMlil 

at Center to 4Ò0 BHH 
Still Water Water Spray 

12/16« 1« 

Microstructure and Remarks 

In approximately one third of the banded structure at the center of the so<v 
r\ o V, H n n t . 4?™ S “I _    _   a. • »  /% . .. ... , . . _ 

^ -——V —- — W - ——— — M w a. w Mt.kMVav/t* MW* Wfcw V WUk W COIf M CSii W U A V A W*l> W gj _ _ ■ , r n J 

tion, bonds containing a fairly large quantity of nonmartensitic austenite do- : 
composition products aro present. The balance of the structure here is largely ''fl 
tempered martensite, Midway between plate center and surface the structure is 41¾ 
predominantly tempered martensite also. Comparison between hardenability and ml— k ,f 
crostructure indieatnr, that. t.1 nt.o Viad mu_ ■ ii 

—* -V ^  j; w ww • *-**-•* *^ » —t it, rr*/ * i M vj U Yr i it 11 _ 1 ‘ AAA Vj 

crostructure indicates that the plate had been quenched very efficiently. 
Charpy impact values are consistent with the microstructural variations; at the ! ' 
center of the section the energy drops off at ~40°C, whereas the -4o°C impact 
energy of tao material midway between surface end center is equal to the room 
temperature energy and at -70°C has dropped very little. In addition, room 
temperature impact energy is equal to that of completely hardtfd armor of the 
same hardness. Only a small amount of crystallinity was reveal-J ■"— 

rrr^ ^ 
to the poor steel quality and high hardness rather t__ ,. 
at the center of the section. Poor steel quality,, assisted by a ,.. 
is also considered responsible for the PIP spalling behavior of the series. 
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Dlaston 1^" Plate No. 2 
(MiuroEgp*clinea etched vrith Ují Pici-al) 

^200 Center of Section, X1000 
Severely banded — The light-etching bands consist almost entirely of 
non-martensitic products and interoriticol ferrite (X1000 photo.). 

^200 Midway Between Surface and Center 30.000 
No banding - Typical structure is tempered martensite, intercritical 
ferrite, and a moderate amount of tempered non-martensitic nroductE. 
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REPRODUCED^AT GOVERNMENT EXPENSE 
ùHSüï 1Ï0. o 

Heat No. 22851 

\ 4 
g 

Thickness l,5lB 

Henry Disston and Sons, Inc. 

Plate No. 2 

Company 
C 

.21 

Chemical Analysis 

Mn Si _S_ p Hi Or 
.50 .25 .012 701ÏÏ 3,10 ¡0ÏÏ 

.04 

Mo Cu A1 
.29 .20 - 
.30 .14 .01 Watertown Arsenal .19 .49 .27 .022 .013 3*05 

Heat Treatment _ 
Coolant Physical Properties Reported 

feter^Spray Erinell 255-269 

T omp. 

1425 
1100 

Hrs, Hise Hrs, Soak 

2 
2 

1| 

Ballistic Properties 

Temp. Shock Pro.j. 

-25.5°P 75 mm 121 
Slug 

Shock Vel. 
F/S Shock Result PTP Pro.j, 

Bailed: Ex- 
PTP Result 

1261(+3) pessivo crack-^ Passed: 2-l/4x2|H. 
mg 

In this heat: 2 plates of 4 failed shock,(Jfeú.led -25^50^ -25.h°B (hy 
excessive cracking). Passed -l4°B and -25.3°B (no cracking)^ 0 plates of 3 
failed PIP. (passed *.11.5°P, -l4?B, and -25.3°P (no B.SJJ ' 

BHW 1/4« 
from 

Surface 

255 

Hardneee «ad Braeture Tehts 

Steel Quality Fibre EraCture 
BHH Midway BHH at Fi’acture Rating__ 

Surface - Center Center Long. Trans. Long. Trans.. ' Long. 

238 232 B 3 .Miajed Mixed Mi^ed 

Fast 

(30^ (Trace (905# 
Cryst.) Cryst.) Cryst.) 

Macrostructure and Microscopic Inclusion Determination 

Macro structures are similar in both rolling directions. Both macrostruo- 
ture and microscopic inclusion determination indicated that the steel is clean 
and free from long stringers. 

Jominy Hardenability 

Plate Thickness Qjienchablo 
at Conter to Hardness of Plate Thickness Qienoháblo 

Rc End l6ths to l6ths to Beginning of Jominy Drop at Coat er to 400 BHH 
Ihurdness Beginning 43 Rc Still Water Water Spray Still Water rater Spray 
at I/16» of Rc Drop (400 BHH) (H=l) (ifcl.g) (fel) (¿1.8) 

44 3 2 <10/16» IO/16" <7/16* 7/16" 

Microstructure and Remarks 

In addition to intorcritical ferrite caused by austenizing within the critical 
range, a great deal of austenite decomposition products other than martensite is 
present at the Conter of the section as a result of very low hardenability. Midway 
between center and surface the amount is much less but still appreciable. Charpy 
impact energy falls off rapidly at both locations vrith decrease of temperature and 
the fibre fracture is almost entirely crystalline. Accordingly, the pinto cracked, 
excessively under the impact of the ballistic shock test slug. 

This series illustrates again that nickel cannot compensate for intercritical 
quenching and poor hardenability. 

The excellent PIP behavior of tho serios is consistent with the excellent 
steel quality and proper hardness of the subject plate. 
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atondará. (Graat Lakes)JL.!"_P1 ate Ho, 1X4 
(Hierospecimen etched witíTV^Picraï)- 

^200 Canter of Section XI000 
Moderate banding - lîypical field shows tampered martensite and a greet 
deal of tempered non-martenaitic transformation products. 

^20° Midway Between Surface and Canter XI000 
Slight banding — Typical field shows tempered martensite and some 
tempered non-martensitic austenite decomposition products. 
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REPRODUCED AT GOVERNMENT EXPENSE 
Brer^v; 

MTA SHEET HO. ? 

Standard Steel and %iring Co. 
(Steel Supplied by Great Lakes Steel Corp.) 

Heat Ho. 000-724 Plate Ho. 1X4 

Company 
Watertown Arsenal 

Hi 

Chemical Analysis 

_Mn Si S P 
.89 38 .030 .030 — 
»90 ,63 ,022 .022 trace 

Heat Treatm ont 

C 
.29 
.28 

Cr Mo 
■^1 Tie: 
.61 .15 

Temp. °P. Hrs. Rise Hrs. Soak Coolant 

IbOO 
UTO 

a-3/4 
3-3/4 

Water %ray 
Air 

Y.P. 
$ Elonf. 
í> R.A. 
Izod 
Brinell 

Bollistic Properties 

Physical Properties Reportad 
I.S. 115.200L, 115,5001 

95.750L, 
20.0L 
62.3L 

97.5OOT 
18,or 
54.71 

255-286 

Temp, Shock Pro.i. 
Shock Vel. 
_E/S 

-22CP. 75 mm T21 Slug 1250(-5) 
Shock Result 

Palled: Broke 
3 pieces 

PTP. Pro.i. PIP Reaulfc 

37 ran APC M5I Ho teat. 

■■mT 
.-,.¾ 

In this heat: 3 plates of 3 failed slug shock tost.(railed -18°P, -22°P, and 
(all.feroke into pieces and one B.S) J 2 plates of 2 passed 75 AP at 25* 

obliquity.(passed -17°P and -17°P. (Ho cracking.i) 0 plates of 2 failed PTP. 
(ÿassed -17*P and -17°P (no B.S.)*J 

;,W 
» 

BHH 1/4» 
from 

Surface 

Hardneae and Praoture Toata 
Stool Quality 

BHH Midway BHH at Practure Ratine 
Surface - Conter Center Long. Trans. 

\ 
Plbre Fracture 

. Slow Fast 
.-lP£Sp. . Long. 

269 262 245 E E ßr <sr 
Cryat.) Cryet.) Cry at.) 

Macrostructure and Microscopic Inclualon Determination 
The steel was straightaway rolled. Kie laminations responsible for the ■E* 

steel soundness rating are rovoalod by the macro structure but to a leaser extent, 
under the microscope those were found to be caused by oxide inclusions in many 
long stringers throughout the section. 

Jomlny Hardenability 
Plate Thickness Qnenchablo 

D _ , at CeIlter t0 Hardness of Plate Thickness Q^enchabl«' g 
.° ^ 16ths to loths to „Beginning of Joalnv Drop at Center to 400 BHH 
Hardness Beginning 43 fie Still Water Water Spray Still Water Water Spray" 

Sfc- -«iiP- -t££ik 
Micro structure and RfipmrV-e 

,F a result of very poor hardonability, a groat deal of nonaarteneitie tran»« 
formation products is present at the center of the section. Midway between the 

sur5aaet undesirable constituents are present but too a ouch lesser e®>* 
Wit. Ut must be noted, however, that the photorn!cr0grmh3 here illustrate only lv 
^ho average condition.) Charpy impact at^both locations decreases rapidly with 
^croase of testing temperature and the fibre fracture Is largely crystalline even 
wÂuÂifÂîïfJH SSP*:. ‘«‘i1« «««» 

it 
ject plate and Plate Ho, UCSt Wtals very poor. 
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Standard Stool and Spring Co. 
(Steel Supplied by Great Lakes Steel Corp.) 

Heat No. GSG^724 Plato No. 1X4 Thickness 1.51» 

Ohemicntl Analysis 

Company 
Watertown Arsenal 

C 
‘.29 
.28 

Mn 
.89 
.90 

Heat Treatment 

Si 
TSg 
.63 

.030 

.022 

p 
.030 
.022 

Ni Cr ... 

trace ,6l .15 

Zr 
.08 
.085 

Tcap, °P. Hrs. Pise Hrs, Soak Coolant 

1600 
II70 

a-3/4 
3-3/4 

Water Spray 
Air 

Physical Properties Reported 
I.S. 115.200L, 115.5001 
Ï.P. 95.75OL, 97.5OOT 
% ELong. 
$ P.A. 
Izod 
Brinell 

20 .OL 
62.3L 

18.OT 
54.71 

255-286 
Ballistic Properties 

Temp. Shock Pro.i. 
Shock Vel. 

P/S 

«*22°B. 75 mm Ta Slug 1250(-5) 
Shock Result 

Palled: Broke 
3 pieces 

_FTP Result 

37 mm APC M5I No test. 

In this heat: 3 plates of 3 failed slug shock test.CJailed-18°P, -22^, and 
-22°P (all broke into pieces and one B.S) J 2 plates of 2 passed 75 ÁP at 25» 
obliquity.(passed -17®P and -17°P. (No cracking.ii 0 plates of 2 failed PIP. 
Classed-17*P and-17°P (no B.S.)*) 

BHN 1/4" 
from 

Surface 

Hardness and Fracturo Tost» 
Stool Quality 

BHN Midway BHN at fracture Hating 
gurfaco - Center Center Long. Trans. 

Fibre Fracture 
Slow 

.-L0£&.., 
Mixed 

(25^ . 
Cryst.) Oryit 

Trane. 

(ÏS- 

¡£2£* 

Macro structure and Microscopic Inclueion Determination 

The steel was straightaway rolled. The laminations responsible for the »2» ill 
steel soundness rating are rovealod by the macro structure but to a lesser extant. * 
under the microscope these were found to be caused by oxide inclusions in many 
long stringers throughout the section, " 

Jominy Hardonabllity 

Plato Thickness Quenchablo 
at Center to Hardness of Plate Thickness Quenchable 1¾¾ 

he Br.d loths to l6ths to Beginning of jominy Drop at Center to 400 BHN 
Hardness Beginning 4j Rc Still Water Water Spray Still Water Water Spray 
^4/1.6» of Rc Drop (4Q0 BHN) (^1) (H=1.8) (Sri) (S=1.8K^ 

48 T 10/16" 1 

Microstructure and Remarks 

as±»OJ ViteXj KoaXmOl 

3/16" 15/16" 1-3/16' 

As a res-vJ-t of vory poor hardonabllity, a great deal of nonaart en sitio trana» 
to mat i on products is present at the center of tho section. Midway-between the 
canter and surface, undesirable constituents are present but too a much lesser fTj- 
tent. Ut must be noted, however, that tho photoEiicrograrohs here illustrate only 

average condition.) Chaipy impact at both locations decreases rapidly with 
^ooroaso o± testing temperature and tho fibre fracture is largely crystalline eran 
.hough ueop laminations «ire present. The plate behaved in a very brittle manner . 
when suüjocted to ballistic shock, as would be expected from the poor impact propi 
ertios of tho material. 

”. , I; K0ted Waat two ceapanien plates of the series paeM 
test at -17*P although the steel quality of the series', judged by the 
«ject plato and Plate No. 1X5» was very poor. 



Standard (dreat Lakes) lè11 Plate No. 1X5 
(Micro fçeciffian etciied vri t hH^Tp i eral) 

Ci 

( 

ÏWÎJ ^r- '5 *< 
• 'Vf? ív ¿ 

*-Nb»^ ' 

mí*fàí 4¾¾¾% 
,w -//,?/;kmmzéà. 

xaoo mmiÀrnvM 
Center of Section 

Moderate banding - îfypical micro structure is tendered martonsito and 
ß great deal of tempered non-mart en sitie transformation products. 

XSDO Midway Between Surface and Center XLOOO 
Slight banding - Typical micro structure is tempered martansite and some 
tempered non-mart en si tic transformation products. 

.r. 

! 
CD 

4 ¿3Q 
u. 

S20 
cc 
lit 

in 10 

i~ 

V-NOTCH CMARPY IMPACT ENERGY 
VERÍSUS TEMPERATUNE 

• «PSCIMIW» AT -CCNTER OF SEGTIOHl ~ 
o specimens midway between center 

AND SURFACE. 

+52 
ô I Y-go 
»2 +68 

t°C) -ÍÕ 
rn ~^i2 j —te 

-: .[. TEMPERATUR»......,.....-,._ f„ 
note: ® siehifies that' charpy spe!cimenífracture contains a deep 

LAMINATION. ! * ‘ 
¿IdlP. K 
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REPRODUCED AT GOVERNMENT EXPENSE 
ÜA'ÍA ttËMÎ MO. 6 

1J M J r * ■ 
* i 

Staaiard Steel ai& Spring Ce. 
(Steel Suppliod by Great Lakes Steel Corp.) 

■* 
7- 

Heat No, GSG-724 Plate He. 12$ Thickness l,50n 

X 
Chemical Analysis 

C Ma Si s P Ni Or Me & Ou Al 
company 30 75! Tojo TSp - 7® 715 7¾ “ - 
Watertown Arsenal .28 .90 ,63 .022 »022 trace ,62 .15 «il *10 *015 

y- 
TîEEjJÜsl 

160e 
1170 

_Heat Treats oat__ 
Hr3, Rise drs. Se«k Coolant 

2-3/4 Water Spray 
2-3/4 Air 

Physical Properties Heperted 

Brlnell 248-286 

Ballistic Properties 

I 

h 1 

C 

k ~ 

I 
<v' 

kiw 
ÏV 
Í-" 

Shock Vel. 
Taan, Shack Pro.i. P/S Shock Result PTP Prej, PÜ? Result 

Palled: Broke 
-18°P, 75 on T21 Sing 1248(-5 ) 2 pieces ond 37 na APC M51 No Teat 

7*9-3/4" B.S. 
In this heat; 3 3 fallad slug shock tost.(Jailed -IS^P, -22^1, and-22*P 
(all broke Into pieces and one B.S)«,) 2 platos of 2 passed 75 & at 25* ofelimlly’. 
(Jassod -17*P and -17*P (no cracking)0 plates of 2 foiled PÜJ.ÍJaased -17*J 
end-17®P Uo B.S.)J 

Hjgdhooe and.JraotL-uro.Ttèta 
BHh 1/4" Steel Quality fibre FT actor e ^ 
fron BIN Midway BUN at fracture Rating ¿lew Itast ' 

Surface Surface - Canter Center Long. Trtms. Long. Trans. Long. 
Mixed "Mixed Mixed 

269 259 248 £ E (250 (50 (6501 
Cryst.) Cryet.) Cry at.) 

Macro structure and Micro acoplo Inclusloii Detorolnatioa 
The steel was straightaway rolled. The laoinations reapeneible for the "l* 

steel soundness fating are repealed by the nacrestructure tat to a leaser extant. 
Under the micro scope these wore found to hare been caused by oxide inclusions 
in man? long stringers throughout the section, (The inclusion condition in 
this plate is identiéal to that of its companion plate No. 1X4), 

Jonjny Hardenebillty 
Plate Thickness Qienchable 
at Center to Hardness of Plate Thieknoee Qienchable 

Rc Nad l6the to l6ths to Beginning of Jonlny Drop at Center to 400 BHN 
Hardness Beginning 43 Ro Still Water Water S^ray Still Hater Vater ^ray' 
at 1/16« ef Rc Proa (400 BHN) (%l) (lfcl.8) (fel) (fel.g) 

48.5 5 6-7 1#L&« 1« . 1« L-4/16* 

Micrestructxure and Ronarks 
This plate is sinilar to its companion plato No. 1X4 in nicrostructure, 

7-notch Charpy impact, and fibre fracture and, therefore, behaved similarly under 
ballistic shook. (See Data Sheet No. 7«) The back spall punched out by the slug 
was caused by the poor steel quality. Ã third plate In the series that was tested 
with the slug also broke into pieces. 

The inadequacy of the test formerly used to estimate the shock resistance ef 
armor, a 75 ^ AP projectile fired at 25* obliquity, is illustrated by this series« 
wharoin two plates, shock tested in thfce MMCg* gars passing psrfornanee* 

,, 
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X200 Canter of Section XL000 
Severe tandlag - Light-etching matrix consists of tempered martensite 
nnd a great deal of tempered non-marten si tic products (X1000 photo.). 

X20Q Midway Between Surface and Center XLOOO 
Severe banding - Light-etching matrix consists of tempered martensite 
and a small amount of tempered non-mart en si tic products (XLOOO pho to. ). 
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RFPRODUtED AT GOVÏRHWtNT EXPENSE 

DATA SHEET NO. 9 

Republie Steel Gorp, 

1&' 

Heat Ho. RIÍ-503O7G Plate Ho. — Thickness l*4gn ■ws 

Chemical Analysis 

0 Mn Si  S_ P Hi Cr Mo Cu Al 
Company .27 . 80 . 27 .019 .OIS .95 .71 759-- 
Watertown Arsenal .27 .SS .27 . 020 , 0l4 ,S0 .73 ,4l .12 .02 

Heat Treatment 
Temp. °P. Hrs. Rise Hrs. Soak Coolant 

1600 
1200 

Water 
Air 

Physical Properties Reported 
T.S. II9.5OO $ R.A. 17.0?~ 
Y.P, 103,000 Izod 47 
ft ZLong. 23.9 Brinell 255-202 

Ballistic Properties 

-34°P. 

Shoclc Pro.j, 

75 ™ Ï21 
Slug 

Shock Vel. 
P/S 

1229(-5) 

Shock Result PTP Pro.j. 
Passed: Ho 37 “Q •f'RO 
cracking. M5I 

PTP Result 
Palled: 3-l/4x3-l/4» 

with B.S. 

In tliis heat: 0 plates of 4 failed shock, (Passed -23°P. -24°P, -33°P, -34°P 
(no cracking.)*3 1 plate of 4 failed PIP, (jailed-35°P (excessiyo^B.S.). 1 
Passed -23°P and -24°P (Ho B.S.). Passed -33°P (allowable B.S.)0 

BHH 1/4» 
from 

Surface 
BHH Midway 

Surface - Center 

245 226 

Hardness and.Practuro Tests 

Steel Quality 
Prac ture Rating 
Long, Trans. 

C- D 

Pibre Fracture 
BHH at 
Center 

Slow Past 

A 
,,I 

I 
Long. Trans. Long. "'i 

220 Pibrous Pibrous Pibrous 

Macro structure and Microscopic Inclusion Determination 

The steel was rolled in one direction predominantly. The extreme 
»v/oodiness» of the steel soundness fracture is shown by the macro structure tp 
have been caused by numerous short stringers throughout the section, but the 
causo of the 11D" fracture rating is not apparent. Microscopic examination 
showed in addition to numerous thin elongated inclusions (which are responsible - f 
for the »woodiness») a moderate number of long stringers of oxides. The 
latter appear to have caused the »D» fracture. 7 

■■■;% 

'm 

■ -i,, ,^r 

' fl 

Jominy Hardenability 

Plate Thickness Qienchable 

¡■fid 
if 

Rc 2nd l6ths to l6ths to 
Hardness Beginning 43 Be 
at I/1611 of Be Drop (400 BHH) 

46.5 5 6 

at Center to Hardness of 
Beginning of Jominy Drop 
Still Water Water Spray 

(R=l) (H=l.g) 

Plate Thickness Quenchablô 
at Center to 400 BHH 

Still Water 

I2/I6” . l* 

Microstructure and Bernarks 

Water Spray 
(Hrl.g) 

iff 

I5/I6» 1-3/1611 ‘•lí ,1 * m 

i 
The steel having inadequate hardenability, a great deal of nonmartensitic 

a ■f’rx nm r» +• A r\ry __a._ /» . . • m. « . _ • 

; :, V 'i py; 

■*w¿w 
)^B£orEiaH\n P1!00110113 occurred at the center of the section. The low hardness 
V220 Brinell; at thieregion (perhaps assisted by the excessive nonmotallic conr- |i|f 

unidirectional properties, and resulting very »woody» fracture) was ! - 
sufficient to counteract the poor micro structure, however, and the material re- i 
tains its room temperature impact properties down to almost -40°C. The Charpy [i 
impact values midway between the surface and center are consistent with the , K ! 
apparently predominantly tempered martensite structure at this location in that 1# ‘ 
the room temperature Charpy impact energy is retained almost down to -70°0. The : ’ 

quench'S&edaxmor^of'the^o^BriïSi^eîç-a^Sieâa 
but this may be due largely to the unusual 'HModineBB,, of the_ 
room temperature Oharpy values being retained down to about -40°C throughout 
the section, the fibre fracture was completely fibrous and ballistic shock pexw 
ioraar.ee of the series was excellent. - 

The failure of this plate to pass the P® tost at -34°P is attributed to 
the oxide stringers in the material. It should be noted that spalling did not 
occur in the series until the testing temperature had been lowered to -330^1. wí-*" 

fraci 



Di s atoa lè* Plata Ho, 
(Microspeciinan etched withV;* Fierai) 

XaOO Oeator of ¿aotloR XIOCO 
Severely handed. - Light-etching hands consist almost entiraly of non- 
raartensitic products and intercritical ferrite (XIOOO rlioto.). 

^200 Midyay Between Surface and Center XL000 
Soae handing - Microstructiure of the light-etching hands is intor- 
crx tical ferrite, taaperod oiartansito, and non-mart en si tic products. 

* “ * ** W T \ . ' 
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REPRODUCED AT GOVERNMENT EXPENSE 

DATA SHEET HO. 10 

Heat Ko. 22851 

Henry Di sston and Sons, Inc. 

Plate No. 5 

Company 
V/atertovm Aj îenal 

C 
.21 
.20 

JIn 
.50 

.51 

Chemical Analysis 

Si S P 

■ 25 

S 
.012 .01ÏÏ 

Hi Cr 
3.10 Toïï 

Thickness 1,50” 

Cu Al 
.20 - 

,28 .021 .013 3,02 .04 .29 .14 .01 

Heat Treatment 
Temp. °F. 

1425 
1100 

Hr . Hise Hrs. Soalc 

1-À 2 
2 

Coolant 

Water Spray 
Air 

Physical Properties Reported 

Brinell 248-262 

Ballistic Properties 

Temp. .Shock Proj, 

■25.30^. 
75 mm T21 

Slug 

Shock Vel. 
P/S Shock Result PTP Pro.i, PTP Result 

1255(+5) cracking^0 37 Pa!i3,,d: 2-9/16x3-3/4». 

In this heat: 2 plates of 4 failed shock,Clhiled -25.50^ amà -25.6°P (hy ex¬ piates 
cessive cracking;. Passed -l4°P and -25.3°^ (mo cracking).) Opiates of 3 
failed PTP.(Passed-11.5®P, -l4°P, and-25 “ 

(.no cracking;.^ 
5.3°P (mo 3,S.;.) 

Hardnona and Fracturo Toets 

BHN 1/4" 
from 

Surf;iCo 

Steel Quality 
BHN Midway BHÎT at Fracturo Hating 

Surface - Center Center Long. Trans. 

Fibre Fracture 
Slow Fast 

Long. Trans. Long. 

255 255 B~ 
MixecL Fibrous Mixed 

B (5^ (6o$ 
Cryst.) Cryst.) 

Macro structure and Microscopic Inclusion Determination 

Macro structures are approximately similar in both x'olling directions. Both 
macrostructure and microscopic inclusion determination indicated that the steel 
is fairly clean and free from long stringers. (The inclusion condition in this 
plate is similar to that of its companion plate No. 2.) 

Jominy Hardenability 

Plate Thickness Quenchable 
at Center to Hardness of Plato Thickness Quenchable 

He End l6ths to l6ths to Beginning of Jominy Drop_at Center to 430 BHN 
Hardness Beginning 43 Be Still Water Water Spray Still Water Water Spray 
at 1/1.6» of Be Drop (400 5BN) (H=l) (ifcl.g) (H=l) (S=l,8) 

44.5 4 2 10/16» 13/16» <7/16" 7/16” 

Micro structure and Remarks 

Micro structure, V-notch Charpy impact properties, and fibre fracture of this 
plate and its companion plate No. 2 are similar, (See Data Sheet No. 6.) From 
this investigation no reason is evident for the different behaviors of the two 
platos when shock tested ballistically. In view of the poor shock properties 
possessed by the subject plate, it would be expected that it also would have 
failed to resist the slug, and it should be noted that in this series two out of 
four plates did give unsatisfactory ballistic shock performance. 

« 
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REPRODUCED AT GOVERNMENT EXPENSE 

¿tumdard (Jonoa aad Laughlln) l¿n_ Plate No_. MIXT 
(Micro apoclmen etched vhLtli5/i Picral) 

íA ;<'V.:.. 

mfa 

V1&Ä. 
.' •> .; • , f ** 

0¾¾ 

i - ^ 
>x 
> Ä'.ff 

’5 * ;; l'f 
;sí^jkíí¿n vx-^'V ^ 

Kf';x: 

■ ^ ^ Af-. -Cj 

XLOOO 
* * * '• ^»** 

X200 Center of Section 
-'Ate banding - The structrire throughout the section consists of 
Ailar tempered luaxtensite. 

70 

€0 
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30 

20 

10 
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PERATURE 
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CH CHARPY 
ERSUS TEM 

IERGY 
; 

: 1 
.. 

• . - 
.:.r 

• SPECIMENS AT CENTER OF SECTION 

O SPECIMENS MIDWAY BETWEEN 
CENTER AND SURFACE 

(°C) -40 -20 
-40 -4 

TEMPERATURE 

+ 20 
+ 68 

SIGNIFIES THAT CHARPY SPECIMEN FRACTURE CONTAINS A DEEP LAMINATION 

'I \ . 
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MIA SHEET NO, 11 

Standard Steel and Spring Co. 
(Steel Supplied uy Jones and Langhlin Steel Corp.) 

Heat No. GSJ-335 Plate Ho. M1X3 

MMW 

Thickness 1.51” 

Chemical Analysis 

Mn Si 

Temp. °F. Hrs. Bise Hrs. Soak Coolant 

Ni 
Company .27 1.59 .25 .0l6 .021 
Watertown Arsenal .27 1.59 .25 .019 .017 

Heat Treatment 

Cr Mo Cu Al 

trace ,02 .4l .0009 .01 .04 

P!\v;ñcal Properties Seported 

T.S. 137,2001, 135,6001 
Y.P. 129.200L, 126,8001 
fo Elong. 15.51, 17.OT 
r P.A. 57.21, 59.7Ï 
l3od 
Brinell 255-286 

Ballistic Proportioo 

Temp, 

“30°P. 

Shock Pro.'j. 
75 nm T21 

Slug 

Shock Vol. 
F/¿ p TO Prop. PIP Result 

1247(-8) ^ M51^ ^ Massed: 2-1/4x2-5/16'’. 
Passed: Ho 
cracking. 

In this heat: 0 plates of 4 failed shock, (passed -18.5°P, -18.5°?, -29°P, and- 
-3001 (no cracking) .) 0 plates of 4 failed PIP. (passed -1S.5°P, -1S.5°P, 
-29^, end -30°P (no B.S.),} 

Harinosa and Ertufrura Taste 

RHN 1/411 
from 

Surface 

2S5 

Steel Quality 
BHN Midway BHN at Fracture Rating 

Surface - Center Center long, Trans. 

235 285 B- B- 

Fihre Fracture 
Slow _Fast 

4ong. Rran_s.. long, 

Fibrous Fibrous Fibrous 

Macro structure and Microscopic Inelusion Betcrmination 

Macro structures are similar in both rolling directions. Both macrostruc¬ 
ture and microscopic inclusion determination indicated that the steel is 
moderately dirty but freo of long stringers. 

Jominy Hardonability 

Plate Thickness Quenchablc 
at Center to Hardness of Plate Thickness Qjienchablo 
Beginning of J<iminy Rrop_at Center to 400 BHN 
Still Water Water &pray Still Water Water Spray 

(Ifcl) (4=1.3) (fcl) (H-1.8) 

He End Ibths to l6ths to 
Hardness Beginning 43 Rc 
at I/I611 of Rc Proa (hOO BHN) 

50.5 24 >ho 3-4/16 n 3-11/16" >3-13/16'' >3-13/16" 

Micro structure and Remarks 

Possessed of excellent hardonability, this material is revealed by microsoopic 
examination to have been completely quench hardened. The resultant excellent Charpy 
impact values and fibrous fracture are reflected in the ballistic shock tost by the 
satisfactory performance of every plato of the series. 

Since Brinell is uniform throughout the section, the explanation for the 
Charpy curve of the material at the center of the section being higher than the 
carve of the material midway between conter and surface is probably some reason 
•“rfr-TT differ uncos in nonootollic content at the two locations, tho center rogioi; 
•ying tho dirtier. The Charpy fractures did indicate that this was indeed tho 

¡case. The room temperature energy being equal to that of complotoly Quenched out , 
I manorial of the same hardness and being retained down to oven below -mÖ°C, tho I 
Charpy curvea verify the microscopic examination, indicating that tho microotruo- 
ture is entirely tempered martensite. 

No spalling tendencies wore revealed in any of tho plates of the series by 
the PIP penetrations, as is to be expected from the excellent stool soundness «id 

[proper Brinell hardness of the plate examined. 
■ 



5_t' ndarà ..(Yojui^sto^a^ lè11 Flat q _Nq_,_ 1¾ 
(Micro specimen etched v.dth Pi eral) 

■ - ' ' ■ ÖSg! ir.“ s 
, -.-,-V v - -, M. *-•" 

" .•« .¾ 
«ÄÄ» - V, - - ,*>■ 
,*'• iW' i A 5 . 

, ..v/t 

r** v . - u- 

X2Û^ Center of Section XLOOO 
i'ioaorata handing - Typical micro structure appears to bo only acicular 
te..npored car ten si ts and traces of a ferritic norwnartensitic trano* 
fornat ion pro due t. 
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3HARPY Impact energy 
VERSVS TEMPER \TURE 

SPECIMENS AT OENTER 
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' RePRODOCtD*AT (TOVERNM 

DATA SHEET NO. 1P 

Standard Steel «nd Spring Co. 
(Steel Supplied "by Ihe Youngstown Sheet and Tube Co.) 

-vm. 
:,m; 

"Mm 

Hont No. G3Y-75-10 Plate Mo. 1X5 

Chemical Analysis 

0 Mn _Si  S_ P Hi 
Company .27 iTSo .I9 .022 .O37 *05 
Watortown Arsenal ,29 1,85 .21 .020 ,037 .09 

Or 

.02 

Thickness 1.51" 

A1 Mo Cu 
.3S - - 
.37 .06 .03 

Heat Treatment 

1600 ■ 
1170 

Hrs, Bise Hrs. Sook Coolant Physical Properties Reported 

2-3/^- Water Spray T.S. 
2-3/4 Air Y.P, 

Tomp, Shock Pro.1. 

? Blong, 
^ P.A. 

' Izod 
Brinoil 

Ballistic Properties 

Shod: Vol. 
?/ S Shock Result PTF Proj, 

123.000L, 123,5001 
106.500L, 106,8001 

22.5L, 19.5T 
70.1L, 56.IT 

255-269 

PTP Basalt 
-l6.5eF 75 nn 121 1265(+7) Passed: No 37 mu jiPC Passed: 2-1/4^2-3/811. 

Slug cracking. M51 

In this heat: 0 plates of 4 failed shock. (Passed-l6.5°P, -18.5^, -31°P, and 
-33 ? (no cracking) J 0 plates of 4 failed PIP.(Passed-lb.50F, -18.5¾. 
-31C'H, and-33°P (no B.S.) J ' 

BHIT 1/4" 
iron 

¿urface 

259 

Hardaoeo aad fractiLro Tosts 

Stoel Quality 
3EH Midway BHN at Fracture Bating 

Surface - 0enter Center Long. Trans, 

265 

Fibre Fracture 
Slow 

262 

__ Fast 
Long. Trans. Long. 

D C 
Centerline 

Fibrous Fibrous Fibrous 

Macro structure and Microscopic Inclusion Petemination 

Tne plate was straightaway rolled. Macro structure checks the steel 
Macroscopic examination revealed that the "D" rating vras soundness fractare. 

auo to oxide inclusion: in long stringers mainly at the center of the section. 

Joniny Hardenability 

Plate Thickness Quenchable 

Be End Ibths to lêths to 
Hardness Beginning 43 Be _ 
at I/I6» of Be Drop (IjOO BHN) _(l-kl) 

49 22 llO 3-1/16" 

at Center to Hardness of Plate Thickness QiiQUchable 
beginning of Joniny Drop at Center to 400 BHN 
Still ’Water Water Spray Still Water Water Spray 

(5=1.3) Ufcl) (¿.l.g) 
3-3/16" >.3-13/16" >3-13/16» 

Micro structure and Ban arks 

Flora the appearanco of the tempered micro structure the plate appears to have 
seen completely quench hardened except for traces of a ferritic non-martensitic 
• .... tunite decomposition product. It is seen, however, that room temperature Charp-'r 
impact energy at both testing locations decreases at -40°C. Since it does not seem 
i,Kd.y that this in due to the minute quantity of the ferritic constituent, 

other constituent which cannot be detected in the tempered struc— 
t u e 1 present in the steel. The plate was not quenched very efficiently, for 

I .'i V r Jominy bar revealed that the plate undor a water spray(5=1.8) 
*'* I imve bean quenched to martensite free of all other transformation products >- 
oxcvpt traces of the fori’it©-carbide product. Í ,1 

m p‘ü facture is wholly fibrous, but a deep lamination is prssont which 
* oi complete fibro. Eesistance of the antir* 

,01109..^0 wtts excellant, as would be expected, because impact 
proper a os £ilthough not optimm are nevertheless good. Ho spalling occurred 
at the lowest PTP testing temperature of the series although steel quality, 
l)y oho plato oxamlnedy war. what poor# 

: k'm 

: 
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Van Dorn Iron Works 1-àw ■flato No, 4 
(Microspecimen etched with 4$ Fierai) 

X200 Center of Section nooo 
Prominent banding - The matrix structure consists of tempered marten¬ 
site plus a very small amount of tempered non-mart en si tic austenite 
decomposition products. 

+ 20 
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i 
DATA SHSBI HO. 11 

Van. Dorn Iron Works Co. 

Heat Do. E-20542 Plate No. 4 Thickness 1.55" 

Chemical Analysis 

Si _S P Hi Cr Mo _Cu A1 
Company ".¿ó .52 .25 .02¾ 701c 1.21 I.O5 .~bb 
Watertown Arsenal .30 .53 *26 .019 .021 1.22 I.03 .6l .12 ,02 

_Heat Treatment_ 
Temp. °P. Hi’s, Hise Hrs. Soak Coolant Physical Properties Reported 

Brinell 242-232 

Ballistic Properties 

Shock Vel. 
Temp, Shock Pro.j. F/S Shock Herralt PI? ?ro,j._PTP Hesult 

-30°F. 
75 ™ T21 

Slug 1280(-15) 
Passed: Ho 
cracking. 

37 mm APC 
MSI Passed: 2^2-5/1611. 

In this heat: 0 plates 01 5 failed shock.(pasrod -14,5°(1391 (+109) f/s)t-l6.5°F, 
-25°F, -28°F, and -30°F (no cracking) ,3 Ò plates of 5 failed PTP.(passed 
-l4.56F, -16.5°F, -Bp0!, -23°F, and-30uF (no 3.3.)0 

Harfcosc pad Fraotftro Toets 

3HII 1/4" Steel equality Fibre Fracture_ 
from 3HN Midv/ny BHL'I at Fracture Bating_Slow_Fast 

Surface Surface - Center Center Long. Trans, Long. Trans. Trans. 

24S 24S 24s ^ ,. D Fibrous Fibrous Fibrous 
Centerline 

Macro structure aid Microscopic Inclusion Determination 

Macro structures are similar in both rolling directions. Concentrations 
of stringers are present in the macrostruetui’e at the center of the section, bu 
the stoel appears cleaner than would be expected from the "D" steel soundness 
fracture. The microscope revealed thin elongated inclusions in concentrations 
mainly at tho center of the section. 

Jominy Hardennbility 

Plato Thickness Quenchable 
at Center to Hardness of Plate Thickness Quenchahle 

He Had l6ths to lôths to Beginning of Jominy Drop_at Center to 400 3KH 
Hardness Beginning 43 He Still Water Water Spray Still Water Water Spray 
at I/lb11 of He Drop (400 BffiQ (S--:!) (1-1.3) (&rl) (H=l.g) 

51.5 24 ?4o 3-4/16« 3-11/16» >3-13/16» >>13/16". 

hierostructure and Remarks 

The plate having excellent hardonability, only a very small amount of non- 
mar tor. si tic products occurred at the center of tho section. Resulting ballistic 
shock performance of tho entire scries was, therefore, excellent. 

The hardonability of the steel is sufficient for the plate to have been quench 
hardened throughout to martensite free of even traces of other transformation prod¬ 
uct 3, liad a quenching medium of efficiency H=1.S been used. Midway between surface 
and center the room temperature Clinrpy energy is retained down to almost -40°0. 
Impact properties at the center of tho section cannot be determined from the Chaxpy 
tests because deep laminations are present in the fractures. Likewise, since pro¬ 
nounced shelving is present at the center of the section, the impact toughness of 
tho material cannot be judged from tho wholly fibrous appearance of the fibre teat 
fracturo. 

Tho PIP test was not influenced by the centerline shelving oven at the lowest 
testing temperature of tho series. The ballistic and stoel soundness test data for 
this series, the Youngstown series, and the Great Laicos series are evidence that 
the FTP test applied to 1¾11 rolled armor at Comp Shilo was inadequate. 



^t.'çuiiU'.i Urert >/vke'i)_ _2". Flote No. Ul 
(Microspecimen etchedVith PÏc’alT 
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w . X"?®, ,. _ Center of Section ai 
Moderate banding - Typical micro structure le largely tempered non- 
nmrteneitic austenite decomposition products. 

XI COO 

* »v&m sssftivW' : 
X200 Midvray Between Surface and Center X1000 

me banding — Typical micro structure is teetered martensite and a 
large amount of tempered non-martenoitic products. 
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Standard Steel and Spring Co, 
(Steel Supplied ty Groat Lokoa Stool Corp,) 

Hoat Ho. GS'1-635 Plato No. 1X1 

Chcnical Analysis 

_C_ Jin _Si _S P 
.30 .S3 .so 70¾- Toil 

Thickness 2,05” 

I'i 1 __7 _Cr Mo Zr Cu A1 
Conpany .30 .S3 .SO .02Í .0l6 - To! .¾ .OS 
VJatertoKi in sen oh .25 .85 .75 .022 .014 trace ,60 .16 .085 .OS .015 

Heat Treatment 
Tump. °?. Hrs. Riso Hrs. Soak Coolant 

l6C0 
1160 

3-1/4 Water Spray 
3-1/4 Air 

Ballistic Properties 

PJyrical Properties Reported 

T.S. 126.100L, 127.500T 
T.P. 105,5001, 111,5001 

Slong. 17.5L, 12.0T 
f, P..A. 57.3L, 37,3T 
I sod 
Brincll 255-269 

Te-mp. 

-15°P. 

Shock Pro3. 
75 nn I21 

Slug 

Snock Ycl. P/S 

Sst.1525(+0) 

Snock P.esult_ 
Pailod: 5¾11 crock¬ 
ing, side of tmigo. 

FTP Pro.1. PIP Rosult 
37 ran APC Failed: 4~l/4x 

M5I 5” B.S. 
In tMs heat: 2 plates of 4 failed shock.((Failed -15°P and-15°F (by excessive 
cracking). Passed -12°F raid-15°F (no cracking).94 of 4 plates failed PIP. 
(Failed -12°F, -15°F, -15°^, and -15°F (by excessive 3.S.),j 

Hardness and Fracture Tests 
3r2I 1/4” Steel Quality Fibre Fracture 

from 3KN Midway 3KN at Fracture Rating Slow_Fast 
Surf ¿ice S^urface - Center Center Long. Trans. Long, Irons. Long. 

2S1 2Ò9 23S E E Mixed Fibrous Mixed 
(Trace (5$ 
Cryst.) Cryst.) 

Macro structure and Microscopic Inclusion Petermination 

The plate was straightaway rolled. Macro structure checks the steel soundness 
fr¿icturo. Microscopic examination revealed that thc”E" rating was due to oxide 
inclusions in many long stringers throughout the section. 

Joniuy Hardenability 

Plate Thickness Q;. on enable 
at Center to Hardness of Plate Thickness Quendiable 

He End l6tiis to Icths to 3e;;i::;.i:y- of Joniny Prop at Center to 400 3HtI 
Hardness Beginning 43 He Still 'vater Water Spray Still Water Water Spray 
dt d/J-S" of Rc Ih-op iMOO 3HN) (.--:1) (lèl.g) (H=l) (¿1.8) 

^7.5 5 7 12/16” 1» 1-2/16» 1-5/16” 

Micro structure ¿rid Henarks 

The steel having very poor hardenability, micro structure at the center of the 
section consists predominantly of tempered non-mart ensitic austenite doconposition 
products. The quantity of these products midway between the surface and center is 
appreciably loss than at the center but is still large. Tie ballistic shock fail¬ 
ure of the plate correlates with tlio micro structure. 

The plate was so badly laminated throughout the section that the impact prop¬ 
erties of the material cannot bo determined from the V-notch Charpy tests or the 
fibre fracture test. This extreme unsoundness was reflected in the PUP test by the 
failure of all the plates of the series at -12°Ï and -15°F even though the project 
tilo was only undematching. 



K » 

w.’ 

!\' 
1' 

B 

J 

Ü 

r 

.> *> '• ' 
* A ,"* 

Carnegie-Illinois 2" Plato No. 73-143317 
(Micro speclinen etchod with Pi eral) 

. k.mmiäj!/3*FZ\ 

x20° Center of Section XLOOO 
Moderate banding - ▲ fairly large amount of tempered nonp-marteneitic 
products is preeent in the light-etching bands (X1G00 photo.). 

XSOO Midway Between Surface and Center XLOOO 
Slight banding — The light etching bands contain tampered martensite 
r.nri n cm nil 4* + *+.•*•** A x._J J _  <• • / ä'-' ^ . . V 
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RFPROniICFD AT GOVERNMENT EXPENSE 

Heat Ho. I5373 

MIA SHE3T HQ. 15 

Camcgie-Illinois Stool Corp. 

Plate No. T3-143317 

Cl-aaical Analyni r 

to Si  S_ P Pi 
.2b I.09 .IS .022 7015 

Thickness 2.02 

A1 Coiupojiv ~ph T no ~íTv ——- t Sr Mo Cu 

W :¾ :S1 :S? JJ6% 
Heat Iroa.tnent 

Hrs, PiseTrsV Sod; Coolant 

1544 
1022 

2 
>3/4 

1 
2 

Water 
Wat er 

Physical Properties Haported 
Ï.S. 151,300 ^H.A. 56.3 

133,700 Izod -- 
P ¿¡long, 17.5 Brinell 3II 

_IaMp. Shock Prop, 

■oO°P. 75 nn la 

Ballistic PropertiflFi 

Shock Vcl, 

-IÙ , _ Shod: Penult PIP Pro.j. --- .-- j. J.UJ. pp? Resu.it 
1502(-35 Hassod: Ho tt nr, vpp --—- 

5 21 S) cracking. 37 C bailed: 3"x>l/S"B.S. Slug 

(Ío tL¿Síj -«•». -»•». -29”/. <md-30.i 

B2H 1/4" 
fron 

Surirae 

302 

Hardftess «n<i .fracture, léete 

—▼T.t , Steel Quality 
3HH Midway BMI at Fracture Rating 

Fibre Fracture 
Slow jLiacuure bating siq,., ptut 

c ~ Cc:ltcl'' Saía laa, ira^ ¡^7. 
w ®7- b b (¾°4 (K dr 

0rjrst.) Cryst.) Cryst.) 
Ijacrostructuro andMt.rn,^^ Tnclu^0!, ^ r”. 4- ’ , —« ä — • » "Ê . _ 

nicro scopie examination of inclusion syndicated ttof0?0"3' ^croscopic an. 
fron long stringers. 3 inaicated t.ir.t txie amor is clean end free 

Pc Hná léths to l6ths to 
Hardness Beginning I+3 Rc 
at I/16" of Rc Drop (400 RI-3I 

43.5 7 9 

Joniny Kardenability 

Plate Tnicloioss Quench,able 
at Center to Hardness of 

-jpgir.nur.g of Joruiny Prop 
Still Water Water Spray 
—(y-P) (B=i.g) 

Plato Thickness Quanchabl 
at Center to 4on PPK 

Still Water Water Sprau' 
(£=1.35 

1-2/16» 1-5/16» 1.7/16» 1-12/16« 

Micro structure and Rcnnxka 

bonds containing^a^fairly^lar^e°anoinit^of^tst7u^turc at tho centor of the sectio 
other than martensite are present." The stru^r^dGConPosition product 
ond the structure midway between the con tor nn^t’ in tilS balance of the bands here 

for 
tes - oÂêi 
au platos^of tío ^ ^ 

detected in th?sample examined^-oUrr?1fv* Si??? no lonS stringers were 
Brinell hardness. ^16 exanined* the caU0e of the spalling is apparently tho JOG 
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StaacLard (Great Lakes) 2W Platelio. 1X4 
(Microapeciman etched vithT^T PicralT- 

. 4&VVs..^ 'jf. âu 

Center of Section XIOOO 
Moderate banding - Typical micro structure is largely tampered non- 
martensitic austenite decomposition products. 

x200 Midway Between Surface and Center XLOOO 
Some banding - Typical micro e truc ture is tempered martensite and a 
larf'e amount of tentpered non-martensitic products. 
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BATA SHEET NO. l6 

Standard Steel and Spring Co. 
(Steel Supplied by Great Lakes Steel Corp.) 

Heat No. GSG-635 Plate No. 1X4 Thickness 2.03" 

Chemical Analysis 

C Mn Si S P Hi Cr Mo Zr Ou Al 
Company .30 .S3 .80 TÕi^ - 7£ï .l£ .08 - ~ 
Watertown Arsenal .28 ,S5 .75 .021 .014 trace .58 .17 .105 .09 .015 

__Heat Treatment_ 
Temp, °Ft Hrs. Rise Hrs. Soak Coolant 

I600 
USO 

3-1/4 Water Spray 
>1/4 Air 

Physical Properties Reported 

T.S. 123,000L, 123.500T 
Y.P. 105,0001, 106,5001 
fj Elong. 19.01, 14.0T 
fb H.A. 57.3L, 35.7I1 
Izod — 
Brinell 248-209 

Ballistic Properties 

£§BBju 

-150^. 
Shock Pro.i. 
75 nua T2I 

Slug 

Shock Vol. 
P/S 

1519(+4) 

Shock He cult PIP Pro.i. 
Passed: Ho 37 ÄPC 
cracking. M5I 

PIP Result 

Failed: 3|x4" B.S. 

In this heat: 2 plates of 4 failed shock.Cïhiled -15°P and -15°F (by excessive 
cracking). Passed -12°F and -15°F (no cracking).) 4 of 4 plates failed PIP. 
Ceiled-12°F, -15°F, -15°F, and-15°F (by excossivo 3,S,)k) 

BHN 1/4" 
from 

Surface 

285 
277 

Hardness and Fracture Taste 

BHN Midway 
Surface - Center 

One Side 277 
Other Side 248 

BHN at 
Center 

235 

Steel Quality 
Fracture Rating 
long. Trans. 

E E 

Fibre Fracture 
_Slow_Fast 
long. Trans, long. 
Mixed Mixed Mixed 

(lOjo (Trace (50;$ 
Cryst.) Cryst.) Cryst.) 

Macro structure and Microscopic Inclusion Bctermination 

The plate was straightaway rolled. Macro structure checks the steel soundness 
fracture. Microscopic fluifflnination revealed that the "E" rating was due to oxide 
inclusions in many long stringers throughout the section. (The inclusion condi¬ 
tion in this plate is identical to that in its companion plate No. 1X1. 

Jominy Hardenability 

Plate Thickness Quonchable 
at Crater to Hardness of Plate Thickness Qpaichablc 

He End l6ths to l6ths to Beginning of Jominy Btop at Center to 400 3HIT 
Hardness Beginning 43 Rc Still Water Water Spray Still Water Water Spray 
at I/16" of Rc Drop (400 BHN) (H=l) (fcl.g) (fel) (ifcl.8) 

48.5 5 8 12/1611 1» 1-4/16" 1-8/16" 

Microstructur0^ and Remarks 

Micro structure and V-notch Chrrpy impact results of this plate and its oo»*> 
panion plate No. 1X1^ (see Bata Sheet No. l4) are similar. The fibre fracture of 
the subject plate being less laminated shows much mors crystallinity (also since 
the fracture bar was notched at both faces in audition to the edges, the fracture 
area on which the 50$ crystallinity is based is loss than that of plate 1X1). In 
luï SfJho similarity of micro structur es of the two plates, it would be expected 
that ballistic shock behaviors would also have been similar^—that the subject 
plate also would have failed to resist the slug. In the scries two of four plates 

414 fal1 th8 010011 -«NldXä INaWNdäAOO « aiOIKJOa.!« 
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RFPRODIJCFD AT GOVERNMENT EXPENSE 

Heat No. 92S2E 

Goinpimy 
Watertown Arsenal 

PAIA SHE2T WO. 17 

Ford Motor Co. 

Plato No. 2040-R Thickness l.^S” 

Chemical Analysis 
C 

7% 
.30 

Mn 
I.30 
1.37 

Si _S 
.25 .02¾ 
.25 . 026 

.020 

.020 

ITi 
.10 
.10 

Or 
.55 
.60 

Mo 
750 
.4i 

Ou 

.16 

A1 

.02 

Heat Treatment 
Temp, Hr;;. Rise Hr;;. Soak Coolant 

1650 
1100 

2 
2 

4 
6 

Caustic 
Air 

Temp. Shock Pro.j, 

^ R.A. 
Izod 
Brinell 

Ballistic Properties 

Shock Vcl. 
l/S_ Shock Result PTP Pro.j. 

Pirysical Properties Roportod 
T.S. 12S.000L. 128,2001 
Y.P. 109,5001, 109,2001 
£ Hong. 201, I?.5T 

641, 46.5T 
811, 40T 

277 

PTP Result 

1503(+13) backing!0 37 1451^° Passod: 2-1/4x2-3/4M. 
75 cm T21 

“ Slug 

In this heat: 0 plates of 3 failed shock,(passed -25°?, -26°P, and -26°P (no 
cracking).} 0 plates of 3 failed PIP .(Passed -250P,.-26°P a:id -26°P (no B.S.),} 

3 HR 1/4» 
from BHLJ Midway 

S'orfaco Surface - Center 

Hardaoas and Fracturo Te et s 
Steel Quality 

3H!;I at Fracture Rating 
Center long. Trans. 

Fihre Fracture 
Slow 

long. Trans. 

265 265 269 1 D 
Centerline 

Fast 
long, 

ed Mixed Mixed 
(25/5 (5> . . 
Cryst.) Cryst.) Cryst.) 

Macro structure and Microscopic Inclusion Determination 

The plate was straightaway rolled. The steel quality fracture »1» rating 
checks with the macro structure. The stringers appear to he duo to tho concenr- 
trations of sulphides seen under the microscope at the center of tho section. 

Plate Thickness Qienchable 
at Center to 430 BIOT 

Still Water Water ^eroy 
(•fel) - 

1-12/16“ 2-2/16" 

Joniny Hardenahility 

Plate Thickness Quonchablc 
at Center to Hardness of 

Rc End l6ths to l6ths to 3c, ;iu,i;y; of Jominy Drop 
Hardness Beginning 43 Rc Still Water Water Spray 
at I/16» of Rc Drop (400 3HN) (H-rl) (H=1.S) 

53 S 11 1-4/16» I-S/16» 

Micro structure end RQmarl:.s 

Comparison of nicrostructuro with Joniny hardenahility shows that inthie 
inadequate hardenahility material the occurrenco of non-martensitic austenite do- 
composition products was further assisted hy poor quenching efficiency. The 
quantity of these constituents is therefore large in the region midway between 
the plate surface and center as woll as at tho center. Accordingly,low temperature 
V-notch Charpy energy is poor at both testing locations and the fibre fracturo 
shows much crystallinity. 

Although tho plate is characterized by low impact resistance, ballistic shock 
failures did not occur in the serios. This is an indication that tho ballistic 
shod: test given to tho 2” plates at Camp Shild was too mild. 

Similarly, although centerline concentrations of non-natallics were detected in 
the plate examined, no spalling was caused by tho PTP penetrations in the case’ of 
all plates of the series. The need of a larger caliber projectile or obliquity 
firing ,in order to determine the low temperature resistance to spalling of 211 
plate is thus indi«d. 
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Chemical AüaXvsia 

« JL ->hi Si _S P 
Coapoay , ^ 1.30 3 ^ ^20 
Vatertovm Arsenal .30 I.37 ,25 .026 .020 

Hi 
.10 
.10 

ÜI 
«55 

Mo 0u 
_ -^0 T" 
.60 .41 .16 

A1 

.02 
Heat Treatment 

QSSPi °.jjL Hrs« Rjso Hra, Soak Coolant 

i ympb 
t«*'■'>.•" >r li f V“ ■ V ' 'Vr t.V ?-.- 'H» 

v'1 

».Ri;"1:' :: 

I65O 
1100 

2 
2 

4 
6 

Caustic 
Air 

i 

I 

Í ; -i;/, 

y 
1 V.M 
F:.Xi 

fcv'i-: 
rH^k ' ■ 

-lamp. Shock Pro.i. 
-26°P. 75jmn T21 

^ H.A. 
Izod 
Brinell 

Jjallistic Propertios 

Shock Vol, 
ff/S_ Shock Result PGP Pro.i 

Physical Properties Rcpo.rtod 

I.S. 12S.000L, 123,200Ï 
Y.P. 109,500L, 109,200T 
§ Hong. 20L, I7.5T 

64l, 46.51 
S1L, 40T 
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PIP Result 

Slug 1503(+13) ¡0 37 îasso4; 2.,/4^3/,,. 

ÎÏ„S3 Platos of 3 failed shock.(passed -25°P, -26°?, and -26°P (no crackinej.j 0 mlat-nn rt-f 7 1 non ^U 1 ^ 9 J 
~ w j/—«'wuo wx ^ xcixxüa suocic, vifassocL ••¿H jî . -^2b jí . and 

cracking).) 0 plates of 3 failed PIP.(Passed -250P,.-26°P and -26“j> 

Hardaoas and fractura. Inatn 
BHN I/4 Steel Quality Pibrn Prnot.nr 

BHi Midway BHN at Fracturo Rating _ 

-4-Ong. Iraqis. Long. Irans. "Long 
D p .Mi.nod 
Centerline 

from 
Surface 

265 

Surface - Center 

265 

Center 

269 

Past 

Miofed 
(bO?i (25^" (5^"’ Ur 

Cryst.) Cryst.) Cryst.) 

Macrostructuro and Microscopic Inclusion Botoraination 

chei"°J^riStr£1iSht^ rollod* 1110 stco1 quality fracturo "D" rating 
troÎÏonî^îÂ thi “?9rostructui‘o. Iho stringers appear to be due to the concen¬ 
trations of sulphides soon under the microscope at the conter of the section. 

Joniny Hardenability 

Plate Thickness Quonchablo 
-j ^ at Coûter to Hardness of 

He End Ibths to Ibths to 3c.;i;r.in.g 0f Joniny Prop 
Hardness Beginning 43 Rc Still Water Water Soray 
at 1/1611 of Rc Drop (400 3}£T) (p^) (H=ljs) 

53 S 11 1-4/16" i-s/16" 

Plato Thickness Quenchable 
at Center to 4j0 3HIJ 

Still Water 
(n=i) 

Water Sprn^T- 
(fcl.g) 

I-I2/16» 2-2/16» 

Mi ere structure md Remarks 

9f?f°structuf° Joniny hardenability shows that in thin 
conoolirfon ?ífSll;Lty (Ia1 orial tne occurrence of non-mar ten si tic austenite dc~ 
ouStit^nï tu1" w?f, aGSistcd by poor cpiencMng efficiency. Tho 
?he oliL LîfnH coastitV-er-ts is therefore lai'go in the region midway between 

d ?ür-tür as wo11 as at thc conter. Accordingly,low temperabare 
shows much Systaîïiïity.P°0r ^ testinê locations 0:1(1 the fibre fracturc 

fail^f? W plate 2;laracterize¿ ty lov7 impact resistance, ballistic shock 
Sod^tLt íwL ÏÎCÏÏ i5,,tHG series. This is on indication that tho ballistic 

f1 ^Hv0 th(? 2 Plates at Comp Shild was too mild, 
the nlato^T^ni?10^ centerline concentrations of non-notallics were detected i. 

.3, “J® d| spalling was caused by tho PIP penetrations in the case of 
flrin£-ainSfiSL^hfrtSfr+0G,4 need, of a larger caliber projectile or obliquity 
'pîàt^i^thîs^ndicatedîaille 6 ^ tonperature resistance to spalling of 2» 
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Fracturo Tost Standards for 

Soundnoas of 

Hollod Honogeneous Amor Plato 

I 

ï 

I ¡ 
’ 

Abstract of U. S. An.iy Ordnonco Dgpartaont Spec. íDC&.46o. Ajopendix I, 

IS lloveober 154-¾ 

Th.o followi:ig descriptions of the standards shall bo used in raking 
decisions in borderline cases: 

AJftacture: 

B Fracturo: 

a. Devoid of visible loainations. 

a. Snail laminations present but well distributed and not 
concentrated in any one plane. 

b. No lamination enceoding I (thickness) in length. 

C facture: a, Lajsination or larinations present exceeding limits for 
B Fracture. 

b. No single lamination exceeding 2T in length. 

c. No singlo lamination exceeding l^T in length in 
conjunction vdth another disconnected lanination in 
the saue plane. 

d. No lamination or laminations in ary one plane with a 
total length exceeding 75 percent of the length of the 
fracture. 

D Fracture: a. Lamination or laminations present exceeding limits for 
0 fracture. 

b. Continuous or essentially continuous laminations (total 
length of lamination or laminations in same piano exceeding 
75 percent of length of fracture) in not moro than three 
planes. 

E Fracturo: a. Continuous or essentially continuous laminations (total 
length of lamination or laminations in sane plane exceeding 
75 percent of length of fracture) in more than three planes. 

ADDENDUM 

B~ Fracture: Between B and C fracture ratings. 
C- Fracture: Between C and D fracture ratings. 

Nota: Plato 1/4 to 1-1/3 inches, inclusive, is designated as "acceptable" if 
the fracturo is classified as "A", "B", or "Cw and "rojoctablc" if the frac¬ 
ture is classified on "D" or "E", Plato 1-1/4 to 4 inches, inclusive, is 
designated as "acceptable" unless the fracture rating is "E". 

3SNädX3 1N3WNH3AQD.1V U330QOHH3U 



APPSJDIX 3 

Tables Summarizing the Metallurgical Data 

Suqpplied by the Manufacturers and the Low Teuporature Ballistic Data of the 

lnt lè"» oni 2N Rolled Honogonoous Plates Tested at Coop Shilo 
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